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Preface

The 2nd International Symposium on Nanostructured Materials and Nanotechnolo-
gy was held during the 32nd International Conference on Advanced Ceramics and
Composites, in Daytona Beach, FL during January 27-February 1, 2008.

The major motivation behind this effort was to create an international platform
within [CCAC focusing on science, engineering and manufacturing aspects in the
area of nanostructured materials. The symposium covered a broad perspective in-
cluding synthesis, processing, modeling and structure-property correlations in
nanomaterials. More than 90 contributions (invited talks, oral presentations, and
posters), were presented by participants from more than fifteen countries. The
speakers represented universities, research institutions, and industry which made
this symposium an attractive forum for interdisciplinary presentations and discus-
sions.

This issue contains peer-reviewed (invited and contributed) papers incorporating
latest developments related to synthesis, processing and manufacturing technolo-
gies of nanoscaled materials including nanoparticle-based composites, electrospin-
ning of nanofibers, functional thin films, ceramic membranes and self-assembled
functional nanostructures and devices. These papers discuss several important as-
pects related to fabrication and engineering issues necessary for understanding and
further development of processing and manufacturing of nanostructured materials
and systems.

The editors wish to extend their gratitude and appreciation to all the authors for
their cooperation and contributions, to all the participants and session chairs for
their time and efforts, and to all the reviewers for their valuable comments and sug-
gestions. Financial support from Plasma Electronic GmbH, Neuenburg, Germany
as well as the Engineering Ceramic Division of The American Ceramic Society is
gratefully acknowledged. Thanks are due to the staff of the meetings and publica-
tion departments of The American Ceramic Society for their invaluable assistance.

We hope that this issue will serve as a useful reference for the researchers and



technologists working in the field of interested in science and technology of nanos-
tructured materials and devices.

Sanjay Mathur
University of Cologne
Cologne, Germany

Mrityunjay Singh

Ohio Aerospace Institute
Cleveland, Ohio, USA
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Introduction

Organized by the Engineering Ceramics Division (ECD) in conjunction with the
Basic Science Division (BSD) of The American Ceramic Society (ACerS), the
32nd International Conference on Advanced Ceramics and Composites (ICACC)
was held on January 27 to February 1, 2008, in Daytona Beach, Florida. 2008 was
the second year that the meeting venue changed from Cocoa Beach, where ICACC
was originated in January 1977 and was fostered to establish a meeting that is today
the most preeminent international conference on advanced ceramics and composites

The 32nd ICACC hosted 1,247 attendees from 40 countries and 724 presenta-
tions on topics ranging from ceramic nanomaterials to structural reliability of ce-
ramic components, demonstrating the linkage between materials science develop-
ments at the atomic level and macro level structural applications. The conference
was organized into the following symposia and focused sessions:

Symposium 1 Mechanical Behavior and Structural Design of
Monolithic and Composite Ceramics

Symposium 2 Advanced Ceramic Coatings for Structural, Environmental,
and Functional Applications

Symposium 3 5th International Symposium on Solid Oxide Fuel Cells
(SOFC): Materials, Science, and Technology

Symposium 4 Ceramic Armor

Symposium 5 Next Generation Bioceramics

Symposium 6 2nd International Symposium on Thermoelectric Materials for
Power Conversion Applications

Symposium 7 2nd International Symposium on Nanostructured Materials
and Nanotechnology: Development and Applications

Symposium § Advanced Processing & Manufacturing Technologies for

Structural & Multifunctional Materials and Systems (APMT):
An International Symposium in Honor of Prof. Yoshinari
Miyamoto

Symposium 9 Porous Ceramics: Novel Developments and Applications



Symposium 10 Basic Science of Multifunctional Ceramics
Symposium 11 Science of Ceramic Interfaces: An International Symposium

Memorializing Dr. Rowland M. Cannon

Focused Session 1  Geopolymers
Focused Session 2 Materials for Solid State Lighting

Peer reviewed papers were divided into nine issues of the 2008 Ceramic Engi-

neering & Science Proceedings (CESP); Volume 29, Issues 2-10, as outlined be-

low:

Mechanical Properties and Processing of Ceramic Binary, Ternary and Com-
posite Systems, Vol. 29, Is 2 (includes papers from symposium 1)

Corrosion, Wear, Fatigue, and Reliability of Ceramics, Vol. 29, Is 3 (includes
papers from symposium 1)

Advanced Ceramic Coatings and Interfaces 111, Vol. 29, Is 4 (includes papers
from symposium 2)

Advances in Solid Oxide Fuel Cells [V, Vol. 29, Is § (includes papers from
symposium 3)

Advances in Ceramic Armor 1V, Vol. 29, Is 6 (includes papers from sympo-
sium 4)

Advances in Bioceramics and Porous Ceramics, Vol. 29, Is 7 (includes papers
from symposia 5 and 9)

Nanostructured Materials and Nanotechnology I1, Vol. 29, Is 8 (includes pa-
pers from symposium 7)

Advanced Processing and Manufacturing Technologies for Structural and
Multifunctional Materials 11, Vol. 29, Is 9 (includes papers from symposium
8)

Developments in Strategic Materials, Vol. 29, Is 10 (includes papers from
symposia 6, 10, and 11, and focused sessions 1 and 2)

The organization of the Daytona Beach meeting and the publication of these pro-

ceedings were possible thanks to the professional staff of ACerS and the tireless
dedication of many ECD and BSD members. We would especially like to express
our sincere thanks to the symposia organizers, session chairs, presenters and confer-
ence attendees, for their efforts and enthusiastic participation in the vibrant and cut-
ting-edge conference.

ACerS and the ECD invite you to attend the 33rd International Conference on

Advanced Ceramics and Composites (http://www.ceramics.org/daytona2009) Janu-
ary 18-23, 2009 in Daytona Beach, Florida.

TaTsuki Ony and ANDREW A. WERESzZCZAK, Volume Editors
July 2008

xii
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ONE-DIMENSIONAL NANOSTRUCTURED CERAMICS FOR HEALTHCARE,
ENERGY AND SENSOR APPLICATIONS

S Ramakrishna' >*", Ramakrishnan Ramaseshan' 2, Rajan Jose', Liao Susan’, Barhate
Rajendrakumar Suresh', Raj Bordia®

!NUS Nanoscience and Nanotechnology Initiative, 2 Engineering Dr 3. Singapore
117576

’NUS Dept of Mechanical Engincering, 9 Engineering Dr 1, Singapore 117576
*NUS Divn of Bioengineering, 9 Engineering Dr 1, Singapore 117576

’Dept of Materials Science and Engineering, University of Washington, Seattle, WA
98195

ABSTRACT:

One dimensional nanostructured materials possess a very high aspect ratio and consequently
they possess a high degree of anisotropy. Coupled with an extremcly high surface arca, this
leads to an interesting display of properties in the one-dimensional nanostructured ceramics,
which differ markedly from their bulk counterparts. These characteristics have made the
one-dimensional nanomatetials to be most sought in mesoscopic physics and in fabsication
of nanoscale, miniaturized devices. Flectrospinning is an established method for fabtication
of polymer nanofibers on a large scale. By clectrospinning of a polymeric solution containing
the ceramic precursor and subsequent drying, calcination, and sintering, it has been possible
to produce ceramic nanostructures and this technique appears highly promising for scale-up.
During the last five years, there has been remarkable progress in the fabrication of ceramic
nanorods and nanofibers by electrospinning. Ceramic nanofibers are becoming useful and
niche materials for several applications owing to their surface- and size-dependant propertics.
In this paper three main case studies will be presented which clucidate the versatility of
ceramic nanofibers in the domains of healthcare, renewable energy and sensor applications.

INTRODUCTION

Advanced ceramic materials constitute a mature technology with a very broad base of
cutrent and potential applications and a growing list of material compositions. Advanced
ceramics are inorganic, nonmetallic materials with combinations of fine-scale
microstructures, putity, complex compositions and crystal structures, and accurately
controlled additives. Such matetials requite a level of processing science and engineering far
beyond that used in making conventional ceramics.

Advanced ceramics are wear-resistant, corrosion- resistant and lightweight materials, and are
supetior to many other material systems with regard to stability in high-temperature
environments. Because of this combination of properties, advanced ceramics have an

* .
Fmail address for correspondence: scerum(@inus.cdu.sg




One-Dimensional Nanostructured Ceramics for Healthcare, Energy and Sensor Applications

especially high potental to resolve a wide number of today’s material challenges in process
industries, power generation, aerospace, transportation, military and healthcare applications',

Nanostructures of advanced ceramic materials ate noted for their stability compared to their
non-oxide counterparts and find diverse technical applications. The nanostructured ceramic
materials could virtually replace all the bulk ceramics due to their high valuc-addition in
applications such as catalysis, fuel cells, solar cells, membrancs, hydrogen storage batteries,
structural applications requiring high mechanical strength, in biology for tissuc enginecring,
biomolecular machines, biosensors, etc. Besides, nanostructured ceramic oxides have
potential applications in advanced optical, magnetic and electrical devices due to the physical
properties these materials posses on account of their electronic structure.

One-dimensional nanostructures can be fabricated on a laboratory scale by advanced
nanolithographic techniques such as focused-ion-beam writing, X-ray lithography, ctc™;
however, some of these techniques arc suited to only a few matcerial systems® and moreover
development of these techniques for large scale production at reasonably low costs requires
great ingenuity’. In contrast unconventional methods based on chemical synthesis such as
electrospinning might provide an alternative for generation of one-dimensional
nanostructured ceramics in terms of material diversity, cost, throughput and potential for
high volume production. The field of ceramic nanofibers made via electrospinning is rapidly
growing, as seen in Figure 1.}

Yeur
Figure-1: Publication trends in ccramic nanofibers upto 2006’

This increasing interest in electrospinning stems primarily from the fact that it is a simple,
versatile and relatively inexpensive technique for synthesizing nanofibers. It is precisely the
versatility of the technique that has allowed the synthesis of about 40 different ceramic
systems”. In addition, unlike other methods which produce relatively shott nanorods or
carbon nanotubes, clectrospinning produces continuous nanofibers. This continuity offers
the potential for alignment, dircct writing, and spooling of the fibers. This potential has been
tecently demonstrated in several laboratory scales, proof of concept type of experiments.®

2 - Nanostructured Materials and Nanotechnology il
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With the expansion of electrospinning from polymers to composites and to ceramics, the
applications for clecttospun fibers are vastly expanded across the domains of healtheare,
renewable cnergy and advanced electronics. ‘This paper shall review the advancements made
by electrospun nanostructured ceramics actoss in of these three domains.

1. NANOSTRUCTURED CERAMICS IN HEALTHCARE - BIOMEDICAL
APPLICATIONS

Nature bone is a composite comprising 70% minctals mainly in the form of nano-HA and
30% organic matrix mainly in the form of type I collagen. In addition to a network of
interconnected micro-pores, bone also has a nanostructure made up mainly of collagen
nanofibers and nano-HA. It is increasingly clear that nano-texture plays a significant role in
enhancing cell-scaffold interaction. It is therefore desirable that the next generation of bone
graft substitutes would incorporate the known composition and structure of natural bone.
The objective of this study is to develop bone graft substitute in the form of a three-
dimensional (3D) scaffold that not only has the desitable matetial composition but also bone
like micro and nano-texture.

A three-dimensional (3D) scaffold was fabricated using a novel electrospinning setup based
on a dynamic liquid support system®. Collagen type 1, 2 major organic component of bone
and a biodegradable polymer and polycaprolactone (PC1.) were used to prepare the scaffold’.
PCI. and PCl./collagen three-dimensional scaffold was mineralized using the alternate
soaking® and the co-precipitation methods’.

By electrospinning on a dynamic liquid support, the nanofibers coalesced into bundles of
yarn (nanoyarn). ‘Lhe folding of these strands of rope-like nanoyarn creates a 3D scaffold
with interconnected micropores. I'reeze-dried PCl. and PCl./Collagen 31D scaffold were
made out of a network of nanoyarn with pore size ranging from a few micrometers to a few
hundred micrometers as shown in Figure 2(A). Under SEM, it can be seen that individual
yarns from PCL 3D scaffold were made out of aligned nanofibers while PCL/Collagen 3D
scaffold wete more random.

Alternately dipping the scaffold in CaCl, and Na,HPO, creates deposition of HA
nanoparticles on the 3D PCI./Collagen scaffold as shown in Figure 1(b) while no HA were
found on pute PCL. scaffold. Nevertheless, some HA were deposited on PCL scaffold by co-
precipitatation in CaCl, and collagen solution as shown in ligure 3 (a). Human fetal
ostcoblast cells and mesenchymal stem cells (MCS) were sceded on the scaffolds and
observed'.

Human fetal ostcoblast cells were found to adhere well to PCL/Collagen 3D scaffold and
mineralized PCL/Collagen 3D scaffold (Figure 2 (c)). However, very few cells were found
on PCL 3D scaffold. MSCs seeded on PCIL that were mineralized by co-precipitation in
CaCl, and collagen solution were also observed to attach well to the 3D scaffold as shown in

Figure 2 (b).

Nanostructured Materials and Nanotechnology Il - 3
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Figure 2. [A] Freeze-drieid PC1./Collagen 3D [B] Minezulized PCL/ Collugen
xcallold with A (wrows) mawoparticles ining shiemmte saahing method. [C]
ostcoblast cultured on mineralized PCL/ Collagen 3D scaffold after 3 days.

Figure 3: Mineralized collagen ninofibers fabnicated by double
soaking metixd, reaction time 3 min Jeft] and 10 min (nght)

Conventional electrospinning is a versatile process for producing sheets of nanofibers from
different materials and compositions. By modifying the sctup, we wete successful in
fabricating 3D scaffold madce of nanofibrous yarn. The resultant 3D scaffold has
interconnected potres of varying sizes. The larger pore of mote than 100 um will be
favorable for bone ingrowth and angiogenesis. As putre collagen degrades too rapidly, a
blend of PCL and collagen was used to provide structural support duting cell migration and
proliferation. In our fabrication process, HA that were incorpotated onto the nanofibers
were in the form of biomineralized HA nanoparticles to resemble the HA found in natural
bone. The alternate soaking method has been shown to be a rapid method of depositing
HA nanopatticles onto substrates compared to other method of biomineralization. This
study also showed that the presence of collagen is vital for the successful deposition of HA
nanoparticles, In pure PCL, very limited HA was deposited on the nanofibers while in
PCL/Collagen composite, latge quantities of HA were deposited. The hydrophobic nature
of PCL is not conducive to formation and deposition of HA. Only when a small amount of
collagen was added to CaCl, solution can HA nanoparticles be deposited on pure PCL
scaffold. The reactive amino and carboxylic group in collagen provides nucleation site for
the formation of HA nanoparticles. In-vitro study using MSC and osteoblasts showed that
these cells adhere well to those scaffolds containing collagen. Furthermore confocal
microscopy showed the presence of osteoblasts at the interior of these scaffolds. In spite of

4 - Nanostructured Materials and Nanotechnology It
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the presence of nanotexture, 3-I) scaffold made of pure PCI. has poor cell adhesion due to
the hydrophobic nature of the polymer.

The next stage is to fabricate 3D scaffolds from other polymers such as polylactic acid and
the incotporation of biological molecules such as bone morphogenic protein (BMP).

Outlook

HA deposited composite polymer fibers show a great potential for fabrication of bone grafts.
By combining the nanocomposite fibers with of growth factors and drugs which aid in
healing process, it will be possible to fabricate a bone graft which can be used for
reinforcement to treat multiple fractures and osteopotosis. The application of ceramic
nanofibers in the ficld of biomedical implants is still at its infancy and as indicated before the
potential cffects and benefits are yet to be quantitatively estimated. Although metal oxide
nanopatticles have been suggested for chemotherapy, drug targeting and delivery vehicle and
as biosensors still they have not been commercialized because their cytotoxicity remains
unknown''. These nanopatticles could permeate into tissues and other organs because of
their small size. We predict that by using electrospun nanoceramics, this issue can be solved
due to their macro scale dimension along one direction; however, detailed tests are required
to prove this.

11. CERAMIC NANOFIBERS FOR CLEAN ENERGY SOURCES - EXCITONIC
SOLAR CELLS:

One of the major challenges that future generations will face is to find out solutions for the
increasing energy needs. This challenge stems from the limitations in the stock of natural
fossil fuels. ‘Therefore, search for alternate encrgy soutce that ate not only renewable but also
clean from environmental and other hazards has been initiated wotldwide. Photovoltaics
(PV) are 2 promising technology that directly takes advantage of our planet’s ultimate source
of power — the sun. When exposed to light, solar cells are capable of producing electricity
without any harmful effect to the environment ot device, which means they can generate
power for many vears while requiting only minimal maintenance and operational costs.

Existing Solar Cell Technologies

Fixisting types of solar cells may be divided into two distinct classes: conventional solar cells,
such as silicon and 111-V p-n junctions, and excitonic solar cells, ESCs. Most organic-based
solar cells, including dye-sensitized solar cells (IDSSCs) fall into the category of ESCs. In
these cells, excitons are generated upon light absotption. The distinguishing charactetistic of
ESCs is that charge carriers arc generated and simultancously separated across a
heterointerface. In contrast, photo-generation of free clectron-hole pairs occurs throughout
the bulk semiconductot in conventional p-n junction cells, the carrier separation upon their
arrival at the junction is a subsequent process. This apparently minor mechanistic distinction
results in fundamental differences in photovoltaic behavior. For example, the open circuit
photovoltage Voc in conventional cells is limited to less than the magnitude of the band
bending (Obi); however, 7oc in ESCs is commonly greater than Obi'’. Solid state p-n
junction solar cells made from crystalline inorganic semiconductors (c.g. $i and GaAs) have
dominated the commercial PV market for decades. Commetcial solar cell modules (area

Nanostructured Materials and Nanotechnology I! - 5
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typical 1 x 2 m®) of efficiency ~ 17% and single cells (area ~1 cm?) of efficiency up to 40%
(under high optical concentration) have been realized from ctystalline silicon and
multijunction devices, respectively ¥, A thorough documentation of the progress in
photovoltaics till the year 2006 can be found in an earlier report'®. Currently the wide-spread
use of photovoltaics over other energy sources is limited by its relatively high cost per
kilowatt-hour, howevet, 1{8Cs are likely to be an exception due to the possibilities of cost-
effectiveness and ease of fabrication compared to the crystalline silicon and I11-V p-n
junction solar cells® " '*

Principle of working of a DSSC

The photovoltaic effect in IDSSC occuts at the interface between a dye-conjugated
photoelectrode and an electrolyte. A DSSC consists of three functional parts (Figure 4a); viz.
a solar light harvester, usually a dye, which converts an absotbed photon into an exciton; an
clectron acceptor (clectrode) that splits the exciton into clectrons and holes by the enecrgy
difference between the LUMO of the light harvester and the conduction band of the
clectrode; and a redox mixture that injects the electron back to the dye. The final
photoelectric conversion efficiency of DSSC depends on many factors.

There are at least nine fundamental processes that can control the final energy conversion
efficiency in an excitonic solar cell (Figure 4b). The fundamental processes occur in ESCs
are (i) photon absorption which is determined by the wavelength window where the
harvester absotbs, intensity of solar radiation at that window, and absorption cross-section
of the dye (M,); (2) radiative tecombination determined by the carrier life time and the
probability for radiative recombination in the excited state (Tye); (3) exciton diffusion and its
diffusion length (v);) which controlled by the exciton diffusion coefficient (1),) and
exciton life time; (4) interfacial electron transfer and its rate (Ty); (5) interfacial charge
recombination determined by the rate at the interface (M,); and (6) the exciton relaxation
(M) through which the cxciton losc its cnergy due to telaxation; (7) electron transport
through the clectrode with drift (ve), (8) the phonon relaxation (Typy) through which an
clectron lose its energy via thermalization, (9) the redox potential of the clecttolyte and rate
of clectron transfer to the dyc. All these factors are to be cleatly understood to achieve high
conversion efficiencies.

6 - Nanostructured Materials and Nanotechnology |l
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Figure 4: Configuration of DSSC (A). A simplified diagram that shows processes
occur in a DSSC. Refer text for definition of the parameters.

Improvement of Conversion Efficiency

Considerable attention was devoted in the past to understand the electrode architecture for
efficient electron diffusion and transport'® 7 1# 1 2 31 2 44 well as choice of electrolytes™ * =
and dye molecules™ 7 ** * ' ™ for improving the energy conversion efficiency of DSSC. The
best performed 1DSSC so far produced, which reported an efficiency ~11.1%, utilized a
derivative of Ru dye as light-harvester (black dyc) and mesoporous Ti0), as electrode™. For
outdoor applications, the redox clectrolyte containing ionic liquids iodide (I7) and triiodide (@
") ions arc the medium of choice because of their high thermal stability, non-flammability,
negligible vapor pressure, and low toxicity. ‘lhe ‘110, nanofibers and nanorods recently
gained attention for fabrication of DSSC due to the channeled electron transfer in them."”
" Conversion efficiencies of ~5.8% and ~06.2% are reported in polycrystalline TiQ), fibers"
and single crystalline nanorods', respectively. Again in both of these cases device working
atea was rather small (< 0.25 cm”). Poor adhesion of nanofibers with the conductive glass
substratcs imposcs severe restrictions on the fabrication of latge arca cost-effective DSSC.

‘To overcome the adhesion difficulties of 190, nanofibers on conducting glass plates, we
developed a technique to fabricate large area clectrode layer using clectrospun nanofibers™
Pure anatase 110, nanofibers were prepared by clectrospinning a polymeric solution. and
subsequent sintering. The details of 110, nanofiber fabrication and their property evaluation
are published elsewhere™. The electrospun nanofibers were mechanically ground to prepare
‘110, nanorods. ‘T'hese rods were dispersed in a suitable solvent, spray dried, and sintered to
obtain dense electrodes. A schematic of this procedure and final dye-anchored electrodes
developed on conducting plate is shown in Figurc 5. Thesc dye-anchored TiQ), nanofibers
were used to fabricate large arca solar cells. The best-performed DSSC evaluated under
AM1.5G (1 sun) condition gave current density ~13.6 mA/cm’, open circuit voltage ~0.8 V,
fill factor ~51% and cnecrgy conversion efficiency ~5.8%. We further observed that when
dyes are conjugated to nanofibers they showed H-aggregation in contrast to the J-
aggregation reported when they are coordinated to Ti(), nanoparticles. We are currently
working on improving the electrical transport properties of nanorod 110, electrodes either

Nanostructured Materials and Nanotechnology Il - 7
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by doping with heavy metal ions for quasi-metallic conductivity or by patterning the
nanofibers such that the grain boundary scattering are minimized.

c—

A ~
'«,‘ @ F 10 Giam

Figure 5: (A) A schematic showing spray deposition of TiO, nanorods on the
surface of FTO glasses. (B) The TiO, nanorods sprayed and sintered on FTO glass.
The color of the electrod layer is due to the N3-dye anchoring. The TiO, nanorod

electrodes were dispersed in a 1:1 vol. mixture of acetonitrile and tert-butanol
with ruthenium dye (RuL (NCS),-2H,0; L=2.2’-bipyridyl-4,4-dicarboxylic acid (0.5
mM, N3 Solaronix) for 12 h at room temperature. (C) An SEM image of the spray
sintered TiO, nanorods.

Performance of solar cells can be improved by introducing highly organized vertically
aligned arrays of nanorods as 2 base of solar cells construction (Figure 6)”. High aspect ratio
and much bigger, in comparison to classic setup, active area of such structure would increase
efficiency and faster ionic and electron mobility along the nanorods would prevent the
trapping of electron-hole pairs especially at grains boundaries, what also will find effect in
efficiency increase. Itis proposed to obtain such structures by electrohydrodynamic shaping
of charged solution droplets by longitudinal electric ficld interaction with them and precisely
placing of the created nanorods on the substrate.

2 ~100nm

Figure 6: Patterned Electrospinning to produce
ordered nanofiber armys
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The Third Generation of Solar Power Harnessing — Application of Quantum Dots

The DSSC has a theoretical limit of conversion efficiency ~ 31%, which could be shifted
~42% if the dyes are replaced by inorganic quantum dots due to the ability of the latter to
produce more excitons from a single photon of sufficient energy™. This phenomenon is
called multi-exciton generation (MEG) or impact ionization and has been demonstrated in
quantum dots popular semiconductots such as CdSe and PbSe” ™ V. If this property could
be exploited to build solar cells, then more fraction of the solar energy could be converted
into clectrical energy. Colloidal CdS quantum dots were used in DSSC as catly as 1990, ic.,
within two years from the realization of quantum dots, that gave an cnetgy conversion
efficiency ~6%*. However this result could not be reproduced and subsequent reports till to
date gave efficiencies less than by a factor over two (Table 1). In other words, the
performance of quantum dot sensitized solar cells is inferior compared to the conventional
dye-sensitized solar cells despite of the remarkable propetties of quantum dots.

We recognize that in carlier approaches, quantum dots were simply used as a replacement
for dyes without understanding fully the origin and controlling factors of photo-excited
electrons and/or their photoelectrochemical properties. For example, the most important
requirement for electron injection in DSSC is that LUMO of the light hatvestet should be at
higher energies than conduction band of the photoelectrode. 1f the LUMO is at similar
enctgics ot lower than that of the conduction band of the clectrode material, the clectron
injection is not probable. In conventional photoclectrochemical cells, TiO, has been a
matctial ‘of choice as photoclectrode because of its readily availability and telative band
positions with many of the dyes. However, the conduction band of 110, is neatly same as
that of the conduction band of the bulk CdSe and CdS, two widely studied semiconductors
for quantum confinement effect'. If these quantum dots are used as light harvesters, the
carrier injection is efficient only if the quantum confinement phenomena shift its LUMO to
higher levels. This issue is not elaborately addressed in the literature of quantum dots
employed photoclectrochemical cells. Further, colloidal quantum dots should be propetly
attached to otganic ligands to bind with the photoclectrodes. These linker molecules have
crucial roles in determining the charge transfer and final energy conversion efficiency of
photoclectrochemical cells.

We addressed the later problem, ie., role of a linker molecule on the optoelectronic
properties of CdSe quantum dots, recently using experimental results and first principle DI'T
calculations”. This study revealed that oxygen-containing molecules that ate conjugated to
the surface of CdSc interact strongly with CdSe compared to non-oxygen containing
molecules and influence its optoclectronic propetties. Our study recommends that sutface of
quantum dots should be conjugated with proper choice of linker molecules for improving
the performance of quantum dot sensitized solar cells.

Outlook

The DSSCs have the potential of producing solar cells of lower cost per kilowatt-hour due
to the availability of cheaper ceramic material systems and ease of fabrication compared to
the crystalline silicon and I1I-V p-n junction solar cells. Conversion efficiencies as high as
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~11.1% were achieved in IDSSC by making use of mesopotous TiQ, as electrode and black
dyc. Efforts are curtently underway to improve the conversion cfficiency by improving the
clecttical transport properties of nanotod clectrodes cither by doping with heavy metal ions
for quasi-metallic conductivity or by patterning the nanofibers such that the grain boundary
scattering are minimized. Besides efforts are also undertook to develop new prototypes of
excitonic solar cells in which quantum dots are used as light harvesters in the place of
otganic dyes. The quantum dots has the potential of increasing the conversion efficiency of
solar cells by generating mote charge cartiers from a single photon of sufficient encrgy
compared to the conventional organic and metallorganic dyes.

III. NANOSTRUCTURED CERAMICS IN SENSOR APPLICATIONS -
ELECTROCERAMIC GAS SENSORS

Over the past 20 years, a great deal of research effort has been directed toward the
development of gas sensing devices owing to the fact that these sensors have been widely
used. Gas sensors are currently used in the following domains-
e ‘The automotive, industrial, and actospace sector for the detection of NO,, O,, NH,,
80, O,, hydrocatbons, ot CO, in cxhaust gases for envitonment protection
® The food and beverage industries, where gas sensors arc used for control of

® The domestic sector, where CQO,, humidity, and combustible gases have to be
monitored or detected

"The huge vatiety of applications of sensor technology fucls a continuously growing market,
which is expected to exceed $ 7.5 Billion in 2009 for the USA alone”. Some emerging novel
applications for these sensors include continuous monitoring of explosive traces which can
help to enhance security, monitoring of vapors in medical diagnostics, and in monitoring the
level of trace pollutants such as CCO), PM10 particles, etc. In a laboratory environment, all
these compounds can conventionally be measured using techniques such as IR or UV-Vis
spectroscopy, mass spectrometry, or gas chromatography. Although these methods are
precisc and highly sclective, and allow the detection of a single compound in a mixture of
gascs in very low concentrations, it is obvious that their application is limited by cost,
instrumentation complexity, and the large physical size of the instrumentation.

For low-cost and mobile applications, solid-state gas sensors ate most common. Such a
sensor element has to transform chemical information, originating from a chemical or
physical reaction of the gas molecule to be detected with the gas-sensitive material, into an
analytically managcable signal. Considerable cfforts have been undertaken to develop sensors
for thesc novel applications, however, many of these cfforts have not yet teached
commercial viability because of problems associated with the sensor technologics applied to
gas-sensing systems*. Inaccuracics and inherent characteristics of the sensors themselves
have made it difficult to produce fast, reliable, and low-maintenance sensing systems
comparable to other micro-sensor technologies that have grown into widespread use
commercially*. With the increasing demand for better gas sensors of higher sensitivity and
greater selectivity, intense efforts are being made to find mote suitable materials with the
required surface and bulk propetties for usc in gas sensors.
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Working principle of a gas scnsor

The principle behind solid-state gas sensors is the reversible interaction of the gas with the
surface of a solid-state material resulting in a change in matetial’s conductivity. In addition to
the conductivity change of gas-sensing material, the detection of this reaction can be
petformed by measuring the change of capacitance, work function, mass, optical
characteristics or reaction energy released by the gas/solid interaction*’. This principle is
Hlustrated in figure 7 below.

Various materials, synthesized in the form of porous ceramics, and deposited in the form of
thick or thin films, are used as active layers in such gas-sensing devices. 'The read-out of the
measured value is performed via electrodes, diode arrangements, transistors, surface wave
components, thickness-mode transducers or optical arrangements. [lowever, in spite of so
big vatiety of approaches to solid-state gas scnsor design the basic operation principles of all
gas sensots above mentioned are similar for all the devices. As a rule, chemical processes,
which detect the gas by means of sclective chemical reaction with a reagent, mainly utilize
solid-state chemical detection principles as shown in figure 7.

Change of the thickness of
unstoichiometric surface layer;
change of bulk conductivity;
change of the thickness of
space-charge region

Change of surface stoichiometry;
change of surface potential;
change of surface conduclivity;
change of surface reactivity
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Figure 7: Illustration of the processes that take place in metal oxides during
gas detection ¥

Materials used in a sensor

Solid state scnsors have been fabricated from a wide variety of materials such as solid
electrolytes, classical semiconductors, insulators, metals and organic polymers®™. The details
have been furnished in table 1.
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Table 1: Solid State Sensor Materials and Applications

Type of Materials Analyte
Sensor
Semiconductor  Si, GaAs H', O,, CO,, H,S, propanc ctc.

based sensots
Semiconducting  SnQ,, ZnQ, Ti0,, CoO, NiO, H,, CO, 02, H.S, AsH,, NO,,

metal oxide WO, N,H,, NH,, CH,, alcohol

sensots

Solid electrolyte  Y,0), stabilized ZrO, Q, in exhaust gases of

sensors automobiles, boilers etc.
laF,, Nafion, 7z F,, O., CO,, SO, NO, NO,, and
(HPQO,),nl,0, SrCe;4:Yby ;O HLO

Otrganic Polyphenyl acetylene, CO, CO,, CH,, H,0, NO_,NQ,,

semiconductors  phthalocyanine, polypyrrole, NH,, chlorinated hvdrocarbons
pelyamide, polyimide

While many different materials and approaches to gas detection are available, metal oxide
sensors remain a widely uscd choice for a range of gas species. These devices offer low cost
and relative simplicity, advantages that should work in their favor as new applications
emerge. Metal oxide based sensors ate much stable and perform well compared to their
polymer counterparts. Morcover it is telatively simple to engincer these ceramic materials to
optimize sensor petformance. '

It has been reported that metal oxide sensors comprise a significant part of the gas sensor
component matket, which gencrated revenues of approximately $1.5 Billion worldwide in
1998. Significant growth is projected, and the market should exceed $2.5 Billion by 2010.

Advantages of one-dimensional structures

The different 1-D nanostructure atrangements that have been reported in literature to have
the potential in sensing application are summarized in figure 8.

sy

Figure 8: Different 1D metal oxide héhbstructures, from top right:
nanowire, core-shell structure, nanotubule, nanobelt, dendrite, hierarchical
nanostructure, nanorod, nanoring, nanocomb*

Dt
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Oxygen ions adsotb onto the surface of the 1-ID nanostructuted matetial, removing
electrons from the bulk and creating a potential barrier that limits electron movement and
conductivity. When reactive gases combine with this oxygen, the height of the barrier
(Schottky) is reduced, increasing conductivity. This change in conductivity is directly related
to the amount of a specific gas present in the environment, resulting in a quanttative
determination of gas presence and concentration. These gas-sensor reactions typically occur
at clevated temperatures (150-600°C), requiring the sensors to be internally heated for
maximum response. The operating temperature must be optimized for both the sensor
material and the gas being detected. In addition, to maximize the opportunities for surface
reactions, a high ratio of surface area to volume is needed. As an inverse relationship exists
between surface area and particle size, nano-scale materials, which exhibit very high surface
arca, arc highly desirable. One dimensional nanomaterials have a unique preference for
sensor fabrication®’. "L'his is because of their size dependant behavior. ‘Lhis quantum size
effect is reported to be seen in 1-D nanomaterials of size < 50 nm and functions to enhance
the sensor properties.

Structural Engineering of materials to enhance sensor performance

Structural engineering of metal oxide films is the most effective method used for
optimization of solid state gas sensots. The considerable improvement of such operating
parameters as gas tesponse, selectivity, stability, and rate of gas response can be achieved due
to optimization of both bulk and surface structure of applied mctal oxide films.

Besides the particle size, the influence of the microstructure, that is, the substrate thickness
and its porosity, are the other factors that affect response time and the sensitivity. Sensing
layers are penetrated by oxygen and analyte molecules so that a concentration gradient is
formed, which depends on the equilibrium between the diffusion rates of the reactants and
their surface reaction. The rate leading to the equilibrium condition determines the tesponse
and recovery time. Thercfore, a fast diffusion rate of the analyte and oxygen into the sensing
body, which depends on its mean pore size and the working temperature, is vital.
Furthermote, maximum sensitivity will be achieved if all percolation paths contribute to the
overall change of resistance, that is, that they are all accessible to the analyte molecules in the
ambient. Thus a lower substrate thickness together with a higher porosity contributes to a
higher sensitivity and faster response time. This was verified experimentally most recently by
Yamazoe and coworkers® ¥’ investigating the gas response on H, and H,S of thin films of
monodisperse SnO, with particle diameters ranging from 6-16 nm. It was found that the
sensor response was greatly enhanced with decreasing film thickness but with increasing
grain size up to 16 nm. The latter appears to be unexpected but can be understood in terms
of an increased potosity, which cannot be achieved with the smallest particles studied.

Recently we*' demonstrated the giant piezo-response from nanofibers of PZT (lead-
zirconium titanate) material prepared by the electrospinning technique. It was found that the
strain in these one-dimensional nanofibers were 5 times in compatison with their bulk
counterpart. Such materials are not only useful as sensing substratc but also in actuators
which aid in transduction of the signal into clectrical ot mechanical tesponse. Application of
nanostructured ceramics in actuatots could lead to development of devices with higher
overall sensitivity and much lower limit of detection could be obtained.
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Pure metal oxides are not able to comply with all the demands of a perfect sensing interface.
To overcome the inherent limitations of the pute base material, doping with metals and/or
oxides has 2 profound impact on the sensor petformance®. Note that this process of doping
is not comparable with the bulk doping of semiconductors for microelectronic applications.
In this case, doping is in fact morc the addition of catalytically active sites to the surface of
the base material. Ideally, the doping process improves sensor performance by increasing the
sensitivity, favoring the selective interaction with the target analyte and thus increasing the
selectivity and decreasing the response and recovery time, respectively, which is then
accompanied by a reduction of the working temperature. Furthermore, sutface doping may
enhance the thermal and long-term stability. The control parameters are composition, size,
habit, and redox state of the surface modifiers, as well as their dispersion on and/or into the
metal oxide surface. As is known from the size-dependent properties of catalytically active
nanoparticles, the particle size can cffectively control the tempetature tange as well as the
cfficiency of a catalytic reaction®. The effects of doping are summarized in figure 9.
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Figure 9: Various effects of metal based doping on ceramic sensor
substrates®

The modification of lal'eO, by St and Mg had an effect to strongly increase the
conductance of the nanocrystalline samples. At low operation temperatures, an exceptional
dual conductance response was found at exposure to the tested reducing gases CO, C,H,
and Cl1,. In the casc of CO exporure, a high conductance increase of the Lal'cQ, sample
was found at low operation tempetatures, c.g., by a factor of U 300 at exposure to 200 ppm
of CO in synthetic air at 100eC. The sensitivity of the LMFO and T.SFO samples was much
lower than that of the LFO sample at exposure to CQO, C,I1, and CII,.»

Tan and Zhu® > reported that mixed iron and tin oxide sensors made from nanomaterials
that were about 30-50 nm in size showed enhanced sensitivity towards cthanol. The
quantum size effect was seen to enhance not only the sensitivity alone but also the selectivity
against the target analyte. This property was attributed to the dangling oxygen bonds at the
surface which captured the analyte. In fact, the authors reported the selectivity (cthanol Vs
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CO and H.) was 32 times higher than any other ethanol sensing system. Such drastic
improvements are possible only through the nanosize.

Outlook

Nano-composites’ design is the most promising direction in the development of matcrials
for solid-state gas sensors. One dimensional nanomaterials have recently attracted increasing
interest and the possibility of functionalization of these matetials with dopants would impart
them with unique physicalchemical properties. Highly sophisticated surface-related
properties, such as optical, electronic, catalytic, mechanical, and chemical ones can be
obtained by advanced nanocomposite 1-10 materials, making them attractive for gas sensor
applications.

IV. NANOSTRUCTURED CERAMICS IN CATALYSIS AND OTHER
APPLICATIONS

Ceramic nanofibers have been explored for other interesting applications such as
putification of fuel oils, hot gases and also environmental applications as described in this
scction. Surface area is the dominant factor that decides the cxtent of catalysis and its
cfficiency. Cetamic nanofibers are niche materials which fit this application as they possess
cxtraordinarily high specific surface atea. The usc of clectrospun ceramics for chemical
reaction substrates or catalysts is also an upcoming field of interest.

Ceramic membrancs can be used to trap heavy metal contaminants from industrial cffluents
or in rivess. It is well established that the nanosize possesses a high surface activity and this
aids in sclective capture of contaminants or functional moictics. T'aking these advantages
into consideration, nanoceramic membranes could be fabricated by electrospinning and used
for specialized filtration applications. Moreover by electrospinning it is possible to achieve
precise positioning of the fibers and accurate control over pore-size of the catalytic
membrane. This leads to fabrication of membranes tailored for a given system to achieve
enhanced mass-transfer.

Alumina nanofibers that are about 2 nm in diameter are currently manufactured in the
industry® (Nanoceram®) for filtration applications. The Nanoceram® alumina fibers are
clectropositive and attract dust. They also bind and zap vituses and bactetia. The nanosize
enables higher flux, atleast two orders of magnitude compared to other membranes and do
not get clogged by sub-micton particles which is a major problem in commercial membranes.

Hota et al*’ were the first to prove the concept by fabtication of ceramic nanofibets through
clectrospinning and showed that it aids in the removal of heavy metal impurities such as
Cadmium and Arsenic from waste water. The team found that the removal of heavy metal
impuritics was enhanced due to the nanostructure configuration of the filter and the capture
of contaminants was much better than that of the bulk ceramic material.

Ramascshan ct al** have shown the applicability of clectrospun ceramic nanofibers as good
catalysts for the detoxification of chemical warfare agents. Chemical watfare agents such as
the nerve agents (otganophosphorus class of compounds) and the blister agents (mustaeds/
sulfides) are quite harmful and ate capable of killing or incapacitating the people who are
exposed to, even for a short time. I'hese agents are known to react with metal oxides (Mg,
Al Te, 'li, 7Zn, Cr, Cu, Mn, etc) which act as catalysts to detoxify them into non-toxic
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harmless by products. The authors fabricated a mixed metal oxide nanofiber reported as
Zinc Titanate and proved their decontamination capacity over warfare simulants such as
dimecthyl methylphosphonate and chlorocthyl ethylsulfide.

Outlook

The catalytic application of bulk phase ceramics has been well recognized exploted quite
extensively. Miniaturization will lead to improvement of catalytic activity and improve yield
and turnover ratios. This potential opens up a wide range of applications for the ceramic
nanofibers, from industrial catalysis to filtration, putification and othet cavironmental
applications.

SUMMARY

Nanostructured ceramics are indispensable materials for many applications. Although their
value-add to several applications has been shown, however only a very few are in
commercial form. This is owing to difficultics in their synthesis while maintaining uniform
configurations on a latge scale. In this review, we have highlighted some important
applications whercin the usefulness of nanostructuted ceramics have been elucidated and
also described how these materials have also been fabricated by electrospinning. Research
activities in the field of one-dimensional ceramic nanostructures began only recently and this
is still considered as a burgeoning area. Application potentials of ceramic nanostructures in
pure form or in hybrid with polymers ot othet organic materials are still to be explored in
detail and require considerable attention by the R&DD community.
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WHAT MAKES A GOOD TiO; PHOTOCATALYST?
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ABSTRACT

Titanium dioxide photocatalysis is an area which has witnessed an enormous progress during
the past three decades. Applications of TiO, photocatalysis include environmental remediation, self-
cleaning coatings. and is also at the heart of TiO; based energy production (H and electricity). Despite
an enormous literature a comprehensive understanding of the surface reaction steps on TiO; is still
lacking. This reflects both the complex nature of photocatalytic processes and the difficulties of
studying nanoparticles. In this paper we present examples from combined in situ molecular
spectroscopy studies that highlight the dependence of surface reactions on the structure of TiO;
nanoparticles. We show that for a broad class of organic molecules the reactivity is governed mainly
by the bonding and reactivity of a few common intermediate species. The photocatalytic efficiency is
correlated with the particle structure and elementary surface reactions steps. We show that p-formate is
a common intermediate that contro! the overall photo-degradation rate of propane, ketones, and
carboxylic acid on rutile TiO,. In contrast, on anatase TiO, photo-oxidation of acetone is rate
determining. This shows that the reactivity of TiO, is sensitive to both surface modification and
reactant molecule. Furthermore, the photo-oxidation rate of formic acid depends on the detailed
anatase surface properties. This is attributed to a balance of formate bonded to coordinately
unsaturated surface (c.u.s.) Ti atoms and hydrogen bonded molecules due the different bonding
strength of formate on c.u.s. sites present on different crystal facets and defects. Ways to improve the
surface reactivity of TiO, nanoparticles are discussed.

1. INTRODUCTION

The term photodegradation usually refers to the complete oxidation of organic molecules to
CO,, H;0 and simple inorganic mineral acids that occur under light illumination. For a reaction to be
photocatalytic it is further required that the active site (centre) on the catalyst converts a reactant
molecule into a product molecule without being consumed itself. This assertion is quantified by the
turn over number (TON). The suggested definition of TON is the ratio of the number of photoinduced
transformations in a given period of time to the number of photocatalytic sites.' A reaction is
considered photocatalytic if the turn over number (TON) is greater than unity. Thus whenever TON>1
the active site returns to the original state in the course of the catalytic cycle and initiates a new
chemical transformation of a fresh reactant molecule.

The detailed photocatalytic pathways are in general not known. Yet reported kinetic data may
be fitted to simple models borrowed from heterogeneous catalysis such as the Langmuir-Hinshelwood
(LH) and Eley-Rideal (ER) type models without definitive knowledge about the particular reaction
mechanism.2? Thus agreement with Kinetic models is a necessary but not sufficient condition to
uniquely attribute kinetic data with a particular reaction mechanism. In fact, many different types of
reaction steps may be incorporated in (hypothetical) mechanistic models of photocatalytic reactions
and yet give the same kinetic results. However, not discouraged by this fact it is a challenge to
disentangle the correct reaction steps, which can pin point rate determining steps and ultimately
provide means to modity the photocatalyst or reaction conditions to improve its performance (TON).
In the corresponding field of heterogeneous catalysis, basic research employing surface science
methods has during the past decades done precisely that by devising simple model systems and
methods that capture relevant aspects of real catalysts. This endeavour led Gerhard Ertl to the Nobel
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Prize in chemistry in 2007, In fact the surface science of TiO, photocatalysis has matured considerably
during the past say 10 years. In particularly, our understanding of elementary surface processes on
single crystal TiO, has advanced considerably, albeit almost exclusively on the rutile surface.* This is
a natural development since gas-solid photocatalysis favourably lends itself to scrutinized studies of
well-defined metal oxide systems employing an arsenal of experimental vacuum based techniques,
which at the same time provides suitable experimemal input to ab initio theoretical modelling (without
e.g. complications of hydration-shells, solvated ions, etc.). The understanding has thus advanced
considerably for simple adsorption systems like O,, H;, H;0, CO, and C, and C; organic molecules.*
The implication of these studies are expected to give fundamental insight into heterogeneous
photocatalytic processes, and promise to provide a tooibox for predicting reactivity, which is long-
sought for in this research field.

Notwithstanding this progress, heterogeneous photocatalysis is complicated by the additional
photo-physical properties of the catalyst, photon absorption, transport of photo-excited hot electrons
and excitons, and interfacial charge transfer processes. Moreover, there exists a structure gap in
photocatalysis, which arises from the fact that most experimental studies have been conducted in
colloidal suspensions or on powder samples employing anatase TiO;, which is commonly considered
to be the most active TiO; polymorph. On the other hand, much of the fundamental surface science
studies conducted during the past decade have been done on rutile single crystals, and in particular the
(110) surface, since the most interesting low-index facets of anatase TiO, are not readily available.
Analogies with the huge body of existing experimental data on TiO; nanoparticles are difficult, or even
misleading unless a detailed structural analysis of the nanoparticles are done in parallel and translated
into the observed reactivity. The literature is not consistent in this respect, and there is a large spread in
reported data.

At standard temperature and pressure (STP) conditions TiO; has three common polymorphs:
rutile (body-centred tetragonal, space group P4,/mnm), anatase (body-centred tetragonal; /4,/amd) and
brookite (orthorhombic; Phca).® Thermodynamlcs predicts that rutile is the most stable structure at all
temperatures at atmospheric pressures.*® The small difference in the Gibbs free energy between the
rutile, anatase and brookite structures indicate, however, that they may coexist at STP conditions. Even
though the energy barrier for phase transformation of anatase into rutile structure is low it is kinetically
restricted at STP conditions, and is significant only at T>600°C.” Taking into account finite crystal
sizes variations in surface free energy of exposed facets may reverse the relative thermodynamic
stability of the crystal structures when the crystal dimensions become sufficiently small. Indeed, at
particle sizes <11 nm anatase is preferred, while at >35 nm rutile is preferred (the larger average
surface energy of anatase crystals may explain this reversed stability—see Table 1 below). At
intermediate particle sizes brookite is the most stable.'® Transformation of anatase nanoparticles to
rutile must therefore be accompanied by particle size growth (sintering of particles), and a critical -
particle size has been inferred. Typically the phase transformation of anatase nanoparticles with
dimensions exceeding this critical size occurs at T>400°C."!

Table 1. Comparison of calculated surface formation energies for relaxed,
unreconstructed TiO; surfaces. From Refs.'?

Structure Surface formation energy (J/m’)
Rutile(110) 0.31
Anatase(101) 0.44
Anatase(001) 0.53
Anatase(100) 0.90
Anatase(110) 1.09
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A wide variety of methods have been applied to prepare nanostructured TiO; employing wet
chemical, physical deposition or hybrid methods. They generally yield products with different
structures (anatase or rutile), crystallinity, porosity and contaminants. As a consequence the surface
properties of the products depend on the preparation technique. Unfortunately, a significant fraction of
reported studies involve the TiO, powder denoted P25 from Degussa AG. which is prepared by
vapour-phase oxidation of TiCls. This process yields a fairly narrow size distribution ((d)=20-25 nm).
However the structure is a mixture of anatase (ca. 75 at.%) and rutile particles and contains chlorine as
a main contaminant. Thus the reactivity of P25 cannot easily be related to the surface properties of
pure phase TiO,. Chlorine free TiO, prepared by the sulphate route (usually FeTiO;) contain sulphate
ions, which affects its surface acidity. High phase purity and contaminate free TiO; can be prepared by
the alkoxide route (usually Ti(OC;H;)4 or Ti(OC4Hs)s). However, both the sulphate and alkoxide
routes require a final calcination step to remove water and carbon contaminants, respectively. Since
residues and contaminants from the synthesis can affect particle growth and phase transformations
(which is particle size dependent—see above), calcination introduces variations in the final product
which may be difficult to control. Large progress has been made in various film fabrication methods to
prepare TiO: films with unique properties. In particular physical and chemical vapour phase deposition
techniques (PVD and CVD, respectively) allow for high purity, contaminant free crystalline structures
without further pretreatment steps (calcination). These latter methods introduce an additional degree of
freedom which affects the final TiO, product, namely the substrate. Interestingly. it has been shown
that TiO, with different growth orientations of surface faces can be obtained compared with
conventional wet chemical methods. In particular, it has been reported that TiO, films prepared by
CVD on glass substrates yield structures with preferential (112) oriented crystallites which have
beneficial photocatalytic activity."® Similarly. surface modified Al/Ti on glass by anodization and
subsequent alternating sol-gel dip coating yield preferential (004) oriented crystallites with up to 6
times higher photooxidation rate of acetaldehyde gas." The origin of the beneficial activity of these
novel TiO; films are not known and has been tentatively explained b?' formation of hollow
nanostructures with unusual high exposed surface area (films with both (112) '? and (004) '* crystallite
orientation), or a high number density of active sites (films with (112) faces 1%, Despite the enormous
efforts to synthesize and improve the performance of TiO; photocatalysts during the past say 30 years,
these recent results suggest that we still have plenty of room for improvements and still lack
fundamental insight what makes a good TiO; photocatalyst.

In this paper we take an approach which is a compromise between traditional photocatalysis
work and the surface science approach. We take the advantage of the progress of nanofabrication
methods to prepare well-defined TiO; that expose different (distributions of) crystallite orientations.
We explore TiO; prepared by a broad range of physical and wet chemical methods. We review our
work employing in situ vibrational spectroscopy to explore at the molecular level the interaction of
probe molecules with TiO,. We also include new data which has not been published before. By
scrutinizing the adsorption properties and the photochemical reaction pathways of the probe molecules
by in situ molecular spectroscopy and relating them to the detailed atomistic structure of the TiO;
obtained by high-resolution transmission electron microscopy (HRTEM), Raman spectroscopy and X-
ray diffraction (XRD), we are able to correlate and identify rate determining steps and thus provide
independent data (other than kinetic data) that supports a mechanistic interpretation of the observed
difference between TiO; having different structures, crystallinity and contaminants. We exemplify this
with the case study of photocatalytic oxidation of propane, where acetone and formate are found to be
a key intermediates that limits the oxidation rate.
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2. EXPERIMENTAL
2.1 Materials

Anatase and rutile TiO; nanoparticles were prepared by sol-gel,'*'® microemuisions,'*'* and by
DC magnetron sputtering®™?' as described elsewhere. Samples were analyzed either in powder form or
as films supported on Si, Al, or CaF; substrates. The materials were characterized by a variety of
experimental methods. Scanning electron microscope images were routinely obtained with a FEG-
SEM Leo 1550 Gemini instrument operated at SkV. Transmission electron microscopy (TEM) was
done with a JEOL 2000 FXII instrument operated at 200 kV, and high-resolution TEM with a JEOL
JEM 3010 operated at 300 kV (LaB6 cathod). To ensure the sample cleanliness of the titania samples
prepared by microemulsions, samples were pressed into thin pellets using a manual hydraulic press (2
tonnes) and analysed by XPS using a Perkin-Elmer PHI 5000C system with Mg K, radiation (1253.6
eV).” The incidence angle was normal to the sample and the detection angle was 45°. In addition to
the survey spectra, high-resolution (AE=0.025 eV) spectra were collected for the CI2p, Nis, and Ti2p3
and internally calibrated using the Cls peak as reference. Raman measurements were done with a
confocal Raman microscope (Horiba Jobin Yvon LabRAM HR800) operated with a 512 nm Ar ion
excitation laser under ambient conditions by placing the samples on aluminium foil and focusing the
laser light through a 100x objective (Olympus, NA=0.9 and WD=0.21 mm), or by placing the sample
in a water cooled reaction cell (Linkam TS1500) with the possibility to measure at temperatures up to
1500°C and employing a 50x focusing objective (Nikon, SLWD NA=0.45 and WD=17 mm).
Reflectance micro-Raman spectra of samples heat treated in air for 30 min at 723 K were recorded
with a Renishaw 2000 spectrometer using a 783 nm laser diode light source. Grazing incidence X-ray
diffractograms were obtained for samples heat treated at 723 K with a Siemens D-5000 instrument.
UV-Vis measurements for films spin-coated on CaF, substrates were made with a Perkin Elmer
Lambda 18 UV-VIS Spectrometer.

18.19

2.2 In situ molecular spectroscopy

Photo-induced degradation and surface reactions were measured by in situ Fourier transform
infrared (FTIR) spectroscopy by monitoring the time evolution of surface products and adducts. FTIR
measurements were made in a vacuum pumped FTIR spectrometer equipped with either an in situ
transmission reaction cell, specular cell or a diffuse reflectance cell, which all allow for simultaneous
UV illumination, mass spectrometry and in situ FTIR in controlled atmosphere (gas flow, batch mode
or vacuum down to 10™ Torr).'”? Repeated FTIR spectra were measured with 4 cm™ resolution and
typically 135 scans and 30 sec dwell time between consecutive spectra, except for measurements on
samples with a silicon substrate, which utilised 90 seconds long dwell time between spectra and a 60
seconds long UV illumination time between spectra. The sample was held at 299 K in a 100 ml min™*
gas flow of synthetic air (20% O and 80% N,). Prior to each measurement the samples were annealed
at 673 K (5§73 K for the samples on silicon substrates) in synthetic air and subsequently cooled to 299
K in the same feed. Formic acid (GC grade, Merck) and acetone (GC grade, Scharlau) was added to
the gas feed through a homebuilt gas generator. The independently calibrated formic acid and acetone
concentrations in the gas feed were ca. 7900 ppm and 595 ppm, respectively. No other gases than acetone
or formic acid were detected mass spectrometrically. After dosing the sample was kept in the gas feed
for ca 15 minutes prior to illumination (except when otherwise stated). FTIR background was collected
on a clean sample during 1 minute (265 scans) in synthetic air or N, feed at 299K.
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Thin films or powder materials were irradiated with simulated solar light generated by a Xe arc
lamp source operated at 200W employing air mass filters AM1.5 described elsewhere.'” Briefly light
was admitted to the reaction cells through a quartz fibre bundle and focussed through a lens onto the
sample surface such that the whole film or powder surface was illuminated (typically 7-10 mm
illuminated area). The photon power on the sample was determined to be 166 mW cm™ for
wavelengths between 200 and 800 nm, corresponding to ca 12 mW c¢m for A<390 nm.

3. RESULTS AND DISCUSSION

3.1 Deacon’s rules and carboxylic acid adsorption

A surface can be considered as a giant bulk defect. At the surface atoms appear which have lower
coordination than those in the bulk. These are called coordinatively unsaturated surface (c.u.s) atoms
and generally are more reactive than the corresponding saturated atoms, since their valence number
make them prone for additional coordination. The c.u.s. Ti”  cations at the TiO, surface are acidic
(Lewis acids sites) and want to form bonds with basic molecules, while the c.u.s. O™ anions are basic
(Lewis bases) and adsorb acidic molecules. Classical molecules to probe acidic surface sites on TiO,
are ammonia, pyridine or weak bases such as CO.

It has proven less straightforward to probe the basic surfaces sites of oxides. Davydov et al have
suggested that reactive adsorption of CO, forming surface carbonates is a suitable molecule to probe
the basic properties of oxide surfaces.” In particular, the splitting of the asymmetric and symmetric
carbonate stretching vibrations, Av,=v,(CO0)-v(COO), of the carbonate molecule has been
correlated to the strength of the basic sites. For example, the M-O covalency of a lattice O atom
involved in monodentate coordinated carbonate is lower than that for a bidentate carbonate. According
to Nakamoto.”* which was first to propose Avyss as a measure to distinguish between mono- and
bicoordination in metal complexes, Av,. is about 300 cm’! for bidentate carbonate. This value
increases with increasing covalent character of the M-O bond. i.e. decreasing basicity of the oxygen
atom. Since the surface atoms on TiO; nanoparticles are expected to deviate from stoichiometry to a
larger degree than bulk terminated samples, e.g. with excess oxygen possessing different valency, the
above considerations predict that Av,., for CO, adsorbed such that it forms a bidentate carbonate
molecule should be higher if it is coordinated to a three-fold coordinate O atom than a two-fold O atom.
Similarly, the surface properties should be influenced by O adatoms with comparably strong basic
character.

In analogy with metal-carbonate coordination. Deacon et al have analyzed Av, and the
positions of v,,(COO0) and vy(COO) for a large number of acetato complexes.”® By comparing Avs,.s of
the free aqueous state (“jonic™) and metal coordinated complexes (“metal coordinated”), respectively,
they observed the following correlations (Deacon’s rules):

Av,s. (metal coordinated) > Av,,. (ionic): monodentate coordination
Avy. (metal coordinated) < Av,. (ionic): bidentate chelating or bridging coordination
Av,s.s (metal coordinated) << Av, (ionic): bidentate chelating coordination

The first correlation has strong experimental support as well as its converse, i.e. monodentate
coordinated complexes always exhibit Av,,. (metal coordinated) > Av,,.. (ionic). However, the inverse
of other two correlations are not always obeyed, and it is not straightforward to distinguish the
bidentate chelating from the bridging coordination solely based on the magnitude of Avg.s. In general,
these empirical rules should be complemented by additional structural data obtained by independent
and theoretical calculations for correct structural assignments. This was also concluded in a recent
spectroscopic and theoretical study of formate and acetate adsorption on (large) rutile TiO;
nanoparticles.”” Moreover, when studying adsorption of carboxylic acid on oxide surfaces
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interpretation of spectra may be complicated from a practical viewpoint by formation of surface esters
and condensation products of carboxylate ions, since these have spectral features close to the
carboxylate surface complexes. In this latter case it should also be recognized that the acids can form
stable surface complexes which can modify the surface.”* For example, formic acid adsorption on the
rutile (110) surface resuits in two forms of bridging formate molecules.'®!%2%-30 Upon adsorption the
molecule is deprotonated and the H atom transferred to an adjacent (basic) bridging row O atom
forming a hydroxyl. The formate ion forms either a complex with two five-fold coordinated c.u.s.
surface Ti atoms (f-formate A), or a complex with an O atom bonded to five-fold coordinated c.u.s.
surface Ti atom and one O atom in the position of a lattice O vacancy (Figure 1). The latter complex
thus fills the O vacancy site with an oxygen and completes the bridging row structure along the (001)
direction.

Fadtile
ExB0 nm

" j-formate A

-

ADSOITANCE

p-formate B

A i 1 1
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Figure 1. Infrared spectra of formate adsorbed on large rutile particles exposing a large fraction of 110
faces (>95%) along with schematic drawings of suggested surface structures of the adsorbed formate
ions. Adapted from Ref. '*'* (Copyright: The American Chemical Society, 2007).

Despite these difficulties we argue that carboxylic acid adsorption on TiO, nanoparticles. and
formic acid in particular, is an important and informative tool to probe the surface properties (basic
sites) if the detailed structure of the nanoparticles are known and complementary data of the adsorbate
can be obtained. Moreover, as we will show below the photo-reactive properties for differently
coordinated formate molecules are different, which provide further information about their character.
Finally, and most important from a practical view point, carboxylic acid is a common intermediate in
oxidation of alkanes. alcohols, aldehydes, etc. Since formate (and bridging format in particular) is
strongly bonded to TiOa, oxidation of formate is often a rate determining step for complete oxidation
of organic molecules in absence of water to dissolve these species. This is of considerable importance
when TiO; is used in e.g. air cleaning devices.

3.2 Formic acid adsorption

In the following we give examples on gas phase formic acid adsorption on a variety of different
TiO; nanoparticles with ditferent structure (anatase, rutile or mixed phase). different particle size and
different orientation of their crystal faces. We employ gas phase adsorption to eliminate the
contribution from water which complicates the situation. Nevertheless in the in situ experiments
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discussed below the surfaces are always hydroxylated. They are annealed at 400°C in a flow of
synthetic air and cooled down in the same feed gas. The surfaces should therefore be regarded as
oxidized (with additional adsorbed oxygen on the surface) containing hydroxyls and small amounts of
water. This is also evidence in the adsorption experiments where small amounts of OH and H,O are
displaced when the acid probe molecules are adsorbed. Conversely, it should be realized that in general
during photo-oxidation reactions when H,O and OH is produced (see below) the surface properties
changes in the course of the reaction and it is non-trivial to define an ambiguous initial state of the
photocatalyst, e.g. as being a non-altered state in the course of the catalytic cycle, which is the true
definition of a catalyst.

First we compare adsorption on a TiO; film prepared by DC magnetron sputtering at room
temperature with a similar films post-annealed at elevated temperatures (Figure 2). Although the
infrared spectra after HCOOH adsorption appear qualitatively similar the corresponding Raman and
XRD spectra show that the film prepared at room temperature contains a large fraction of amorphous
domains with only small anatase crystalline domains. while those annealed at T>450°C have well-
developed crystallinity with preferential (004) orientation?' Thus the former film has a high
concentration of c.u.s. atoms exposed to the gas phase. We note that after heat treatment the E; mode
in the Raman spectra shifts from ca. 157 cm™ to 145 cm™' upon annealing to 450°C, indicating that the
crystallites in the film prepared at room temperature is ca 2-3 nm while in the annealed films well-
developed crystalline domains form comaining 15 nm large particles.’' The latter is agreement with a
Scherrer analysis of the XRD data (18 nm).”! This motivates us to inspect the infrared data more
closely. Indeed focussing on the v,(COO) mode we see that it is shifted to higher energy on the
amorphous film by 23 em’ (Avqe. increases from ca. 200 to 230 cm™).

Inspecting the submonolayer regime (bottom spectra) for the amorphous film we can observe
va(COO) absorption bands at 1573 and 1615 cm™. With increasing coverage the 1573 cm’! peak
increases and a small shoulder due to H-bonded formate at ca. 1725 cm™ appears. On the annealed film
we initially observe a spectral signature very similar to the amorphous film. However, with increasing
coverage the 1610 cm™! peak increases and becomes the dominant peak at saturation coverage (at room
temperature). We thus ascribe this adsorption behaviour as formate first populating the more basic
c.u.s. sites associated with the amorphous structure. Only thereafter the crystalline faces are populated
(1610 and 1550 em™). In fact, as we will see below it turns out that this is a general observation:
formate coordination to basic c.u.s. atoms at defect sites (the amorphous phase can be considered to be
represented by a large number of defect sites) is energetically the most favourable adsorption structure
on the anatase surfaces.
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Figure 2. In situ infrared spectra (left) of formate adsorbed on anatase films prepared by DC magnetron
sputtering after the indicated different post-annealing temperatures. The film prepared at room
temperature is denoted “amorphous”. In left panel spectra are shown at submonolayer (bottom spectra)
and monolayer coverages (top spectra). In the right panel the corresponding Raman spectra of the pure
and annealed films are shown.

In Figure 3 we compare adsorption of formic acid on different well-characterized anatase and
rutile nanoparticles.'®'*?* The nanoparticles expose different crystal faces as determined by HRTEM
and XRD (major facets on anatase: (101), (001), (112): major facets on rutile: (110). (101) and (004)).
The unique crystal orientations that distinguish each set of nanoparticles are indicated in the figure,
although it should be understood that each particle has a distribution of different crystal faces. We
include corresponding data for the commercial TiO; powders obtained from Degussa (P25) and Merck
(BDH). The P25 sample is structurally impure and contains a mixture of anatase (ca 70-80 at.%) and
rutile particles. respectively, while the BDH sample contains large pure anatase particles ((d)=60 nm)
exposing mainly (101) faces (Figure 4).

There are several trends to note: (1) Formic acid dissociates on all faces of TiO- studied here.
(2) Rutile particles with mainly (110) facets (6x80 nm) have a distinct spectral profile characteristic of
one particular type of adsorption structure (Figure 1), while all other particles with a more
heterogeneous distribution of faces exhibit an equal heterogeneous distribution of formate species,
each with its own spectral signature. (3) The adsorption structure on rutile is bridging bidentate (guided
by single crystal data,”** and first-principle calculations'"*?%). (4) On anatase formate adsorbs first
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Figure 3. In situ infrared spectra of formate adsorbed on (a) rutile and (b} anatase nanoparticles with
different crystallinity and prepared by different methods showing the initial stage of formate
adsorption. The bottom spectra for each sample show results at submonolayer coverage. The anatase
spectra have been multiplied by a factor of (from top bottom) 0.05, 1.7, 1, 1, 0.1, 0.5. and 0.5.
respectively.'®"

on c.u.s. atoms associated with defects (v,((COO)=1570 cm"). which we tentatively attribute to a
bidentate coordination based on Deacon’s rules (whether it is chelating or bridging cannot be deduced
based on our data alone). (5) With increasing coverage the basic c.u.s. adsorption sites on the crystal
faces becomes populated. Gulded by Deacon’s rules and the rutile data above we attribute the
absorption band at 1550 cm™ to bridging bidentate coordinated to minority anatase faces, since this
band is absent on the 60 nm particles with mainly (101) facets. (6) Hydrogen bonded HCOOH are
most pronounced on the large anatase and rutile particles exposing large (101) facets. (7) Monodentate
formate is associated with absorption bands around 1640-1660 em’. (8) The 1610 cm’ peak is
correlated to the presence of anatase (004) faces. This peak appears at higher frequency than the
corresponding bicoordinated ionic specie, and based solely on Deacon’s rule this should therefore be
monodentate specie.

Even though these assignments are consistent with the proposed correlation of Ti-O bonding
character with the positions of the carboxylate stretching vibrations (note that the Ti-O covalency here
does not involve lattice O in contrast to the carbonate case discussed above). we stress that without
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independent structural knowledge of both the particles and adsorbate the formate adsorption structure
cannot be deduced from the infrared data alone. By the comparative approach presented here
employing well-characterized nanoparticles we are however able to give qualitative basis for our
assertions. For the present purpose it suffices to point out that (i) the relative amount of metal
coordinated formate is significantly smaller on the large anatase particles than the small anatase and
rutile particles, (ii) u-formate is the dominant specie on rutile dominated by (110) facets. We conclude
that the Ti-O bonding is weaker on the major anatase faces than the rutile faces. Only when minority
faces or c.u.s. sites related to defects are present does bicoordination occur on anatase.

Y 1 i
Figure 4. High-resolution TEM and selected area diffraction images of 60 nm anatase particles (BDH).
The arrows indicate the (101) lattice spacing in the HRTEM images. The particles have a “Wulft-type™
shape (truncated octahedral) that minimizes their surface energy in accordance with Table 1.

3.3 Photodegradation of formic acid

Figure 5 shows the results of photodegradation of formate on TiO; films prepared by DC
magnetron sputtering. The overall rate of degradation is slightly larger on the crystalline film, but the
contribution to this reactivity is very different. On the crystalline film monodentate (=1655 cm') and
bridge bonded formate (=1550 cm™') decays rapidly. while the main band at 1610 cm™' is persistent. On
the amorphous film the broad peak centred at 1573 cm™' probably contains a heterogeneous mixture of
species. After 48 min illumination species with absorption bands in the region 1573-1600 cm’™* decays
slightly faster than the 1610 cm™ band associated with the (004) facets. The former frequency lies in
the region of ionic formate and may indicate that outer sphere formate ions form in the porous
amorphous structure. This is qualitatively supported by the comparably large water signal on these
samples (not shown). Considering the reported beneficial photocatalytic activity of (004) oriented TiO,
crystals' it may be surprising that formate coordinated to these crystal faces oxidizes more slowly than
those present on a highly amorphous TiO; film.

28 - Nanostructured Materials and Nanotechnology i



What Makes a Good TiO, Photocatalyst?

UV HE D0HS
epustiered anatase

annealedto 4500
<004 crystaliites

? \

; 13 l\\-"“"'ﬂ
L A

b I

not anneale
{amorphous)

Absorance

A
T,
1 I 1 1 Irll
2000 1800 1600 1400 1200 fooo
Wavenumber (o)

Figure 5. In situ infrared spectra of photodegradation of formate preadsorbed on sputtered TiO; filins
with different structure after different times (0, 6 and 48 min) of solar light illumination employing a
200 W Xe lamp with AM1.5 filters.

in Figure 6 is shown an overview of photodegradation of formate on a wide range of TiO,
nanoparticles with different structure, crystallinity and size. It is obvious that bridging bidentate on
rutile are the most difticult species to photo-oxidize. The degradation rate of formate bonded to c.u.s.
atoms associated to defects (e.g. those present on amorphous domains, or on the edges on the small
anatase particles, €25 nm) is also comparably small. In contrast, monodentate formate present in the
1640-1660 cm™' region and bridging bidentate species present around 1550 cm™’ (which we have
assumed are bonded to minority faces on anatase), swiftly oxidize. Similarly, H-bonded formic acid
(like) molecules are rapidly removed from the surfaces of the nanoparticles. The different degradation
rate between the 50 nm and 60 nm particles (albeit high on both) is probably due to the outer sphere
coordination which reduces the efficiency of surface mediated radical reaction on the latter particles.
The water evolution seen on this latter sample qualitatively supports this conclusion. We cannot
however exclude that there exist a synergetic effect between the major facets and the minority facets
on the 50 nm particles that balances the H-bonding and moderate inner sphere formate coordination. A
similar advantageous photo-degradation activity of (112) facets has previously been reported on CVD
fabricated anatase films."?
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Figure 6. In situ infrared spectra of photodegradation of formate preadsorbed on (a) rutile and (b)
anatase nanoparticles after different times (0, 6 and 48 min) of solar light illumination employing a 200
W Xe lamp with AM1.5 filters. The illumination time on the large 6x80 nm particles was extended by
40 min compared to the small 3x5 nm particles to enhance the degradation effect and exphcltly show
the appearance of the carbonate bands at 1680 and 1100 cm™ (asymmetric) and 1441 cm™ (symmetric).
The anatase spectra have been multiplied by the indicated factor.

3.4 Application to the photocatalytic oxidation of propane

The detailed studies of the HCOOH/TiO, system presented above are fundamental for a
mechanistic understanding of propane photooxidation on TiO; nanoparticles. To see why this is so, we
recall the reacuon pathways for propane oxidation over TiO,. As reported more than 30 years ago by
Teichner et al.**** photocatalytic oxidation of propane proceeds by Asopropanol formation, which
rapidly converts to form acetone. Acetone is known to be stable and is reacted further only under
strongly ox1dlzmg s conditions (by Co-Cp bond cleavage and methyl abstrac:uonl7 ). The selectivity for
aldehydes is in general found to be low. This is not surprising considering that aldehydes are reducing
and readily oxidized to carboxylic acid. Protolysis of carboxylic acids to their corresponding ions (e. &
acetic acid to acetate, or formic acid to formate) yield strongly bonded metal coordinated complexes.”
It is therefore easy to understand why e.g. acetate and formate species are commonly observed on TiOa.
In fact, it has been known since the 1960s that carbonate-carboxy late (R-COO") species form on the
surfaces of metal oxides upon reaction with hydrocarbons.?* Due to the strong bonding of these species
to oxides such as TiQ,, it was even thought they irreversibly reacted with the oxide and obstructed the
catalytic action. However, it has been established by primarily infrared spectroscopy that R-COO"
species are key intermediates in oxidation reactions, which after interaction with O, (and O, derived
specxes) decompose.’*** From this we conclude that we expect that acetone or carboxylate degradation
is the rate determining step for propane Ehotoomdatwn

We have previously reported’®* a similar analysis as the one for formic acid above for
acetone/TiO,. In Figure 7 is shown representative infrared spectra obtained after various times after
acetone adsorption on rutile and anatase nanoparticles, respectively, It is obvious that acetone
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dissociates on rutile particles even in the absence of light illumination. This is in contrast to single
crystal data®® and suggests that surface diffusion to special adsorption sites play a role on the rutile
nanoparticles, or that the reduced rutile crystals typically employed in surtace science studies behave
different than the oxidized TiO, employed here . Acetone photo-oxidation proceeds at higher rate than
the thermal dissociation pathway, but yields the same surface intermediates as deduced by the same
spectral profiles. Taking into account the thermal dissociation on rutile, the photo-oxidation rate on the
rutile particles is still 50% higher than on the anatase particles.
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Figure 7. In situ infrared spectra of acetone preadsorbed on 6x80 nm rutile (bottom) and 14 nm anatase
(top) nanoparticles at room temperature. Note that acetone dissociate on the rutile particles (in dark).
The spectra were acquired in diffuse reflectance mode in an in situ reaction cell with 4 cm’
resolution.”

In the following we combine the knowledge obtained by studying the formate and acetone adsorption
systems discussed above to provide a consistent mechanistic reaction pathway for the observed photo-
oxidation of propane on anatase and rutile TiO; nanoparticles. By monitoring the evolution of surface
species on ditferent TiO; nanoparticles by in situ infrared spectroscopy and simultaneously measuring
the photo-oxidation rate mass spectrometrically, it is possible to work out the momentary carbon mass
balance, i.e. the amount of surface species and evolved CO; at every different time during the reaction.
Since COs is the only gas-phase product in these experiments, the only sources and sinks of carbon are
from the gas feed and the surface respectively. In Figure 8 is shown the infrared spectra obtained at
different times after illumination on three different types of TiO; nanoparticles. The contribution from
formate is shown by the grey areas in the figure and represents the Lorenzian curve fits to the
measured spectra. It is evident that formate and acetone are the dominant surface species after 45 min
illumination on anatase and rutile, respectively. The results in Figure 8 can be converted into a plot of
the relative surface coverage (normalized to the initial coverage prior to illumination) versus time
where the contributions from the various surface species are resolved. Comparing these data to the
measured gas-phase carbon mass balance at each moment during the reaction, the concentration of
surface species can be related to the products (CO;) released into the gas phase. Thus subtracting the
evolved CO; production from the propane concentration and taking into account stoichiometry (3:1),
the concentration of surface species can be deduced from the mass spectrometry data. These data also
reveal a lower limit of TON>1 for all particles, and hence show that the reaction is truly photocatalytic
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on all particles. In Figure 9 is shown a plot of the concentration of surface species deduced from gas-
phase mass balance and the concentration measured directly by infrared spectroscopy. The linearity of
the curve confirms the correctness of our analysis. Moreover, from Figure 9, we can identify the “best”
sample and relate its properties to the physical properties of the particles. The rate determining step on
anatase is acetone oxidation. The small anatase particles expose c.u.s. Ti atoms on defects, edges, etc.
which forms stronger bonds to the carbonyl and formate groups than on the crystal planes. We
tentatively explain the higher oxidation rate (lower momentary surface coverage) on the 21 nm anatase
particles compared to the small 14 nm anatase particles with this. On the other hand, on rutile formate
degradation leads to strongly bonded bridging formate ions. This is the rate determining step on
rutile.”* Comparing the results for rutile and anatase, we conclude that each particle structure (anatase
and rutile) engage in different adsorbate bonding that leads to different rate determining reaction steps
(acetone and formate, respectively). We therefore exclude photon-recombination as the primary cause
for the variation of the total oxidation rates among the particles, since the intermediate steps preceding
or following the RDS do not scale with the total degradation rate. In particular the acetone degradation
rate is faster on rutile than on anatase (which is the RDS on anatase but not for rutile). This cannot be
explained by a generally larger photon recombination rate on rutile.
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18I0 GO0 [ET:] -7:11 :rﬂo s RN LA 1300 T nlns ann |-|Irr |?I1n
Wavenumber (cm | Wavenumber (cm ') Wavenumber (em ')
Figure 8. In situ infrared spectra and mass spectra obtained during photocatalytic oxidation of propane
over anatase and rutile TiO, nanoparticles. The spectra were acquired in diffuse reflectance mode in an
in situ reaction cell with 4 cm™ resolution.”® (Reproduced by permission of Elsevier).

There is in additional a large variation among particles with the same modification as evidenced in
Figure 6. Preliminary results show that anatase films with (004) facets are superior for propane and
acetone photooxidation compared to P25 despite their rather poor ability to degrade formate. This
shows that the role of the c.u.s. sites on the (004) facets is to facilitate acetone photo-degradation,
which is the rate determining step on anatase. The penalty for this latter structure is that formate
degradation is slow (Figure 6). and may explain why anatase particles exposing a distribution of facets
(including minority facets) are still better than the (004) films. These results suggest that it is possible
to tune the photocatalytic performance by appropriate control (and knowledge) of particle structure for
a particular type of reaction. In particular, this work shows that minority facets of anatase probably
play a larger role in the observed photo-reactivity of anatase nanoparticles that so far has been
discussed in the literature. Moreover, albeit rutile the photocatalytic activity of rutile is commonly
considered to be inferior to anatase, our results suggest that this may not necessarily be the case (see
e.g. Figure 9). Our results suggest that these differences may be sought for in the Ti-O bond character
(bonding strength) in the various the adsorbate-nanoparticle systems rather than in their photochemical
propetties. However, as we have stressed here. further studies employing e.g. diffraction techniques
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and first-principle calculations are needed to provide independent complementary data to resolve
which types of adsorbate structure that forms on the various minority facets and defective TiO;
surfaces. The in situ vibrational spectroscopy approach reported here on a wide range of TiO»
structures show the potential for combined surface science and synthetic studies to unravel the reactive
properties on TiOa which are instrumental for further developments in this field.

T T ™
14 nm anatase
2 P J
Ex80 nm rutile
L
16 o

14 nnrénataselrutile mix T

21 nm anatase (P25) -

Concentration of intermediates relative to P25 (MS)

1 1 1

1 15 2
Concentration of intermadiates relative 10 P25 FTIR)

Figure 9. Correlation of gas phase and surface carbon mass balance during photocatalytic degradation

of propane over TiO, nano]:var’(icles.23 (Reproduced by permission of Elsevier).

4, CONCLUSION

In situ molecular spectroscopy combined with dedicated nanoparticles synthesis provides a
powerful approach to study photocatalytic surface reactions on TiO,. Using a reductionistic approach
the reaction rate determining steps for propane photo-oxidation has been identified with oxidation of
formate (rutile) and acetone (anatase) intermediates. The adsorbate structure on these TiO,
modifications depends on the detailed surface properties and ultimately determines the rate of
photodegradation. In particular, the distribution of exposed surface facets is crucial for their reactivity.
In the case of formate the infrared frequency of the COO stretching vibrations varies considerably
depending on which structure and surface facet of TiO, formate is adsorbed on. For bicoordination a
small value of Deacon’s “coordination parameter™ Av,. indicate a high Ti-O covalency (bonding
strength) and a softening of the stretching asymmetric COO mode. On anatase (101) facets formic acid
forms hydrogen bonded species, with only a minor fraction bicoordinated to minority facets. Based on
data on amorphous TiO, films and its crystallization, we conclude that on small anatase particles.
bidentate coordinated formate forms preferentially at c.u.s. sites associated with defects. On the rutile
(101) surface bridging bidentate surface coordination to five-fold coordinated Ti is the most favourable
adsorption site. Conversely, photodegradation of formic acid is slowest on particles with a high
fraction of (110) facets on rutile of all TiO, particle structures examined here. In contrast, acetone
photo-degradation is faster on the rutile (110) surface than any of the exposed anatase surface facets.
The different pathways for propane photodegradation, which is known to proceed by acetone and
formate formation, can thus be related to the surface structure of the individual TiO; nanoparticles. We
stress that only by further comparisons with known “reference™ facets of TiO, (surface science studies)
and independent structural information, unambiguous assignment of the detailed adsorbate structure be
made. Work along these lines is essential for further developments in this tield.
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ABSTRACT

The preparation and characterization of novel ceramic multilayer microporous
membranes with Y203-doped ZrO, functional layers is reported. During preparation, special
care is given to each sub-layer of the multilayer configuration: the substrate, the macroporous
interlayer, the mesoporous interlayer and the microporous toplayer. Macroporous layers with
a pore size of ~ 100 nm are made starting from a commercially available 8Y,0;-ZrO, powder.
For the deposition of mesoporous and microporous membrane layers, simple scalable sol-gel
coating procedures have been developed. In the first part, rather thick standard alumina (y-
AlLO3) and novel 8Y;03-ZrO; membrane films are made by dip-coating with sols containing
colloidal particles (average particle size 30 - 65 nm). The layers show a smooth surface, a
pore size of ~ 5 nm and a thickness of ~ 4 pm and ~ 1 um, respectively, and can be used as a
carrier for an ultra-thin nano-structured membrane layer. In the second part, it is demonstrated
that a nano-particle sol can be used for the manufacturing of such a layer made of 8Y,0;-
ZrO,, when the pore size of the mesoporous membrane is adapted to the sol particle size
(particle size ~ 6 nm). SEM indicated a thickness of ~ 50 - 100 nm for 8Y,03-ZrO; toplayers
obtained by means of a simple dip-coating — calcination procedure. N>-adsorption/desorption
measurements showed a pore size of ~ | nm for the membrane material.

INTRODUCTION

Nanofiltration (NF) and gas separation (GS) membranes can generally be classified
into two major groups according to their material properties: organic polymeric membranes
and inorganic microporous ceramic membranes. Polymeric membranes constitute the most
important group and have been commercially available for many years. They are relatively
easy to prepare and can be produced cheaply at large scale. However, their application is
limited to moderate temperatures and to feed streams which are not too corrosive.

The goal of our current work is to prepare a novel chemically and thermally stable
microporous ceramic membrane with an improved pore size and quality than the membranes
described in literature. Substantial progress has already been made toward development of NF
membranes comprising a functional TiO, toplayer, for application in corrosive media. For the
best membranes, a pore size of ~ | nm has been reported and these membranes can separate
effectively small molecules from water or an organic solvent, based on a molecular sieving
mechanism ',

For the separation of mixtures of gases, which show a significantly smaller diameter
than the molecules involved in a molecular nanofiltration process, membranes with a smaller
pore size in the range of ~ 0.4 - 0.6 nm are required (e.g. kinetic diameter CO; 0.33 nm, H,
0,29 nm, Ny 0.36 nm). Membranes with a toplayer made of microporous SiO, have been
frequently considered for this application, because the material can be rather casily
synthesized with the desired pore size, leading to a high selectivity in combination with a
relatively high flux. Another important advantage includes the possibility to apply a relatively
simple coating method based on common sol-gel technology for the deposition of ultra-thin
layers, which is also applicable for the development of membranes at large-scale 23,
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A significant drawback of current microporous GS membranes, which have been
introduced as competitors for polymeric membranes, is, however, the limited chemical
stability of the applied membrane materials towards water (vapour), acids and bases. In order
to improve the stability towards water, SiO; membranes with ZrO; or TiO, added as a second
component have already been developed *. In our work, membranes made from Y;0s-doped
ZrO; are proposed. Membrane materials based on zirconia are generally recognized for their
excellent chemical stability and — with the addition of a doping compound - also a high
thermal stability can be obtained for such materials *. Unfavorable layer formation and the
difficulty in preparing crack-free toplayers with the required small pore sizes is however
always experienced as a major problem during the development of zirconia based membranes.
An additional problem includes the strong tendency for cracking in such layers which can not
be solved with the addition of binders or other large molecular weight organic additives,
because these compounds create large voids in the coated ultra-thin layer after the firing
process and prevent the formation of the required very fine microporous structure.

EXPERIMENTAL
1. Preparation of membrane substrate

The first substrate type consists of a porous 8Y,03-ZrO; plate with an average pore
size of ~ 1 um and a macroporous 8Y;03-ZrO; layer with an average pore size of ~ 100 nm.
The substrate plates were prepared according to a large-scale procedure, which is applied in
our institute for the manufacturing of solid oxide fuel cells. The first step in the preparation
procedure includes the formation of a plate with a size of 25 x 25 cm? and a thickness of ~ |
mm by a warm-pressing procedure. In order to reduce the roughness and the pore size for
further modification with very thin mesoporous and microporous membrane layers, an
intermediate macroporous 8Y,03-ZrO; layer is deposited. In this work, the intermediate layer
is made by means of vacuum slip-casting or by screen-printing, starting from a well-known
commercially available 8Y;0:-ZrO, powder (Tosoh corporation, TZ-8Y). Figure 1 shows the
particle size measured for a representative suspension of the 8Y,0;-ZrO; powder by means of
a dynamic laser light scattering technique (Horiba LB-550). Consolidation of the
macroporous layer was accomplished by sintering in air at 1100°C for 2 h.
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Fig. 1. Particle size distribution of 8Y,0;-ZrO, suspension used for making a macroporous membrane layer on
warm-pressed substrate

The second substrate type was made by vacuum-casting the same suspension into
disks with a thickness of ~ 3 mm. Each disk was sintered at 12060°C for 2h and then subjected
to surface grinding with a diamond grinding wheel and polished very carefully with diamond
particles (6 pm, 3 um), which left a very smooth nearly mirror-like surface. The final size and
thickness of the substrates was ~ 4 cm and ~ 2 mm, respectively.
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2. Preparation of mesoporous intermediate membrane layers

Mesoporous membrane layers were made by a colloidal sol-gel coating procedure. In a
first coating experiment, alumina membrane layers were prepared from sols containing -
alumina colloidal particles with a size of ~ 30 nm. The sol preparation was based on the well-
known Yoldas process, which includes hydrolysis of a metal-organic precursor (Al(OC4Hy)s,
Sigma-Aldrich) with HO and subsequent destruction of larger agglomerates with HNO; at
elevated temperature (> 80 °C) °. In a second coating experiment, a zirconia sol with a size of
~ 30 nm was prepared in a similar way by hydrolysis of Zr(OC;H5)s (Sigma-Aldrich). Yttria-
doped zirconia sols (8 mol% yttria) were prepared by adding the proper amount of
Y(NO3):.6H:0 to the zirconia sol .

Dip-coating experiments were performed using an automatic dip-coating device,
equipped with a holder for 4 x 4 cm? substrates. The substrates were cut from the porous
8Y,03-ZrO; plate, made by the standard production process. In some cases, orientating
coating experiments were first done on the second polished substrate type mentioned above.
Coating liquids were prepared from the sols by adding polyvinyl alcohol (PVA) as coating
and drying controlling additive. In the coating process, sol particles were deposited as a
membrane film by contacting the upper-side of the substrate with the coating liquid (dip-
coating), while a smalil under-pressure was applied at the back-side. In order to obtain the
mesoporous Y-AlO; membrane, firing (calcination) was performed in air at 600°C for 3 h,
with a heating and cooling rate of 1°C/h. In the case of the 8Y,0;-ZrO; interlayer, the
temperature was set at 500°C for 2h. Unless stated otherwise, the entire dip-coating — drying —
firing cycle was carried out twice for forming both types of interlayers. For characterization of
the material properties (pore size (N»-adsorption/desorption), phase structure (XRD)),
unsupported gel-layers were made by drying the remaining coating liquid in Petri-dishes.

3. Preparation of microporous membrane toplayers

For the manufacturing of an ultra-thin microporous toplayer with a pore size of | nm
or smaller, a ‘so-called’ polymeric type of sol-gel method was considered, in analogy with the
preparation route of state of the art microporous SiQ; membrane layers. The alkoxides of
zirconium are however much more reactive towards water than Si-precursors (e.g.
Si(OCzHs)4), requiring a pretreatment with an inhibitor/stabilizer prior to performing the
hydrolysis and polymerization reactions involved in the polymeric sol formation.

In a preferred preparation procedure, an alcohol amine (diethanol amine (DEA) was
added to a solution of a zirconia precursor (Zr(OCsH;);) and an yttrium precursor
(Y(OC4Hs)3) and n-propanol (n-C3H;OH), after which a solution of a modified precursor was
obtained. A stable yttria-doped zirconia sol containing nano-particles could be obtained by
hydrolysing these modified precursors with 5 mole of HxO, in the presence of HNO;. The
essential feature of the method used here was that the alcohol amine also functions as a
coating and drying controlling additive during the critical deposition process ®. Then, a
mesoporous y-Al,0; or 8Y,0;-ZrO; membrane was dipped into the diluted sol during 15 s.
Subsequently, the coating was dried in air and fired at 400 — 500°C with a heating and cooling
rate of 1°C, to give a supported membrane layer on the mesoporous carrier membrane. In the
preparation procedure, each dip-coating - drying — firing cycle was carried out twice.

RESULTS AND DISCUSSION
1. Preparation of membrane support

Figures 2a and 2b show an overview cross-section and detail surface micrograph of
the substrate plate with a macroporous 8Y0;-ZrO; membrane layer, made by means of
vacuum slip-casting. From the surface micrograph, a typical macroporous structure with a
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particle size in the range 300 — 400 nm is confirmed, which is also in accordance with the
measured pore size of ~ 100 nm in Hg-porosimetry (Fisons Pascal 440). By looking at both
micrographs, the substrate seems also (o be adapted for deposition of a mesoporous
membrane layer. Afler coating the macroporous layer, the surface looks sufficiently smooth
and the pore size is adjusted to the typical range for further coating with a colloidal sol having
a particle size < 100 nm.
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Fig. 2. Micrographs of a macroporous 8Y,0;-7rO; membrane, vacuum-casted on a warm-pressed 8Y,0;-7.r0,
substrate plate
((a) overview cross-section micrograph (bar = 100 pm); (b) detail surface micrograph (bar = 1 um))

2. Preparation of mesoporous intermediate membrane layers

Figures 3a and 3b show an overview and detail cross-section micrograph of a
mesoporous AlO; membrane layer prepared by dip-coating with a sol containing colloidal
particles with a size of ~ 30 nm. From these micrographs, a typical graded membrane
structure can be clearly observed comprising a macroporous 8Y;0;-2rO; layer with a
thickness of ~ 30 - 40 pm and a mesoporous AlO; layer with a thickness of ~ 3 - 4 pm.
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Fig. 3. Micrographs of a mesoporous y-ALO; membrane, dip-coated on the macroporous 8Y.0:-ZrO,

membrane shown in Figure 2 (particle size in sol ~ 30 nm)
({a) overview cross-scction micrograph (bar = 10 pm); (b) detail cross-scction micrograph (bar = 10 pm))
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By looking at the detail micrograph, it appears also that a continuous, very
homogeneous and separate membrane layer has been formed and that infiltration of sol
particles into the substrate macropores could be prevented using PVA as an additive during
the coating step. The intermediate laycr was prepared according to standard mecthods
described for example in Ref. 9. After firing at 600°C. a comparable average pore size of ~ 4
nm and the y-Al;O; phase was observed.

Attempts to make zirconia membrane laycrs with a similar membranc thickness using
the same preparation method and a similar particle size (~ 30 nm) failed. which is in
accordance with previous findings 7. In order to create a continuous membrane layer with a
similar thickness in the micrometer range as the v-Al:03 membrane, a colloidal sol containing
larger particles was tested (~ 200 nm). From the micrograph given in Figure 4a, a similar
graded structure can be observed as shown in Figure 3 for the membrane with a y-Al,O;
mesoporous layer. From Figure 4b, a comparable average membrane thickness of ~ 3 - 4 um
can also be cstimated, for the obtained 8Y,03-ZrO; layer membranc layer made by a double
dip-coating — calcination procedure as described in the experimental section.
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Fig. 4. Micrographs of a mcsoporous 8Y,0;-ZrO, membrane, dip-coated on the macroporous 8Y,0;-ZrO-
membrane shown in Figure 2 (particle size in sol ~ 200 nm)

((a) overview cross-section micrograph (bar — 10 um); (b) detail cross-section micrograph (bar — 1 pm);

(c) detail surface micrograph (bar = | pm); (d) detail cross-section micrograph at large magnification (bar =
200 nm))
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By comparing a detail surface image (Figure 4c) with the surface image of the
supporting vacuum-casted 8Y103-ZrO; macroporous layer (Figure 2b), it appears also that a
8Y,0;-ZrO, membrane layer with a much finer (meso) porous structure was obtained. In
further coating experiments, this membrane layer appeared however unsuitable as a substrate
for further deposition of an ultra-thin membrane layer from a sol containing nano-particles.
Apparently, the pore size of the membrane layer (diameter ~ 20 nm) was not sufficiently
adapted to the particles in the nano-sol (size ~ 6 nm) in order to prevent particle infiltration. A
second undesirable property which prevents the formation of a continuous ultra-thin layer
could also be the significant roughness of the surface of the mesporous membrane layer, when
looking at a scale which corresponds to the thickness of ultra-thin layers (Figure 4d). This
roughness can be transferred to a coating with a typical thickness in the range 50 - 100 nm,
which can be an important stress factor and hinder the formation of a continuous layer.

After analysis of the previous results, the approach has been to prepare a coating liquid
which gives a continuous mesoporous membrane layer on the macroporous substrate and
produces at the same time a mesoporous material with a smaller pore size adapted to the size
of the particles in the nano-sol. The best results were obtained using a colloida! sol with an
average particle size of ~ 60 — 70 nm (Figure 5).
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Fig. 5. Particle size distribution of 8Y;0+-ZrO, sol  Fig. 6. Pore size distribution of 8Y,0:-ZrO,
used for making a mesoporous membrane layer mesoporous membrane material (firing 500°C)

Using such a sol, rather thin membrane layers with an average thickness of ~ 0.5 pm
were obtained as shown in the micrograph given in Figure 7a, but the finer sol particles gave a
clearly improved membrane layer with a decreased surface roughness and a smaller pore size.
Pore analysis of the toplayer material with Na-adsorption/desorption measurements indicated
a mesoporous structure (type 1V isotherm) with a BET surface area of ~ 100 m?/g and a pore
size maximum of ~ 6 - 7 nm (Figure 6). The scattering in the pore size distribution can be
explained by the sample preparation. Afier each series of coatings, the remaining sol was
dried and collected. For accurate measurement, a relatively large amount of calcined powder
was required and therefore dried sol from several coating experiments was used for one
measurement. The phase composition of the material was characterized as single-phase cubic-
ZrO; (Figure 10a), in accordance with data given in literature for yttria-doped zirconia
powders with a similar percentage of doping,

In order to improve the thickness and quality of the mesoporous 8Y,0;-ZrO;
membrane layer, a second dip-coating step was included. As shown in Figure 7b, a membrane
layer with an average thickness of ca. 1 pm could be produced in this way. In Figures 7c and
7d, images taken in the back-scattering mode of the same membrane are shown. In this mode
of operation, an improved contrast can be observed between materials or membrane layers
with a different porosity and a different composition (e.g. Al,Os, ZrO;). In the overview back-
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scaltering micrograph, the graded structure of the obtained multilayer membrane can be
observed, with successively the substrate material, a macroporous 8Y1:03-Zr0; layer made
from a suspension and a mesoporous 8Y,0;-ZrO> membrane layer made from the described
colloidal sol (Figure 7¢). The pore size of these layers measures 1 pm (substrate), 100 nm
(macroporous layer) and 6 nm (mesoporous layer). By looking at the detail image of this
membrane given in Tigure 7d, the separation line between the successive membrane layers is
also clearly visible and it is confirmed that the thickness of a single layer measures ~ 0.5 pm.

(c) ()

Fig. 7. Micrographs of a mesoporous 8Y:;0:-ZrQ, membrane, dip-coated on a macroporous 8Y.0;-ZrQ,
membrane layer made by screen-printing (particle size in sol ~ 65 nm)

((a) detail cross-section micrograph of mono-layer membrane (bar = 200 nm); (b) cross-section micrograph of
double-layer membrane (bar — 2 pum); (¢) overview cross-section micrograph of double-layer membrane in
back-scattering mode (bar = 10 pm); (d) detail cross-section micrograph of double-layer membrane in back-
scattcring modc (bar = 1 pm))

3. Preparation of microporous membrane toplayers

For the formation of the membrane toplayer, sols with a similar particle size as
standard polymeric silica sols were aimed at. Figure 8 shows that this could be obtained
according to the followed sol synthesis route with an alcohol amine as precursor inhibitor for
the reaction/polymerization of the precursor compounds. All of the prepared sols were slable,
precipitate-free and showed an average particle size in the range 5 — 10 nm and a narrow
particle size distribution. Furthermore. Figure 8 shows that according to the proposed
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preparation route, sols having different molar ratios can be formed, for making membrane
materials with different Y,03:ZrO; ratios (e.g. 3:97, 8:92).
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Fig. 8. Particle size distribution of yttria-zirconia sols used for the development of microporous Y,0;-Zr0-
membrane layers ((a) 3Y103-2rO3; ((b) 8Y20;-Zr01)

In dip-coating experiments, membrane formation appeared however not evident. The
first coating experiments confirmed also the major importance of the properties of the
mesoporous layer, which functions as carrier for the nano-structured toplayer. In literature,
ultra-thin microporous SiO; membrane layers are typically deposited on a mesoporous y-
Al;03; membranc. In our experiments, this appeared also by far the most convenient substratc
to obtain a crack-free and homogeneous ultra-thin Y;0;-ZrO; membrane layer. Figure 9
shows micrographs of a 3Y20:-ZrO; and 8Y,0;-ZrO; toplayer, coated on a mesoporous y-
Al;Os interlayer and fired at 500°C. In micrograph 9a and 9b, a typical multilayer structurc
can be obscrved with a nano-structured Y,03-ZrO; membranc layer as toplayer. From the
detail micrograph shown in Figure 9c, il appears also that a very uniform and separate
toplayer was obtained and that infiltration of sol nano-particles into the pores of the interlayer
did not occur. From this micrograph, an average thickness of ~ 50 - 100 nm can be estimated
for the uitra-thin toplayer. Micrograph 9d gives on overview of the same membrane in the
back-scattering mode. Successively, the following layers are present in this image: a
macroporous 8Y;03-ZrO; layer made from a suspension with a pore size of ~ 100 nm, a
mesporous y-Al;0; membrane layer made from a colloidal sof with a pore size of ~ 4 nm and
a nano-structured 3Y20;3-ZrO; membrane layer made from a sol with nano-particles.
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(c) (d)

Fig. 9. Micrographs ol a microporous 3Y»0,-ZrO, and 8Y,0;-ZrO.» membrane, dip-coated on the mesoporous
v-Al:O; membrane shown in Figure 3 (particle size in sol ~ 6 nm)

((a) cross-section micrograph of 3Y;0;-ZrQ, membrane (bar — 1 pm, back-scattering mode); (b) 8Y,0,-ZrO,
membrane (bar = 1 um, back-scattering mode); (c) detail cross-section micrograph of 3Y,0,-ZrO- membrane
{bar — 200 nm, back-scatlering mode); (d) overview micrograph (bar = 10 pm, back-scatlering mode))

During the coating experiments, differences between the deposition of a 3Y20;-7r0;
or a 8Y,0;-ZrO. membrane layer were not experienced. In this work, 8Y»0:-Z1O; was
selected as material for further studies, since the previously developed mesoporous membrane
layer (shown in Figure 7) also consists of the same material. Figure 10b shows that the cubic
polymorph of zirconia was also found for the membranc material made from the nano-
structured sol. Porc analysis of the calcined material (firing at 450°C) indicated a microporous
structure (type I isotherm), with an average pore size of ~ | nm (Figure 11).
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Fig. 10. XRD pattern of mesoporous (a) and microporous (b) 8Y,0;-7rO, membranc matcrial

With the obtained results, it has been shown that a crack-free microporous zirconia
membrane layer with a pore size of ~ | nm can be produced from the nano-particle sol.
Unfortunately, the very smooth supporting y-Al,O3 mesoporous layer — which is also typically
applied in current microporous multilayer membranes — has only a limited chemical and
(hydro)thermal stability. Therefore, attempls were made to deposit a similar toplayer on the
previously described membrane with a mesoporous 8Y203-ZrO- layer. As already mentioned.,
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coating of an ultra~thin toplayer on a mesoporous zirconia membrane layer was experienced
to be much more difficult, but after optimizing the coating procedure of the mesoporous
intermediate layer and the composition of the nano-particle sol, a continuous ultra-thin
8Y,03-ZrO; nano-structured membrane layer could be obtained (Figure 12a). In the overview
back-scattcring micrograph in Figure 12b of the same mcembrance, two mesoporous 8Y20;-
Zr(; membranc layers made from a colloidal sol and an ultra-thin microporous 8Y203-Zr0O»
membrane layer made from the nano-structured sol can be clearly distinguished.

0,030+
[ ]
0,025+
B
'b 0,020 4 1
L
E 0,015
£ |
S 0,010
B ooos] |
2 0,005+
0,000 YO e
1 2 3 4 5 [
pore size (nm)

Fig. 11. Pore size distribution of 8Y,0;-ZrO; microporous membrane material ( firing 500°C)

The images shown in Figure 12 were however obtained on small substrates, which
were extensively polished with diamond suspensions. Of course, such a procedure is only
applicable for the development of membrancs for usc at lab-scale. The final step in the
membrane development was then to transfer the samc relatively thin mesoporous and
microporous membrane coatings to the 8Y20:-Zr(); substrate, previously applied for the
formation of multilayer membrancs with a rather thick mesoporous y-AlO; intermediate
membrane layer and an ultra-thin microporous 8Y;03-ZrO, toplayer as shown in Figure 9.
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¥Fig. 12. Micrographs of a microporous 8Y,0;-ZrO, membrane, dip-coated on a mesoporous 8Y:0;-ZrQ;
membrane (particle size in sol ~ 6 nm, polished substrate type)

((a) cross-section micrograph (bar = 200 nm); (b) cross-section micrograph in back-scattering mode (bar = 1
pm))

Figure 13 shows a multilayer 8Y0;-ZrO; membrane made with the same 8Y,03-ZrO;
substrate. In order to obtain more information on the influence of the rougher unpolished
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surface of the substrate on the formation of a coherent microporous membrane layer, the
cross-section images were taken with an inclination of 5%. The micrograph shows that a
continuous coating has been formed over the wavy surface of the mesoporous 8Y,0;-ZrO;
layer (Figure 13a). Normally, sol-gel deposition is done on very flat and smooth surfaces,
such as silicon wafers or glass plates. In this work, it is confirmed that a porous substratc,
which shows also a significant surface roughness, allows the formation of a continuous ultra-
thin membrane layer. The creation of a continuous membrane layer is also evident from
surface micrographs made before and afler the coating procedure (Figures 13b-d). Figure 13b
shows a detail micrograph of the membrane surface prior to performing the dip-coating
procedure with a nano-particle sol (surface of the mesoporous 8Y;03-ZrO; intermediate
membrane layer). Figure 13c shows the surlace after dip-coating and firing at 500°C. By
comparing these pictures, it appears clearly that a membrane layer with a much finer pore
structure is formed on the mesoporous intermediate layer. In addition, the overview
micrograph shown in Figure 13d indicates that a crack-free membrane layer was obtained.
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Fig. 13. Micrographs of a microporous 8Y,0s-ZrO; membrane, dip-coated on a mesoporous 8Y,05-7r0-
membrane as shown in Figure 7 {particle size in sol ~ 6 nm)

{{a) cross-section micrograph (bar = | um, inclination 5°); (b) detail surface micrograph of 8Y.0;-ZrO;
mesoporous membrane (bar = 200 nm); (c) detail surface micrograph of 8Y,0;-Zr0O; microporous membrane
(bar = 200 nin); (d) overvicw surface micrograph of 8Y:0,-ZrO- microporous membranc (bar = 10 pm))
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CONCLUSION

In the present work, a series of novel porous ceramic membranes with functional
toplayers made of Y,0;-doped ZrO, have been obtained, using classical ceramic membrane
processing procedures (suspension coating, sol-gel). These membranes show a typical graded
membrane structure in analogy with current ceramic gas separation membranes and the
application of zirconia based materials represents a significant improvement in terms of
chemical and thermal stability over current silica based materials.

For applications requiring a fine microporous structure, ultra-thin nano-structured
8Y,05-ZrO, membrane layers with a thickness of ~ 50 - 100 nm were made from sols
containing particles with a size of ~ 6 nm. The average pore size of the nano-structured
membrane material measured ~ 1 nm, which approaches the pore size of current gas selective
membranes (~ 0.4 nm). Further studies are currently devoted to tune the pore size of the novel
membranes to the aimed ultra-microporous region (pore size < 0.5 nm), in order to obtain a
functional separation membrane with an optimal pore size, an excellent thermal and chemical
stability.
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ABSTRACT

The outstanding electrical, mechanical, and thermal properties of carbon nanotube (CNT) have
prompted the research for development of advanced engineering composites with improved properties.
It is based on the notion that by combining CNT with ceramics, some of the attractive properties of
CNT may be transferred to the resulting composites. Most of the studies were focused on improving
the fracture toughness of alumina by using CNT. In this work, we have investigated multifunctional
properties of multiwalled carbon nanotube (MWNT)/alumina composites to make the most of the
exceptional characteristic of MWNT in the resulting composite. Results have shown that the low
fractions of MWNT can be used successfully to convert electrically insulating alumina into electrically
conducting composites through percolating network of MWNT at the grain boundaries. In case of
mechanical properties, the fiber toughening by MWNT was found main mechanism for fracture
toughness improvement. The thermal conductivity and thermal diffusivity of the composites decrease
with MWNT contents, suggests that interfacial thermal barrier between MWNT and alumina play a
key role in determining these properties. Low volume fraction of MWNT can be used successfully to
concurrently improve electrical and mechanical properties of alumina without deteriorating other
intrinsic properties. This kind of multifunctional alumina composites with improved electrical and
mechanical properties but with reduced thermal properties can be employed for a wide range of
potential applications as structural and functional ceramics.

INTRODUCTION

In the last several years, carbon nanotubes (CNTs) have attracted much attention due to their
outstanding electrical, mechanical, and thermal properties.’ Novel experiment suggests that tensile
strength and Young’s modulus of outer layer of individual multiwall carbon nanotube (MWNT) are
11-63 GPa, and 270-950 GPa, respectively.’ Further, experimental observations at room temperature
on individual MWNT show high thermal conductivity value of more than 3000 W/Km. In addition, the
electrical properties demonstrate a multichannel quasiballistic conductin% behavior attributed to
multiple wall and large diameter with high electrical conductivity =1.85x10° S/cm and huge current
density =107 A/em® values along the long axis.™ The cost effective mass production, high aspect ratio,
nanosize, and low density make them the prime candidate for development of advanced engineering
composite materials. Alumina as structural ceramics have potential or already used applications in
various fields such as, armor systems, wear resistance products. electronic substrates, cutting tools,
automotive parts, turbine hot section components, power generator components, furnace elements and
components.”® However. the present alumina based ceramics have low performance limited by their
fracture toughness. Furthermore, alumina as functional ceramics can be used, where higher electrical
conductivity is required, such as, heating elements, electrical igniters, antistatic, and electromagnetic
shielding effectiveness of electronic components.” '” No attempts have been made to take the full
advantage of the unique properties of MWNTs in alumina based composites. Most of the studies have
used single wall carbon nanotubes (SWNTSs) due to their perfect structure'! to improve the mechanical
properties specially, the fracture toughness of alumina.'""'’ On the other hand Xia et al. ' '* showed
that in imperfect MWNTs the inner wall with fracture ends have pullout forces ~3-4 times larger than
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those with caped end so imperfect MWNTSs may provide more effective load transfer from outer to
inner walls and useful to enhance composites strength and toughness. Zhan et al."' claimed three times
improvements in the fracture toughness over monolithic alumina with 10 volume (vol) % of SWNTSs.
On the contrary Wang and coworkers ' claimed that CNTs do not improve the fracture toughness of
alumina except some increase in contact damage resistance and results of Zhan'' were over estimated
using indentation method.'> '® Another study by Xia and colleagues reported toughening mechanisms
on specially designed highly ordered parallel array of MWNTSs on amorphous nanoporous thin alumina
matrix (20 and 90 pm thickness).'* However, the overall composite toughness was difficult to measure
due to complex nature of residual stresses and crack bridging.!” '* Only a few researchers have
investigated CNTs for concurrent use in electrically functional and structural ceramics. especially
MWNTs/alumina composites remained a less focused area and needs to be investigated. In the present
study the multifunctional properties of alumina composites reinforced by MWNTSs were investigated to
achieve the most of the exceptional characteristics of MWNTs.

2. EXPERIMENTAL

MWNTs were dispersed carefull7y to ensure maximum homogeneity of the composites using the
process described by Zhan et al.'"!" In brief, the starting powder alumina (99.9% in purity, Japanese)
was ultrasonically mixed with different (0.5, 3.0 and 5.0) weight percentage (wt %) of MWNT (Green
Chemical Reaction Engineering and Technology, China) in ethanol. MWNTs used in this work were
prepared by the catalytic decomposition of propylene on Fe/AL,O; catalyst and having outer diameter
less than 20 nm and few micrometers in length. For further mixing ball milling was performed for 24h.
After drying, powder mixtures were spark plasma sintered (Dr, Sinter 1050, Sumitomo Coal Mining
Co., Japan) at 1400 °C in vacuum under a pressure of 50 MPa in 20 and 12.5 mm inner diameter
cylindrical graphite molds. CNTs have been reported to be stable up to 1550 °C using spark plasma
sintered,"® so any damage or change in the structure of CNTs at 1400 °C is not expected to occur. The
bulk densities of sintered samples were measured by the Archimedes’s method. The elastic modules of
samples were measured by the ultrasonic method (Ultrasonic Pulser/Receiver Model 5900 PR,
Panametrics, Waltham, MA). The fracture toughness was measured by direct toughness measurement
technique i.e. single edge notch beam method on rectangular bars with size of about 3 mm x2mm x
I5mm containing a pre-notch of iength <1.5mm and width =0.25mm at cross head speed of 0.05
mm/min. The test was performed at room temperature using a universal testing machine (Shimadzu
Servo Pulser EHF- EG50KNT-10L, Japan). Three bars were tested for each material. The hardness
was measured by Vickers indentation method with a load of 5kg. Cracks on polished surfaces were
produced to investigate the possible toughening mechanisms. The scanning electron microscopes
HITACHI -8-4500 was used to study the morphology of the fracture surface and to identify the
toughening mechanism of the composites. Silver paste was painted on both sides of disc shaped
samples of diameter =12.5 mm and room temperature dc electrical conductivity was measured by two
point probe method. The thermal diffusivity was measured along the thickness of the disc shaped
samples #12.5mm in diameter using the laser flash technique (NETZSCH Laser Flash Apparatus LFA
427) in the temperature range from ambient temperature to 500 °C in argon atmosphere.
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Fig. 1 Uniform distribution of multiwalled carbon nanotubes for 3 wt % of MWNT/alumina

composites

3. RESULT AND DISCUSSION

Mechanical Properties

Multiwalled carbon nanotubes are uniformly distributed in alumina matrix at intergranular positions
as shown in Figure 1. The average grain size of alumina is around 350nm. Mechanical properties and
relative density of alumina nanocomposites as a function of MWNTs wt % are shown in Table. 1. The
relative densities of 0, 0.5, 3.0, and 5.0 wt % of MWNTs reinforced alumina composite reached at 99.5,
98.5%, 95.1%, and 92.0%, respectively. The relative density of the composites decreases with increase
of MWNT contents. As the wt % increase the probability of agglomeration of MWNTs also increases
that may cause decrease in the density.

Table 1. Processing conditions and resultant properties of multiwalled carbon nanotube reinforced
alumina nanocomposites consolidated by spark plasma sintering.

Materials Processing Relative Fracture Hardness Young’s
conditions Density Toughness (GPa) Modulus
(%TD) (MPam'?) (GPa)
ALO3 SPS 1400 <C 99.5 3.3 17 400.48
3 min
0.5 wt% MWNT- SPS 1400 -C 98.5 3.78 19 394.21
AlOs 3 min
3.0 wt% MWNT SPS 1400 -C 95.1 5.55 15 313.03
AbOs 3 min
5.0 wt% MWNT- SPS 1400 <C 92.0 4.90 11 277.39
Al:Oy 3 min
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Some clustering is observed at 5 wt % of MWNT/alumina composites that reduced the density. Ning et
al. also observed decrease in density with the increase of MWNTSs contents in SiO; matrix and suggest
that MWNT act as a kind of solid impurity which prevent the flowing of the matrix.'®

The hardness of alumina nanocomposites shows dependency on the density (Table. 1). The hardness
increases for 0.5 wt % of MWNTs and then it decreases with decrease in relative density. The hardness
seems to strongly dependent on the density which decreased moderately at 3 wt % and further
decreased drastically at 5 wt % of MWNTs/alumina composites due to decrease in the density. Zhan et
al. !! showed a sharp decrease in hardness with the increase of fracture toughness, while some other
authors have reported an increase in hardness, but in their work there is no consistent relationship
between hardness and fracture toughness.'® 2’

The fracture toughness of the composites increases with increase of MWNTSs wt %, while at 5 wt %
it decreases slightly. The fracture toughness at 5 wt % decreased due to agglomeration of MWNTs,
The agglomeration of MWNTs reduces the density and consequently less improvement in the
mechanical properties specially the fracture toughness. The significant toughness enhancement is
dominantly attributed to MWNTs through fiber toughening mechanisms. As the wt % increases the
fiber toughening is also increases which results in improvement of fracture toughness. The SEM
observation of fiber toughening (crack bridging, MWNT pull outs) by the MWNTs provides direct
evidence for improvement in the toughness of the composites (Fig. 2). The crack bridging by MWNTs
try to restrict the crack opening size and reduces the driving force for crack propagation. The pull outs
indicate that MWNTS bear large stresses by sharing the portion of the load and debonding occurs at the
atomic scale. In addition, the work requires pulling MWNTs out against residual sliding friction at the
interface imparts significant fracture toughness improvement to the alumina matrix. Zhan et al."’ and
Fan et al.”! reported significant improvement in the fracture toughness of CNTs/alumina composites
however, in their studies the enhanced toughening was not supported by any key evidence of potential
toughening mechanisms. In the present study. the nanocomposites have shown an improvement =~ 68.2
% in the fracture toughness for 3 wt % MWNTs/alumina composites.

Fig. 2 Fiber toughening by multiwalled carbon nanotubes in 3 wt % MWNT/alumina composite
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Furthermore, the observed significant enhancement in the fracture toughness has been substantiated
by direct evidence of fiber toughening mechanism through a nanoscale uniform dispersion of highly
disordered MWNTSs. Transmission electron microscopy has already shown a shar? interface between
graphen wall of CNT and alumina, which suggests a good bonding between them.” There are possibly
two factors complementing each other in toughening the alumina matrix. Firstly, the good bonding
between MWNTs and alumina as suggested earlier'" * and secondly, the presence of a network
structure of MWNTs at intergranular positions as reported in several studies'” »* may result in
strengthening and toughening of the nanocomposites by MWNTSs. The fiber toughening by MWNTs
may be predominantly attributed to the improvement in the toughness.

The Young's modules of alumina and composites measured by ultrasonic spectroscopy are shown in
Table 1. The Young's modules of the composites decrease with increase of MWNT contents. The
Young's modules of the composites depend on the constituent materials and porosity. The Young's
modules of individual MWNT in the lower range (> 270 GPa) range’ is almost comparable to Young’s
modules of alumina (400 GPa). The value of Young’s modules of the composites may decreases due to
the low value of Young's modules of MWNT ropes and porosity in the composites. It is generallzy
reported that porosity reduces Young's modulus because pores act as a second phase of zero modulus. 4

Thermal Properties

The temperature dependence of experimental thermal diffusivity and calculated thermal conductivity
are presented in Fig. 3 and 4, respectively. The thermal diffusivities of the composites decrease with
increasing temperature and follow a power law. This can be explained by the fact that the thermal
conduction in composites is dominated by phonons. The thermal conductivity (A¢) of the samples was
calculated from the thermal diffusivity coefficient x, bulk density p, and specific heat C, by using the
following standard equation.

Arc =k pCp. mn

The specific heat can be approximated using the rule of mixture. In the preset study, the specific heat
C, of the composites was calculated using the rule of mixture and the effect of temperature on C,, was
also taken into account.
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The specific heat values for the MWNTSs, and alumina were obtained from the thermodynamic
database”® and the specific heat of graphite was used for MWNTSs due to structural similarity of both
carbon materials as used in other studies.’® >’ It is surprising to find that the thermal conductivity of
MWNTs /alumina composites decreases with increase of MWNTSs contents. The effective thermal
conductivity of a composite is related to the conductivities of the matrix and inclusions. In the present
study, firstly, the decrease in thermal conductivity by addition of MWNT may be attributed to low
thermal conductivity of MWNT ropes, since the effective resistance between two nanotubes severely
reduces the thermal conductivity of the ropes in comparison with individual MWNT. Secondly, the
interactions between nanotubes and the surrounding matrix provides sufficient scattering of phonons to
reduce effective conductivity of the composites. It has been reported that the thermal conductivity is
controlled by interface thermal conductance,”® which can significantly alter the effective thermal
conductivity of CNTs reinforced composites. Due to interfacial thermal resistance, the decrease in
thermal conductivity by addition of CNTs have been reported in ceramics by several authors.”®*° The
effect of low thermal conductivity of carbon nanotube ropes. interface thermal resistance or Kapitza
resistance between alumina matrix and MWNTs due to scattering of phonon may be the possible
causes of decreases in thermal conductivities in carbon nanotube reinforced alumina composites.

Electrical Conductivity

Figure 5 shows the room temperature DC electrical conductivity of alumina composites as a function
of MWNT wt %. The conductivity increases dramatically at 0.5 wt% of MWNT and then it levels off
for further addition of MWNT and shows typical conductor insulator transition. Percolation theory
defines an insulator-conductor transition and a corresponding threshold of the conductive filler
concentration Puwnt, through the following equation.

6=0o(P- Pywnr)  for P> Pywnr )

Where o, is a constant, p the weight fraction of nanotubes, and t the critical exponent. The data are
fitted to the scaling law, and the best-fitted values are for Pywnr = 0.4510.05 wt % and t=1.78+0.02.
The low value of percolation threshold Pywnr = 0.45 wt % is attributed to high aspect ration of
MWNT. The switching from electrically insulating alumina to electrically conducting alumina
composites is due to addition of MWNTSs, which provides a spanning network of CNTs traveling along
the grain boundaries through the alumina matrix.
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Fig. 5 Electrical conductivity of MWNT/alumina composites as a function of the MWNTs contents

The key difference between thermal transport and electrical transport is the value of the conductivity
ratio between matrix and filler. For thermal transport, even for very conductive CNTs, ratio between
CNTs and matrix is about 10*-10%, while for electrical transport the ratio of conductivities can be of the
order of 10'>-10'°. Therefore, in case of electrical conductivity with such high ratio. the effective path
is through carbon nanotubes, while in case of thermal conductivity. the dominant channel of heat
energy tlow always involve the matrix.*

4. SUMMARY

In summary, alumina composites reinforced by 0.5, 3.0 and 5.0 wt % of MWNT were fabricated by
spark plasma sintering. The fiber toughening mechanisms by MWNTs have been observed for
improvement in the fracture toughness of alumina. Further, MWNTs have been used successfully to
convert electrically insulating alumina into electrically conducting composites and follow a power law
of percolation with a low value of percolation threshold (0.45 wt %). The decrease in the thermal
conductivity with increase of MWNTs may be attributed to the dominant effect of interface thermal
resistance between alumina and MWNTs.
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ABSTRACT

Effects of different solvent systems and dispersant on tape casting slurries of TiO2
nanopowders (~40nm) were studied by rheological measurements. It was found that
Xylene/Ethanol with phosphate ester (PE) as dispersant gave the best dispersion quality which
resulted in highly homogenous, dense. smooth and crack-free tapes. The presence of phosphate
ester inhibited the sintering of TiO; powders and refined the grain size. Sintered tapes with 200-
300nm grain size and relative density over 90%, had dielectric constant ~100, dielectric loss less
than 1% and dielectric breakdown strength (BDS) over 1000KV/cm,

INTRODUCTION

Nanostructured titanium oxide ceramics attracted much attention over the decades due to
its unique photocatalytic"", mechanical' and dielectric properties®. Our previous research
demonstrated that nanostructured TiO, bulk ceramics possess high dielectric breakdown strength
(>1500K V/cm), low leakage current and low dielectric loss, which makes it ideal for high energy
density capacitor applications.’

Tape casting is the most widely used method to prepare large area ceramic dielectric
layer in capacitor industry. Although, tape casting is a well-established ceramic processing
method, using nanopowders to prepare stable slurry for tape casting is still a very challenging
task. Selection of appropriate dispersant and solvent is critical to obtain high %ualily tapes since
preparation of dispersed slurries with high solids loading is a challenging task’” .

The objective of this study is to study the effect of phosphate ester as a dispersant and
different solvent systems on the properties of TiO; slurries. The role of residual phosphorus on
the sintering behavior of TiO, was studied and correlated with the dielectric properties of the

sintered tapes.

EXPERIMENTAL

TiO; nanosized powders (Nanophase Technologies Corporation, IL, USA) with an
average particle size of 40nm and specific surface area of 38m*/g were used. The crystal
structure of the starting powder is 20% of rutile phase and 80% of anatase phase.

Slurries with a fixed 20vol% solid loading were prepared by mixing TiO; powders with
appropriate amount of solvent and dispersant for viscosity measurements. Phosphate ester
(Emphos PS-21A. Witco, USA) was used as dispersant. And three commonly used solvent
systems (Xylene/Ethanol, Toluene/Ethanol and MEK/Ethanol) (Table T) were employed in this
experiment. Viscosity measurement was performed on a viscometer (VT550, Gebruder HAAKE,
Germany) in the shear rate range between 100 s and 500 s, Before viscosity measurements.
ball milling was conducted for 24hs in polyethylene bottles using cylindrical ZrO, as milling
media.
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Table I. Chemicals used to prepare the slurries

Constituents

Solvent Xylene/Ethanol  (65/35, in volume)
Toluene/Ethanol (40/60, in volume)
MEK/Ethanol  (65/33, in volume)

Dispersant Phosphate ester

Binder PVB-79 (PVB)

Plasticizer Dioctyl phthalate (DOP)

Slurry for tape casting (table 1) was prepared by a two-stage method. Powders, solvent
and dispersant were first ball milled for 24hrs. Binder and plasticizer were then added into the
slurry and milled for another 24hrs. The tapes were cast on silicone coated Mylar at a thickness
of 0.05mm. After drying, two layers of green tapes were laminated at 85°C and 3MPa pressure
for 20 minutes. The tapes were sintered in pure oxygen atmosphere at 980°C for 6-12hrs,

Table 11. Composition of the slurry used for tape casting

Composition (vol%)
Powder 13.2
Xylene/Ethanol 74.8
PE 1.1
PVB 6.5
DOP 4.4

Dielectric constant and loss of selected samples were measured using Solartron 1260
impedance analyzer connected with a Solartron 1296 dielectric interface (Solartron analytical,
Hampshire, UK). D.C. dielectric breakdown strength test was conducted using Spellman SL30
high voltage generator (Spellman high voltage electronics corporation, New York. USA).
Samples for breakdown strength test were ~50 pum in thickness. Green and sintered tapes were
characterized by scanning electron microscopy (SEM, Hitachi S4700. Japan).

RESULTS AND DISSCUSSION
Rheological Properties

Phosphate ester is a common dispersant used to prepare ceramic slurries stabilized by
both steric hinderance mechanism and electrostatic repulsion mechanisms.As an anionic
dispersant, the hydroxy! group of phosphate is ionized to form negatively charged oxvgen.'
Previous studies™'' showed that phosphate ester is an effective dispersant for various oxide
powders especially BaTiOs

In addition to the dispersant, the solvents used to prepare the slurries also play an
important role in dispersion of the powders. The viscosity as a function of the shear rate is shown
in Fig. 1 for slurries using three selected solvent mixtures with 20vol% solid loading and 1.2
wt% PE (as a measure to the powder weight), . Tt is depicted that the viscosity decreases with
increasing shear rate, indicating a shear-thinning behavior. At the shear rates between 100 5™ and
500 s, the viscosity of the slurry with Xylene/Ethanol as solvent is consistently lower than that
of other solvent mixtures. Hence, solvent mixture of Xylene/Ethanol is considered to be the best
solvent system in this study.
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Fig.1. Viscosity vs. shear rate of slurries for various solvent systems with PE as dispersant

It is known that both solvent and dispersant will compete with each other for the
absorption on the surface of the particles.” Polar liquids with strong hydrogen bonding capability
will have strong affinity to oxide surface.'” As a results, polar liquid is expected to be able to
reduce the effectiveness of dispersant. Since ethanol is a polar, MEK weekly polar, toluene and
xylene are non-polar liquids. xylene/ethanol solvent mixture (65:35) with minimum amount of
polar liquids shows the lowest viscosity.

Viscosity of slurries prepared as 20vol% solid loading using xylene/ethanol as solvent
with various amount of PE, was measured to determine the optimum amount of dispersant. Fig. 2
shows that the viscosity of the slurry with 1.8 wt% PE is the lowest. Thus. slurries for tape
casting of titania powders were prepared using 1.8 wt% PE as a dispersant.
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Fig. 2. Effect of the amount of phosphate ester on the viscosity of titanium oxide slurries
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Sintering and Characterization of the Tapes

The microstructure of the green tape with the composition listed in Table II and a tape
after binder burn-out (0.5°C/min up to 550°C) are shown in Fig. 3. It revealed that the tape was
composed of TiOs nanosized powders uniformly surrounded by a layer of binder which
increased the average diameter of particles to about 100nm by agglomeration. After binder burn-
out, it can be seen that the average particle size decreased to the size of initial particles. The tapes
were crack-free without any large pores. By measuring the weight of the tape before and after
binder burn-out, the green density of the tape after binder burn-out process was calculated to be
57.4%.

Sintering of the tapes was conducted in oxygen atmosphere at 980°C between 6 and 12
hours holding time. The surface of the tapes after sintering at various holding times are revealed
in Fig. 4. Residual pores present at the triple grain boundaries were observed. The relative
density of the sample sintered at 980°C for 12hrs was 93.26%. However, our previous research®
showed that for bulk samples prepared by pressing of powders without additives, a relative
density over 99% could be obtained after sintering at 900°C for 2hrs. Since the green density
after binder burn-out process of the tape is almost the same as that of the bulk sample after
isostatic pressing (57.8%), lower sintering density of the tapes may be attributed is to the
phosphate impurities introduced by phosphate ester as dispersant. 1t was also observed that the
grain growth was suppressed for the samples prepared vsing PE. In order to confirm the effect of
dispersant, bulk samples with 1.8 wt% PE addition were pressed and sintered. Fig. 5 shows the
microstructure of the samples prepared with and without phosphate ester. It is depicted that the
average grain size of the sample with PE addition sintered at 980°C for Shrs is smaller than that
of the sample without PE addition sintered at 900°C for 2hrs.

i

Courr

Fig. 3. Surface of green tape (A) before binder burn-out, and (B) after binder burn-out

Similar observations were made for BaTiO; prepared using phosphate ester by Caballero
et. al'' It was suggested that the rate of grain growth was lowered as a results of reduced grain
boundary mobility caused by a solute drag mechanism due to the presence of phosphorus left by
phosphate ester. As an effective dispersant, PE is expected to be strongly absorbed on the surface
of TiO; particles, resulting in a homogeneous distribution of residual phosphorus around TiO;
particles after burn-out process. As a result, the mobility of the grain boundary may be reduced
due to the so called “pinning effect”. Although the influence of residual phosphorus on sintering
is evident, phosphorous could be not detected by energy dispersive spectroscopy (EDS)
techniques applied for the sintered samples.
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Fig. 5. Surface of sintered buik samples (A) with PE addition at 980°C for Shrs, and (B) without
PE addition at 900°C for 2hrs

Dielectric Properties

Dielectric properties of the tapes and bulk samples are summarized in Table IIL. It was
observed that the dielectric constant of the sintered tapes increases with the increase of soaking
time while dielectric loss decreases with the increase of soaking time. This trend may be
attributed to the increased sintering density. However, the breakdown strength is similar for
samples sintered for 6hrs and 12hrs. Our previous studies® showed that breakdown strength is
sensitive to both porosity and grain size. High porosity results in significant lowering of
breakdown strength because it not only reduces the effective sample volume but also leads to
local electric field concentration. Small grain size sample was found to exhibit higher breakdown
strength than large grain size sample probably due to increased grain boundary density.

In comparison with the tape, the bulk sample shows improved dielectric properties, which
may be attributed to its near full density. It should be noted that the effect of residual phosphorus
on dielectric properties of titanium oxide is not well understood and requires further studies.
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Table III. Dielectric properties of TiO; sintered tape and bulk ceramic®

Sintering Relative density Dielectric constant Dielectric loss BDS
conditions (%) @ 1K Hz @ 1K Hz (%) (KV/cm)
980°C 6hrs 91.78 89.7 0.68 1039492
(tape)

980°C 12hrs 93.26 96.4 0.57 1006+230
(tape)

900°C  2hrs 99.13 138.9 0.34 1384+189
(bulk)

SUMMARY

Xylene/Ethanol solvent mixture and phosphate ester were found to be suitable as solvent
system and dispersant for tape casting of TiO, nanosized powders. The optimum amount of the
dispersant was determined to be about 1.8wt% by viscosity measurement. Residual phosphorus
was found to inhibit the densification process and suppress the grain growth. Samples with
dielectric constant close to 100, dielectric loss less than 1% and breakdown strength over
1000K V/cm were obtained by sintering of titania tapes with at 980°C for 6 to 12hts,
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ABSTRACT

The aim of this study was to provide and characterize nanostructured TiO; films for application
in the depollution of the contaminated water against Escherichia coli (E. coli). The nanometric size of
particles and the porosity of the films have been correlated with the technological parameters of the
deposition process. For this aim three-layer TiO, films were deposited by sol-gel and dip-coating
method on SiOy/glass substrate. Iron (1 and 7%) and polyethylene glycol (PEGygg) (0.014-0.110 M)
were added to the coating solutions to study their effect on the porosity of the samples and respectively
on the amorphous to anatase phase transition, as well as on the antibacterial activity.

The samples were characterized using different complementary methods such as X-ray
Diffraction (XRD), Spectroscopic Ellipsometry (SE), Atomic Force Microscopy (AFM), dynamics
(growth and adherence) of E. coli development versus nanofilm composition (where the amount of
bacterial inoculums used was closer to those found in wasted waters).

The obtained films have shown low roughness (values bellow 0.74 nm) and the particle size in
nanometric range. The direct optical band gap values increases with the Fe content up to 2.64 ¢V (470
nm), leading to an active photocatalyst under visible light (in our case under natural illumination
condition). The inhibitory effect towards the E. coli is correlated with PEG and Fe concentration and
was found to be the strongest for the sample containing 0.069 M PEG.

INTRODUCTION

The use of the photocatalysts to organic compounds degradation has been intensively
investigated in last years'. TiO, mediated photocatalytic degradation is known to mineralize a wide
range of organic pollutants with faster rates than conventional treatments’, TiO, nanoparticles are
widely used for applications such as photocatalysts, pigments, and cosmetic additives due to a series of
favorable characteristics including: non-toxicity, high surface area, medium band gap, low cost,
recyclability, high photoactivity, chemical and photochemical stability. The first photoelectrochemical
cell for splitting water® based on TiO; has been reporied already in *70s. The sol-gel method (liquid-
phase synthesis) - formation of solid inorganic materials from molecular precursors via room-
temperature, wet-chemistry-based procedures - is easily adapted to making powders as well as films.
This method typically yields amorphous TiO;. and a subsequent calcination step is usually required to
crystallize the material®~.

The anatase phase of TiO,, with an optical band gap of 3.2 eV, has been proved to be the most
catalytic active structure in UV light, due to its energy band structure and high surface area. On the
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other hand, due to their large band gap, undoped anatase, leads to low efficiency yields in solar
applications. The presence of appropriate dopants revealed the possibility of using anatase structure for
visible photocatalytic applications. However, it should be noticed that if the band gap is lowered
beyond a limit, then the energy requirements of the photocatalytic reaction will not be achieved due to
the too fast recombination electron-hole time.

The photocatalytic activity of TiO; in visible range can be enhanced by doping with transitional
metals, which can reduce its optical band gap®™'*. Several studies deal with experiments in which iron
doped TiO; films have been used for various pollutant degradations. Navio et all'® reported the
photodegradation of oxalic acid under visible irradiation by using TiO; doped with 5 % Fe and Teoh et
all'” showed that flame spray pyrolysis Fe-TiO, (Fe/Ti ratio of 0.05) photocatalyst preparation have a
high activity relating to oxalic acid mineralization under visible light irradiation. Phenol degradation
based on Fe-doped TiO; samples under visible light was reported by Nahar® et al. A molar ratio of
0.005 Fe content was found to be the optimum concentration in this particular case. The decomposition
of methyl orange under visible light irradiation has been reported by Wang'® with the highest
photocatalytic reactivity obtained for doping TiO, with 1 % at. Fe(III).

The absorbance in the visible region was found to increase with the amount of iron introduced
in the matrix of titania, which could be an evidence for photocatalytic reactivity of TiO; in visible
light®. Thus, the doping of TiQ, with Fe leads to a shift in the UV-VIS spectrum of TiO; due to the
contribution of the 3d electron states of Fe(ILI)®.

In present study we showed that antibacterial activity of TiOx(Fe**, PEGep) three-layers thin
films, prepared by sol-gel method, is correlated with the structure and morphology of their surfaces
and in the same time is influenced by iron and PEG content from coatings compositions.

EXPERIMENTAL

The TiOx(Fe**, PEGeo) films were prepared by sol-gel & dipping method as previously
described'*?, The densification of the films was obtained by a thermal treatment (TT) at 500°C for 4h.
The investigated samples are described in the Table I.

Table I. Samples composition

Sample PEG Fe Layer
M) (1%) numbers
PO g 1 3
P1 0.014 1 3
P2 0.029 1 3
P3 0.069 1 3
P4 0.110 1 3
P5 0.017 7 3
P6 0.069 7 3

The crystallinity of the sampies was studied by X-ray Diffraction (XRD) method. The
morphology and the roughness of the surfaces were investigated by atomic force microscopy (AFM)
measurements. Easy Scan 2 model from Nanosurf® AG Switzerland was employed with a high
resolution scanner of 10 um x 10 pm x 2 um, having a vertical resolution of 0.027 nm and a linear
mean free error of better than 0.6%, and by using pyramidal-shape sharp tips with a radius of curvature
of less than 10 nm. SPIP™ package software (Image Metrology) was used for quantitative analysis of
the AFM pictures in order to obtain statistical information regarding the roughness, the dimensions of
the surface aggregates (crystallites) and self-similarity in terms of Mean Fractal Dimension. The AFM
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images have been recorded from a large scale (10 pm) down to the sub-micrometer scale (hundreds of
nm).

The optical properties (optical constants and optical band gap) of the films were investigated by
Spectroscopic Ellipsometry (SE) with a null setup in the visible spectral range (0.4 um - 0.7 um).

The antibacterial properties of tested films were investigated towards E. coli strain supplied
from the collection of Institute of Biology Bucharest. The experiments were carried out under natural
illumination conditions with day-night cycles. In order to estimate the effect of coatings chemical
composition against microbial cells, the E. coli was cultivated in the presence of tested samples for 72
hours at 37°C in flasks containing 22.5 ml nutrient broth and 2.5 ml bacterial inoculum, which
correspond to an optical density (O.D.) of about 0.16 at the wavelength of 660 nm. The number of
microbial cells in these conditions appears to be close to sample taken from some waste water
treatment plants. The inhibitory effect of coatings composition on the growth of E. coli was evaluated
by reading the optical density at 660 nm with an UV-VIS Spectrophotometer (UNICAM HELIOS a)
having as reference nutrient broth. After this experiment, the samples were rinsed with sterile distilled
water and transferred in a flask containing 25 ml of nutrient broth. The aim of this second experiment
was to check if bacterial cells are able to show adherence to tested films due to porosity of coatings as
consequence of the PEG content in films compositions.

RESULTS AND DISCUSSIONS

A previous study'” revealed that a better photocatalytic activity of TiO; films is obtained if
coating is deposited on a SiO; buffer layer and not directly on the glass substrate. Thus, the diffusion
of sodium ions from substrate into the film, which could stimulate the transformation from anatase to
rutile phase, is avoided. It is important not only to have a good photocatalytic activity but also to
maintain it in time, thus means that the bacteria must have a good adherence on the substrate, which
could be obtained when the samples are co-doped with PEG (which leads to the enhancement of the
porosity).

Antibacterial tests

The influence of the surface chemical composition (from the seven samples described here) on
the growth inhibition of the E.coli was estimated from the behavior of the temporal development
curves — see Figure la. It should be mentioned that in contrast with our previous study'® in this work
we have used a much higher concentration of bacterial inoculum in order to simulate the antibacterial
activity of the TiOx(Fe®") films in condition closer to those found in wasted waters.

The results from Figure 1a showed that tested microorganisms are inhibited towards grow in
the presence of investigated films, having specific evolutionary dynamic during to 72 hours of
observation.

After the first experiments, the samples have been transferred in 25 ml of sterile nutrient broth,
in order to investigate the adherence of the cells of the E. coli (figure 1b) on the tested films and to
clarify the influence of the composition and films morphology on the antibacterial activity, in the
presence of low number of bacterial cells. (In fact only the bacteria which adhered on the surface of the
films are in this case presented in culture medium).

The influence of PEG content on bacterial growth inhibition

- Tested cells adhere to the surface of all the nano-films prepared with PEG

- A reduced intensity of the inhibitory effect is noticed for the sample prepared without
PEG (P0) because the bacteria do not adhere to the surface of the films

- At the same Fe concentration the inhibitory effect generally lowers with PEG content,
exception being the sample P3. which have also the best adherence
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- Sample P4, containing the highest PEG concentration, exhibits the lowest inhibition
rate

The influence of Fe concentration on bacterial growth inhibition

- By increasing the Fe content from 1 to 7% an increase of the inhibitory effect at the
same PEG value (P1 and P5) was observed. By increasing the PEG content (from P35
to P6) the decrease of the inhibitory effect is noticed as well.

In fact the contributions of Fe and PEG cannot be explicitly separated, but understood in terms
of optimal concentrations improving the photocatalytic act. On the other hand these data showed that
porosity of films, as consequence of the presence of PEG in coating composition has an important role
for bacterial adherence.

These antibacterial features are close related to morphological, structural, chemical and optical
properties of the samples as a matter of course to the technological parameters of our samples, such as:
number of layers, type of substrate, Fe and PEG contents,
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Figure 1. Growth of E. coli in the presence of coating films with different composition (a);
the influence of coatings composition on the adherence of £. Coli to the films surface (b)

XRD analysis

From our previous study®’, we found that in the case of deposition on glass substrate, one layer
film is amorphous and two layer films have already anatase structure (crystallized in (101) direction),
but three layer films have a mixed structure: anatase and rutile. To avoid the formation of rutile phase a
Si0; buffer layer was introduced between glass substrate and the TiO; film. XRD have evidenced on
all films studied in the present paper only the anatase phase. The crystallinity of anatase improving
with the increasing of layers numbers. This improving is more pronounced when small PEG content
was added (Figure 2-sample P1). In this case the anatase phase crystallizes also in (200) direction.
Tt should be mentioned that the anatase phase preserves more active sites in photocatalytic reactions
and exhibits a remarkable reactivity in this respect as compared to rutile phase of TiQ;. The
photocatalytic activity depends on the crystallinity of TiO, so that the increased crystallinity enhances
the photocatalytic activity. However, the increase in the crystallite size decreases the specific surface
area and the number of active surface sites thus lowering the photocatalytic activity. Hence, the design
of nanostructured materials with small crystallite size, high surface area and open porosity is essential
for the development of photocatalyticaly active materials.
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Intensity (a.u.)

20

Figure 2. XRD diffractograms of three-layer films: a) PO without 8iO; buffer: b) P0; ¢) P1.
(A means anatase and R means rutile)

AFM analysis

Among the favorable features of the anatase phase which were found to play an important role
in the antibacterial activity, the nanometric size of the film particles is one of the most important. In
these sense, a morphological study was done by AFM in an attempt to find qualitative and quantitative
details on the nanometric scale on the surface features of the TiOxFe**, PEGgoo) films.

Table II shows the results obtained for the roughness (expressed by Root Mean Square - RMS -
values), mean and minimum crystallites diameters, averaged mean size and fractal mean dimension
(MFD).

Table 1I. Roughness (RMS), grain diameter, mean size, mean fractal dimension (MFD)
determined by AFM analysis at 1 um scale
Sample | RMS Grain diameter | Mean Size { MFD
(nm) (hm) (nm)
mean | minimum [ |
PO 0.64 |19.233 | 10.839 24.467 2.80
P1 0.50 | 19.389 | 11.707 23.066 2.93
P2 0.66 |32.7441 12.516 47.178 2.96
P3 048 |32.375] 13.275 42.609 2.89
P4 0.74 120.000 | 11.707 25.294 2.79
P5 020 |31.4621 12.516 48.693 2.78
P6 0.70 | 70.523 ] 30.778 94,951 2.87

Since the porosity of the films can be controlled by the PEG content, (which leads to a
morphology which appear to support the antibacterial activity) we concluded that is important to
compare the morphology of the films with similar PEG concentration but with different concentration
of Fe and, accordingly. with the same Fe concentration but prepared with a different PEG amount, or,
in other words, with a different morphology. Thus, Figure 3 shows in comparison 2-D (topography or

Nanostructured Materials and Nanotechnology If - 71



The Simulation in the Real Conditions of Antibacterial Activity of TiO, (Fe) Films

contrast phase) and 3-D (topography) AFM images, at a scale of 1 pum, for the samples: PO (a and b)-
prepared without PEG; P1 (¢ and d) and P5 (e and f) with near PEG concentration but dpped with 1%
Fe’* and, respectively 7% Fe**. P2 (0.029 PEG, 1% Fe) — (g and h) and P6 (0.069 PEG, 7%. Fe) - (i
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Lt 137 7)

Figure 3. AFM 2-D images which exhibit the fine grain structure of the films in comparison with 3-D
AFM images revealing the topography of the nanostructured, iron-doped TiO; films:
P0O (a and b) without PEG:; P1 (¢ and d) and P5 (e and f) - similar PEG but different Fe content;
P2 (g and h) and P6 (i and j) — different PEG and Fe content.

Even if the PEG is large molecule. which after annealing leads to an increased porosity, as will
be shown in details in the ellipsometry paragraph, the surface of the film prepared without PEG (PO - a
and b) appear to be defects-rich, in comparison with the film-series doped with PEG (¢ —j).

The mean size of the surface grains was found to be in the range between 23 nm (P1) and 95
nm (P6). It could be however remarked that the content of the Iron seems to play an important role in
the surface morphology of the TiOy(Fe®*, PEGgq) films. Thus, the sample without PEG (P0) and the
sample with the lowest PEG content (P1) both doped with 1% Fe®*. have grains with a mean size
around 23-24 nm (Figure 4). By increasing the PEG content (samples P2 and P3) the grains mean size
increased twice, at least to a value of 47 nm. In turns, the maximum PEG content (sample P4) in the
film-series with 1% Fe. leads to a surface morphology characterized by grains average size of 25 nm.
Further, despite the very similar aspect of the surface features. as can be observed from fig. 3, the
quantitative analysis of the AFM images shows a major increasing (Table 11) of the surface grains for
the films doped with 7% Fe. In this sense. by comparing the samples P1 and P35, having almost the
same PEG content but with a distinct Fe concentration, it can be observed that the grains mean size is
doubled by using a 7% iron content. Further, by doubling the PEG content (sample P6) in the
preparation stage, it can be noticed the same linear tendency regarding the average size of the surface
grains with a value of 95 nm. This is qualitatively visibie by close inspections of the 2-D AFM images
from Figure 3. It is noteworthy to mention relatively constant values for the grains minimum diameter.
of the samples from Table 1. which is found in the same range of 10-13 nm, except for sample P6,
with a value of 30 nm. Despite of the different PEG and Iron content, which leads to a different surface
morphology, the roughness of these surfaces does not present a certain behavior and have closely
values around 0.5-0.7 nm, except for the sample PS5, characterized by the lowest roughness (0.2 nm).

A fractal behavior on a nanometric scale range for the whole series of TiO films from Table II
can be mentioned, with a closely mean fractal dimension of 2.8-2.9. These values are characteristic for
a surface whose roughness originates in grains dimensions and their particular spatial distribution. This
could be understood as a confirmation of the surface nanoparticles formations, reflecting the self-
similar character of the studied surfaces. This means that the surface of the samples exhibits self-
similarity on a rather large domain (with long-range fractal behavior characterizing correlations
between particles).
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Figure 4. Variation of the AFM parameters with PEG content for a TiO; (1%Fe)

Ellipsometric characterization

Another important parameter in the anatase phase stabilization is the porosity (P) of the films
which was calculated from the refractive index (n) of the film from the formula®':

P=1-(n2-1)/(ne>- 1), whete ng is the refractive index of anatase.

The refractive index was obtained from ellipsometric analysis. The computations were done by
taken into account the EMA? model with two layers on the substrate: TiOy(Fe, PEG) film (first layer) /
Si0, buffer (second layer) /glass. The ellipsometric results were shown that:

- the refractive index decreases with the PEG content (the samples remaining porous even after
annealing for 4 h at 500°C). At the same PEG content the refractive index increases with the Fe content
(Figure 5a)

- the absorption index do not depend essentially by the PEG content, but increases with the Fe
content (Figure 5b)

- the optical band gap (Eg) of the films, calculated from Tauc® formula based on k dispersia,
with 1%Fe are: Eg(direct)=2.52-2.56 eV and Eg(indirect)=1.82 eV. The optical band gap of the films
with 7% Fe are: Eg(direct)=2.64 eV and Eg(indirect)=1.7 eV
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Figure 5. Dispersia of the optical constants (n, k) of the films
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The variation of the sample porosity depending on the PEG and Iron content, respectively, is
presented in Figure 6. [t may be noticed that the porosity of the films increases with the PEG content
and decreases with Fe amount

CONCLUSIONS

The antibacterial activity of the TiO, films, using a bacterial inoculum close to the
concentration of microbial cells identified in wasted water was found to be enhanced by an optimal
iron and PEG contents (P3 and P6). The surface films morphology for the best adherence of the cells
and the most efficient antibacterial reaction is stronger at a low content of iron.

All the samples were crystallized in the anatase phase. Its stabilization is enhanced by the film
porosity induced by PEG codoping as well as the nanometric size of the surface grains.

The films are very smooth. the roughness values being not higher than 0.74 nm, the grain
medium diameter being in the range of 20-70 nm and the fractal dimension in 2.79-2.96 range.

~The direct optical band gap values increases with the Fe content up to 2.64 eV (470 nm),

making TiO:(Fe. PEG) an active photocatalyst under visible light. The absorption index increases with
the Fe content. leading to the possibility to enhance the efficiency yields in solar applications.
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ABSTRACT

Multifunctional composites made with boron-rich additives are absorbers of low energy
neutrons, and could be used as radiation shielding materials. Nanoparticle additives of boron carbide,
boron nitride, and other boron-containing materials might make good multifunctional composites if
they are paired with polymers having high levels of hydrogen, such as polyethylene.
Polyethylene/boron containing nanocomposites were fabricated using conventional polymer processing
techniques, and were evaluated for mechanical and radiation shielding properties. Addition of boron-
rich nanoparticles to an injection molding grade HDPE showed superior mechanical properties to neat
HDPE. Radiation shielding measurements of the nanocomposites were improved over those of the
neat polyethylene with boron carbide showing the best results. Worker exposure to potentially toxic
nanoparticles can be reduced by using appropriate manufacturing processes. Nanocomposites are
advantageous because of their increased mechanical properties and superior shielding performance.

INTRODUCTION

The shielding of radiation for astronauts has been an important element of NASA missions for
many years. NASA's current missions include a return trip to the moon by 2020 and design for a Mars
expedition'. The atmosphere outside the Earth’s orbit contains mostly protons, but other particles are
present that can be dangerous to humans?. Galactic cosmic rays (GCRs) are a threat because 1 to 2%
of these nuclei have high charge, with Z values greater than 10 and energies greater than 100GeV.
Particles present in GCRs have a significant impact and have a high specific ionization capability; they
produce a large number of ion pairs per unit length of their track. They can contribute to 50% of the
radiation dose an astronaut would receive’. Solar particle events (SPEs) are also a continued threat to
humans in space. Advanced shielding methods are essential to protect astronauts for extended
missions.

Conventional shielding materials such as aluminum require large thicknesses to
effective. Aluminum will permit an increase in cancer induction rates for relatively thick sections® due
to secondary particles generated when neutrons and protons are stopped. Research has shown the
effectiveness of the shield is directly related to the mass number: effectiveness increases as mass
number decreases, with hydrogen being the best material’. Galactic cosmic rays can be fragmented
into less damaging particles with hydrogen-containing shielding materials. Lower atomic number
materials also produce lower number of secondary particles. Polymers with high hydrogen content,
such as polyethylene, are advantageous because they are lightweight and could easily be fabricated
into sheets for laminate, extruded into foams for insulation, or injection molded for structural parts.
NASA has focused on studying polyethylene because of its high hydrogen content and has chosen it as
a reference material for multifunctional composites currently being developed”®.

Multifunctional polymer composites have many advantages for radiation shielding. Inorganic
fillers can improve mechanical strength, radiation shielding and even flame retardancy properties.
These fillers also need to have low atomic mass numbers to stop incoming radiation and to produce
fewer secondary particles. Boron-containing inorganic fillers are attractive for these reasons. In
particular, boron carbide (B4C) and boron nitride (BN) could be used as fillers into a polyethylene
matrix to create multifunctional composites. Studies of these materials have recently been completed
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to determine their effectiveness with micron sized particles’®. This paper will focus on preparing
multifunctional nanocomposites for radiation shielding applications.

Nanocomposites are advantageous because they can provide significant improvements in
mechanical properties. Recent studies have shown that an inorganic nanophase/polymer system can
demonstrate improved mechanical properties. Micron sized additives can reduce the mechanical
strength when poor adhesion exists between the particles and continuous phase whlle nanoparticles can
give improved propemes at low loadings of 1-5wt%. Nanoparticles such as clay®, calcium carbonate'®,
and hydroxyapatite'' have been added to high density polyethylene and shown increased mechanical
properties.

The purpose of this work is to develop multifunctional nanocomposites for radiation shielding
applications. The filler will be inorganic and also nanoparticles of boron nitride and boron carbide.
The continuous phase used will be high density polyethylene because of its high hydrogen content.

EXPERIMENTAL MATERIALS AND METHODS

High density polyethylene was purchased from Dow Chemical Company (Houston, TX), grade
NT 8007, an injection molding grade. Boron carbide, supplied by Nanostructured and Amorphous
Materials, Inc. (Houston, TX), was used as received with an average particle size of 50 nm. Boron
nitride was also purchased from Nanostructured and Amorphous Materials, Inc. with an average
particle size of 137 nm and was used as received. Particle sizes were determined by TEM
measurements.

Composite Preparation and Mechanical Testing

Composites were me]t blended as reported previously with micron size particles of boron
nitride and boron carbide™®. Polymer was melted in a Haake Rheomix (Waltham, MA) melt blender at
145°C for 30 minutes. The powder samples were slowly added to the molten material with mixing.
The materials were removed, allowed to cool and then crushed using a hammermill crusher into sizes
of less than 0.5 mm. The crushed material pressed into thin films at 150 °C for 15 minutes using a
Carver Lab Press Model C (Wabash, IN). The films were 0.002” thick and dog bone samples were cut
using an ASTM D638 Type [V Die. The mechanical properties were determmed on these samples
using a MTS QTest 10 (Eden Prairie, MN) with a strain rate of 0.0167 sec”’ and repeated five times.
The standard error for tensile modulus was 130.4 MPa, The strains at break values have a standard
error of 7.9% and tensile strength has an error of 4.5 MPa.

Neutron and Proton Attenuation Measurements

The materials were pressed into solid plaques approximately 11.25 x 7.95 x 0.5 cm thick and
tested against aluminum (1100 grade), a conventional material used for space radiation shielding.
Composites were tested using previously developed methods,”? at both the Los Alamos Neutron
Science Center (LANSCE) Weapons Neutron Research (WNR) neutron facility as well as the Fermi
National Accelerator Lab (FNAL). At LANSCE, the samples were tested in the WNR beam on the 30
left flight paths (FP30L). The neutron beam at FP30L was selected for neutron testing because it
delivers up to 600 MeV neutrons. A similar energy spectra is shown in Ferenci and Hertel’s work'?.
The neutrons are produced by spallation events caused by an 800 MeV pulsed proton beam incident on
a tungsten target. These spallation neutrons have a very similar energy spectrum to that of neutrons at
40,000 feet, an area of interest for high altitude flight and low earth orbit. At FNAL, the M02 beam
line was used to deliver 120 GeV protons to measure attenuation through the samples. 120 GeV
protons were selected because of their ease of extraction from the Main Injector, and because their
energy level is near the maximum energy flux of galactic cosmic radiation (GCR).

A water tank phantom was used to measure the shielding effectiveness and the setup is shown
in Figure 1. Absorbed dose measurements were made at various depths with several different
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thicknesses of shielding material to determine the relative shielding effectiveness. If polyethylene-
based composites can perform as well or better than the aluminum. then the polyethylene composites
are a superior choice. Polyethylene compounds, comprised of only light nuclei, have a much lower
neutron yield in high energy particle reactions. A tissue-equivalent ion chamber made out of A150
tissue-tquivalent plastic was used to measure the absorbed dose in the tank. This integral
measurement of dose allows a direct measure of shielding effectiveness. Due to the fluctuations of
these beams, beam monitors were used (o normalize the results.

Figure 1. Setup of water tank phantom at Fermilab lbe]d
RESULTS AND DISCUSSION

Mechanical Properties

Tensile tests were performed on the nanocomposites and tensile strength, modulus and strain at
break were recorded. Boron nitride and boron carbide nanoparticle composites were compared to that
of the HDPE. An averaged stress versus strain curve is shown for five replicates of three different
volume percent of boron carbide in Figure 2. The HDPE has an elongation at break value of
approximately 300% and this plot shows a value of only 14% for the 1 vol% boron carbide
nanocomposite. The addition of the filler reduces the elongation at break values because the particles
are acting as defect sites. This defect causes failure to occur in the polymer matrix. The plot shows
with increasing amount of filler present in the composite the quicker the sample fails.
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Figure 2. Averaged stress versus strain curve for 1, 5, and 10 vol% boron carbide filler

Elongation at break values for the boron nitride nanocomposites show a similar trend to those
seen in boron carbide. A plot of those values is seen in Figure 3. The elongation at break value for 1
vol% boron nitride nanocomposite has a value of 25% which is larger than the boron carbide
nanocomposite. However, defects created by the addition of particles still greatly reduces the value
from that seen with HDPE.
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Figure 3. Elongation at break values for increasing volume percent of boron nitride filler

Tensile modulus values are shown in Figure 4 and an increase is seen for both of the
nanocomposites over that of the neat polyethylene. At low volume percents, both of the boron fillers
have similar values. As the amount of filler increases, the boron carbide composites show a faster
increase than the boron nitride composites. Tensile modulus is affected by the amount of filler present.
Tt is thought that at higher loading, when more particles are present, particle-particle interactions
dominate the fracture mechanics causing the increase '*.
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Figure 4. Tensile modulus values for increasing volume percent of boron nitride and boron carbide

Tensile strength values are shown in Table 1 for both composites. The neat HDPE has a tensile
strength of 29.5 MPa and at the lowest loading levels, both of the composites show an increase with
boron nitride showing a higher value than boron carbide. However. with an increase in filler in the
composite the values are decreased for the B4C while the BN remains unchanged. The decrease can be
explained for boron carbide by the particle debonding from the matrix at higher loading levels. With
more particles present, the particles created more voids, which lowered the tensile strength. Atikler
saw similar results with the addition of fly ash/HDPE composites ', For boron nitride, however, the
decrease was not seen. The particles had strong enough adhesion to the matrix that they did not
debond and cause the decrease.

Table 1. Tensile strength values for boron nitride and boron carbide composites, MPa.

Volume Percent Boron Nitride Boron Carbide
0 29.5 29.5
1 33.1 30.9
5 333 24.8
10 33.4 22.8

Radiation Shielding Properties

Shielding effectiveness of the composites was measured by the dose transmission. This is defined as
the ratio of the dose rate with shielding material to the dose rate with no shielding material. The larger
the slope in the plot of dose transmission versus thickness of shielding material indicates the best
material at attenuating the radiation. Results for the boron nitride nanocomposites from the WNR
neutron beam are shown in Figure 5. The transmission factors are similar for aluminum,
polyethylene, and the composites, Under high energy neutron radiation. polyethylene-based materials
have the advantage of not producing long lived radioactive progeny that could produce more radiation.
The aluminum counterpart produced longer lived progeny that yielded high energy beta and photon
radiation as a result of neutron capture.
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Figure 5. WNR neutron beam showing transmission factor versus material thickness for Al,
HDPE, and PE/boron composites

Transmission factors from the Fermilab 120 GeV proton beam for the various samples are
shown in Figure 6. The nanocomposites with increasing thickness showed slightly better shielding
effectiveness than the HDPE. After 1.5 cm of shielding material, both show little change. This is due
to spallation that could occur at such high energies. A higher dose was recorded because the
polyethylene based materials actually caused more spallation products to enter the tank. For high
energy protons, aluminum appears to be the best material. 1t should be noted that at 120 GeV, it takes
several meters of solid steel to bring these energetic particles to rest.
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Figure 6. 120 GeV proton beam showing transmission factor versus material thickness for Al, HDPE,
and PE/boron composites.

Boron carbide nanocomposites were not tested for their shielding effectiveness at these two
sites. The data for the boron nitride composites for both nanoparticles and micron sized particles was
included in Figure 5 and Figure 6. From these two experiments, it is clear that the nanoparticles and
micron size particles behave very similarly for shielding effectiveness. The only noticeable difference
in the data is with transmission factor of the high energy proton beam shown in Figure 6. the
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nanocomposites appear to have increased shielding capabilities with increasing thicknesses. This
could be due to the smaller particles having better dispersion and providing a better shield than their
larger sized counterparts. The micron sized data for boron carbide is included and it is expected that
the nanocomposite will behave similarly. The boron carbide composites show similar results as that of
the boron nitride in shielding effectiveness.

CONCLUSION

Advanced shielding materials are necessary for the radiation and performance challenges that
will be faced with a return trip to the Moon or an initial venture to Mars. Conventional materials such
as aluminum tend to be too heavy and provide large amounts of secondary radiation. Using a
multifunctional composite is advantageous because it is lightweight, and provides radiation protection
while reducing the formation of secondary particles.

Polyethylene based composites are the best choice because of their high hydrogen content.
Boron filler improves its shielding characteristics. These composites show an increase in mechanical
properties over that of the neat polymer. Mechanical properties show increases in modulus values for
both composites. The boron carbide composites have better moduli due to more particles being present
and interacting in the composite. Tensile strength dropped with increased particle loadings, due to
debonding from the matrix. The boron nitride composites showed lower modulus values indicating
less particle-particle interactions. These composites had better adhesion between the particles and the
matrix, the particles did not debond. and the tensile strength was relatively unchanged from the neat
polymer.

Radiation shielding effectiveness is similar for the boron composites compared to that of the
neat polymer. In the neutron beam the polyethylene based composites showed an advantage with the
boron nitride nanocomposite showing an improvement. In a neutron beam these composites are also
expected to not produce as much secondary radiation as a conventional shielding material such as
aluminum. The high energy proton beam shows that aluminum is the better shielding material and
spallation was seen in the polyethylene based materials that increased the dose measured.

Multifunctional composites are beneficial because of their flexibility. They have shown to
have increased mechanical properties with similar shielding effectiveness to materials currently being
used.
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ABSTRACT

Si0C thin films are produced by the polymer pyrolysis method from sol-gel derived precursors.
The starting solution is a mixture of triethoxysilane (T'") and methyldiethoxysilane (D"") with a T'/D"
molar ratio of 2, Thin films are deposited on SiO; substrate by spin coating and pyrolysed in a carbon
furnace under Ar flow at temperatures in the range 700-1250°C. The surface properties of SiOC films
are investigated by SEM, AFM and XPS. The produced films are crack free and homogeneous even at
high pyrolysis temperatures. Profilometer measurements were performed to investigate the film
thicknesses. The nature of the chemical bonds present in the film structure and its photoluminescence
properties are studied by Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-
FTIR) and Photoluminescence (PL) measurement, respectively. PL spectra change with the
temperature: at low pyrolysis temperature a blue peak at around 425 nm due to the presence of defects
in the amorphous structure is observed. At high temperature (1200°C) an intense yellow-green
emission at 560 nm (2.25 ¢V) dominates the spectrum. This peak emission is assigned to SiC,. formed
“in situ™ from the SiOC phase. The results of this study show that SIOC nanocomposite thin films with
in situ grown SiCy have very promising photoluminescence properties.

INTRODUCTION

SiCn/S10; nanocomposites are of great interest in the production of Light-Emitting Diode
(LED) due to the emission of SiC nanocrystals in the visible spectral range from blue to yellow.
Optically, bulk SiC shows a weak emission at room temperature due to its indirect band gap [1].
However, the emission intensity can be significantly enhanced when the crystallite size decreases to
few nanometers [2. 3]. Accordingly, studies on the synthesis of blue-emitting SiC nanocrystals by C
ion implantation have been reported [4, 5, 6]. However. these processing methods require complicated
equipments and moreover the observed luminescent properties of SiC nanocrystals are not very
reproducible and strongly depend on the fabrication methods. In addition, the fabrication and
Iuminescent properties of nanocrystalline SiC films are even less studied [7]. On the other hand,
polymer pyrolysis for the deposition of amorphous SiOC thin films is a simple processing route to
produce nanostructured multicomponent ceramics with high thermal stability [8, 9]. According to this
method, pre-ceramic thin films are converted to ceramic coatings by a pyrolysis stage in controlled
atmosphere at 800-1000°C. At higher temperatures the partitioning of SiOC phase leads to the “in
situ” crystallization of nano-scale SiC into an amorphous SiO; matrix. The nanostructural features
such as nanocrystal size and amount can be easily controlled through a number of processing
parameters such as the composition of the preceramic film, the heat treatment temperature, atmosphere
and time [10].

In this study, SiC../SiO; nanocomposite thin films were synthesized from sol-gel-derived
precursors by pyrolysis in Ar flow at different temperatures up to 1250 °C. Structural change and
optical properties of the SiOC films were investigated as a function of the pyrolysis temperature.
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EXPERIMENTAL

Gel films were deposited on silica substrates by spin coating. The starting solution was
prepared by mixing triethoxysilane (T") HSi(OEt),, and methyldiethoxysilane (D), HCH3(OEt), using
ethanol as solvent. A mole ratio of T"/D"=2 was chosen to allow the formation of a stoichiometric
SiOC glass without excess carbon {11]. The alkoxides solution was pre-hydrolized with acidic water
(pH =4.5, HCI) using a H,O/OEt ratio of 0.5 to allow enough time for film production and to promote
a slow gelation. The solution was spun at 4000 rpm for 1 minute on ultrasonically cleaned SiO;
(Heraeus -HSQ300) substrates. The gel films were stabilized at 80°C for 24 hours before pyrolysis.
The pyrolysis process was carried out in a C-furnace under Ar flow (100 mi/min) with a heating rate of
5°C/min at different temperatures, in the range 700-1250 °C with 1 hour holding time at the maximum
temperature.

Film thicknesses during the pyrolysis treatment were measured by using a Hommel tester
T8000 profilometer. A scratch was introduced in the gel film and the depth of the scratch measured by
the profilometer. Several scans ware made across the step and the film thickness was determined as an
average of about 6 measurements over a length of 1.5 cm. The error coming from instrument is taken
as 5 %.

Surface quality of the films was investigated by Jeol JSM-5500 Scanning Electron Microscopy
(SEM) and NT-MDT P47H Atomic Force Microscopy (AFM), with a 50X50 um scanner range.
Chemical composition of the films was examined by X-ray photoelectron spectroscopy (XPS), using a
SPECS analyser Phoibos100 with 5 channeltrons detection working at 2.10-10 Torr, equipped with Mg
Ka source (1253.6 eV) Xray gun which is non monochromated. In order to follow the structural
evolution occurring during the pyrolysis process, a Nicolet Avatar 330 instrument was used in
reflectance mode to collect Fourier-Transform Infrared-Attenuated Total Reflection (FTIR-ATR)
spectra. The FTIR spectra were collected from 4000 to 600 cm’! and, to improve the signal quality, 256
scans were performed for each analysis. Optical properties of the films were studied by
photoluminescence measurements (PL) and spectra were recorded at room temperature using a
spectrometer operating with an Argon Laser (365nm) as excitation source. The fluorescence light was
collected from the front face of the samples in reflection mode. The power of the excitation source on
the sample was 2 mW. Interferential filters were used to select the excitation wavelength in order to
minimize the scattered stray light. All the spectra were corrected for the wavelength dependent
response of the detection system.

RESULTS AND DISCUSSION

The evolution of the thickness and the shrinkage of the film with the pyrolysis temperature are
reported in Figure 1. The thickness of the “as deposited” coating is 1.2 pm and decreases to 420 nm at
1250 °C. The thermal evolution weight loss and shrinkage of bulk pre-ceramic gels of similar
composition has been already studied and it showed that the conversion process ends around 1100°C
[11]. Accordingly, the thickness of the film continuously decreases up to 1100°C and then remains
constant for higher pyrolysis temperatures. The maximum linear shrinkage is 65%., close to the typical
values reported in the literature for polycarbosilane-derived SiOC thin films [10].
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Figure 1. Evolution of the thickness and corresponding shrinkage of the film with the pyrolysis

temperature.

Surface morphology and of the films were examined by SEM and AFM. SEM analysis shows
that at every pyrolysis temperature homogeneous and crack free films are produced even at the edges.
Figure 2 presents AFM images of the surface morphology of the film pyrolysed at 1200 °C. Average
roughness is measured from the AFM images and falls in the range 0.5 — 2.5 nm. The roughness shows
with the temperature a similar evolution as the shrinkage: it increases up to 1100°C and then it

stabilizes.

Figure 2. AFM image of the thin film pyrolysed at 1200 °C.
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In order to obtain more information about the surface properties and composition, the XPS
measurements are performed and elemental compositions of the films pyrolysed at different
temperatures are given in Table 1. The chemical composition of the films is close to the one measured
by conventional chemical analysis of bulk SiOC samples obtained from the similar sol-gel precursor
2.

Table 1. XPS elemental composition of the investigated Si-O-C glasses
Temperature (°C) Si (at. %) C (at. %) O (at.%) Empirical formula

1000 56.4 10.9 327 S$iCo.330172
1100 57.5 10.7 31.8 SiCy340181
1200 576 10.1 323 SiCo3101.78

The structural evolution of the SiOC films from as-deposited to pyrolysed stage was followed
by FTIR measurements. Accordingly, FTIR-ATR spectra of the as-coated and pyrolysed samples at
different temperatures were collected and shown in Figure 4.

In the spectra of as-coated film (Figure 4-a), Si-H bonds of the T precursor gave rise to peaks
at 2243 cm’' and 831 cm™' while Si-H bonds of D'' units led to a corresponding band at 2173 cm'[13].
Si-CH,; stretching and rocking vibrations were revealed by the peaks at 1261 cm! and 760cm™. Peak at
1065 cm™! with a shoulder at 1140 cm™' was assigned as Si-O bonds in the siloxane network.

1w

Transmittance (a.u,)

@

T T
2500 2000 1500 1000

Wavelength (em™)

Figure 3. FTIR-ATR spectra of (a) as-coated. and pyrolyzed SiOC thin films at: (b)
800-900 °C, (c) 1000-1100 °C, (d) 1200 °C and (e) 1250 °C.

88 - Nanostructured Materials and Nanotechnology |i



Synthesis and Optical Properties of SiC,./SiO, Nanocomposite Thin Films

At 800-900°C the Si-H and Si-CH; related bands at 2200-2150 and 760 cm’' respectively are
absent suggesting that the polymer-to-ceramic transformation is complete. At the same time a complex
and broad absorption band is observed in the range 1300-900 cm™ with a local peak at 1000 cm’'
assigned to the vibration of Si-O bonds. It is assumed that this broad band includes contribution of Si-
O and Si-C bonds. The presence of inorganic Si-C bonds similar to those of silicon carbide, is also
suggested by the formation of a new peak at 780 cm'.

At higher pyrolysis temperatures (spectrum c¢) the broad peak around the Si-O vibration
becomes more defined suggesting that an organization process of the SiOC network is active in this
temperature range. In particular a peak appears at 1140 cm’ which is assigned to Si-O vibration, the
main absorption around 1000 cm’ reveals a shoulder at 920 em™ related to Si-C vibrations and finally
the Si-C absorption at 780 cm™* becomes more intense suggesting the formation of new Si-C bonds.
Above 1100°C (spectra d and €) the FTIR investigations do not show any major evolution: only the
shoulder at 920 cm™ grows as an individual peak, indicating a further increase the number of Si-C
bonds or ordering of amorphous network [14].

PL spectra of the films pyrolysed at different temperatures are given in Figure 4. The behaviour
of the films at low temperatures (800 °C-1000 °C) is different from those at high temperatures (1100
°C-1250 °C), so their spectrd are given separately (4(a) and 4(b), respectively). At 700 °C, no apparent
band is observed. Starting from 800 °C, films show a strong blue PL peak at around 425 nm with a
broad blue-green component from 450 to 650 nm. As the pyrolysis temperature increases to 900 and
then to 1000°C, the intensity of the peak at 425 nm is greatly reduced and the intensity of the second
yellow PL peak is increased with a maximum at around 560 nm. In the temperature range 800-1000°C
the PL band at 425 nm did not show any shift but just its intensity decreased. This observation supports
the idea that it originates from defect-related centers, since it is well known that high temperature
annealing can quench defects. Indeed, SiC and SiOC amorphous ceramics obtained by polymer
pyrolysis at temperatures in the range 800-900°C contains a high concentration of structural defects
such as free radicals. The increase of the pyrolysis temperature leads to a stabilization of the
amorphous ceramic structure and to a decrease of the free radical centers [15]. This structural evolution
is in agreement also with the FTIR spectra reported in Figure 3 which showed an ordering of the
structure above 900 °C.

The further increase of the pyrolysis temperature above 1000 °C leads to an increase of the
yellow peak intensity at 560 nm (2.25 eV) (Figure 4-b). This PL peak can be attributed to the
precipitation, from the SiOC network, of C-rich clusters which could lead to the nucleation, at
T>1200°C of 3C-SiC nanocrystals. Indeed, the presence of SiC nanocrystals in bulk SiOC samples
pyrolyzed at T>1200°C and obtained from the same sol-gel solution used for the film synthesis is
detected by XRD (not shown here). The XRD spectrum, in agreement with previous data [10], shows a
broad peak at 28 = 35° assigned to the (111) reflection of 3C-SiC nanocrystals with an average size of
1,5 nm. Additionally, bulk samples show the same PL properties (shape and band wavelength) as films
but their PL peak intensities are found significantly lower. Accordingly, we can propose that the
yellow PL band at 560 nm, which starts to be visible for our SiOC films pyrolyzed at 1000°C, is due to
the incipient crystallization of SiCy and the formation of the expected SiC,/SiO; composite film. At
1250°C an abrupt decrease of the intensity of PL spectra has been observed. The reason for this result
is still under investigation.
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Figure 4. PL spectra of the films pyrolysed at (a) 800 °C-1000 °C (b) 1100 °C-1250 °C
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CONCLUSION

SiCne/SiO5 thin films on silica substrate were prepared by pyrolysis in inert atmosphere of sol-
gel-derived coatings. Films with a thickness of 400 nm were obtained and their composition was
studied by XPS technique. The chemical composition of SiOC films is close to the composition
measured for bulk SiOC glasses obtained from the similar sol-gel precursors. FTIR study indicated the
formation of a disordered SiOC structure at 800-900°C and an ordering process above these
temperatures. At 1200 °C FTIR spectra indicate the presence of Si-O and Si-C bonds. At low pyrolysis
temperature (800-900 °C) PL spectra showed a blue peak at 426 nm whose intensity decreases at high
temperature and vanishes completely above 1000°C. This peak has been assigned to defects, such as
free radicals, which are known to be present in high concentration in polymer-derived ceramics at
intermediate pyrolysis temperatures.

Above 1000°C and up to 1200°C a broad and intense PL yellow-green peak has been observed
around 560 nm. This emission has been assigned to the formation of the C-rich clusters which lead, at
T>1200°C, to the nucleation of the expected 3C SiC nanocrystals from the SiOC matrix. The results
show that SiOC nanocomposite thin films with in situ grown SiC, have very promising
photoluminescence properties.
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STRENGTH AND RELATED PHENOMENON OF BULK NANOCRYSTALLINE CERAMICS
SYNTHESIZED VIA NON-EQUILIBRIUM SOLID STATE P/M PROCESSING
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ABSTRACT

This article overviews the mechanical characterization of nanocrystalline ceramics synthesized by
electric current consolidation of the mechanochemically synthesized amorphous powder in the absence
of sintering additive. Berkovich indentation equipped with a depth-sensing system enables to obtain a
local yield stress under constrained compression and the strain rate sensitivity exponent (m) as an
accepted parameter of micro-plasticity; for full-density nanocrystatline (ZrO2)so(Al203)20. the o is 4.4
GPa when non-strain hardening is assumed, and the m is 0.014; these low values suggesting the
appearance of non-homogeneous flow in a nearly ideal plastic solid. For monolithic tetragonal
(Zr03-3mol%Y10;3)s0(Al;03)2 With the average crystallite size of 40 nm, the flexural strength shows a
size effect by the aspect ratio of sample width (W) to height (#) having nearly 2 GPa at the maximum in
the case of W/H=l, and a proportionality to the fracture toughness, as obtained from the
indentation-microfracture method, with the avoidance of a trade off relationship. With isothermal
superplastic forming up to a compressibility of 0.75, the m is given by a function of strain rate reduced by
Zener-Hollomon parameter (ZH) and reciprocal stress, £ 0™ exp(Q/kT) with the apparent activation
energy (Q) of 312 kJ mol™, having 0.7 and 0.3 at its higher and lower ZH respectively for nanocrystalline
(Zr03-3mol%Y;03)z0( Al203)z0.

INTRODUCTION

The truly strong and tough ceramics is one of the most promising materials by which one can realize
various -technologies of next generation that is necessary to solve today’s global problems of energy
consumption and ecological destruction. The approach to the development of structural ceramics as
advanced in a few decades consists of submicron sized particle production, high densification processing,
microstructural controls with stress induced phase transformation, nanocomposite synthesis and grain
boundary modification. and has successfully brought a greatly enhanced strength. However, whether
structural ceramics can provide the reliability on strength and a practical condition for high-strain-rate
superplastic forming is still a critical issue. In order to provide a route to the innovation via
nanocrystalline synthesis in structural ceramics'”, the author has so far obtained a full-density
nanocrystalline ceramics with the average crystallite size less than a few ten nanometers by pulse electric
current consolidation of the amorphous ceramics without sintering additive™*®, and concomitantly
found large microplasticity at ambient temperature'”, high-strength and high toughness'®, and
high-strain rate superplastic flow at low temperatures™, The author here is going to make clear the nature
of the strength and related phenomena inherent to the nanocrystalline structure in ceramics synthesized
via non-equilibrium solid state P/M processing with special attention to their quantitative description.

MODEL NANOMECHANICS

A unique mechanical property of nanocrystalline ceramics such as high strength and low temperature
high-speed superplastic flow basically comes from a quasi-two-phase structure consisting of nanoscale
perfect crystal and intercrystalline amorphous phase. Furthermore, a variety of phenomena related to
strength would appear in nanocrystalline ceramics with metastable phase and nanomultiphase as
synthesized via non-equilibrium P/M processing. There is therefore a need to set up a new approach to
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treat the flow and fracture in nanocrystalline ceramics as produced in the absence of sintering additive
quantitatively. For the amorphous alloy recognized as an ideal plastic solid, the author has previously
proposed a model mechanics study to systematize the actual Tablel. Testing methods, parameters and
newly suggested formula for the strength and its related phenomena of nanocrystalline ceramics as
synthesized via non-equilibrium solid state PM method.

Material parameter

Nano-phenomenon Testing method — Newly suggested formula
Macro. Local
s . . . £ = A(c/DH)'™,
Micro-plasticity Nanoindentation a, Hv, € o, E,n,m m=001dc
Three-point bendi LE - = f(W/h
High strength epol neine o o = k)
G
& toughness
¢ IM method Kic Kic = Bos
High-speed i
Compression 0E,m o.p m = fle' exp(Q/kN]

superplastc flow
IM: indentation-microfracture, o plasticity, ¢: compressibility, DH: dynamic hardness

strength and its related phenomena such as extremely non-homogeneous plastic flow and fracture %",

and in nanocrystalline materials, is in attempt to construct a model nanomechanics by variable and
parameter with a clear physical meaning, in which one can correlate the macroscopic property to
nanostructure parameter. Table 1 summarizes material testing with well-defined parameter and newly
suggested formula for unique phenomena in nanocrystalline ceramics of this study.

MICROPLASTICITY AT AMBIENT TEMPERATURE

Berkovich indentation equipped with depth-sensing and controls of loading and displacement rate, as
is called by nanoindentation, can be used to evaluate the microplasticity at ambient temperature in
nanocrystalline ceramics. Figure 1 shows the specimen surface of fully dense tetragonal
(Zr03-3mol%Y203)s0( Al203)20 with the average crystallite size of approximately 20 nm, as prepared by
pulse electric current consolidation of the ball milled amorphous powder, together with Berkovich indent
and its depth profile under an applied load of 19.8 N. In this case, the nanoindentation accompanies a pile
up at the edge of indent at the corner; its amount is used to obtain a relatively small value of
approximately 0.1 for a strain hardening exponent (n), indicating that nanocrystalline ceramics is a nearly
non-strain hardening solid. Figure 2 shows the depth-load curve for fully dense nanocrystalline
(Zr0O3)30(A1,03)20 specimen under a relatively low loading rate of 14 mN s'. This indentation measures
in real time (i) a smooth elastic-plastic displacement up to dy under loading (ii) a time dependent
displacement under a constant load(d4=d\-d}, d, is the total displacement, and d, is the displacement after
60 s), (iii) a elastic displacement during unloading and (iv) a residual depth (d;). The plasticity (&) is
commonly defined by 100dy/d:, and gives a relatively high value of 60-70 % for nanocrystalline
(Zr02-3mol% Y203)30(Al203)20.
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Figure 1. The fully dense specimen of nanocrystalline tetragonal (ZrO»-3mol%Y203)s0(A1203)20, as
prepared by consolidation of the amorphous powder. with Berkovich indent and its depth profile.
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Flgure 2. The depth-load curve for fully dense nanocrystalline (Zr01-3mol%Y203)m(AJ203)m specimen
in Berkovich nanoindentation under two different loading rates of 70.6 and 7.1 mN s

Evaluate the yield stress (g;) at the room temperature. With the numerical analysis of the finite
element method, Larsson and Giannakopoulos present the relationship between load (P) and depth (d) in
Berkovich indentation'®"

P = 1.273(tan24.7) 26 1 + Gnon/ &3 )( 1 +InEtan24.7°/3 6, )P M

where O is flow stress. Figure 3 shows an analysis of load-depth relation in nanoindentation for the
derivation of the local yield stress in consolidated nanocrystalline (ZrO;)s0(Al203)20. When assuming the
non-strain hardening (d,w=0,) in an nanocrystalline solid, the prediction based on equation (1) gives a
good fit to the experimental result of consolidated ZrO;-20mol%Al,0; with the crystallite size of 13-17
nm, and the local yield stress. &, under constrained compression is deduced at 4.4 GPa: this relatively
small value is acceptable for the level of 800 DPN for the Vickers hardness number (Hv)™. Then, the a,
increases to 4.8 GPa with an increased crystallite size of 24 nm for tetragonal
(Zr03-3mol%Y,0;)s0( AlO3),0 and tends to increase with increasing loading rate as shown in Fig.2. and
s0 is recognized as the parameter of microplasticity in the nanocrystalline ceramics. It can be generally
seen that the hardness decreases, followmg an ultimate increase, with decreasing grain size (d,) in
nanocrystalline ceramics. Refer to the previous proposed model mechanics for nanocrystalline alloy("”
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for a transition of deformation mechanics at the critical crystallite size (d.). The relationship of the form,
G,=0y. {1+V{(Ey/E,-1)}, where &, is the yield stress for the amorphous alloy, Vyis the volume fraction of
the nanocrystallite, Eq and E, is Young's
modulus for nanocrystal and amorphous phase respectively, may be applicable to nanocrystalline
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Figure 3. An analysis of load-depth relation in nanoindentation for the fully dense nanocrystalline
(ZrO1)s0(A1;03)20 specimen as consolidated at 1376 K.

390

Dapth, 4/um

1 (Z10,)go(AL,04)

T2 ) 90
Time, ¢ fs

Figure 4. Time-dependent displacement at ambient temperature under constant load in instrumented
Berkovich indentation method for fully dense nanocrystalline (ZrO;)so( Al203)29 specimen.

ceramics by combining with a greatly decreased ;.. which may be resulted from an increased free
volume of the amorphous intercrystal. While, Hall-Petch equation (6;=6,o+kdy?. 6,0 and k is usual
meaning) is used to describe the & for nanocrystalline ceramics above the d..

Next, provide the phenomenological treatment of a time-dependent displacement under constant load
in Berkovich indentation as shown in Figure 4. The plastic strain rate is defined by

& =0(dgld)/or @

Combining equation (2) with the relation of the form, =P/26.434" for calculation of true stress under
Berkovich indent gives the following equation,

o=As" 3

where m is the strain rate sensitivity exponent. Figure 5 shows the strain rate in Berkovich
nanoindentation versus applied stress for fully dense nanocrystalline (ZrO:)so(Al203)2. The strain rate
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sensitivity exponent is derived at 0.014 for na.nocrystalline (Z102)80( Al:03)20; this small value is in good
agreement with predicted'" and experimental values'® for non-homogeneous flow in the amorphous
alloy. This finding implies that nanocrystalline ceramics undergoes slip deformation under constrained
yielding as well as the case of amorphous ceramics' ', 1t is mterestmg, to note that the microplasticity
related to non-homogeneous non-Newtonian flow gives a rise to various flow events, including the
microforging of nanoparticle, and high densification of amorphous powder compact at low temperatures.
and is conducive to macroscopic ductilization.

5.3
(ZrO2)50(A105)20

log 0/GPa

m=0.014

-4 -3 -2
log £/57"
Figure 5. The strain rate in Berkovich nanoindentation versus applied stress for the fully dense
nanocrystalline (ZrO)so( ALO3),0 specimen.

HIGH STRENGTH AND TOUGHNESS

The strength enhanced via nanocrystalline synthesis in monolithic ceramics is evaluated by
three-point bend testing. The nanocrystalline (ZrO,M3mol%Y20;3)s0(Alz03)20 plate with a sharp edge, as
prepared by mechanical cutting and polishing. shows two fragments in three-point bend testing like a
shearing fracture as shown in Figure 5. While the conventional processed ceramics generally exhibits
scattering into pieces. The fracture stress (6;) in three-point bending is given by

G =3FLRWH® 4

e e i T

llll‘llllllm‘unhn\\t : . /

Figure 5. A large sized bend specimen and a fractured specimen of forged nanocrystalline tetragonal
(Zr02-3mol%Y ,03)z0{ Al1,O3)20.

where F is the applied load at fracture and L is the distance between both fulcrums. The flexural
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strength of monolithic tetragonal (ZrO;-3mol%Y20:)s(ZrO2)20 (d,=40 nm) does not obey the mass
effect as is governed by a weakest link model in a range of the sample volume of this experiment. When
taking the aspect ratio (W/H) of the sample width to height as a dimensional parameter, one can see a
correlation between flexural strength and W/H for both samples of forged and consolidated tetragonal
(Zr02-3mol%Y103)s0( Al203 )20 with de=40 nm, having a peak of 2 GPa at W/Hx=1 as shown in Figure 62,
Therefore, the author tentatively writes this size effect of flexural strength for consolidated nocrystalline
ceramics as follows:

o = F{W/} (5)
3000 T : T T T T T
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Figure 6. Flexural strength versus aspect ratio for the monolithic tetragonal
(Zr0;-3mol%Y,03)50( Aly03)2 specimen with the average crystallite size of 40 nm.

+

Figure 7. Median crack indentation under an applied load of 49 N for as consolidated nanocrystalline
(Z101-3mol%Y03)50(Al,03 )20 specimen with the average crystallite size of 28 nm.

The indentation-microfracture (IM) method is conveniently used to evaluate the fracture toughness
(Kic) for consolidated (ZrO»-3mol%Y»03)s0(Alx03)20 with the crystallite size of 28 nm as shown in
Figure 7. The median crack indentation, where the local plastic flow is a dominating factor for the
resistance against crack extension, provides the following relationship of the form:

Pleg®? = Kio/C(E/HWYN (6)

where C and VN are the constants. Figure 8 shows the load () versus crack length (¢,) for the full-density
sample of nanocrystalline zirconia. For monolithic tetragonal (ZrO;-3mol%Y;0;)s (Al203) avoiding
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the formation of monoclinic phase by adding Y,0;. the Kjc tends to increase with decreasing the
crystallite size, and is enhanced to a high level of 30 MPa m”* via severe compressive forging!'"’. Then,
thus-obtaihed fracture toughness has a proportionality to flexural strength in the case of W/A>2 for forged
and consolidated nanocrystalline (ZrO,-3mol% Y103)s0 (A1203)20 as shown in Figure 9. This dependence
clearly shows the avoidance of a trade off relationship, which sub-micron sized monolithic ceramics
commonly follows, and is so written by

Kic =Bor N

where B is the constant. In other words, the fracture event in three-point bend testing undergoes an
equivalent mechanics underlying median crack extension in IF method for nanocrystalline ceramics.
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Figure 8. The load versus crack length for full-density nanocrystalline ceramics as prepared by
non-equilibrium PM method for the derivation of fracture toughness by IM method.
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Figure 9. Fracture toughness as evaluated via IM method against flexural fracture strength for
nanocrystalline (ZrO,-3mol%Y103)s0 (A1203)3, including a trade off relationship.

Consider a model mechanics of fracture in nanocrystalline ceramics. Refer to the critical tensile

Nanostructured Materials and Nanotechnology Il - 99



Strength and Related Phenomenon of Bulk Nanocrystalline Ceramics

stress criterion (01=K¢;. ot is a local stress at fracture and K is the plastic constraint factor), a
considerably low level of g, of monolithic nanocrystalline ceramics leads to a large amount of
inhomogeneous plastic flow in a small specimen at the tip of notch or crack, up to a level of
microfractural stress increased by the absence of sintering additive, full densification and compressive
forging. Consequently, monolithic nanocrystalline ceramics can exhibit enhancements of flexural
strength and toughness. Moreover, the plastic constraint at the crack tip is a factor to determine an
increase in yield stress at the tip of notch, which leads to a decrease in flexural strength with increasing
aspect ratio in a transition from plane stress and plane strain as shown in Fig.6. Note that the high
strength and toughness brings good machinability in nanocrystalline ceramics as shown in Fig.5.

HIGH-SPEED SUPERPLASTICITY AT LOW TEMPERATURE

The high-speed superplastic flow is evaluated by compression in thermo-mechanical processing
equipped with electric current heating. The cylindrical specimen of monolithic nanocrystalline tetragonal
(ZrO2-3mol%Y20;3)s0(A1203)2 undergoes a continuous free forming up to a relatively high value of
0.75"" for the compressibility () avoiding the formation of macroscopic cracks as shown in Figure 10.
The superplastic flow in bulk nanocrystalline ceramics.

SR RREAREERRAARANARANY
. ol ol

Figure 10. The superplastic formed nanocrystalline (ZrQ,-3mol%Y03)s0( Al,03 ) disk. together with as
consolidated cylindrical samples prior to compression.
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Figure 11. High-speed superplastic flow in compression for nanocrystalline (Zr0:)so(Al;03);0.
This figure includes the case of sub-micron sized 3Y-TZP ceramics'"’ for comparison.

as prepared by non-equilibrium solid state PM method. is semi-empirically expressed by

™ =Ba(Vd,Yexp(-Q/kT) (8)

where B is the pre-exponential term, m is the strain rate sensitivity exponent, p is the inverse grain size
exponent and Q is the apparent activation energy. The nanocrystalline (Zr0O;)go(Al>03)2 (11 nm) shows
high-speed superplastic flow under the applied pressure of 100 MPa having a strain rate more than 1x107
s at 1358 K during heating as shown in Figure 11. Isochronal method reveals that the temperature
necessary for superplastic flow in nanocrystalline (ZrO;)g(Al>03)z is lower than that of sub-micron
sized zirconia (3Y-YZP) ‘¥ by 300-400 K. Then, the isothermal compression in the monolithic
nanocrystalline tetragonal (ZrO;-3mol%Y 203 )s0(A1O1)20 specimen shows a large variation in true strain
rate and true stress at various temperatures without grain growth, which meets the test’s condition of
phenomenological treatment on the basis of equation (8), as shown in Figure 12,
Under the constancy of d, and T, the m here is written by using a relation of the form:

m = ¢loge /tlog o )
A double-logarithm of eqn (8) with the strain rate reduced by the true stress gives

In(e™0) = InB(1/d,Y-Q/kT (10)
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Figure 12. Isothermal compression in nanocrystalline tetragonal (ZrO2-3mol%Y203)s0(A1203)20 in
thermal-mechanical testing equipped with electric current heating.
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Figure 13. Derivation of the strain rate sensitivity exponent for nanocrystalline tetragonal
(Z1r02-3mo1% Y03)s0( Al;03 )29 with the average grain size of 40 nm in isothermal compression.
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Figure 13 shows the relationship between true strain rate and true stress according to equation (10) at
various temperatures of 1440. 1510 and 1590 K for nanocrystalline tetragonal
(Zr03-3mol%Y:03)s0(AL203)z20 with ;=40 nm''”. The m has a range of the value between 0.2 and 0.7,
dependent on strain rate and temperature, showing a non-Newtonian flow. Figure 14 shows

q
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Figure 14. The derivation of the apparent activation energy for superplastic flow in full-density
nanocrystalline tetragonal (ZrO2-3mol%Y,0;)s0( A1203)20.
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Figure 15. The strain rate sensitivity exponent versus £ 6 'exp(Q/kT) for nanocrystalline tetragonal
(Zr0;-3mol%Y 203 )50(AL203)20-

the £/ o versus reciprocal temperature for tetragonal (ZrO;-3mol%Y103)s (Al;03)20 with d,=40 nm.
The slop of straight line in this Arrhenius plot permits to obtain the value of 312 kJ mol™' for the level of
the activation energy under an  electric field for nanocrystalline  tetragonal
(Zr02-3mol%Y103)50( Al203)20. Figure 15 shows the m as a function of the temperature compensated
strain rate £ 0™ 'exp(Q/kT) with the Q of 312 kJ mol!, known as Zener-Hollman parameter (ZH), reduced
by the reciprocal true stress for tetragonal (ZrO,-3mol% Y»0;)ss(Al203)2 as prepared in the absence of
sintering additive. The relationship between the m and & ¢”'exp(Q/kT) is described by the master curve
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as a shift factor. In order to provide a way to a process window and control for the superplastic flow,
thus-obtained dependence here is expressed by

'm = fle & 'exp(Q/kD)] (an

In the case of tetragonal (ZrO;-3mol% Y10;)g (Al;03)20 With d;=40 nm, the m has two constancy of 0.7
and 0.3 for superplastic flow at higher ZH, and the constant value of 0.2 for power law creep at the lowest
ZH respectively. On the other hand, the powder consolidation of cubic (ZrO2)so(Al20:)20,

Figure 16. Full-density nanocrystalline (ZrO;-3mol%Y103)s0(A1203)20 sample with both boss extruded
in thermal mechanical testing equipped with pulse current heating.

SiC and hydroxyapatite{Ca o(PQ4)s(OH)z}!'* with around 10 nm is formulated by Newtonian flow with
m=1 combined with an Arrhenius-type equation of the viscosity. 7=1.exp(H./kT)} as well as the case of
the amorphous phase.

Consider a rate controlling mechanism. For tetragonal (ZrO»-3mol%Y203)so(A103)2 with d,=40
nm above the critical crystallite size, a model of grain switching accommodated by diffusional flow
especially undergoing grain boundary sliding is appropriate, since the grain elongation and growth do not
occur during a low temperature superplastic flow. Now, the ( is about a half value of approximately 600
kJ mol™ for diffusion creep in the ZrOy-Al,0; system and so supports the diffusional flow inside a grain
boundary with a relatively large free volume. Then, it is interesting to compare with a theoretical model
such as solution-precipitation creep in glass ceramics having grain boundary with a thin liquid film. On
the other hand, for the nanocrystalline ceramics having approximately 12 nm below the critical crystallite
size and a large amorphous volume, a core mantle mechanism is thought to be responsible for Newtonian
viscous flow.

Figure 16 shows the full-density nanocrystalline (ZrO»-3mol%Y203)s0 (A1:03)20 disk with the boss at
both side as extruded at a relatively low temperature by using specially designed graphite rod in
thermal-mechanical testing equipped with pulse electric current heating. One looks elsewhere for the
working map for net-shape-forming via superplastic extrusion in nanocrystalline materials''”, The
high-strain-rate superplastic forming can be generalized for nanocrystalline oxide and covalent ceramics
and has the potential for net shape control in widespread applications.
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CONCLUSIONS

This article briefly describes the phenomenology of flow and fracture occurred in nanocrystalline
ceramics, namely with the average grain size below 50 nm, as prepared by pulse electric current
consolidation of the mechanically synthesized amorphous powder. The material testing described here
can be elegantly polished for nanocrystalline ceramics by introducing the progressed analytical methods
of nanoindentation and compression, together with the evaluation by fracture mechanics and plasticity
theory. The research of nanocrystalline ceramics is still growing in various nanoprocessing, includinF the
recent interesting works on nanoscale composites with grain size of around 90 nm at the minimum'"® in
solid state P/M method followed by some researchers. Since now, a model nanomechanics study is so
expected to provide a way of functionalization of nanocrystalline and amorphous ceramics by combining
with high resolution electron microscopy and computer simulation based on molecular dynamics.
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ABSTRACT

The crystalline properties of nanostructured carbon nitride films are analyzed by XRD, SEM,
XPS, EDS and FTIR for semiconductor process applications. The thickness and growth rate of CNy
films with different growth conditions are reported and an empirical model is proposed for the
thickness calculation to find growth conditions. The deposited carbon nitride has B-C3;N4 and
lonsdaleite peaks, uniform nanostructured surface which has grain size of about 50 nm. . The chemical
formula of the deposited carbon nitride film is roughly expressed as CsN4 and C3N.

INTRODUCTION

The first researches of carbon nitride (CN,) were focused only on synthesizing the
stoichiometric -C3Ny phase which was suggested as a new super hard material that might have similar
or superior hardness and bulk modulus of a diamond by Liu and Cohen [1], but most of the researchers
have not found the dream materials. The structure of B-C;N, consists of buckled layers stacked in an
AAA... sequence [2].

The unit cell is hexagonal and contains two formula units (14 atoms) with local order such that
C atoms occupy slightly distorted tetrahedral sites while N atoms sit in nearly planar triply coordinated
sites. This structure can be thought of as a complex network of CNy tetrahedra that are linked at the
corners. The atomic coordination suggests sp’ hybrids on the C atoms and sp” hybrids on the N atoms.
The hexagonal unit cell and the planer coordination of the N sites raise the possibility that this
structure may exhibit anisotropic elastic properties. It is now clear that the production of crystalline B-
C;3Ny has been the goal of much research. There have been many reports of amorphous carbon nitride
films of uncertain composition but there have only been a few observations of crystalline B-C3Ny
produced by reactive sputtering, laser ablation and hot filament CVD [3-5]. The films reported have
been discontinuous with isolated crystals [5] or showing only a few isolated grains in an amorphous
matrix [4] and in most cases high substrate temperatures (600 — 950 °C) were required. According to a
report of R. C. DeVries [6], although over 400 papers have been published on crystalline C;N, by 1997,
no new super hard materials have come out over a decade. One of the most significant problems
degrading the quality of carbon nitride films is existence of N-H and C-H bonds mostly found in low
temperature sputtering systems. The possibility of these reactions with hydroxyl group of carbon
nitride films, caused by a hydrogen attack, was suggested in our previous reports and proved that these
undesired effect could be applied for fabricating semiconductor sensors {7].
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Carbon nitride has several advantages for semiconductor process applications as follows:
1. It could be nanostructured thin film with sub-micron orders.
2. Growth methods for the film, using sputtering or chemical vapor deposition are well developed
and easily applicable to the standard semiconductor process.
3. It has high thermal and chemical stability, meaning a long lifetime and long-term stability and this
can make it possible to apply to harsh conditions.
4. It has good adhesion to silicon wafer, silicon oxide and other substrates.
5. It has good uniformity on the whole substrate and low roughness.
In this paper, the crystalline propérties of nanostructured carbon nitride films are analyzed by
XRD (X-ray diffractometer), SEM (scanning electron microscopy), XPS (X-ray photoelectron
spectroscopy), EDS (energy dispersive X-ray spectrometer) and FTIR (Fourier transform infrared
spectrometer) for semiconductor process applications.

EXPERIMENTAL

The films were deposited by reactive RF magnetron sputtering. The use of a Nd-Fe-B magnet
ensures a very high flux density in between the substrate and target region[6]. A high-purity 99.997%
graphite planar target was mounted at a distance of 6 cm from the substrate and different N»/Ar gas
mixtures were used as the sputtering gases to vary the film compositions. The gas purity was 99.999%
in each case. Prior to deposition, the substrates were cleaned with acetone and methanol in an
ultrasonic bath. All the substrates were cleaned by an RF glow discharge of Ar for 5 min to remove any
residual contaminants. Flow rate ratio of Ny/Ar for film formation was varied with 0/10, 3/7, 5/5, 7/3,
and 10/0. Other deposition conditions of the carbon nitride films were fixed as follows; RF power: 200
W, substrate bias: -60 V (DC), temperature: 200 °C, deposition time: 60 min, working pressure: 5
mTorr (8].

RESULTS AND DISCUSSIONS

Alpha-step profilometer is one of the common methods chosen for the thickness measurement.
To make steps for measurement, test patterns of the films are prepared usually by the lift-off
technique. The thickness and growth rate of CNy films with different growth conditions are reported
and an empirical model of the thickness is included for the thickness calculation to find the growth
conditions for aimed thickness. When we pursuit the growth of crystalline carbon nitride, short
distance between target and substrate, high RF power, and high temperature of the chamber are needed
to produce higher reaction power. However, on the contrary, lower power and longer distance are better
for uniformity of the films and reproducibility. The relationships between the thickness and some
growth conditions will be a fundamental factor of the physical parameter extractions.
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Figure 1. The thickness of CN films as a function of the distance between target and substrate.

Fig. 1 shows the thickness changes as a function of the distance between the target and the
substrate. The two sample of 7:3 (Fig. 1 (a)) and 5:5 (Fig. 5.1 (b)) Na:Ar ratio are prepared with 100
W RF power at 150 ™ chamber temperature for 30 min. The thickness is drop off by inverse square law.
The thickness of the sample (a) and (b) are 1854 M and 1285 7, respectively. The thickness of the
sample with 7:3 Na:Ar ratio is 30 % higher than that of sample with 5:5 Na:Ar ratio. The growth rate
can be calculated as 3708 ~1/hr (sample (a)) and 2570 T/hr (sample (b)). From the result, the imperial
equation can be obtained by the following expression

= X L M
d-12)
where. k is a proportional constant [, m is the growth rate [/min], and T is deposition time [min].
The asymptote is adjusted at 1.2 in the denominator to compensate an error in the real system. For the
sample () in the Fig. 2, the parameters, T = 30 [min], m = 226.46 ["V/min], and k = 30.9105 [™?] are
given. From this relationship, when the distance is given, the thickness of the films can be calculated as
a function of deposition time.

Fig. 2 illustrates the relationship between the thickness of CNy films and deposition time with
condition of annealing at 450 °C for 30 min. The films are deposited at 120 °C with 70 % nitrogen
incorporation. The thickness of the films is proportional to the deposition time from 633 ~ 3565 1 with
a gradient. m = 58.64 [~/min]. After annealing at 450 °C. the thickness decreases by about 40 %.
Growth rates of the films are 0.356  /hr (as-deposited, Fig. 2(a)) and 0.21  /br (anealed at 450 °C,
Fig. 2 (b)), respectively.
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Figure 2. The thickness of CNy films as a function of deposition time: (a) as-deposited and (b) after
annealing at 450 °C for 30 min.

To examine the crystal structure of carbon nitride films, XRD analysis is performed with a
X'Pert APD system (Philips, Netherland) using CuKa radiation (A = 1.54) scanning from 10 to 120°f
20. The sample is prepared on the p-type silicon wafer (100) by reactive RF magnetron sputtering with
160 W RF power for 1 hour 30 min, The ratio of Ny/Ar is fixed at 7:3 and controlled by MFC. Fig. 4
shows the XRD spectra of the as-deposited carbon nitride films with the different DC biases: (a) -90,
(b) -60, and (c) -30 V. All samples in Fig. 3 show B-C;Ns (200) and lonsdaleite (102) peaks, i.e.
32.533°%(PDF 50-1512) and 61.852°(PDF 19-0268), respectively. The strong peak at 69.19°is the Si
(400) peak with d-spacing, 1.3569 . There are no graphite peaks in the films. These results reveal that
the complete chemical reaction is occurred during the film formation. As shown in Fig. 3, as the
absolute value of the DC bias increases from —30 to =90 V, the B-C;N4 (200) peak intensity increases.
However, we do not observe a considerable change in the lonsdaleite (102) peak intensity according to
DC bias. It seems that applied negative bias etches weak bonded C-N sites and increases crystallization.
However, in high negative bias over -120 V, the plasma is very unstable and intermittently, undesirable
arc is occurred on the target.
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Figure 3. XRD patterns of CN, films on silicon wafer at 160 W RF power for 1 hour 30 min with
different DC bias: (a) -90 V, (b) -60 V, and (¢) -30 V.

Fig. 4 shows SEM photographs of the surfaces and the cross-sections of as-deposited CNx
films onto a silicon substrate with 0, 30. 50, and 70% nitrogen incorporation. The RF power is 300 W,
the DC bias is -80 V. the deposition time is 20 min. and the heating temperature is 150 °C, respectively.
As shown in Fig. 4, the deposited films with over 10% nitrogen incorporation have small grains with a
hexagonal structure. Fig. 4(c) in case of 70% nitrogen shows the biggest grain size ca. 50 nm. The
cross-sections of the films show a clear border between CNx films and Si-wafer. and the thickness of
deposited films with 70% nitrogen is about 346 nm. When the nitrogen incorporation is 70%. growth
rate is highest and grain size is biggest. Even though the factors of RF power, negative DC bias, and
chamber temperature increase the crystallization of films, weak C-N bond in CNx film is needed for
semiconductor processes. The deposition conditions of low power. no DC bias. and low chamber
temperature are adopted intentionally to increase weak C-N bonding site and to avoid the damage of
photo resist due to a high sputtering energy. Over 70% nitrogen sputtering gas ratio, growth rate is
rather decreased.
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Figure 4. SEM photographs of cross-section and surface of CNx films as different N, ratios: (a) N> 0 %,
(b) N2 10 %, (c) N2 50 % and (d) N2 70 %.
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Figure 5. The X-ray photoelectron spectrum of C 1s(a) and N 1s(b) electrons of CN, films.

Fig. 5 shows the XPS spectrum of C Is and N 1s electrons of CN, films as a function of
nitrogen ratio (N2/(Ny+Ar)). The films are deposited with 200 W RF power at 200 °C for 1 hour.
According to the magnified peaks of C 1s and N 1s in Fig. 5, the C 1s peaks are shifted to the right
about 2 eV from the 3-C;Ny peak, 286.2 eV and 286.8 eV. However, the N 1s peaks are very close to
B-CiNy peaks, 398.6 ¢V and 398.6 eV. It can be considered that the deposited films are rich in C-C
bond but the theoretical B-C3N; film is not. Atomic concentrations of C and N can be calculated from
the area of the XPS data in Fig. 5. When the nitrogen ratios are 30, 50 and 70 %. the nitrogen
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incorporations are 34.3. 31.4 and 32.7 %, respectively. The chemical formula can be expressed roughly
as CoN or CsN;. From these results, it can be suggested that the film is amorphous carbon-rich phase
with a partial -C;N, phase.

The composition ratio of deposited films is investigated by EDS which measures deeper
surface than XPS or AES. The films are deposited with 200 W RF power at 200 °C for 1 hour. Fig. 6
shows the normalized EDS peaks of the samples and the composition ratio that is extracted from the
result. The highest value and lowest value of carbon/nitrogen ratio in CNx films are 64.93/4.7 at 0% N,
sputtering gas ratio and 51.97/36.11 at 50% N, sputtering gas ratio, respectively. When the chemical
formula is represented as C;«Ny, the range of x is 0.25 to 0.36. Therefore, it can be roughly expressed
as CsNy and C3N. These results are similar to the XPS and AES results (roughly C;N). The detail of
component is shown in table 1. As the N, sputtering gas ratio increases, nitrogen incorporation in the
film also increases under the condition that the nitrogen gas ratio is lower than 50%. However, when
N, ratio is higher than 50%, the nitrogen incorporation of the film is even decreased. This is probably
due to increased sputtering rate of C species from the target as the steady state N concentration
increases on the target surface. Energetic or neutral Ar species probably enhance the mobility of
nitrogen species and increase N sticking at the growth surface. There is indeed an effect of Ar mixture
on the nitrogen incorporation in the film. When Ny/Ar ratio is 30 ~ 50%. sputtering rate of carbon and
nitrogen sticking effect are maximum at the growth surface. If Ar increases further in the sputtering
gas mixture, two things can happen, (1) the sputtering rate of carbon increases with respect to ionized
nitrogen species, thus the film contains less nitrogen; (2) chemically enhanced preferential sputtering
of nitrogen from the film surface can occur by the energetic Ar species. Increase in Ar gas in the
sputter gas mixture may also disrupt the film structure. The momentum of the Ar’ ions is higher than
that of either N;* or N* ions, and then the increased momentum transfer into the growing film causes
disruption of the bonding structure of the fiim producing amorphous material. We can find that if N,
increases more than 70% in the sputtering gas mixture, sputtering yield and N sticking effect are
decreased due to deficiency of energetic Ar species. It can be seen that with higher than 70% N,
sputtered film, nitrogen incorporation is lower than the 50% N; gas sputtered film. A small amount of
oxygen (less than 6.23 atomic%) is due to contamination from the chamber wall, and Si peak is caused
by the silicon wafer substrate.

Table 1. The atomic ratio of CN, films by EDS.

N ratio (%)

30 50 70 100
Element
C 64.93 55.14 51.97 71.68 69.41
N 4.7 31.59 36.11 23.63 24.44
(6] 2.64 4.60 6.23 3.67 4.81
Si 259 8.66 5.69 1.03 1.34
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Figure 6. Normalized EDS spectrum of CN, films with different N, ratio.

Fig. 7 shows the substrate affection on the chemical bonding state of CNy films. The films
grown on alumina and silicon nitride have relatively strong crystalline structure because the hexagonal
structure of alumina and zinc blende structure of silicon nitride serve as a seed of the crystallization
and increase the D/G ratio. Silicon nitride also have strong absorbtion peaks of around 3300 cm’
attributed to >N-H and -NH,. It is because that the nitrogen radical in the silicon nitride help increase
of the nitrogen site of the films providing hydrogen bonds.

To find the influence of the water vapor adsorption, two samples were prepared. The
humidified CNy film put in the chamber over 90 %RH for 24 hour and the dried sample put in the
dehydrated chamber by N purge for 24 hour. The spectrum of humidified CNy films (Fig. 8 (a)) and
the spectrum of the dried CN, films (Fig. 8 (b)) have both Si-N (940 cm™), D (1270-1410 cm™). G
(1520-1590 em™"), C=N (1600-1700 cm"). C=N (2200 cm’), nitrile group (2367 cm™") and C-H (2970
em’™"). However. some peaks. such as =C-H (3300 em™"), -OH ( 3400 em™), >N-H and -NH, (3200 -
3380 cm']) and H,0O (3500 cm"). are dominant in the humidified CN¢ films, and are remarkably
reduced in dried CNy films. It demonstrates that CN, film reacts easily with hydrogen and/or hydroxyl
group. We can see the peak shift due to the water vapor adsorption. The spectrum of Si substrate (Fig.
8 (¢)) is for reference.
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Figure 7. FTIR spectra of CNy films on different substrate.
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Figure 8. FTIR spectra of (a) humidified CN film. (b) dried CN. film, and (c) Si substrate.

CONCLUSIONS

Carbon nitride has several advantages that could be nanostructured thin film with sub-micron
orders and easily applicable to the standard semiconductor process. The physical and chemical
properties of nanostructured carbon nitride films were analyzed by XRD, SEM, XPS, EDS and FTIR.
From the proposed imperial model, when the distance is given, the thickness of the films can be
calculated as a function of deposition time. The deposited films show B-C3;N, and lonsdaleite peaks in
XRD, and completely chemical reaction is occurred during the film formation due to no graphite peaks
in the films. We can find that the hydrogen attack in carbon nitride film could easily break or change
the C=N and C=N bonds to form C-H and N-H bonds from FTIR.
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ABSTRACT

This research is based on our previous work of applying Ni nanolayer onto the B,C particle
surfaces by an electroless coating technique. The effects of different chemicals used in the electroless
coating were studied (the amounts of the activation agent (PdCl,), and the complexing agent (C;H;zN>),
and the addition rate of the reducing agent (NaBHy)). SEM and XPS are employed to characterize the
coated B4C surfaces. The Ni-B nanolayer formation is strongly dependent on the activation sites and
the rate that Ni” can be reduced. Fundamental Ni-B coating processes and morphological changes on
the B4C particle surfaces are analyzed. Combustion driven compaction is used to produce high density
B4C compacts from Ni-B nanolayer coated B4C particles.

. INTRODUCTION

B4C is an important non-metallic hard material (Vickers hardness 2900-3900 kg/mml) with a
high melting point (2450°C). B4C’s unique properties such as its hardness. good chemical resistance,
Tow density (2.52 g/cm3 ). and neutron absorption properties make B4C an important material in a
variety of technical applications. These include the machining of diamond tools, the creation of hot-
pressed shot blast nozzles, ceramic tooling dies. armors, and shielding, control rod, and shut down
pellets in nuclear power plants.

Despite these atiractive properties, it is difficult to process B4C because achieving high density
B4C components has been a challenge. B4C particles are extremely hard and do not deform under
typical compaction pressure. This is especially true if the surface of the particles is not smooth and the
particles are not regular in shape. Under these circumstances, it will be fairly difficult for the particles
to move with respect to each other and rearrange under the compacting pressure. Also, because of the
high melting point (2450°C) and the low boron and carbon diffusion mobility (a consequence of the
covalent bonding). it is difficult to sinter B4C. Pure B4C cannot be sintered to densities higher than 75-
80% of the theoretical density even at temperatures higher than 2300°C. All these factors make B,C
processing inefficient and expensive.

In otder to make the realistically possible density closer to the theoretical density, there has
been a persistent effort in using additives to facilitate the compaction and sintering processes of B4C.
The most typical approach is to mix B4C with some low melting materials such as Al or Ni to achieve
densification.' Also additives such as TiB; ?* and TiO; * etc. have been added into the B,C matrix in
the pressureless sintering of B4C. Although some researchers have taken this approach. this is not
always a feasible solution for a mechanically demanding application because the second phase formed
always degrades the mechanical performance.
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In this context, if a thin metallic layer can be incorporated onto the B4C particle surfaces, it
should greatly facilitate the rearrangement of the B4C particles during compaction and the B4C species
diffusion during sintering. When the amount of the metallic layer is controlled at a very low level and
distributed homogeneously in the B,C matrix, it should introduce new functionalities such as electrical
conductivity and magnetism without considerable performance degradation. This makes B,C suitable
for more applications. Electroless coating is a very promising technique to provide such a metallic
layer on the B4C particle surfaces. Nickel electroless coating has been widely studied because of its
unique properties such as good ductility, lubricity, and excellent electrical properties. If metallic nickel
can be incorporated into BsC using an electroless coating technique, a uniform thin layer should then
form on the B;C surfaces. This coating is not only going to improve the processability of B4C, but also
create greater functionality. Electroless nickel coating is being increasingly used to coat metallic layers
onto particles, fibers, or even tubes. For examp]e, nickel has been coated onto carbon fibers and SiC
particles by an electroless coating technique.®® Although hypophosphate-reduced nickel coating has
received widespread acceptance, attention has shifted towards borohydride-reduced nickel deposits in
recent years. Apart from the umtormny, electroless nickel-boron coating can produce extremely hard
deposition of nickel boride, which in turn provides incredible wear and abrasion resistance. 7 The
presence of Ni-B coating is expected to benefit the B4C sintering in this work since it not only contains
a low-melting material, but also possesses great mechanical properties and won't compromise the bulk
B4C mechanical properties very much. Sodium borohydride (NaBHs) is one of the most powerful
reducing agents for electroless nickel boron coating and is chosen for the reducing agent in this work

In our prior work, we studied electroless coating of Ni-B nanolayer onto B,C pamcles Using
NiSOs as a Ni** source, SnCl, as a sensitizing agent, PdC]; as an activation agent, CoHsN: as a
complexing agent, and NaBH, as a reducing agent, Ni-B nanolayers of different thvcknesseﬁ were
successfully coated onto ByC particles. The Ni-B coating thickness can be adjusted by the Ni*":B4C
molar ratio. In this study, factors that influence the Ni-B nanolayer are investigated. The
morphological and chemical compositional differences under different conditions are discussed. Also,
primary results on forming high density compacts using the combustion driven compaction technique
will be presented.

2. EXPERIMENTAL PROCEDURE

B,C particle size distribution before and after separation are shown in Figure 1.The particle size
of B4C particles (H. C. Starck, Inc., Newton, MA) was measured using a laser light scattering analyzer
(Horiba, LA-700. Irvine, CA). The particle size distribution of the as-received particles was bimodal
as shown in Figure 1 (a). Therefore centrifugal experiments are necessary to obtain monodispersed
particles. A centrifugal technique has been proven to be effective to separate B4C particles. As shown
in Figure 1 (b), the tiny sized B4C particles are successfully removed. B4C particles used in this work
have a unimodal distribution with the peak value of 2.27 um.
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Figure 1. B4C particle size distribution, (a) before separation, (b) after separation.
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Figure 2 shows the experimental procedure of electroless nickel coating onto B4C particles.
Before the electroless coating, the B4C particles were sensitized using SnCl; and activated using PdCl,.
The surface sensitization was carried out by adding B4C particles into a SnCl;-2H;0 (> 98%, Fisher
Scientific, Fair Lawn, NJ) and HCl (36~38%, EMD, Gibbstown, NJ) solution (.07 M SnCl,-2H;0, 40
ml/L HCI). The suspension was sonicated for 5 min followed by magnetic stirring for another 5 min at
room temperature. The Sn** sensitized B4C particles were thoroughly washed with de-ionized water
and transferred to a PdCl; (> 99%, Fisher Scientific, Fair Lawn, NJ) and HCI solution (0.0042 M PdCl,,
40 mVL HC)) for activation. After mixing at room temperature for another 10 min in the same way as
that in the sensitizing step, the activated B4C particles were again thoroughly washed with de-ionized
water and then introduced into the electroless coating bath. NiSO4-6H,0 (99.0%, Fisher Scientific, Fair
Lawn, NJ) was used as the Ni?* source, which was complexed prior to pH adjustment. The complexing
agent used in this work was ethylenediamine (C;HgN,, Fisher Scientific, Fair Lawn, NJ).

L 8c ]

| SnCi+HCL, mixing, 10 min |

Reducing agent

Sensitization NaBH,
I Washing —l Coating
Complexed NiSO,
[PACT+HCT, mixing, 10 min | T=85°§i':::;'3"4~
Activation
| Was’hing | Washing and drying I

Figure 2. Flow chart of the electroless nickel coating onto separated B4C particles.

The electroless coating temperature was kept at 85£2°C. The pH value of the coating bath was
adjusted between 12 and 14 with 10 M sodium hydroxide (Fisher Scientific, Fair Lawn, NJ). Unlike
the conventional electroless plating in which the reducing agent was one ingredient of the plating
solution, in this work the reducing agent NaBH, (Fisher Scientific, Fair Lawn, NJ) was added into the
coating bath drop-wise. As mentioned in the introduction, the effect of different factors on the
nanolayer coating was studied. These factors include the amount of PdCl; with respect to the amount
of B4C in the activation step, the amount of complexing agent with respect to the amount of nickel, and
the rate that NaBH, is added into the coating bath. The conditions studied are summarized in Table I.

Table 1. Conditions Studied in Electroless Coating Procedure*

Chemical composition (molar ratio) NaBH, addition rate
B4C:Sn™ | B4,C:Pd** | Ni:C;HsN, | Ni:NaBH, | Ni:B,C
All at one time
1:0.04
1:0.01 1:4.5 10 drops/min
1:0.001 )
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A field emission SEM equipped with an EDS (LEO 1550, Carl Zeiss Microlmaging, Inc,
Thormwood, NY) was used to characterize the surface morphology of the Ni-B nanolayers. XPS
(Perkin Elmer 5400, Minneapolis, MN) was employed to characterize the composition of the Ni-B
nanolayers.

Combustion driven compaction of Ni-B nanolayer coated B4C particles was conducted at Utron,
Inc. A compaction pressure of 2.63 GPa was applied. The sample diameter was 25.4 mm and the
thickness was 1.4 mm. The strength of the green samples was evaluated using equibiaxial flexural
strength testing. The apparent density of the samples was determined by measuring the weight and
volume of the compacts.

3. RESULTS AND DISCUSSIONS

3.1. Activation Agent Effect

Activation agent PdCl, functions in the following way. Pd** oxidizes Sn™ to Sn** and coverts
itself into Pd® on the B,C surfaces during the activation step. Pd” atoms act as catalytic centers in the
initial stage of the electroless coating of the B,4C particle surfaces. The reduced Ni atoms then act as
the autocatalytic centers for further Ni** reduction. Based on the atomic radius of Pd” and the specific
surface area of BsC particles, each Pd® will cover about 10°"'° m” surface area of B4C particles. For a
monolayer Pd” surface coverage on B.C particles. this corresponds to a BsC:Pd** molar ratio of 1:0.01.
Qur.prior result of 1:0.04 B4C:Pd** ratio indicated that Pd%* is excessive, consistent with the study by
Brandow et af. To evaluate the B4C:Pd*” ratio effect on the Ni-B nanolayer morphology. the BsC:Pd**
molar ratio of 1:0.04, 1:0.01, 1:0.005, and 1:0.001 are studied at Ni:C;HyN; ratio of 1:6 and NaHB,
addition rate of 10 drops/min.

Figure 3 presents SEM images of the bare and coated B4C surfaces activated using different
PdCl; amounts. First by comparing Figure 3 (a) with other images in Figure 3, the comparison clearly
shows that a layer with mesh structure has been successfully coated onto the B4C particle surfaces
uniformly. Further examination of Figure 3 tells that, when the B4C:Pd** molar ratio is 1:0.04, a rough
coating layer with large Ni-B nodules (bright spots) is observed. When the B,C:Pd>" ratio is decreased
to 1:0.01 (Pd*’ monolayer coverage on the B4C surfaces), the coating roughness remains almost the
same. The mesh-like nanostructures among the Ni-B nodules can be easily seen. This means high
PdCl; amount can over-activate the B4C particle surfaces and cause the Ni-B nanolayer to grow too
fast. Also, ideal Pd’ monolayer packing may not be possible and some Pd’ atoms likely exist as
clusters at certain locations. The Ni-B nodules will thus quickly form at the concentrated Pd? locations.
initiating the formation of larger sized nodules. When the electroless coating process continues under
such condition. particles will form on the to-be-coated surfaces, as seen in many studies reported. > ©
Also, this result is close to Brandow et al.’s work in which a Pd° surface coverage of as low as 20% is
declared to be enough to initiate complete and homogenous coating.” When the B,C:Pd** molar ratio is
decreased to 1:0.005, dense Ni-B coating is obtained and the Ni-B nodule size decreases substantially.
This means that fewer activation sites on the B,C particles are more conducive for the Ni-B nanolayer
growth while suppressing excessive Ni-B nodule growth. For the studied B4C particles, the Pd°
concentration on the particles should be half of the Pd” monolayer surface coverage. When the
B4C:Pd** molar ratio is further decreased to 1:0.001, the Ni-B nanolayer becomes rough again and the
size of the Ni-B nodules increases, even though still much smaller than those of the first two B,C:Pd**
ratios. This surface roughening is likely because the diffusion distance needed for the newly reduced
Ni to reach the growing nanolayer edge is too long. For uniform and dense Ni-B nanolayer coating. a
B,C:Pd** ratio of 1:0.005 proves to be the optimal activation condition.
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(d (e)
Figure 3. SEM images of (a) bare BsC surface, and Ni-B nanolayers coated B4C particle surfaces
activated with a different molar ratio of B;C:Pd**: (b) 1:0.04, (¢) 1:0.01. (d) 1:0.005, and (e) 1:0.001.

The difference in the Ni-B nanolayer morphologies shows that there is an optimal PdCI,
amount in order to achieve the desired nanolayer and avoid particle formation in the coating. Pd’
concentration affects the Ni-B growth initiation sites, the Ni-B deposition rate, and subsequently the
Ni-B nanolayer morphology. When too much PdCl; is used for B4C surface activation. Ni and B will
attach to the B4C surfaces at a high rate. However, the nanolayer growth mode requires the Ni and B
species to diffuse to the fresh layer edge. Since some Ni and B will not have enough time to diffuse
long distance and attach to the growing layer edge before the arrival of the more reduced species, these
diffusing species will adsorb on the top of the previousty deposited Ni-B layer. This leads to island-
like nodule growth, as seen in Figure 3.
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Figure 4 shows the XPS spectra of the original, and Ni-B nanolayer coated B4+C particles.
activated using different amount of the activation agent PdCl,. The peak rising at around 187 eV
represents the B-C bond, while the peak at around 191 eV represents the B-O bond. In the original B,C
only the B-C bond is detected. While in the spectra of all coated samples, the B-O peak dominates the
XPS spectra. As discussed before, B,O; forms during the Ni-B nanolayer formation process. * The
existence of B-O peaks means that the B4C particles are mostly covered with Ni-B nanolayers. The
difference amony the coated samples is mainly on the B-C peak. When the B,C:Pd?" ratio is 1:0.005,
the intensity of B-C peak is the lowest A very weak B-C bond from the B4C particle surfaces is
detected. This means a 1:0.005 B,C: Pd“ ratio offers the best Ni-B nanolayer surface coverage of B4C
particles. At the other three B,C:Pd*" ratios, the B-C bond can be easily detected, likely due to the
uneven Ni-B nanolayer on the B4C particle surfaces, with some locations being thinner and some
locations being thicker than the X-ray penetration depth. This observation confirms that the B,C:Pd**
ratio of 1:0.005 is the optimal PdCl; content for the B4C particle surface activation.
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Figure 4. XPS spectra of the original and Ni-B nanolayer coated B4C particles
activated using different PdCl; amounts.

3.2. Complexing Agent Effect

As discussed in our prior work the reducing agent NaBH, will only be effectively functioning
under a highly alkaline condmon However. when NiSO46H,O is dissolved directly into highly
alkaline aqueous solution, Ni¥* will be released from its water complexed state and form nickel
hydroxide sediment, which would make it impossible for the electroless coating to happen. To avoid
nickel hydroxide formation, Ni** must be complexed with a strong complexing agent before the system
is adjusted to the high pH condition. According to the complexing mechanism, a 1:3 theoretical molar
ratio of Ni** CszNz is required to obtain a stable nickel complex. However. our experiments have
shown that the Ni**:C,HsN; ratio of {:3 cannot maintain stable complexed Ni?* ions. More C2HsN> is
needed than shown in the above ratio. In this work, the Ni*":C,HgN, molar ratios of 1:4.5, 1:6, and 1:9
are studied i in order to evaluate the effect of the complexmg agent C;HsN; on the nanolayer coating.
The B4C:Pd*" ratio is 0.04 and the NaBH, addition rate is 10 drops/min.

Figure 5 presents SEM images of the original and coated B4C particles using dlf‘ferem amounts
of complexing agent. Comparing the original and the coated surfaces, when the Ni?*:CoHgN; ratio is
1:4.5, a mesh structured layer covers the B4C particle surfaces and a high number of Ni-B nodules can
be observed. When the Ni2+:CzHgNz ratio is 1:6, the mesh structured layer covers the B4C particle
surfaces with smaller sized Ni-B nodules. When the Ni**:C;HN; ratio is 1:9, the B,C particle surface
is smooth and the sharp edges of the B4C particles can be observed. The particle surface is very
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similar to the bare B4C surface, and the mesh structure is not visible anymore. This observation implies
that increased Ni%* stability and gradual Ni** release due to stronger complexing from C,HgN, is
beneficial for more uniform Ni-B nanolayer growth. However, when Ni®* is complexed too strongly
with the CyHgN, (1:9 ratio), the release of Ni** ions into the electroless coating bath can be
substantially hindered and the Ni-B nanolayer formation rate becomes very slow, even though the
chemical ratios of the electroless coating reaction remain the same.

(c) (d)
Figure 5. SEM images of the original (a) and coated B4C particles
using different Ni:C,HgN; ratio: (b) 1:4.5. (c) 1:6, and (d) 1:9.

In order to further examine the surface chemistry, XPS was carried out. To achieve a better
visual effect the spectra are separated on the plot. As shown in the right plot of Figure 6. when the
Ni2+ZC2HgN2 ratio is 1:4.5 and 1:6, both B-C bond and B-O bond are detected. This means the Ni-B
nanolayer is present but non-uniform on the B,C particle surfaces. Some areas have less than a 5 nm
thickness (XPS penetration limit) and can be penetrated by the X-ray during the XPS analysis. A closer
look reveals that when the Ni**:CaHgN ratio is 1:6, the B-C peak is very low with respect to the B-O
peak. especially when compared to a 1:4.5 ratio in which case the intensity of the B-C peak is stronger
than that of the B-O peak. This means the Ni-B nanolayer coverage on the B,C particles is much
improved with the 1:6 ratio. When the Ni*":C;HsN; ratio is 1:9, however, the strong B-C peak re-
appears, and it is the only peak presenting in the spectra, similar to that of pure B,C. as seen in the left
plot of Figure 6. This means the Ni-B coating is either non-uniform or too thin and the XPS analysis
detects the B-C bonds from the B4C particles. Combined with Figure §, it can be concluded that using
less amounts of complexing agent facilitates the formation of the Ni-B coating on the B4C particle
surfaces. Using excess complexing agent lowers the Ni’* release rate to the electroless coating bath and
results in very thin Ni-B nanolayer formation. Even though it is difficult to form stable and complexed
Ni%* with too little complexing agent. too much complexing agent is also undesirable since it adversely
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affects Ni** availability for the Ni-B nanolayer formation. A balance needs to be achieved between the
Ni-B nanolayer morphology and thickness. According to the above discussions, the Ni*":C;H;N; ratio
of 1:6 is preferred when both SEM and XPS results are considered.
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Figure 6. XPS spectra the original and coated B4C particles using different Ni:C,HgNj; ratios.

3.3. Reducing Agent Addition Rate Effect

As mentioned at the beginning, the reducing agent was added finally instead of being mixed
with all other components composing the electroless plating solution before the to-be-coated substrate
is introduced. As a result, the reduction takes place in a way that the reducing rate is strictly controlled
by how the reducing agent is introduced into the system. Since the electroless coating is in fact a
chemical reduction procedure. the reducing agent plays a crucial role in the final step. The reducing
reaction will ‘compete with the complexing effect from C,HsNa. As discussed above, the amount of
complexing agent affects the coating quality. In other words. the nanolayer formation is strongly
dependent on the rate that Ni** can be reduced.

Figure 7 displays SEM images of the bare and Ni-B coated B,C particles with different NaBH,
addition rates. Different NaBH4 addition rates used are 1 drop/min, 10 drops/min, and all at one time.
The B(C:Pd** ratio is 1:0.04 and the Ni:C;HgN, ratio is 1:6. As shown in Figure 7 (b), when all the
NaBH, is added into the electroless coating bath at one time, the Ni-B layer forms at a fast rate and
acts as a ‘glue’ to agglomerate the B4C particles. Due to the high rate of the reduction and the
formation of Ni-B. multiple B4C particles are encapsulated into a flaky cluster but some of the BsC
particles inside the cluster are not coated with the Ni-B nanolayer. Figure 7 (c) demonstrates that when
the NaBHj, is added with a rate of 10 drops/min, a better defined Ni-B layer forms on the B4C particle
surfaces and the glue-like morphology disappears. Finally, when the NaBH, is added with a rate of 1
drop/min, a thin and uniform Ni-B layer can be observed, as seen in Figure 7 (d).

~ e :
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() @
Figure 7. SEM images of (a) the original and coated BsC particles with different NaBH, addition rate:
(b) all at one time. (c) 10 drops/min. and (d) 1 drop/min.

XPS spectra of samples obtained when different NaBH, addition rates are presented in Figure 8.
When all the NaBH, is added at one time, the B-O peak dominates the XPS spectra with a small B-C
peak. This implies the B4C particle surfaces are mostly covered with the Ni-B nanolayer, but some
locations might have a very thin Ni-B layer, resulting in the X-ray penetrating this thin layer and the
original B4C surface being detected. Also, the B-C peak might come from the uncoated but exposed
B,C surfaces. When NaBH; is added at 10 drops/min, the intensity of the B-O peak increases and the
intensity of the B-C peak is low. This means a slower NaBH, addition rate is beneficial for improved
Ni-B nanolayer surface coverage. More Ni and B are deposited on the B4C particle surfaces. When
NaBH, is added at 1 drop/min. the B-O peak is still present but the B-C peak dominates the XPS
spectra. This is likely because the Ni-B nanolayer is too thin and X-ray penetrates through the thin
layer easily, as reflected by the smooth surface shown in Figure 7 (d).
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Figure 8. XPS spectra of the Ni-B coated samples when NaBH, is added with different rate.

Figure 9 shows the atomic ratio between boron in the B-O bond and nickel in the Ni-B
nanolayer when NaBHj is added at different rates. The reason that only boron in the B-O bond is
considered is that it has been confirmed by our XPS data that the B-O bond is detected only on the
coated sample surfaces. Hence, the B-C bond detected is contributed by the original B4C particle. The
B:Ni atomic ratio decreases with the decreasing NaBH, addition rate. The explanation is as follows.
NaBHj is not only acting as the reducing agent, it will also decompose at the same time. If it is added
in a very small amount that is much less compared to the amount of Ni*" jons in the system, it will
readily react with Ni**. However. if NaBH, is added at a fast rate, some molecules will decompose.
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Since we are using more NaBH, than necessary to completely reduce Ni** and achieve a coating
thickness as close to the targeted value as possible, it is not hard to understand that there is more boron
in the case where NaBH, is added at a faster rate.

032

[\ o=
Al 3t one time 10 drops 1drop
NaBiH, addition rate

Figure 9. Chemical composition of Ni-B nanolayer when NaBH, is added with different rate.

After considering the effects of the activation agent PdCl,, the complexing agent C;HyN,. and the
reducing agent NaBH, addition rate, electroless coating was carried out combining the optimal values
of these factors. SEM images of the resulting B,C surface and the cross section are shown in Figure 10.
A uniform and well defined Ni-B nanolayer is obtained with all three conditions optimized. The mesh-
like nanostructures among the uniform and small Ni-B nodules can be seen in the left image of Figure
10. In the right image of Figure 10 it can be seen that the bright Ni-B nanolayers are distributed all
around the B,C particle surfaces. The coating looks uniform and integrated. This means Ni-B coverage
on the B4C particles is complete.

Figure 10. SEM images of the coated B,4C surface and cross section
obtained using optimized coating condition.

3.4. Combustion Driven Compaction

Combustion driven compaction (CDC) is a unique technique developed by Utron, Inc. for
forming particulate components.'® !' Different from all other compaction techniques, combustion
driven compaction presses powders through the use of high pressure generated by combusting a gas
mixture with a simple set up not requiring a large area. A schematic of CDC set-up is shown in Figure
11 (left) and the schematic of the compaction chamber is shown too (Figure 11, right). During the
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compaction cycle, the chamber is filled with a mixture of natural gas and air. As the chamber is being
filled the ram is able to move down, pre-compressing and removing entrapped air from the powder.
When the sealed gas mixture is ignited, the pressure in the chamber will rise dramatically in a very
short period of time which is normally in the order of milliseconds. At the same time, the ram will be
pushed down to the powder at an extremely high speed, realizing the compaction.

—_— - s K re
| l/_ Ram

-_\}':*.-f"'-!i _ Die

L

Figure 11. Combustion driven compaction setup (left) and the compaction chamber schematic (right).

Figure 12 shows a typical CDC load cycle and the corresponding microstructure evolution of the
compressed powder. During this cycle, a high pressure >3 GPa can be achieved during a very short
period of time (less than 200 ms). Also, from Figure 12, it is apparent that the pressure release is
relatively slow compared to the compaction (>750 ms vs. <200 ms), which will effectively reduce the
localized stress and the resulting defects.

—
L X )

1 )
°

o. .‘02 . il
Sa0p® |

Fresaus (MPa)

'

i Couted Bat Particles

Figure 12. Compaction process of Ni-B nanolayer coated B,4C.

In this work, B4C/Ni-B particles have been compacted with 2.63 GPa peak pressure. The Ni nanolayer
is predicted to act as a lubricant to reduce interparticle frictional force and facilitate B4C particle
sliding and densification. The combination of >2 GPa compaction pressure and the lubricating Ni layer
produces a unique opportunity for highly effective B4C/Ni particle densification. After the combustion
driven compaction, it has been observed that a continuous Ni-B network forms in the B4C compact.
The uniform distribution of the Ni-B nanolayer holds the B4C particles together strongly and prevents
defect formation while allowing stress release, which makes it especially attractive when making parts
that have to endure many handling processes before being sintered.

Figure 13 shows pictures of compacts obtained from combustion driven compaction.
Equibiaxial flexural strength test was carried out to evaluate the compacts. The average green strength
is 6.87 MPa. This is very high compared to the conventional B4C compacts, which can break fairly
easily. Also, the green density of the Ni-B nanolayer coated B4C particles is higher, at ~75% density,
in comparison to 68% density achieved under conventional compaction conditions."
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Figure 13. Compacts obtained from combustion driven compaction of
Ni-B nanolayer coated B,C particles.

4. CONCLUSIONS

The effects of the activation agent (PdCl;) amount, the complexing agent (C,HsgN,) amount, and
the reducing agent (NaBH,) addition rates on the electroless Ni coating of micron-sized B4C particles
are studied. An optimal condition of each factor is determined utilizing SEM and XPS techniques. The
complexing agent C,HyN; improves the Ni-B nanolayer morphology but lowers its growth rate. The
reducing agent NaBH, addition rate affects the nanolayer thickness and composition. When the
optimal combination is used in the electroless coating, the resulting B;C particle is surrounded by a
uniform and continuous mesh-structured layer. XPS also reveals that boron is incorporated into the
coating in the form of boron oxide. Using the combustion driven compaction technique. compacts with
~75% density are obtained from Ni-B nanolayer coated B4C particles. The green samples show high
equibiaxial flexural strength.
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ABSTRACT

Carbon/carbon composites were developed with carbon nanotubes as reinforcements and
mesophase pitch as matrix precursor. The composites were carbonized at 1000°C and graphitized at
2400°C. Microstructure of these composites has been studied after each heat treatment using XRD,
Scanning Electron Microscope (SEM), Raman Microscope and polarized light optical microscope. The
composites were also studied for thermal conductivity measurement. The microstructure of pitch based
carbon matrix was found to change from anisotropic to isotropic structure with addition of carbon
nanotubes but the thermal conductivity of the reinforced composites is not found to change much
mainly due to the presence of high thermal conductivity of nanotubes.

1. INTRODUCTION

Carbon nanotubes filled carbon matrix composites with unique combination of physical,
mechanical and electrical properties of carbon nanotubes and carbon matrix are expected to be best
candidate materiat for thermal management application'2, This is required a lot of basic studies to be
performed on the properties of carbon nanotubes, their bonding with the matrix systems and translation
of nanotubes properties to the composites. However, very little is published on effect of nano fillers on
microstructure of mesophase pitch based carbon/carbon composites and their composites®®. The
objective of this research work was to study dispersion of multiwall carbon nanotubes in the pitch
based matrix precursors. The microstructure of pitch based carbon matrix and their influence on the
thrmal conductivity of ultimate carbon-carbon composites.

2. EXPERIMENTAL

2.1. Materials Used

Multiwall carbon nanotubes of 20-60nm diameter and 85- 100 micron in length were used as
reinforcement material. These nanotubes were synthesized on flat quartz substrate by decomposition of
ferrocene-xylene solution at 800 °C. Which were then purified by 2.5 % V/V nitric acid solution.
Fig.1. shows the SEM micrograph of purified carbon nanotubes used in present studies.

Matrix precursors used for making composites was AR mesophase pitch (Mitsubishi Gas
Chemical Company Inc. Japan). The characteristics of AR mesophase pitch used for making these
composites are compiled in Table.l.
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Fig. 1. SEM micrograph of acid purified carbon nanotubes

Table -I Characteristics of matrix precursor

AR Mesophase pitch

Softening point (°C) 275
Coke yield (%) 63

QI content (%) 20.57

2.2. Processing of Carbon/Carbon Composites

The carbon nanotubes were closely packed within the bundles. In order to achieve better
dispersion of these nanotubes in the pitch matrix, the carbon nanotubes films were ultrasonicated in
acetone following by drying at 70 °C. 1 wt % CNTs were mixed with the fine pitch powder and
homogenized in ball mill. This ball milled powder mixture was palletized in hot press at 280 °C, Pallet
of as such mesophase pitch was also prepared in the same way. The green samples were stabilized at
200 °C for 24 hrs in air atmosphere at normal pressure. These composites were carbonized in two-
steps. The green pallets were first carbonized to 550 °C at 10 °C/hour and then further heated to 1000
°C under inert atmosphere of nitrogen. These composites were further heat treated at 2400 °C under
normal pressure of argon.
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2.3 Studies on microstructure of the composites

Microstructure of the carbon matrix in composites was studied by viewing the highly polished
composites under polarized light using Leitz Optical Microscope 12 Pol S. These composites were also
viewed using Hitachi S 3000 N scanning electron microscope to studied dispersion and bonding of
carbon nanotubes with carbon matrix.

Raman spectrometer (Renishaw InVia Raman microscope) was used to evaluate the structure of
the pitch alone heat treated to different temperature as well as the composites containing carbon
nanotubes. These spectra were recorded using argon gas laser (514 nm excitation wavelength), which
corresponds to the equivalent photon energy of 1.58¢V. The x-ray diffractrograms were obtained by X-
ray diffraction ((Phillips X’pert) using CuKa radiation (1.54056 A) to determine crystalline parameters
(crystallite size, d-spacing and degree of graphitization) of nanocomposites.

Thermal diffusivity of the heat treated pitches as well as the carbon-carbon composites with
carbon nanotubes as reinforcement was measured at room temperature by laser flash method on
NEITZSCH Micro flash- 300. This technique employs a high-power infrared pulse laser to deliver a
short burst of energy to one face of a disk shaped specimen. The resulting rise in temperature on the
opposite face is monitored by an infrared detector and recorded as a function of time by a
computerized data acquisition system. The thermal conductivity, k. can then be calculated by

k=aCpp

Where a is the thermal diffusivity, C, is the specific heat and p is the density of the composite.
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3. RESULTS AND DISCUSSIONS

3.1. Microstructure of Carbon Nanotubes reinforced Carbon composites

Fig. 2 shows the optical micrograph of the as such pitch derived carbon as well as of their
composites with carbon nanotubes. The presence of nanotubes found to affects the texture of the
carbon matrix. These seem to be aroused from the lack of long-range shearing of mesophase due to
presence of nano sized filler. Also the nanotubes are well-distributed and randomly oriented in the
matrix. These nanotubes will suppress the mesophase formation in pitch resulting in isotropic mosaic
structure of the ultimate carbon matrix. This phenomena was also supported by the earlier work of the
group’ in which they showed that the milled fibers having longer length do not disturb the matrix
texture but the small

Fig. 2. Optical photographs of as such mesophase derived carbon (a, b and c) and 1 wt% CNTs
added carbon matrix (d, ¢ and f) after 550, 1000 and 2400°C heat treatment.

134 - Nanostructured Materials and Nanotechnology i



Effect of Carbon Nanotubes Addition on Matrix Microstructure and Thermal Conductivity

irregular sized milled fibers and dusts of milled fibers (size: =2 pm) disturb orientation of the matrix
structure,

The SEM micrographs of these composites show good bonding between nanotubes and matrix
after carbonization. The same is found to be retained even after heat treatment of 2400 °C. As such
mesophase pitch based carbon shows layered microstructure after 2400 °C heat treatment. The
nanotubes added composites exhibit good bonding between nanotubes and carbon matrix and CNTs
seem to be well distributed. The fracture surface of 2400°C heat-treated composite shows good
bonding of CNTs with carbon matrix.

Fig.3. SEM micrographs of (a) as such mesophase pitch based carbon heated at
2400 °C and (b) mesophase pitch-nanotubes composite heat treated at 2400°C.

The transformation in matrix microstructure is also evident from the x-ray analysis. Fig.4
shows XRD patterns of the carbon matrix and of the carbon-carbon composites. Table - 2 shows the
results of XRD analysis of carbon matrix alone as well as of the composites. The crystallinity of matrix
materials is observed to be affected by the nano reinforcements. The value of d- spacing for composite
(0.3408 nm) is found to be higher than that of as such mesophase based carbon (0.3385 nm). The
degree of graphitization was found to decrease from 63.95 to 32.20.
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Fig.4. XRD spectra of mesophase based carbon (MP2400) and
nanocomposites (MPNT2400) after 2400°C heat treatinent.

Fig.5 shows the Raman spectra of pitch based carbon and of carbon-carbon composites. Typical
peaks of disordered (D band) and ordered (G band) carbons were observed for these samples. These
Raman lines are attributed to lattice defects and finite crystal size of carbon microstructure®, Fig.5 (a)
shows the Raman
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Fig.5 (a) Raman spectra of mesophase pitch based carbon after Carbonization
and Graphitization.
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Fig.5 (b) Raman spectra of mesophase pitch based carbon nanocomposites
after Carbonization and Graphitization.

lines at 1366.19cm™ and 1601.45 cm™ for mesophase derived carbon after carbonization. The ratlo of
Ip/lls for thls sample was 0.41. This ratio decreases after graphitization to 0.09 for 1356.43 cm’ "and
1581.83 em™ for spectral lines, which shows better crystallinity.

In case of composites, the Raman lines were observed at 1355.9 cm’ and 1584.5 cm™ for
carbonized samples and at 1360.1 cm™ and 1600.86 cm™ for graphitized samples. The Ip/lg ratio for
graphitized sample was 0.61. Composites shows high Ip/lG ratio this also supports the addition of
nanotubes into pitch suppresses the graphitization process.

3.2. Thermal Conductivity of Carbon/Carbon Composites

Room temperature thermal conductivity of composites made under present studies has been
compiled in Table II. In'case of pitch as such. the conductivity was measured in the direction of
anisotropy (graphitic orientation) whereas in case of composites. the conductivity was measured in
thickness direction of the composites. The carbon nanotubes are randomly distributed with most of the

tubes having long side perpendicular to the thickness.

Table -11 Properties of carbon Nanocomposite

Sample d-spacing | Degree of graphitization Thermal
A® gp % conductivity
Wim. K.
Mesophase pitch 3.38548 63.95 43.82
HTT 2400°C
Mesophase pitch +
1 wt % CNTs
3.40852 32.20 40.38
HTT 2400°C
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Thermal conductivity of mesophase pitch based carbons was found to be 43.82 W/m. K. and
thermal conductivity of nanotubes added composite was found to be 40.38 W/m. K. The small
decrease in thermal conductivity of nanocomposites may be due to the disturbance of orientation of
graphitic layers by the presence of nanotubes. Though the microstructure of carbon matrix was found
to change from anisotropic to more isotropic in nature, the change in thermal conductivity is found to
be marginal.

4. CONCLUSIONS

Carbon Nanotubes as reinforcement are very efficient in controiling the microstructure of pitch
based carbon matrix and properties of the composites. 1 wt % addition of nanotubes in mesophase
pitch disturbed alignment of graphitic structure of the matrix and decreased the degree of
graphitization of composites. But the thermal conductivity was found to remain almost same.
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ABSTRACT

The properties of titanium based ceramics can be tailored either through control of
microstructure at nanoscale or through addition of nano reinforcements to have prospective material
for structural applications and as biomaterial. Amongst nanoscale reinforcements, carbon nanotubes,
being the most promising materials as reinforcements for ceramics, present studies were undertaken to
develop Carbon nanotubes reinforced Titania matrix composites and to study its microstructure and
properties.

Multiwall carbon nanotubes (CNTs) synthesized by CCVD technique were used as
reinforcements, Titania matrix was prepared using sol-gel technique. CNTs were coated with Titania
sol using spray drier. CNTs Titania ratio was kept as 1:100. Composites of titania/carbon nanotubes
were prepared through sintering under normal pressure as well as under hot press at 1400°C under 33
KPa pressure. Sol-gel technique coupled with spray dryer resulted in uniform distribution of CNTs in
Titania matrix. Titania ceramic composites prepared using carbon nanotubes as reinforcements result
in change in physical properties, enhanced compressive strength. These results show that Hot Press
Sintering technique results in composites with reduced porosity and about 20% enhancement in
compressive strength.

1. INTRODUCTION

Titanium metal and its alloys. possessing excellent structural properties and chemical corrosion
resistance, are used mainly by the aerospace and chemical industries. It is also used in ceramic form
either as carbides or oxides. Though maximum of titania is used in paints industries and cosmetics, for
electrical uses in electronic industries, specifically as sensors, as photosensitiser for photovoltaic cells
and as electrocatalyst [1.2], it is also prospective material for structural applications and as biomaterial.
The properties of these ceramics can be improved either through contro! of microstructure at nanoscale
as well as through addition of reinforcements. Toughness of such micromaterial reinforced ceramics
could be increased but at the cost of strength both at room temperature and at elevated temperatures
{3]. Moreover, nanostructured materials have attracted the structural scientists, engineers and industries
with simple promise that using building blocks with dimensions in the nanosize range makes it
possible to design and develop new multifunctional materials, the so called nanocomposite materials
with unique combination of properties unachievable with traditional materials. Amongst nanoscale
reinforcements, carbon nanotubes having exceptionally high mechanical properties and high
temperature stability are the most promising materials as reinforcements for ceramics (4, 5). Proper
dispersion of nanomaterials into the matrix is of major concern. This can be better achieved through
solution route of processing of ceramics. Therefore, present studies were undertaken to develop
Carbon nanotubes reinforced Titania matrix composites using sol-gel technique and to study effect of
various processing parameters on sintering and microstructure and properties of the ultimate
composites.
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2. EXPERIMENTAL

Following were the materials used in the present studies:
# Titanium lsopropoxide as the precursor (Fluka make)
# Laboratory grown Multi walled Carbon Nanotubes as reinforcement
2.1. Carbon Nanotubes

Multi wall carbon nanotubes used in the present studies were synthesized in Department of
Materials Science, Sardar Patel University, using CCVD technique with Xylene as carbon precursor
and Ferrocene as catalyst precursor (5). Fig.1 shows the SEM photographs of the carbon nanotubes,
The diameter of these nanotubes was 50-80 nm and these were 2-5 microns long.

Fig.1 SEM micrograph of the carbon nanotubes

2.2. Preparation of Titania sol

Titania sol was prepared by the hydrolysis of Titanium Isopropoxide. Titanium Isopropoxide
and Isopropanol were taken in the stoichiometry ratio of 2:1 in a beaker and were mixed with the help
of a stirrer. When the solution became clear, hydrolysis was carried out with distilled water at pH 2.
Titanium hydroxide formed due to hydrolysis of titanium isopropanol. The mixing was carried out for
four hours.

2.3. Coating of Carbon Nanotubes with Titania sol.

Carbon nanotubes were uniformly coated with Titania sol using Spray Drier. The amount of sol
as well as the processing conditions in the spray drier was so adjusted to have uitimately 1% (by
weight) of carbon nanotubes in the titania sol. These were post dried at 100°C. The samples collected
from the drier were in the form of very fine powder.

2.4. Pressureless Sintering of Titania — Carbon Nanotube Composites

The Titania sol-carbon nanotubes powder was compressed in a die under pressure of 17
kg/cm”. These composites, called green composites were obtained in the form of round pallets. These
composites were sintered at 1400°C under nitrogen atmosphere. The heating rate from room
temperature to 1400°C was kept at 100°C/hr. The composites obtained were compacted solid materials.
These composites are designated as Composites A.
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Fig.2. Schematic presentation of the scheme for preparation of composites.

2.5. Hot Press Sintering of Titania / Carbon nanotubes
A part of the green composites were heat treated at 200°C for 24 hours to remove residual
moisture. After drying, these were heat treated to 1400°C in Shimadzu Hot Press. The hot press
sintering conditions were:
Heating Rate 10° K/min
Temperature attained: 1400° C.
Sintering Pressure: 33 MPa for 12 hrs.
The samples obtained were much more compact and dense as compared to Pressure less sintering.

2.6. Characterization of the Sintered Composites

2.6.1 Determination of Density and Porosity

Physical density of the composites was calculated by measuring weight of the sample and
physical dimensions. area and thickness. Apparent density and open porosity of the samples was
measured using Shimadzu Accu Pycnometer 1330.

2.6.2 Scanning Electron Microscopy
Microstructure of the composites was studied using Hitachi Field Emission Scanning Electron
Microscope. FE-SEM gives much better view of the pores as well as of grains.
The composites were examined using FE-SEM in order to study:
# Distribution of carbon nanotubes in the ceramic matrix
# Bonding between carbon nanotubes and the matrix
# Grain structure of the matrix and hence sintering of the matrix as well as of reinforcement and matrix
# Voids / Pore structure in the matrix.

2.6.3 XRD studies

The crystalline phase of the composites was identified by X ray diffraction technique using
Phillips X-ray Differactometer.
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2.6.4. Compressive strength
Compressive strength of the composites was measured on Instron Universal Testing Machine.

3. RESULTS AND DISCUSSION

3.1. Structural studies
Density of the composites prepared without and with pressure sintering is compiled in table-I.

Table 1. Density and Porosity of composites prepared in present study

Sr. Sample No. Description of sample Density porosity
No.
1 TiO2 TiO, powder compact 3.652 g/cc 10.2%

Normal sintered

2. A. TiO; + CNTs 3.5987 g/cc 9.4%
Normal sintered

3. B TiO, + CNTs 3.7375 g/cc 7.8%
Hot Pressed sintered

Porosity of the samples is also included in this table. As seen from the table, density of hot pressed
sintered composites is higher than as such sintered composites. It is obvious because hot pressing
reduces the interparticle distance and hence results in better sintering. That is why as such sintered
composites though have only about 5% lower density as compared to HP samples, but the open
porosity in former composites is about 25% higher than that in HP samples.

3.2. Microstructural Studies

Microstructure of the composites such as distribution of Carbon nanotubes in the titania matrix
as well as bonding of the nanotubes with the matrix, deformations in the nanotubes etc. were studied
using SEM. Fig. 3 shows SEM micrographs of the two composites prepared under different sintering
conditions. As seen from the figures and comparing Fig.3a and Fig. 3c, it is seen that composites made
without pressure sintering, though do not show big size voids but exhibit equidistributed macropores.
Comparing Figs 3b and Fig. 3d, it is revealed that the grains are closer in pressure sintered composites.
These composites exhibit larger grains as compared to those in as such sintered composites.
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Fig 3. SEM photographs of CNTs/Titania composites.(a and b) Composites

sintered without pressing;: and (c and d) composites made through Hot Pressing

3.3. X-ray Diftraction (XRD) Studies

XRD patterns of pure titania show strong peaks at 28 = 27.6096 and 20= 54.2343
corresponding to Anatase structure and at 26= 41.41 due to Rutile structure. Fig.4. shows XRD
patterns of the two composites. These composites exhibit peaks of carbon at 26=26.5 corresponding to
carbon nanotubes in addition to the peaks due to pure titania. It is notable to see that composites
prepared at normal pressure show peaks due to titanium carbides as well. This means that composites
prepared without pressure exhibit reaction between titania and carbon resulting in formation of
titanium carbide. However, composites prepared using Hot Pressing technique do not show peaks due
to titanium carbide. 1t means, when sintering is done under pressure. formation of titanium carbide is
suppressed.
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Fig.4. XRD Patterns of As such sintered and Hot Pressed Composites

3.4. Compressive Strength of the Composites

Composites made with 1% addition of carbon nanotubes exhibited about 10-12% higher
compressive strength as compared to titania prepared under similar conditions. Composites made using
hot pressure technique exhibit about 20% increase in strength. This is quite significant improvement
for such small amount of CNT loading. Moreover, the fracture was found to be mixed mode which was
an improvement over brittle fracture of ceramics. It shows significance of the addition of CNT to
ceramic matrix. The compressive strength shown in table-H

Table I1. Compressive strength of the processed composites

Sr. Sample No. Description of sample Compressive Strength
No.
MPa
1. TiO; Normal sintered 410
2. A. TiO; + CNTs 450
Normal sintered
3. B TiO; + CNTs 490
Hot Pressed sintered
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3.5.Vickers Hardness
Fig. 5 shows photograph of the hot pressed composite after Vicker indentation. It also shows non-
catastrophic nature, though the composite was not very hard.

Fig.5. Composites after Vickers Hardness Test at 10 Kgf load

CONCLUSION

Following conclusion could be drawn from the present studies:
Sol-gel process is the most suitable process to control the grain size and hence microstructure of the
ceramics and ceramic composites.
Distribution of Carbon nanotubes in ceramic matrix can be better controlled using Spray Dryer
Apparatus.
Addition of carbon nanotubes results in enhancement of compressive strength as well as change in
fracture behaviour of ceramics.
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ABSTRACT

The elaboration of 95 vol.% Al;O3; — 5 vol.% YAG (Y3Als0,2) nanocomposites was pursued
by a novel processing route. A commercial nanocrystalline transition alumina powder was doped by
using a yttrium chloride solution. After drying, salt decomposition and final phases development
were obtained by performing a high-temperature treatment, leading to a composite powder made of
o-alumina and YAG. The as-dried material as well as some powders calcined at some selected
temperatures were characterized by means of HR-TEM to follow the morphology and
crystatlography evolution as a function of the calcination temperature and time. In addition, the
yttrium distribution was investigated by systematic EDX analyses performed on both bulk and
surface of the alumina particles.

Differently calcined powders were uniaxially pressed in bars and the influence of the pre-
calcination treatment on the pressureless sintering behaviour was investigated by dilatometric
analyses performed up to 1500°C for 3 hours soaking time. SEM and ESEM observations,
performed on fracture surfaces of sintered bodies, allowed to characterize the final microstructure
of the micro-nano composites, made of equiaxial YAG particles with a mean size of 250 nm,
uniformly dispersed into a submicronic-grained alumina matrix.

INTRODUCTION

Many studies in the last years have been focused on particulate-dispersed alumina-based
composites, in order to 1mprove both room and high temperature mechanical properties'™.
Secondary phases in ceramics have several advantages they can produce relevant microstructural
modifications (through the suppression of grain growth and the control of grain morphology),
leading to changements in the propemes of the monolithic material™®. Enhanced greep behaviour
can be induced by secondary phases giving rise to a strong interface wuth the matrix”""’. Selection of
reinforcing phases having slightly different thermal expansion coefficient than the matrix could
promote thermal stresses at the grain boundaries, modifying the crack propagatlon path'?,
Moreover, well-dispersed nanosized particles can improve the toughness of the ceramic matrix
through deflection, microcracking, and grain bridging mechanisms™'*"'°.

Among the various ceramic reinforcing phases, yttrium alummlum garnet (YAG) has been
recently exploited thanks to its excellent creep resistance and high melting point'>.

Alumina-YAG composites are f‘requently prepared by mechanical mixin § but this route
does not allow an easy control of the 2™ phase particles distribution in the matrix” . For increasing
purity as well as the phase distribution homogenelty, wet-chemical syntheses are also applied. such
as sol-gel*"* or co-precipitation of Y and Al ions from a water solution under controlled
conditions?®? %, Recently, the post-doping of an alpha-alumina powder by using yttrium
methoxyethoxnde has been successfully exploited to prepare alumina-YAG micro- nanocomposite
materials''*®, The precipitation of YAG particles at the grain boundaries and at multiple &)ram
Jjunctions, of an alumina matrix doped with a yttrium salt, was already observed in literature®"
However, previous papers were mostly devoted to investigate the influence of a low yttrium content
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on densification, grain growth’” > and creep behaviour of o-AL0;™, as a result of yttrium
segregation at alumina grain boundaries”***,

This work discusses the processing and fabrication of 95 vol.% ALO; - 5 vol.% YAG
material, by exploiting an aqueous solution of yttrium salt as a dopant source for a commercial
nano-alumina powder.

MATERIALS AND METHODS

Commercial nanocrystalline transition alumina powders (NanoTek by WNanophase
Technology, USA, 99.95% purity, average crystallite size of 47 nm*) and YCl;6H.0 (Aldrich,
CAS. N° 10025-94-2, 99.99% purity) were employed for the preparation of 95 vol.% Al:O3- §
vol.% YAG (AY95) powders.

Many aqueous NanoTek alumina slurries (solid content of 33 wt.%) were prepared and
powder de-agglomeration was obtained under magnetic stirring for several hours (up to 120 hrs) or
by ball milling for 2.5 hrs by using alumina spheres (powder/spheres weight ratio of 1:10). Alpha-
alumina spheres having a mean diameter of 2 mm were used. The particle size distribution as a
function of the dispersion time was followed by means of a laser particle size analyzer (Fritsch
model Analysette 22 Compact). Yttrium doping was performed by drop-wise addition of an
aqueous solution of yttrium chloride to the above dispersed suspensions. The doped slurries were
then kept under magnetic stirring for 2 additional hrs, before drying in an oven at 105°C or spray
drying (Biichi Mini Spray Dryer B-290).

Powders were then submitted to various thermal pre-treatments to induce chlorides
decomposition as well as the solid state reaction to yield the final phases, 0:-Al:03 and YAG. X-Ray
diffraction analysis (XRD, Philips PW 1710) was performed on the calcined materials to investigate
the phase evolution. The morphological and crystallographic features of differently calcined doped
powders was followed by High-Resolution Transmission Electron Microscopy (HR-TEM, Jeol
2010 FEG) observations and elemental analyses were performed by Energy Dispersive X-Ray
Spectroscopy (EDX INCA System) with nanoprobes to detect the yitrium distribution on doped
samples.

Green bodies were prepared by uniaxially pressing at 300 MPa the pre-treated powders and
their sintering behaviour was investigated by dilatometric analysis (Netzsch 402E). Various
sintering cycles were tested, by varying the heating rate (from 10°C/min to 1°C/min), as well as the
maximum sintering temperature (in the range 1400°-1500°C) whereas a constant soaking time of 3
hrs at the maximum temperature was adopted. The sintering behaviour of the composite samples
was compared to that of pure NanoTek, submitted to the same sintering cycles.

The microstructure of fired bodies was then characterised by Scanning Electron Microscopy
(SEM , Hitachi S2300) and Environmental Scanning Electron Microscopy (ESEM, FEI XL30
ESEM FEG) observations performed on un-treated fracture surfaces.

RESULTS AND DISCUSSION

NanoTek powder, labelled A, is 2 mixture of transition aluminas, 8-AL,O3 and §*-A1,0:%, as
detected by XRD, and presents some agglomerates having size of about 1.7, 5.5 and 104 pm,
corresponding to 10, 50 and 90% of the cumulative volume distribution, respectively. The powder
was dispersed under magnetic stirring for 120 hrs or by ball milling for 2.5 hrs, in order to reach
similar particle size distributions. In Figure 1, the cumulative size distributions by volume of the
dispersed samples are compared to that of the as-received material.

NanoTek suspensions were then doped with an yttrium chloride aqueous solution to prepare
a 95 vol.% ALO; - 5 vol.% YAG composite powders (AY95). A doped powder, dispersed under
magnetic stirring, was submitted to DSC-TG analysis and its thermal behaviour was compared to
that of pure NanoTek, dispersed under the same conditions. The DSC curves recorded in the high
temperature regime (700°-1400°C) are shown in Figure 2: the exothermal signals, imputable to o-
AlO; crystallization, are focated at about 1190°C and 1275°C for pure and doped samples,
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respectively. A clear effect of the dopant in increasing the crystallization temperature was therefore
observed.

AY95 powder was submitted to various thermal pre-treatments. precisely at 600°C for 0.1
hr, at 900°C, 1150°C and 1300°C for 0.5 hr and finally at 1450°C for 2 hrs, and then characterized
by XRD analyses. In all the samples treated at lower temperatures (up to 1150°C). only transition
aluminas were detected, probably due to the low percentage of the YAG phase (5 vol.%) in the
composite material. Precisely, 8-Al,0; and 8'-Al,O; were present in the as-dried, 600°C and
900°C-calcined materials, while 8-Al;O; phase was also present in the 1150°C treated sample. In
this material, a-A1:03 was not detected, in contrast to pure-NanoTek. which already yielded o-
phase traces at the same temperature, thus confirming the role of yttrium in delaying crystallization.
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Figure |. Cumulative size distributions by volume of the as-received NanoTek (solid line
without symbols) and of the magnetically stirred (squares) and ball milled (triangles) powder
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Figure 2. High-temperature DSC curves of pure-NanoTek (A) and of AY935 sample (AY)

Yttrium aluminates and o-Al;O3 were detected in AY95 starting from 1300°C, as shown in
Figure 3. At this temperature. YAG and ®-Al,0; were predominant, but also traces of orthorhombic
perovskite YAIO; were observed: on the contrary, after calcination at 1450°C for 2. the material

was purely composed by YAG and a—phase.
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In order to confirm the above phase development and to investigate the powder morphology
evolution as a function of firing, the same thermally treated powders were submitted to HR-TEM
observations.

Figure 4 (a) reports the micrograph of the as-dried doped powder, showing the ultra-fine
particle size of NanoTek alumina, characterized by an equiaxial shape, as commonly observed for
powders prepared by Physical Vapour Synthesis®.

Intensity (a.u.)

2 Theta (degrees)

Figure 3. XRD patterns of AY95 powder calcined 1300°C for 0.5 hr and at 1450°C for 2 hrs
(0=0-Al;03, Y=YAG, P = orthorhombic perovskite YAIO; )

The higher magnification image performed on the same material (Figure 4 b) allows to
evidence a thin superficial bad-ordered layer on the first atomic planes, if compared to the well-
crystallized inner parts. The related Fast Fourier Transform is reported as an insert in Figure 4 (b)
and the spots belonging to the crystalling reflections allowed to identify the 3-Al,0; phase.
Alignments of closed-packed spots are attributed to a high density of structural defects inside the
transition alumina lattice,

Figure 4. LOW (a) and high (b) magnification HR-TEM images of as-dried AY95 powder;
the insert of Figure (b) is the indexed Fast Fourier Transform related to the same image.
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In addition, the superficial layer was yttrium-rich, as confirmed by systematic EDX analyses
performed with a nanoscale probe on both particles boundary and bulk. On the contrary, yttrium
was not detected in the bulk of the particles. These microstructural and compositional features were
also observed in powders calcined at higher temperature, precisely at 600°C for 0.1 hr and 900°C
for 0.5 hr, in which an important increase of yttrium concentration at the surface, in comparison
with the particles bulk, was systematically detected.

On the contrary, starting from calcination at 1150°C for 0.5 hr. a little change in the alumina
morphology was observed., since well-facetted particles were identified (Figure 5 a), but no
crystalline compounds were detected on surface. As clearly shown by the high-magnification
micrograph of Figure 5 b, they are again characterized by a bad-ordered surface.

Several EDX comparative analyses were performed by focusing the nanoprobe over the
layer and then on an adjacent region within the grain, at few (5-7) nanometres from the previous
points.Yttrium was statistically detected on the layer, while its concentration in the inner region was
under the instrumental detection limits, thus denoting that even after calcination at [ 150°C, yttrium
diftusion into the alumina particles was still negligible. The insert of Figure 5 b is the indexed Fast
Fourier Transform related to the same image; the atomic planes distances, experimentally
determined by the crystalline reflections, allows to identify the 8*-ALO; phase. Indeed, the
proposed indexation on FFT image corresponds to the best coherent appellation for spots in
comparison of all possibilities induced by others phases as y or 8 or 8 or € or { alumina. Here, *-
Al;O; phase will have the following parameters: a =~ b = 0.794 nm and ¢ = 1.06 nm (for
comparison, according to JCPDS file 46-1215, 3* lattice parameters are: a = 0.7934 nm; b = 0.7956
nm; ¢~ 1.1711 nm).

(a) (b)
Figure 5. Low (a) and high (b) magnification HR-TEM images of AY95 calcined at 1150°C
for 0.5 hrs; the insert in (b) is the indexed Fast Fourier Transform related to the same image

By calcining at 1300°C for 0.5 hr, a partial sintering of primary particles was yielded,
leading to large agglomerates entrapping a diffuse nanoscopic porosity, as shown by the HR-STEM
micrograph in Figure 6, performed by using High Angle Annular Dark Field (HAADF) detector.

" HAADF imaging is sensitive to the atomic number variations (Z contrast), thus allowing to
associate the lighter grains to yttrium-containing phases, whose size was in the range 50-100 nm
and which presented an almost equiaxial shape.

in Figure 7. a TEM micrograph of the same material is reported, showing a rounded YAG
particle growing on the surface of an alumina grain, as confirmed by EDX analyses (spot size ~ 3
nm) performed on the crystallite (point A in Figure 7a) and on the surrounding matrix (point B). Tn
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Figure 7 b, the EDX peaks intensities of Y and Al determined on points A and B are represented
and the atomic Y/Al ratio of 0.6 determined in point A allows to associate the crystallite to the 3:5
molar ratio, garnet-type compound.

Figure 6. HAADF micrograph of AY95 calcined at 1300°C for 0.5 hr
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Figure 7. (a): TEM micrograph of a AY9S calcined at 1300°C for 0.5 hr;
(b): EDX peaks intensities of Y and Al determined on points A and B of Figure (a); (c): HR-
TEM image of the same particle and (d): indexed Fast Fourier Transfer of image (c)
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This point has been confirmed by HR-TEM image acquisition close to point A zone. A
higher magnification image of the same particle is shown in Figure 7 ¢ and the corresponding FFT
pattern. reported in Figure 7 d, is then indexed according to lattice distances and respective angles
between lattice planes, given by JCPDS file 33-40 for AlsY30;; phase.

The influence of the yttrium doping on the alumina sintering behaviour was then
investigated. NanoTek powder was dispersed under magnetic stirring; the slurry was divided into
two batches, one of which was doped, and then both dried in a oven. The doped powder was also
calcined at 600°C for 0.1 hr. Both powders were pressed in bars and then sintered into a dilatometer
up to 1500°C for 3 hrs and their densification curves are compared in Figure 8.

AY95 shows a significant increase of the onset sintering temperature (from about 1040°C to
about 1150°C), as already reported in literature” " for yttrium-doped aluminas. A two-steps
sintering behaviour was observed for both samples. mostly imputable to the phase transformation
from transition to alpha-alumina and to c-phase sintering, respectively’®, The peak on the
derivative curve corresponds to the temperature of maximum rate of transformation phenomena,
during the first sintering step and it is located at 1145°C and 1227°C for pure and doped samples,
respectively.
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Figure 8. Dilatometric and derivative curves of pure NanoTek powder (solid line) and of AY95
(dashed line) up to 1500°C for 3 hrs.

In addition, the influence of the AY95 pre-treatment temperature on the sintering behaviour
was investigated. AY95 powder, calcined at 900°C and 1150°C for 0.5 hr, were uniaxially pressed
in bars and sintered under the same conditions of the above 600°C-calcined sample.

The green densities were affected by the calcination temperature, since the values of 1.98.
1.75 and 1.69 g/cm® were measured for samples pre-treated at 600°, 900°C and 1150°C,
respectively. These differences could be imputed to a less effective particles arrangement in the
higher-temperatures treated powders during pressing, probably induced by a more relevant hard
agglomeration with increasing the pre-treatment temperature. After sintering, the total linear
shrinkage of the 600°C-calcined powder was 19.8%, while a higher value (20.9%) was recorded for
the higher-temperature treated materials. To calculate the final fired densities. it was also
considered that the three materials underwent different residual mass loss during firing up to
1500°C. Tn particular. mass loss of 2.5. 1.8 and 1.2% were recorded for samples pre-treated at
600°C, 900°C and 1150°C, respectively, yielding final densities of 93.9%, 93.3% and 91.3% of the
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theoretical value (3.99 g/cm’ as calculated for the AY95 material by applying the rule of the
mixture).

In addition, the role of the heating rate during sintering was investigated by performing
dilatometric measurements at a low heating rate (1°C/min). In order to better investigate the whole
temperature range. from 700°C to 1500°C, in which the main phenomena involved during thermal
treatments take place, such study was carried out on the 600°C-treated powder (Figure 9).

0154 \
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Figure 9. Dilatometric curves of AY95 sintered up to 1500°C for 3 hrs (heating rates: 10°C/min for
both materials up to 700°C; then 10 °C/min (dotted line) and 1°C/min (solid line) in the 700°-
1500°C temperature range)

Both samples underwent a similar total linear shrinkage of about 19.5% during sintering,
reaching a final density of about 95% of the theoretical value. However, the lowering of the onset
temperature (at about [100°C) as well as a more relevant shrinkage during the 2™ shrinkage step
were clearly observed in the material sintered at |°C/min,

To reduce the time of dispersion of the NanoTek powders prior to doping, a ball-milling
procedure was set-up in order to achieve a comparable particle size distribution. The above goal
was achieved by ball-milling the aqueous suspension (33 wt.% of solid content) for 2.5 hrs by using
a powder/spheres weight ratio of {/10. The dilatometric curve of a pressed bar of the above powder,
recorded at a heating rate of 1°C/min in the temperature range 700°-1500°C., is presented in Figure
10 (solid line), and compared to that of a magnetically stirred doped sample (dashed line). The ball-
milled material presents an increased linear shrinkage, which is almost completed during the
heating step. The final density of the ball milled material was about 3.97 g/cm’, corresponding to
99.5 % of the theoretical value: its derivative curve, reported in the same figure, allows to evidence
that the maximum sintering rate occurred at about 1425°C. As a consequence, a ball-milled, doped
material was also sintered up to 1450°C for 3 hrs, reaching a final density of about 95% of the
theoretical value.

Selected AY95 sintered samples were submitted to SEM/ESEM observations. In Figure 11a.
the microstructure of doped-NanoTek, sintered at 1500°C for 3 hrs, is reported, showing a highly
dense microstructure, made of well-facetted alumina grains of about 1 um in size. The BSE-SEM
image in the insert allows to observe the YAG particles, having a mean grain size of about 500 nm,
homogeneously located in the alumina matrix, mostly at inter-granular positions. The lowering of
the maximum sintering temperature to 1450°C for 3 hrs, resulted in a refinement of the above
microstructure (Figure 11 b), in spite of a slight decrease of the fired density. The BSE-SEM image

154 . Nanostructured Materials and Nanotechnology Il



Elaboration of Alumina-YAG Nanocomposites from Pressureless Sintered Y-Doped Alumina

shows a highly homogeneous microstructure, made of well-facetted alumina grains of about 1 um
in size and of a well-distributed equiaxial Y AG particles with a mean size of about 300 nm.
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Figure 10. Dilatometric curves up to 1500°C for 3 hrs of AY9S5 (heating rate 1°C/min in the range
700°C-1500°). NanoTek powder dispersed under magnetic stirring (dashed line)
and by ball milling (solid line)

-

( (b)
Figure 11. SEM micrographs of doped-NanoTek materials, sintered at 1500°C (a, SE-image) and at
1450°C (b, BSE-image) for 3 hrs. The insert of Figure 11 a is a BSE-image.
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CONCLUSIONS

Tn this work, the elaboration of micro-nano 95 vol.% Alumina - 5 vol.% YAG composite
materials is presented, by applying an yttrum-doping procedure to a nanocrystalline transition
alumina.

The doped powder were fully characterized in terms of phase development by XRD,
morphological and crystallographic evolution by HR-TEM and also the dopant distribution as a
function of calcination treatment on the alumina particles was monitored by EDX analysis.

Pressureless sintering was used to consolidate the above powders up to full densification.

The final goal, that is the preparation of nano-structured composites in which YAG grains,
with a mean size of 200-300 nm, are uniformly dispersed in a fine-grained alumina matrix, was
achieved thanks to the selection of an optimised procedure.
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In particular, the dispersion process, the pre-treatment temperature and the heating rate
during sintering were modified to improve the final microstructure. The best result was achieved by
coupling a ball-milling step, performed on pure-alumina, to a low heating rate during sintering, thus
allowing to produce almost fully dense, fine-grained sintered bodies.
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ABSTRACT

The creation and control of nanoscale pinning media in melt-processed ternary superconductors
(LRE;,LRE;,LRE;3)-Ba,CusO, (LRE=light rare earth) represent an important issue not only for the
bulk form of these superconductors. Some of the nanometre-size defects are able to increase
irreversibility field up to 14 T at 77 K, others extend the pinning performance of the material up to
vicinity of critical temperature, enabling thus levitation with liquid oxygen or argon cooling.
Additionally, an optimum content of MoO; doubles the self-field super-current at 77 K, H//c-axis.
Altogether, the pinning tailoring in ternary LRE-123 materials provides a flexible and reliable way to
fit the electromagnetic performance with the needs of sophisticated high-temperature and high-
magnetic-field applications. The research aims at such applications like super-magnets for NMR, drug
delivery systems, wind power generation applications, etc. The recent experimental results on ternary
LRE-Ba,Cu;0, materials are reviewed with a special respect to creation and control of novel types of
nanoscale pinning media.

INTRODUCTION

Use of high-T; superconductors in technical applications has the principal attractiveness in the
relatively cheap and technically simple liquid nitrogen cooling. For power applications, a high critical
current density (Jc) and irreversibility field (Hi,) at liquid nitrogen temperature, 77 K, are the most
important issues.' For the compounds of the rare-earth family, REBa;Cu30y “RE-123", the J. and Hi
values of Y-123 at 77 K usually serve as a reference as a vast majority of studies in RE-123 has been
done on Y-123. However, light rare earth sub-class of the RE-123 materials, LRE-Ba;Cu;0y “LRE-
123" (LRE=Nd,Eu,Gd,Sm), has proved to exhibit significantly better electromagnetic properties than
Y-123, due to LRE/Ba solid solution, an additional source of point-like pinning sites.

All bulk RE-123 materials distinguish themselves by the ability to trap high magnetic fields,
which classifies them to become a new generatlon of magnets, by order of magnitude more powerful
than the best classical permanent magnets * In a close future the superconducting super-magnets will
enter the scene in NMR, drug delivery systems, water cleaning, wind power plants, and other public
applications.*” In all thesc cases, the high critical current and irreversibility field are the most
important issues.

As mentioned above, the LRE;.Ba;..Cu;0, solid solutlon clusters “LRE-123ss” play an
important role in enhancing flux pinning in a LRE-123 matrix.® Their role is similar to that of oxygen-
defi c1ent clusters: they are responsible for the formation of the secondary peak on magnetization
curve.” As all light-rare-carth ions form solid solutlon w1th barium, a strong pinning appears also in
binary, ternary and quaternary LRE-123 compounds.*'® In such mixed compounds a new degree of
freedom in pinning tailoring appears, due to variation of the LRE elemental ratio. Different sizes of the
LRE atoms introduce a strain disorder in the superconducting lattice, which contributes to flux pinning.
In a narrow range of the Nd:EwGd ratio in the (Nd,Eu,Gd)Ba,CuiO, “NEG-123” compound
microstructure analysis revealed that the LRE-123ss clusters arranged into nanoscale planar structures,
“lamellas”, filling the channels between twin plane boundaries. Due to their thickness and period,
comparable to coherence length, these structures represent a very efficient pinning agent, especially at
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high magnetic fields, leading to a significant enhancement of irreversibility field."

The melt-process technology enables modification of the RE-123 electromagnetic properties by
introducing micrometer, sub-micrometer, and even nanometer-sized non-superconducting secondary
phase particles, RE;BaCuOs “RE-211". LRE-211 particles refined by ZrO; ball milling proved to be
particularly effective at low and intermediate magnetic fields. Micro-chemical analysis found that the
ball milling led to formation of a new type of Zr-rich ZrBaCuO and (NEG,Zr)BaCuO defects in size of
a few tens of nanometers 2. Efficiency of these particles is inversely proportional to their average size.
The effect of Zr in the particle size diminution stacks obviously in Zr chemical inertia in the
superconductor matrix. This hyPothesis was proved by creating nanoscale particies based on some
other inert elements, like MgO,L or YzBa4CquOy.“ We achieved a further substantial improvement in
pinning performance of NEG-123 by adding to it nanometer sized MoOs particles. In the present paper
we report on the microstructure and magnetic properties of these new samples and compare them with
the earlier data.

EXPERIMENTAL

In fabrication of ternary LRE-123 superconductors the following technological issues are
involved: (i) a proper setting of the matrix chemical ratio; (ii) doping by an appropriate, thoroughly
ground secondary phase powder; (iii) formation of a point-like weak pinning disorder of LRE/Ba solid
solution clusters via oxygen-controlled melt growth; (iv) optimum oxygenation with respect to the
highest 7.. These four tools enabled us to produce materials with the best so far reported parameters.

The samples of (Nd,Eu,Gd)Ba,Cu30y with various Nd:Eu:Gd ratios, reported in this work, were
prepared by a standard melt-growth processing described in Ref. [15]. They were doped with 3 to 40
mol% of (Ndy1:Eug13Gdy 33)BaCuOs, 0.5 mol% of Pt was added for the secondary phase refinement
and 10 wt% of Ag,0 to improve mechanical properties. The pellets were melt-textured under oxygen
partial pressure 0.1% O; and gas flow rate of 300 ml/min. These samples are compared with
(Nd, 3;Euy 1,Gd, ;;)Ba,Cu,0, ones doped by 35 mol% Gd-211 + | mol% CeO, melt-processed in Ar-
1% pO; atmosphere.'® In this case, Gd-211 powder, ball-milled up to 70 nm size, was added before the
melt growth process. Newly, nanoscale MoQO; particles were added in amount of 0.1, 0.2, 0.3, and 0.35
mol% along with the Gd-211 secondary phase particles.

For magnetic measurements small specimens with dimensions of aboutaxbxc=2x2x0.5
mm® were cut from the as-grown pellets and annealed in flowing O, gas in the temperature range 300-
600° C. The microstructure of these samples was studied with a transmission electron microscope
(TEM), the atomic force microscopy (AFM), the dynamic force microscope (DFM) and the scanning
tunneling microscope (STM). Chemical composition of the matrix was analyzed by energy dispersive
X-ray spectroscopy (EDX). Magnetization hysteresis loops (M-H loops) were measured at 77 K using a
vibrating sample magnetometer (VSM) with the maximum field of 14 T, parallel to the c-axis. Field
sweep rate was 0.6 T/min. The magnetic J, values were estimated based on the extended Bean’s critical
state model.'”

RESULTS AND DISCUSSION

The long-standing dream to utilize bulk high-7. superconducting magnets at liquid oxygen
temperature (90.2 K) has recently become much more feasible due to the progress in fabrication of
NEG-123 materials. Although YBa;Cu3O, commonly used for levitation at 77 K, has critical
temperature (91-93 K),'® lying only slightly below that of NEG-123, the pinning performance of Y-123
rapidly drops at high temperatures and is therefore insufficient for levitation at 90 K. An even worse
situation in this aspect is with BiSrCaCuO, TIBaCuO and other superconductors exhibiting 7. above
100 K.'"*® These compounds cannot be used for levitation even with liquid nitrogen cooling, due to a
low-lying irreversibility line. In present only the new NEG-123 composites exhibit a sufficiently good
pinning performance up to 90 K. Fig. 1 shows the field dependence of the super-current density, J,, for
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NEG-123 samples with the Gd-211content ranging between 10 and 50mol%. The J.(B) curves were
deduced from SQUID magnetometer measurements at 77 K in magnetic field applied parallel to c-axis.
In all the samples, the initial average secondary phase particles size was <70 nm. It is evident that the
super-current density, both at low and high magnetic fields, depends on the amount of initially added
secondary phase. The sample with 40 mol% Gd-211 showed the remnant J; value around 194 kA/cm?
and J, at 3 Tesla reached 110 kA/cm?®. This result is by more than 60% better than the previous record
values of NEG-123 and by more than order of magnitude better than in other RE-123 materials. With
further increase of the Gd-211 content, to 50 mol%, the super-current density already decreased. This
may be due to an excessive Zr contamination of the Gd-211 secondary phase. Recently, we found that
addition of 0.1mol% nanometer-scale MoO; particles to the NEG-123 system with 35 mol% of Gd-211
further improved the material performance at 77 K (Fig. 2). In all these samples the initial average Gd-
211 particle size was around 70 nm. The low-field super-current density was almost twice as high as in
the sample with 0.1 mol% of MoO; addition. The remnant super-current and Hj,; decreased with a
further increase of the MoO; content. This J. value is the highest reported so far for bulk RE-123
materials at 77 K and H//c-axis.
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Fig. 1. Field dependence of the super-current
density in NEG-123 samples with 10 to 50
mol% Gd-211 refined by ball milling for 4 h
(70 nm). All the samples were measured at T =
77 K with Hlc-axis. The current density
increased in the whole field range with
increasing content of the secondary phase up to
40 mol% but dropped above this content.
Record critical current densities of 194 and 110
kA/cm® were achieved at 0 and 3 Tesla,
respectively.

Fig. 2. Field dependence of the super-current
density in NEG-123 samples with the same, 35
mol% content of Gd-211 (70 nm) but various
contents of MoQO;. All the samples were
measured at T = 77 K with Hljc-axis. The
current density increased in the whole field
range up to the 0.1 mol% content of MoO; and
decreased thereafter. Critical current densities
as high as 390 and 200 kA/cm? were achieved
at 0 and 3 Tesla, respectively.

The addition of 30 to 35 mol% of Gd-211 nanoparticles together with a small quantity of ZrO,
or MoO; to the NEG-123 system not only improved flux pinning at liquid nitrogen temperature but also
dramatically enhanced critical currents at higher temperatures, up to vicinity of T.. As a result, very
high critical currents, close to 40 kA/cm® at 90 K, were obtained in a sample with 30 mol% Gd-211

Nanostructured Materials and Nanotechnology !l - 161



Nanoscale Pinning Media in Bulk Meit-Textured High-T, Superconductors

T T T T

H//c-axis
T=9K

'%(]E‘ |
2 i&h

1

wH (T)

FIG. 3. Field dependence of the ctitical current
density in a (Nd,Eu,Gd)Ba;Cu3Oy, sample with
30 mol% Gd-211 refined by ZrO, ball milling
for 4 h (70 nm), measured at T = 90 K with
H,J|c-axis.
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FIG 4. Field dependence of the critical current
density in NEG-123 samples with 35 moi% Gd-
211 (70 nm) and 0.1 mol% MoO; under liquid
nitrogen pumping (65 K), at liquid nitrogen (77
K), liquid argon (87K), and liquid oxygen (90.2
K) (H,//c-axis). Note the very high ecritical
current density of 700 kA/cm® at 0 and 4.5 T at
65 K.

nanoparticles (Fig. 3). We can compare this result with the J.(H;) data obtained in the sample with 0.1
mol% MoO; (Fig. 4), detected in the temperature range 65 to 90 K. At 65 K tremendous super-currents
were achieved, reaching more than 700 kA/cm? at 0 and 4.5 Tesla and exceeding 610 kA/em’ over

oxygen

superconductor

FIG. 5. (left) Permanent Fe-Nd-B magnet levitating above an NEG-123 + 40 mol% Gd-211 (average
particle size 70 nm) superconductor at liquid oxygen temperature (90 K), after the superconductor had
been magnetized by stray field of the permanent magnet and cooled down to 90 K; (right) NEG-123
pellet suspended below another NEG-123 “permanent’ magnet.
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the whole field range up to 5 Tesla. These values come close to those of thin films. We note that this
achievement might be useful also for technology of thick films of coated conductors. Remnant super-
current densities of 175 kA/cm® and 50 kA/cm’ were recorded at liquid argon (87 K) and liquid oxygen
(90.2 K), respectively. These results indicate that control of the material properties on the nanometer
scale is very important for optimization of the material pinning performance, especially at high
temperatures. The levitation and suspension experiments at liquid oxygen temperature 90.3 K are
shown in Fig. 5.

Morphology and dispersion of the secondary phase particles in the NEG-123 matrix was studied
on several samples by scanning electron microscopy. The data show a uniform dispersion of sub-
micrometer sized particles. Our experience says that such a particle size is too large for the observed
significant effect on flux pinning at high temperatures. A better insight into the microstructure of this
sample was obtained by TEM (Fig. 6). Three types of defects were recognized: large irregular
inclusions of about 300 to 500 nm in size, round particles of 20-50 nm (marked by black arrows) and
bundles of particles less than 10 nm, marked by white arrows. The chemical composition of the
precipitates was studied by scanning TEM-EDX analysis. The analyzed spot of 2-3 nm in diameter
enabled to unambiguously analyze even the smallest clusters. The quantitative analysis clarified that
the large particles were Gd-211/Gd-rich-NEG-211, in agreement with our earlier studies of the NEG-
123 system. In contrast, the defects of the size below 50 nm, marked in Fig. 6 by black arrows, always
contained a significant amount of Mo. For the particles less than 5 nm, marked by the white arrows, it
was difficult to estimate the exact composition. Anyway, these particles were found to be very effective
pins at high temperatures and we succeeded in finding the appropriate processing parameters for their
creation. The pinning enhancement due to the new type of defects is so profound that it extends up to
temperatures above 90 K. This means that the limiting operating temperature for levitation experiments
and other applications shifts from liquid nitrogen (77.3 K) to liquid oxygen (90.2 K) temperature.

FIG. 6, Two transmission electron micrographs of a NEG-123 sample with 35 mol% Gd-211 (average
particle size 70 nm) and 0.1 mol% MoQ;; the white (left) and black (right) arrows point to some of the
nanometer-size Mo-rich particles,

Bulk superconducting super-magnets were recently presented in sputtering apparatuses, in a
nuclear magnetic resonance (NMR), in water purification systems and so on. In all these applications
use of the super-magnets led to a drastic downsizing and weight reduction compared to the
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conventional equipments. The super-magnets yield stronger magnetic fields (> 3 T) than the
conventional permanent magnets and enable thus qualitative upgrade of the systems features. Small-
grain super-magnets were successfully tested on pigs for drug delivery.

While strong trapped magnetic fields (>3 T) were needed in all these applications, the above-
described flux pinning enhancement in the NEG-123 system by nanometer-scale secondary phase, Zr
or Mo additives was effective in particular at low fields and high temperatures. The ternary composites
can be, however, utilized for high field applications, too. Magnetic studies of the NEG-123 system with
a varying LRE chemical ratio in the 123 matrix showed a narrow range, where the irreversibility line
significantly shifts up-wards. This data indicated that the optimum configuration of Nd:Eu:Gd in the
NEG-123 system does not need to be necessarily 1:1:1 and that a variation in the chemical ratio can
represent an additional tool in tailoring the pinning landscape in these compiex composites. It was also
found that each particular Nd:Eu:Gd chemical ratio requires a corresponding optimal concentration of
the secondary phase particles '°. A systematic study of this system finally led to the conclusion that the
optimum ratio in the NEG-123 system lies around Nd:Eu:Gd=33:38:28 and the corresponding optimum
NEG-211 doping around 5 mol%, which provides irreversibility field above 14 T (Fig. 7).
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FIG. 7. Magnetic hysteresis loops for the composite (Ndo 33Euo.38Gdg2s)Ba:Cu;0y with 3 mol% NEG-
211 (left), and 5§ mol% NEG-211 (right). Both samples contained 0.5 mol% Pt and were measured at 77
K and H,//c-axis.

Transmission electron microscopy observation of the NEG-123 samples exhibiting high
irreversibility (Fig. 7) revealed a structural modulation on a nanometer scale and nanometer-scale
lamellar structures.?’ These lamellas were aligned with regular twin boundaries representing thus a fine
sub-structure, sometimes straight, sometimes wavy. It had a twin-like structure, but the spacing was
much finer, in the order of a few nanometers. Dynamic force microscopy verified the structural features
observed by TEM. A similar type of microstructure was also observed in the sample with 7 mol% of
NEG-211 and the irreversibility field was in this case above 12 T at 77 K, H//c-axis. On the other hand,
no such nanostructures were observed in samples with 30 and 40 mol% NEG-211. Electromagnetic
performance of the latter samples at 77 K was nearly equal to that of (Ndo33Eu033Gdo33)Ba;CuiOy.
Thus, magnetization data and DFM results implied that the high irreversibility at 77 K originated from
the observed nanometer-scale microstructure.
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A detailed look at the structure by scanning tunneling microscope (STM) (Fig. 8) verified the
lamellas linearity and parallelism and dependence of their typical spacing on the initial compound
composition. The image of a (Ndy 33Eu0.35Gdp.22)Ba,Cu30y sample showed in Fig. 8 exhibited the

i

FIG. 8. High magnification STM image of the cleaved surface of (Ndy 1:Eun 3:Gdo.25)BazCu30, sample.
Note the nanoscale lamellas with the average period around 25 nm.

lamellas period around 20-30 nm. In a similar sample doped by S mol% NEG-211 the lamellas period
dropped to only 3-4 nm (Fig. 9). This size is close to the coherence length in high-T, compounds and
thus close to the vortex core dimensions. This means that an ideal pin size was reached. Chemical
analysis across the lamellas clarified that there is a chemical fluctuation in the (Nd+Eu+Gd)/Ba ratio on
a nanometer scale. Higher magnification revealed that this structure consists of rows of aligned clusters
of non-stoichiometric composition, each cluster being 3 to 4 nm in size (Fig. 9). The tunneling spectra
taken on the RE-rich clusters and the regular matrix showed a similar conductivity of both parts. So,
both are superconducting regions but T is less in the RE-rich clusters. At high magnetic fields the fatter
become normal and act as a pinning centers (Fig. 9, left). Energy dispersive X-ray analysis “EDX”
determined composition of these clusters as (NEG); o1sBay 0gsCu30,. It is important to note that in other
temary LRE-123 materials such compositional fluctuation has been observed, too, but not in the
lamellar form. Up to date, such samples showed irreversibility field at 77 K less than 7 T. In NEG-123
with 40 mol% NEG-211 we observed only individual non-correlated clusters of 3-5 nm size (Fig. 10).

FIG. 9. High magnification STM image of the cleaved surface of (Ndy.13Euy 3:Gdo.2s) BaxCu3Oy sample
with 5 mol% NEG-211 (left). The image size is 50 x 50 nm’. The tunneling current spectra taken on the
RE-rich clusters (read & blue spots) and regular matrix (green spots) showed a similar conductivity of
both parts (right figure)
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FIG. 10. High magnification STM image of the cleaved surface of a (Ndo33Eu03:Gdo28)Ba;Cu;yOy
sample with 40 mol% NEG-211.

Our study of the temary LRE-123 systems showed a clear correlation between nanoscale
lamellas period and the irreversibility field. The combination of an optimum matrix chemical ratio with
an appropriate quantity of a secondary phase, substantial for the formation of the specific matrix
structure supporting the high irreversibility field, is quite simple and reliable control tool suitable for
industrial applications.

The pinning mechanism associated with the lamellar structure can be explained in the following
way: A pin defect extended at least in one dimension along the field direction (columnar track, void,
twin plane etc.) is naturally more effective than a number of randomly distributed point-like pins along
a single vortex line, due to much larger effective interaction volume of the pinned vortex. It is also well
known that presence of a (regular) twin structure does not necessarily result in an overall critical
current enhancement. The channeling effect of twins leads to a redistribution of the current flow and
appearance of an additional in-plane anisotropy in the sample.?? This usually results in a suppression of
J. in the region of the secondary peak. The irreversibility field enhancement in presence of a regular
twin structure is commonly observed but is not much significant. The novel nanoscale lamellar
structure acts on vortices in a similar manner as the conventional twins. It is probably the much higher
density that makes this structure of defects so effective at high magnetic fields. Note that this type of
nanoscale lamellar structure cannot in principal appear in RE-123 single crystals with heavy RE ions,
where RE/Ba solid solution is not possible. As regards the new Mo-based pinning centers significantly
affecting the electromagnetic performance at and above 77 K and allowing safe and stable levitation
experiments at 90.2 K, it lies between point-like and “large™ normal particles. Therefore, its effect on
Ji-B dependence is reflected in both low and intermediate fields (around 2 — 3 T). It has been proved
that a further defect size reduction and the associated J; enhancement can be accomplished by
simultaneous ball milling of both the secondary phase and matrix composition powders. In contrast to
neutron irradiation that produces defects of a similar size but is hardly usable in mass, fast, and
economic production,” the present procedure is quite simple and for mass production casily adaptable.
Both types of novel pinning centers presented in this paper contributed to formation of a new class of
bulk high-T; materials suitable for bulk superconducting super-magnets.
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CONCLUSIONS

In this contribution a new ternary LRE-123 material doped by nanoscale particles of MoO; is
presented. This material offers an exceptionally strong flux pinning at liquid nitrogen temperature (77.3
K), as well as an excellent performance even at liquid oxygen temperature (90.2 K). The
electromagnetic performance can be easily and quite precisely controlled by the material processing.
Both nanoscale lamellar structures and Mo-based non-correlated nanoparticles can be produced. Both
new structures are effective pinning agents important for an economically feasible mass production of
compact superconducting magnets for high magnetic field (>10 T) and high temperature (>80 K)
operation for newly proposed industrial applications.
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ABSTRACT

We report herein the development of few types of ormosil-modified electrodes, derived from
Hexacyanoferrate- [(Prussian blue systems (PB-1, PB-2, and PB-3), palladium (Pd-) system,
graphite (Gr-) system, gold nanoparticle (AuNPs) system and palladium-gold nanoparticle (Pd-
AuNPs)] and ruthenium bipyridy! for opto-electrochemical applications. Four approaches causing
manipulation in nano-structured domains, i.e. (a) increase in the molecular size of the components
generating nano-structured domains; (b) modulation via chemical reactivity; (c) modulation by non-
reactive moieties and known nanoparticles; and (d) modulation by mixed approaches (a-c). all
leading to decrease in a nano-structured domains; are described. The results demonstrated that an
increase in the size of nano-structured domains or decrease in micro-porous geometry increases the
efficiency of electro-catalysis. These ormosil-modified electrodes have been used for spectro-
electrochemical measurements if encapsulated redox moieties show sharp electro-chromic behavior.
Spectro-electrochemistry of few organic redox materials like tetracyanoquinodimethane (TCNQ),
tetrathiafulvalene (TTF), Ferrocene including hexacyanoferrate systems are studied and reported in
this communication. Typical application of these ormosil materials in electrocatalysis of hydrogen
peroxide and dopamine detection are reported.

I. INTRODUCTION

Selective recognition is the inherent property of a biologically derived catalyst which ultimately
introduces humanity in mankind. Chemically derived catalysts lack the selectivity of recognition,
thus, requires extensive investigation of fundamental and applied researches to generate similar
pattern in artificial systems. The current output provides a little finding on these lines.

The present finding concern to develop a system where the possibility of electron-transport and
optical measurements are simultaneously conducted as such information may lead better
understanding of the real systems. Some of the redox species are chosen for generating such
systems in combination with ormosil matrix-known system for optical applications. As an typical
example of potassium hexacyanoferrate (IL), [K;Fe(CN)s], which is a biocompatible mediator and
has shown potential application in mediated bio-electrochemical detection of several redox
chemical and biochemical systems. The current finding demonstrated the introduction of
electrocatalytic sites when this mediator is incorporated into nano-structured domains, as the recent
finding on nano-structured materials has now introduced the concept of novel technological source
in multiple directions with current emphasis in the area of Analytical chemistry."? We report some
novel ormosil-modified electrodes having differential electrocatalytic efficiency originating from
similar basic platform via desired chemical-manipulation routs, thus creating a library of
electrocatalytic sites within nano-structured domains. These routes are; (i) in-sifu conversion of
K;Fe(CN)g into Prussian blue; (ii) introduction of palladium into nano-structured network: (iii)
introduction of noble metal catalyst within the nano-pores of the matrix; (iv) introduction of
targeted amount of water leach able components within nano-structured domains; (v) increasing the
conductivity of the matrix, and (vi) introduction of ion recognition sites within the matrix. These
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manipulations lead the development of eight types of ormosil modified electrodes for
optoelectrochemical applications. The opto-electrochemistry of few systems is reported. The
electrocatalysis of hydrogen peroxide and dopamine are reported on these systems.

Some other organic compounds like tetracyanoquinodimethane (TCNQ), tetrathiafulvalene (TTF)
and ferrocene are very well known redox systems and have also proved bio-compatibility. These
organic redox systems are chosen for generating such- material better useful in opto-
electrochemistry and also reported in this communication.

II. EXPERIMENTAL

Construction of Ormosil modified electrodes Eight types of modified electrodes, thereafter
referred as Hexacyanoferrate-system; PB-1, PB-2, PB-3 systems, Pd-system, Gr-system, AuNPs-
system and Pd-AuNPs-system respectively were prepared using three different alkoxysilanes having
reactive organic functionalities. The ormosil matrix was prepared by adding the constituents in the
sequential order as mentioned in the Table 1, except for PB-3 where aqueous solution of Prussian
blue (made by mixing K;Fe(CN)s and FeSO4) was used in place of constituents C and D. For in sity
conversion of potassium hexacyanoferrate(III) into Prussian blue (PB-1), cyclohexanone was mixed
with potassium hexacyanoferrate(IIT) in the presence 3- aminopropyltrimethoxysilane whereas for
the in situ conversion of potassium hexacyanoferrate(Ill) into Prussian blue (PB-2), ferrous
sulphate was mixed with potassium hexacyanoferrate(Ill) in the presence of 3-
aminopropyltrimethoxysilane. On the other hand, for the preparation of traditional Prussian blue
(PB-3) potassium hexacyanoferrate(I111) was separately mixed with ferrous sulphate in absence of
3-aminopropyltrimethoxysilane and resulting blue reaction mixture was mixed with the ormosil
precursors.  Pd-system uses the interaction of palladium chloride with 3-
glycidoxypropyltrimethoxysilane where palladium chloride opens the epoxide ring and get reduced
into palladium followed by coordination to alkoxysilane as described earlier.” ® Similarly, known
electrocatalytic materials namely graphite particle and gold nanoparticle were coupled to the nano-
structured network of ormosil to give Gr-system and AuNPs system respectively. Pd-AuNPs system
of ormosil is generated from Pd-system by adding gold nanoparticles. The reaction mixture for each
system was homogenized on vertex mixer for 10 minutes and 6 ul of each was layered separately on
cleaned ITO electrodes. The various ormosil films were allowed to dry for 8-10 hours at 25-30 ° C.

Table 1. Composition of Ormosil’s precursors for preparation of modified electrodes (systems

1-28).
System A B C D E F G H 1 J K
®h ()] () (1)) [{11)] (1)} (111)] (1)) ) | (mg) | (u)
Hexacynofemate- | 15 - 35 30 - - 2 150. 2.5 - -
PB-1 15 - 35 30 - 25 2 1475 |25 - -
PB-2 15 - 35 30 30 - 2 120. 2.5 - -
PB-3 15 - 35 * - - 2 120 2.5 - -
Pd- 15 7.5 35 30 30 - 2 120 2.5 - -
Gr- 15 - 35 30 30 - 2 120 2.5 0.5 -
AuNP- 15 - 35 30 30 - 2 90 25 - 30
Pd-AuNP 15 7.5 35 30 30 2 120 2.5 0.5 -

A~ 3-glycidoxypropyltrimcthoxysilane; B- aqueous solution of PdCl, (I mg / ml), C- 3-
Aminopropyltrimethoxysilane: I)- aqueous solution of 10 mM K;Fe(CN),: E- aqueous sofution of 10 mM FeSQ,,
F- cyclohexanone: G- 2-(3.4-epoxycyclohexyllethyitrimethoxysilane: H- double distilled-deionized water; 1- 11Cl
(0.5N): J- graphite powder (Gr. particle size 1-2 p): K- colloidal gold (AuNPs): ® 60 ul of aqueous solution of
Prussian blue (made by mixing K;Fe(CN), and FeSO, 10 mM each).
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Opto-electrochemistry of ormosil-modified electrodes.

The above mentioned eight types of ormosil modified electrodes have been efficiently useful in
electrocatalysis. However, it is obivous to study the spectroelectrochemistry of such ormosil
modified electrodes. Potassium ferricyanide has shown electro-chromism as Fe?* /Fe’* show
differential abosorbance and could be justified from spectro-electrochemical measurements which
has been undertaken. In order to justify wide application of the present material, incorporation of
other redox organic moieties justifying sharp change in color was under taken. For such
investigation tetracyanoquinodimethane (TCNQ), Tetrathiafulvalene (TTF), and Ferrocene were
chosen to encapsulate within the ormosil film. Such films have been analyzed through spectro-
electrochemical measurements. The construction of these films incorporates the composition as
shown in table-2.

Table 2. Composition of ormosil precursors and redox materials.

System A B C D E F G H 1 J K

[{11)] [{115] wh ({11}] [{11)) i) uh w) (V1)) (b [111)]
Ferri 70 10 60 - 5 240 - - - - -
Ferri-Pd 70 10 60 - 5 240 10 10 - - -
e - 10 - - 5 300 - - 70 - -
Fe-Pd - 10 - 5 280 10 10 70 - -
TCNQ - 10 - - 5 300 - - - 70 -
TONQ-Pd - 10 - - 5 280 10 10 - 70 -
Tiv - 10 - - S 300 - - - - 70
TTF-Pd - 10 - - 5 280 10 10 - - 70
B 70 10 60 60 5 180 - - - - -
PB-Pd 70 10 60 60 5 180 10 10 - - -
A = Aminopropyltrimethoxysilane, B = 2-(3.4-epoxycyclohexylethyltrimethoxysilane. C = 50mM Potassium Ferricyanide. 1) = 50
mM Ferrous Sulphale. E = 0.1M ICL, ¥ = Water, G = Glycidoxypropy ltrimethoxysilanc. H = Palladium Chloride, | = Ferrocene in
Aminopropyltrimethoxysilane, § = 'CNQ in Aminopropylitrimethoxysitane. K = I'l'F in Aminopropy ltrimethoxysilane

I11. RESULTS AND DISCUSSION

Electrochemical applications of the hexacyanoferrate-system encapsulated within ormosil-modified
electrode with special attention of hydrogen peroxide oxidation.

The reports during last decade revealed that nano-structured geometry could be easily generated
within organically modified sol-gel glasses (ORMOSIL) under ambient conditions. We have been
working on generating such platforms for non-mediated / electrocatalytic oxidation of glucose,
NADH and hydrogen peroxide.™' We have further investigated that potassium
hexacyanoferrate(II) could be easily encapsulated within the ormosil network and chemical
sensitizers like, ion exchanger Nafion™ and ion carrier crown ether. present in nano-structured
network of ormosil, play an important role in the heterogeneous electrochemical oxidation of
hydrogen peroxide.”” Further investigating on these lines we generated the concept of introducing
variable electrocatalytic efficiency within the same network.. Some schemes subsequently referred
as, Hexacyanoferrate-, PB-, Pd-, Gr-, AuNPs, and Pd-AuNPs for generating these sites within
ormosil network are reported in this communication. Accordingly, efforts have been made to
generate ormosils with variable nano-structured domains. A series of steps have been undertaken
for generating variation in such network, which indeed provided valuable analytical information.
The details of such process are given below.

1. In-situ conversion of potassium hexacyanoferrate into Prussian blue. Hexacyanoferrate-
system generated the ormosil network in a single step protocol where all ormosil’s precursors along
with potassium hexacyanoferrate (IIT) were simultancously homogenized and allowed to form
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ormosil film. The Prussian blue system (PB-system) involves a two stage process in ormosil
formation (table-1). In stage-1, potassium hexacyanoferrate(IIT) and cyclohexanone were mixed in
the presence of 3-aminopropyltrimethoxysilane by stirring, thus leading to the conversion of
potassium hexacyanoferrate(lll) into Prussian blue.””? The second stage is the mixing of the
resultant Prussian blue solution with other ormosil’s precursors (Table-1) for generating PB-1--
system. The concentration of redox system is kept constant in both conditions. There is change in
redox behavior which is more apparent from electrocatalytic results on the oxidation of hydrogen
peroxide (the results are not shown). The electrochemistry of potassium hexacyanoferrate in
homogeneous solution and within ormosil network is recorded in Fig.1. The peak current justifies
the role of nano-structured network on the electrochemistry of the same keeping similar
concentrations of potassium hexacyanoferrate.

4
inH 15 solutian
Hexacyanoferrate in nanc-structured neteark

2

o i
e = _

-4

s,
5 L
-4 11 0.2 0.5 0f

E.vs. Agl/ AgCIIV

Fig.1

2. Increase in the molecular size / orientation of ormosil's precursors. There is another way
of manipulating ormosil network, as compared to that of PB-1-system, by changing the molecular
size of one of the reacting components of Prussian blue conversion from potassium
hexacyanoferrate (I11). Such modification was availed by replacing cyclohexanone with ferrous
sulphate, which ultimately changed the size of nano-structured network and resulted in as PB-2
system. Such variation has been recorded by atomic force microscopy of PB-1, PB-2 and PB-3. The
AFM images are shown in (Fig. 2). The images show that the nano-geometry of the film increases
with decreasing the size of Prussian blue formation-initiating moiety. We further made effort to
change the nano-geometry as compared to that of PB-2 system by changing protocol of reaction
dynamics basically using same ormosil precursors. Our previous reports’ > showed that potassium
hexacyanoferrate (III) is converted into Prussian blue by adding cyclohexanone/tetrahydrofuran in
the presence of 3-aminopropyltrimethoxysilane. Further, Prussian blue formation is not observed on
adding cyclohexanone/tetrahydrofuran when 3-aminopropyltrimethoxysilane was absent or replaced
by any other organosilane without having amino-terminated functionality. On the other hand, when
ferrous sulphate is added into aqueous solution of potassium hexacyanoferrate (I1I), Prussian blue
formation is triggered both in the absence and in the presence of 3-aminopropyltrimethoxysilane.
The presence of 3-aminopropyltrimethoxysilane generated PB-2 system whereas, absence of amino-
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terminated organosilane during Prussian blue conversion generated PB-3 system with relatively
much reduced nano-geometry as shown in Fig.2 (PB-3).

Fig.2
It should also be noted that the particle size of Prussian blue depend on the curing protocol and
subsequent mixing of the same with other ormosil precursors for triggering ormosil formation. The
AFM images as shown in Fig.2 supported our expectation that gradual increase in size of Prussian
blue formation initiating agents decreases the nano-geometry of ormosil network. The variation in
electrochemistry of these three systems can be evaluated from Fig.3.

.9

o7

a1

0.3 [ E— ; L !
04 a4 0.2 0.5 0.8

E. vs. Ag/AgCI/ V
Fig.3

3. Modulation via chemical reactivity. Another approach for changing the nano-structured
domains in ormosil network is to introduce another reaction system prior to initiating ormosil
network formation. Such introduction is availed via chemical reactivity of one of the organosilane
participating in ormosil formation. Our previous reports:  2*  sugpested that 3-
glycidoxypropyltrimethoxysilane is highly sensitive to the presence of palladium chloride. The
epoxide ring of glymo-group is opened by palladium chloride followed by the reduction of
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Palladium (l1) into palladium. The reduced palladium is then coordinated with two moiety of
glymo-residue“, as given below;

(CH,0),Si (CH),0CH,CH—CH,
Pd
) <\
(CH,0),Si (CH),OCH,CH—CH,

When above reaction product is used for ormosil formation Pd-system is generated. The
introduction of palladium within ormosil network not only altered the nano-geometry but also
affected the mechanistic approach on the electrochemistry of hydrogen peroxide as well.

2 Pd-system
Gresystam
— o
: /
= a
T 6 s
il
] I
-0.4 01 0.7 0.5 LI}
E. vs. Ag/RgCl v
Fig.4

4. Modulation via known nano-particles. The availability of known nano-particles (NPs)
compatible to nano-structured domains is now frequently used in electrocatalysis. These moieties
are carbon nano-tube and gold nano-particles (AuNPs). Such moieties are now easily converted into
suspension and are well-suited to incorporate within the nano-geometry of ormosil film. We started
such modulation using graphite micro-particles of particle size 1 p within the ormosil film and Gr-
system was generated. The inclusion of such micro-particle increases the porosity of the ormosil
film thus increasing the translational degree of freedom of Prussian blue within ormosil film. The
result for the Gr-system is shown in (fig. 4) which again supported the expected trend on hydrogen
peroxide oxidation. Another system was made by incorporating gold nano-particle suspension
within the ormosil film and AuNPs-system was generated. Incorporation of gold nano-particle
provided remarkable finding on the electrochemical behavior as shown in Fig.5.
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There are two remarkable observations on the electrochemistry of hydrogen peroxide at the surface
of AuNPs-system; (i) decrease in overvoltage of hydrogen peroxide oxidation compared to that all
other systems and (ii) decrease in the reduction kinetics of hydrogen peroxide.

3. Modulation via mixed protocols. Another method for altering the nano-geometry of
ormosil film may be availed by combining mixed approaches as discussed above. Pd-AuNPs-
system was developed by combining the approaches adopted for Pd-system (attachment of
palladium) along with the incorporation of gold nano-particle (AuNPs). The electrochemistry of the
same is shown in Fig.5. The electrocatalytic efficiency of this system is found excellent compared
all othere system based on encapsulation of potassium hexacyanoferrate within ormosil network.

We used the above material for electrocatalytic oxidation of hydrogen peroxide. A typical result
on prussian blue system is shown in Fig.6. The efficiency of oxidation is better for PB-1 system
compared to that of PB-2 system which in turn is better as compared to that of PB-3 system. These
results suggest that an increase in nano-structured network increases the electrocatalytic efficiency
of the material.

Electrochemical applications of the Ruthenium bipyridyl encapsulated within ormosil-modified
electrode with special attention of hydrogen peroxide oxidation.

Ruthenjum bipyridy! is known electroluminescent material for technological applications. We have
encapsulated the same within the ormosil network originally derived from above reported
precursors. The encapsulated material shows excellent electrochemistry as recorded in Fig.7.
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The typical application of the material is electrocatalytic detection of dopamine based on both

electrochemical and electroluminescent property of the material. The results on electrocatalytic
oxidation are shown in Fig.8.
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We also coupled ruthenium bipyridyl along with other modulation as discussed for
hexacyanoferrate system and got very interesting observation. The results based on
spectroelectrochemistry are ongoing and will be reported subsequently.

Spectroelectrochemistry of some novel organic redox material encapsulated ormosil.

We encapsulated tetracyanoquinodimethane (TCNQ), tetrathifulvalene (TTF) and ferrocene
encapsulated ormosil modified electrode on ITO electrode. These organic redox species are
electrochrmic and could be conveniently used both for efficient electron transport and photon
transport. The spectroelectrochemical measurements of these systems including hexacyanoferrate
are shown in Fig.9 a, 9b, 9¢ and 9 d for hexacyanoferrate-palladium system, ferrocene-pailadium,
TCNQ-palladium, and TTF -palladium systems respectively.
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ABSTRACT

Lamellar kaolinite matrices were subjected to intercalation reactions using
dimethylsulfoxide (DMSO) as the intercalating agent. The nanocomposites, kaolinite-DMSO
(K-DMSO), were obtained by two distinct routes while the DMSO:H,0 (9% v/v) ratio was
kept constant. Aliquots were removed periodically to evaluate the evolution of the
intercalation of the DMSO molecules in the kaolinite lamellae, using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS), and thermogravimetric analysis (TGA). The results
indicated that the modification of the methodology normally used for DMSO intercalation in
kaolinite led to a significant reduction in the time required for intercalation (from 480 h to 5 h)
and that the synthesis carried out at 95-100°C produced samples with an 87% intercalation
rate.

INTRODUCTION

Micro and macrocomposites have been used in advanced devices in the automotive,
space and biomedical industries. However, a greater integration among the different types of
materials is restricted to the dimension of the phases involved. In order to maximize this
interaction, which means using the potentialities of each material, the number of surfaces and
interfaces must be expanded, which can be achieved by using nanocomposites.

These nanomaterials include nanocomposites with clay minerals, which have
promising applications in a variety of areas. Clay minerals can be used as two-dimensional
matrices (quantum walls) for the insertion of different organic molecules in nanometric spaces
existing in their crystalline structure [1 — 3]

It is important to point out that the clay minerals utilized to obtain nanocomposites are
generally 2:1 type phyllosilicates (mainly montmorillonite, hectorite and saponite) and not
kaolinite, although Brazil is one of the major producers of this clay mineral.

Due to the hydrogen bonds between its lamellae, which are characteristic of type 1:1
phyllosilicates, kaolinite is able to directly intercalate a limited number of small host
molecules such as N-methylformamide (NMF), dimethylsulfoxide (DMSO) and nitroanillin

[4].
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Note that the intercalation ability in kaolinite depends on the size of the intercalating
molecules (hosts) and their polarity, i.e.. only small organic molecules possessing a high
dipolar moment are able to directly intercalate in this clay mineral. This difficulty to
intercalate can be explained by the fact that the lamellae of kaolinite are bound to each other
by means of hydrogen bridges involving the Al-OH and Si-O groupings. The intercalatable
polar molecules are stabilized through dipolar interactions, hydrogen bridges and van der
Waals forces [5, 6].

In the intercalation of larger sized species such as polymers, one of the chemical routes
employed is based on the Chemical Displacement Method, whereby new species can be
intercalated by the displacement of the small molecule inserted previously.

With the use of pre-expanded precursors, the molecules do not encounter all the
resistance they would find to break the hydrogen bridges existing between the lamellae of the
non-intercalated matrix, and should therefore simply substitute the smaller molecule [4].

Ranking high among intercalating precursor agents is dimethylsulfoxide (DMSO),
whose physical properties are listed in Table 1.

Table 1 — Physical Properties of dimethylsulfoxide (DMSQO):

DMSO Physical Properties
° :(o 6 Molecular wcigllt 78,13 g/mol
2 4 Boiling Point 189.0 "C
H. .~ \___H Density 1.1004g/ ml at 20 "C
}'C;_i H Dielectric Constant 46,68 at 20 °C
o Dipolar Momentum 43Dat25°C

] Solubility (water) Miscible

-y
‘t}" "?r’

These physical properties render it a solvent with peculiar characteristics, able to
solubilize organic and inorganic compounds that are insotuble in most other liquids. DMSO is
an aprotic solvent (it does not have hydrogen atoms bound to atoms of high electronegativity,
such as oxygen), highly polar (with a dipole moment of 4.3 D) and a proton receptor. Its
molecule is pyramidal, with the corners of the pyramid occupied by carbon, oxygen and sultur
atoms. The —SO bond can be described as a resonance hybrid (Figure 1) between a semipolar
double bond (with an estimated dipole moment of 3.0 D) and a type (p—d)x double bond. This
explains the high value of the dipolar moment of this molecule and its relatively high basicity,
although the bond length (1.48 A) is close to the value expected for a double bond [7. 8].

+

]
N H
7R >y

$—0

e C/H
H H R g
Figure 1: Canonical forms of the resonance hybrid that best represents the DMSO molecule.
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When insertion of DMSO molecules occurs between the kaolinite layers. there is a
pre-expansion of the interlamellar space, whose basal interplanar distance increases from
approximately 0.72 nm to about 1.11 nm (Figure 2).

o (001) - 1.11 nm

Silicate layer
{caulinite)

Figure 2: Kaolinite layers intercalated with DMSO molecules.

One of the major obstacles to the use of dimethylsulfoxide (DMSO) as an intercalating
agent is the relatively long time required to obtain the kaolinite-DMSO (K-DMSO) precursor,
i.e.. from 20 days to several months.

One of the first studies involving DMSO intercalation in kaolinite was conducted in
1968 by Olejnik et al. [6]. Their experiments involved putting 20 mg of well-crystallized
kaolinite in contact with pure DSMO and DMSO/ H,0 solutions in varied proportions. The
suspensions were kept at room temperature for several hours and the evolution of the
intercalation was monitored by X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR). The best results were achieved using a DMSO/H,0 (9% v/v) solution
and the water acted as a catalyzer, increasing the speed of the intercalation reaction, a fact that
can be explained by the solvation of the DMSO molecules, which increased the interaction
between the DMSO and the hydroxyls of the kaolinite structure [6].

Higher percentages of water do not favor the intercalation process of DMSO, for the
DMSO molecules become highly solvated. leaving few molecules free to interact with the
kaolinite [6, 7].

The intercalation occurs in such a way that the molecules of the intercalating agent
penetrate the kaolinite layers from the outside to the inside of the lamellar space. Therefore,
very small kaolinite particles possess internal stresses (structural defects) in the crystallite that
hinder the penetration of the host molecule, thus reducing the intercalation rate {8-11].

Other researchers have intercalated DMSO in kaolinite in order to obtain information
about its behavior and structure. However, these studies have involved very long intercalation
times. a fact that could, in principle, indicate difficulties in the use of kaolinite as a matrix [12-
15].

In this work, the synthesization process of the nanocomposite precursor (K-DMSO)
was modified. reducing the intercalation time to just S hours.
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EXPERIMENTAL

The two-dimensiona! kaolinite matrix used here was treated kaolin (Premium)
supplied by the company Caulim da Amazbnia S.A. (CADAM), which was previously
subjected to various stages of beneficiation, including dispersion and desanding,
centrifugation, magnetic separation, chemical bleaching and flocculation, filtering,
redispersion, evaporation and drying.

K-DMSO NANOCOMPOSITE SYNTHESIS METHODOLOGY

In the first procedure, 30 g of kaolin was placed in a round-bottomed 2-liter flask, to
which a DMSO (9% v/v) solution was then added. The intercalation was carried out at room
temperature under constant agitation.

The DMSO:H0 ratio was kept constant at 9% v/v, since this value produced the best
results in terms of the DMSO intercalation rate in the kaolin, according to the findings
reported by Olejnik et al. [6].

Another experiment was carried out simultaneously under similar conditions, but the
mixture was kept under heating at 95-100°C and agitation.

In order to evaluate the intercalation of DMSO molecules in the kaolinite lamellae,
XRD and FTIR analyses were made of aliquots (15 ml) removed from the reaction at periodic
intervals.

The samples were centrifuged at 3000 rpm for 20 min and oven-dried at 40-50°C for 4
days, ensuring that all the DMSO adsorbed on the kaolinite surface was removed, leaving
behind only the intercalated molecules [16].

CHARACTERIZATION OF THE KAOLINITE AND NANOCOMPOSITES

Initially, the kaolinite was pressed on a glass slide, revealing its (001) plane. After the
intercalation of the clay mineral with DMSO, the intercalated nanocomposites (K-DMSO)
were again subjected to XRD in order to evaluate the variation of the basal interplanar
distance and the Intercalation Rate.

The XRD analysis enabled us to determine an important parameter for evaluating the
intercalation — the intercalation rate (11) —, which is calculated by the following expression:

11 = [(Iny)/ (In; + K})] x 100 1))

where In, is the first basal reflection of the intercalated composite, and K, is the intensity of
the first basal reflection in the non-intercalated matrix (original kaolinite).

The higher the value of II the more efficient the intercalation process, i.e., the greater
the number of molecules intercalated between the lamellae of the kaolinite matrix. The
thermal analyses were carried out with a Shimadzu TGA-50 thermogravimeter.

The kaolin and the nanocomposites were characterized by FTIR, using a Nicolet
Magna IR 760 spectrometer. Solid samples (1 mg) were mixed with about 100 mg of dry
pulverized potassium bromide (KBr) in an agate mortar. The resulting mixtures were pressed
into pellets and used to obtain the spectra (% transmittance versus wave number) with a 4 cm™
resolution and a scan rate of 32 kHz.
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The kaolinite and nanocomposites obtained here were morphologically characterized
by scanning electron microscopy. This technique is useful for observing the deformations in
kaolinite crystallites that occur during the process of intercalation with dimethylsulfoxide and
polymers. The chemical elements in the nanomaterial were identified by energy dispersive X-
ray spectroscopy. The equipment used was a Zeiss DSM 940 digital scanning microscope and
a JEOL NORAN equipped with EDS.

RESULTS AND DISCUSSION

1) INTERCALATION AT ROOM TEMPERATURE
a) X-RAY DIFFRACTION

Figure 3 shows the X-ray diffractograms obtained at 20, varying from 5 to 15", which
depict the basal interplanar distance of the kaolinite after intercalation with DMSO,

(001)

Kaolinite

05h

~ 10h

12

zfgh

FH!

45h
- 50h —T T T T
i mas aay T : +—=12.0h 6 8 10 12 14

6 ] 10 12 14 28

Figure 3: X-ray diffractograms of pure kaolinite and intercalated kaolinite nanocomposites
(obtained without heating and at various intervals of time).

An analysis of these images reveals a shift of the peak corresponding to the (001)
plane of the kaolinite. which was originally located at 26 = 12.45° (d = 0.72 nm) and, after the
intercalation, shified to lower angles of 26 = 8.05°. i.e., d = 1.11 nm. Therefore, after the
insertion of the DMSO molecules into the kaolinite lamellae. the interlamellar spacing
increased by approximately 0.39 nm.

If the intercalation were complete, i.e., if an intercalation rate (11) of 100% were
achieved, the initial peak at 20 = 12.45° would disappear completely. However, even when
kaolinite with only a small number of structural defects (well crystallized) is used, this value
is not reached, and the maximum value reported in the literature is approximately 90%.

The peak corresponding to the (001) plane of kaolinite at 12.45° does not disappear
completely, even over the longest period of intercalation considered (336). This can be
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explained by the presence of defects in the crystalline structure of kaolinite, which hinder the
insertion of DMSO molecules in its interlamellar spaces.

The values of intensity of d = 0.72 nm and d = 1.11 nm were used and Equation 1 was
applied to determine the intercalation rate (1I), allowing for the construction of the graphs
depicted in Figure 4.
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Figure 4: Variation of the intercalation rate as a function of time

In general, the intercalation rate increased over time, reaching a maximum value
(82.6%) in 144 hours, i.e., in 6 days.

Gardolinski {17], who used kaolinite with a similar crystalline structure, obtained an
intercalation rate of 83.5% but achieved this rate over a much longer time (480 hours).

We found that modifying the methodology usually employed in the intercalation of
DMSO in kaolinite by introducing continued agitation throughout the entire process led to a
significant reduction in the time required for the process (330% reduction in processing time).

The diffractograms corresponding to the best result achieved (144 hours) and the
kaolin utilized are shown in Figure 5.
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Figure 5: X-ray diffractograms of pure kaolinite and the K-DMSO nanocomposite obtained
after 144 hours of intercalation without heating.

After the intercalation, we also noted an increase in background noise. which may
indicate that the crystalline structure of the clay mineral particles underwent deformations
(confirmed by SEM).

b)- FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Figure 6 shows the FTIR spectra for the pure kaolinite and the kaolinite/DMSO
nanocomposites obtained at varying intercalation times. When intercalated in kaolinite,
DMSO molecules interact with the hydroxyls of this clay mineral through hydrogen bridges.
Hence, the characteristic intensity of the three bands corresponding to the hydroxylis (at 3694,
3667 and 3652 cm™) diminished.

In the K-DMSO nanocomposites, the band located at 3694 cm’’ decreased very little
and the band at 3667 cm™ (indicated by a red circle in Figure 6) disappeared. There was a
slight reduction in intensity and broadening of the band at 3662 cm™, as well as the
appearance of new bands at 3539 and 3502 cm™' (dashed lines). The bands at 3020, 2935 and
2917 em™' correspond to stretching of the —~C-H groupings of the DMSO molecules.
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Figure 6: FTIR spectra of the pure kaolinite and the samples intercalated with DMSO (without
heating)
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¢) SCANNING ELECTRON MICROSCOPY (SEM)

Figure 7 shows the SEM micrographs of kaolinite/DMSO obtained after 144 hours
16000, 20000 and 30000 times.

(c}
Figure 7: SEM photomicrographs of K- DMSO (144 hours) magnified:
(a) 10000 x, (b) 20000 x. and (c) 30000 x

After the intercalation process, a small number of particles retained their pseudo-
hexagonal crystalline structure. The larger sized particles were found to present greater
deformation (rounding of the edges of their crystallites), which was attributed to the stresses
created by the insertion of the DMSO and to the intercalation process itself.

d) ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDS)
Figure 8 depicts the EDS results for the K-DMSO nanocomposite obtained after 144
hours of intercalation. Note the presence of Al, Si, O. Ti and Fe. C and S. The carbon came

from the methyl groups, while the sulfur originated from the —S=) grouping present in the
DMSO molecules.
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Figure 8: EDS image of K-DMSO nanocomposites {144 hours, without heating)

1) INTERCALATION AT 95-100°C

a) X-RAY DIFFRACTION (XRD)
Figure 9 shows the diffractograms obtained after the intercalation with DMSO under
heating (95-100°C) at continual agitation.
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Figure 9: X-ray diffractograms of pure kaolinite and K-DMSO nanocomposites obtained
under heating over various intercalation times
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Note the shift of the peak corresponding to the (001) plane of the kaolinite, similar to
the shift that occurred in the experiment without heating,
Figure 10 shows the variation of the intercalation rate as a function of time.
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Figure 10: Variation of the intercalation rate as a function of time for the experiment carried
out under heating and agitation

This figure shows a significant increase in the intercalation rate (87%) attained in just
5 hours of synthesis, i.e., a considerably more practical length of time than that obtained for
the experiment at room temperature (82.6% in 144 hours of reaction).

Considering the values reported in the literature, this reduction was even greater, i.e..
from 480 hours to 5 hours. In other words, a reduction of 9600% in the time required to obtain
the K-DMSO precursor nanocomposite, with the advantage of attaining a high intercalation
rate very close to that of well crystallized kaolinites.

Figure 11 shows details of the diffractogram of the pure kaolinite and the
nanocomposite obtained in 5 hours of intercalation.

Nanostructured Materials and Nanotechnology It - 191



Kaolinite-Dimethylsulfoxide Nanocomposite Precursors
{0u1)

Kaolinite pure f

' I TR TR

Intensity (w.a.)

w
frup R
-}
=
h =

0 11 12 13 114 1
§ 20

f ]| Kaolinite DIMNSO (5 h)

PO I I T

Intensity {w.a.)

" / \ '

. o
LI LI L RN I LI T e B T |
k] i 7 8 9 i 11 12 13 14 15
2@

Figure 11: X-ray diffractogram of pure kaolinite and K-DMSO nanocomposite obtained
after 5 hours of intercalation (95-100°C, with agitation)

The figure clearly shows the increase in background noise after intercalation with
DMSO. A comparison of this diffractogram with that obtained in the experiment without
heating (Figure 4). both conducted under the best synthesization conditions (5 h and 144 h,
respectively), indicates that there was a greater increase in background noise for the
nanocomposite synthesized under heating. it can therefore be concluded that intercalation
under the effect of temperature leads to higher deformations in the crystalline structures.

Another piece of information that can be deduced by comparing these figures (Figures
4 and 11) has to do with the remanent non-intercalated kaolinite particles. Note that the peak
corresponding to the (001) plane of the remanent kaolinite (circled in blue in Figure 11)
underwent broadening, which can be considered an indication that temperature causes greater
deformation of its crystalline structure in a relatively short time (5 hours).

b) FOURTER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Figure 12 shows the FTIR spectra of the pure kaolinite and the K-DMSO
nanocomposites produced under heating, considering, for purpose of analysis, only intervals
of time of less than 5 hours due to the results obtained previously by XRD.
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Figure 12: FTIR spectra of pure kaolinite and K-DMSO (with heating in different periods of
time)

As occurred in the experiment without heating, there was a reduction in the intensity of
the three surface hydroxyls bands correspondin% to the wave numbers 3694, 3667and 3652cm’
' and disappearance of the band at 3667 cm™ (red circle). The band corresponding to the
stretching of the internal hydroxyls (3619 cm™') remained unaltered. New bands were formed
at 3539 and 3502 cm™ (dashed lines). corresponding to the hydrogen bridges between the
oxygen of the DMSO and the hydroxyls.

The bands at 3020, 2935 and 2917 cm™ correspond to the stretching of the —C-H
groupings of the DMSO molecules.

¢) SCANNING ELECTRON MICROSCOPY (SEM)
The SEM image in Figure 13 depicts the K-DMSO nanocomposite obtained under
heating in 5 hours of intercalation, magnified 30000 times.

Figure 13: SEM

] ’ it L & : ke .
micrograph of K-DMSO obtained in 5 hours under heating
(30000 x magnification)
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After intercalation, the particles exhibited considerable deformation, losing their
pseudo-hexagonal structure with blurred vertices, which is fully consistent with the X-ray
diffraction results (Figure 11).

d) THERMOGRAVIMETRIC ANALYSIS (TGA)

Figure 14 shows the thermograms of kaolin samples, the DMSO:H;O solution used in
the intercalation, and the K-DMSO nanocomposite obtained under the best experimental
condition, i.e., under heating at 95-100°C and continual agitation.
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Figure 14: Thermogravimetric analysis of the K-DMSO nanocomposite compared
with the original kaolin and the DMSO:H;O solution

Although the reduction in the temperature of kaolinite dehydroxylation in the
nanocomposite is an indication of a slight increase in the degree of structural disorder of
kaolin when subjected to intercalation [18-20], the reduction shown in Figure 14 is very slight
and, taken alone, would not be conclusive. However, the X-ray diffraction results (Figure 11)
and the SEM photomicrographs (Figure 13) confirm the distortion of the kaolinite crystallites.

K-DMSO nanocomposites can be used as precursors in the synthesis of a vast range of
nanomaterials using kaolinite as a two-dimensional matrix through displacement of the
DMSO host molecule by the polymer to be intercalated. The principal objective of pre-
intercalation with DMSO is to increase the interlamellar space of kaolinite, thereby facilitating
the subsequent insertion of larger molecules.

Based on a critical review of the literature, we found that the K-DMSO
nanocomposite, precursor of a series of other composites, is only obtained after long
intercalation times, which generally vary from a few days to several months [5 — 7}. In most
cases, these experiments were conducted at room temperature without agitation.

In the present work, the two routes employed led to the formation of K-DMSO
nanocomposites in a shorter reaction time and produced a higher intercalation rate than the
rates reported in the literature. When the synthesis is carried out under heating, the results are
even more promising. overcoming the difficulties of using kaolinite as a matrix.
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CONCLUSIONS

In this work, we evaluated the use of dimethylsulfoxide (DMSO) as an intercalating
agent to obtain a kaolinite-DMSQ (K-DMSO) nanocomposite precursor, and proposed that the
best route involves heating (95-100°C) and continual agitation, which drastically reduces the
time required for the intercalation to a mere 5 hours.

The X-ray diffraction results indicated that the intercalation rate achieved was 87%,
which is close to the value obtained when using kaolinite with few structural defects.

The micrographs revealed that, after the intercalation process, the geometry and shape
of the clay mineral crystallites were modified.

We concluded that it is possible to render kaolinite more attractive for the production
of polymeric nanocomposites by means of modifications in the synthesization route of the K-
DMSO precursor.
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ABSTRACT

A high efficiency photocatalyst was synthesized by coating multiwall carbon nanotubes (CNTs)
with particles of TiO, (anatase phase). Two distinct types of composites were synthesized with two
different nanotube types as matrix: arc-discharge and chemical vapor deposition (CVD) grown CNTs.
The particles were synthesized via sol-gel route and were then photocatalytically evaluated by the dye
degradation technique. The particles with the arc-discharge core performed significantly better than the
CVD CNTs (19.9140.20 min for the arc-discharge versus 177.41140.20 min for the CVD). The results
for Raman spectroscopic characterization of the nanocomposite and its constituents are reported.
Raman spectra show that both types of nanocomposite photocatalysts share chemical bonds of TiO,
with the underlying CNT core. Furthermore, the spectra clearly indicate that the enhancement in
photocatalytic activity was based on the difference in electronic properties of the CNTs. Arc-discharge
synthesized CNTs were found to be metallic in nature whereas CVD grown CNTs were non-metallic.

INTRODUCTION

In the last decade photocatalysis for environmental remediation has attracted a great deal of
attention due to an increasing threat of chemical and biological hazardous constituents. They range
from organic pollutants in the water to bacteria such as E. Coli or B. Anthraces. The current
methodologies such as liquid disinfectants, filters and radiation, are very target oriented and cannot
address all the risks. They rather focus on either remediation of chemical or on treatment of biological
hazards. Photocatalysis has the advantage to treat both hazards simultaneously. In order to make
photocatalysis work light and a photocatalyst is required. During the photocatalytic reaction a photon
of proper energy (hv>E,) strikes the surface of a semiconductor. Here, it generates an electron-hole
pair (h'~¢”) {1]. Nanocomposites are expected to take photocatalysis to the next level in environmental
remediation overcoming current low efficiencies, which is especially true in treatment of biological
samples [2. 3].

Recent advances in photocatalytic enhancement in our group are based on engineered
nanocomposites of titania and carbon. Multiwall carbon nanotubes (CNTs) were selected for their
specific electronic properties that by design should impact the overall electronic state of the
photocatalytic nanocomposite. Furthermore, CNTs act as electron carrier and as core material, serving
as electron sink to remove the generated electrons and thus are expected to retard or completely
prevent electron-hole recombination. This article focuses on the underlying electronic properties of a
novel photocatalytic nanocomposite. Raman spectroscopy is introduced as main tool to characterize
the key properties of the multiwall carbon nanotubes and their structural and electronic contributions to
increased photocatalytic activity. The synthesis of carbon nanotube-titania nanocomposites was
published earlier by us and other groups [4-6]. Although a brief summary of the experimental results
and procedures will be given here, further references to the enhancement of photocatalytic efficiency
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can be found for organic contaminants [7] (destruction of organic dye Procion Red MX-5B®) and for
biological applications (destruction of B.Cereus spores) [8].

To demonstrate the hypothesis that the underlying electronic contributions from its constituents
are key for photocatalytic enhancement, two electronically distinct types of carbon nanotubes were
selected. The first one are pristine, arc-discharge synthesized multiwall carbon nanotubes (CNTs)
while the second type is chemical vapor deposition (CVD) grown multiwall CNTs that have been
further processed in a ball mill in the presence of strong mineral acids. This treatment significantly
affects the properties of the tubes and further increases the differences in length. It especially shortens
the CNTs. For short reference in the text from now on the arc-discharge CNTs will be referred to as
long CNTs (£-CNTs) while the ball milled CVD grown CNTs will be referred as short CNTs (s-
CNTs). The photocatalytic efficiency of two types of nanocomposites consisting of an anatase coating
on top of s-CNTs and {-CNTs was evaluated by dye degradation tests.

The general theory of Raman spectroscopy accurately predicts the position of the Raman peaks
of TiO,. Titanium dioxide can exist in nine crystal structures [9], from which only anatase and rutile
are reported to be photocatalytically active [2]. Each of these structures has very distinct vibrational
frequencies. Anatase is tetragonal ( n};) with two chemical formula units per unit cell and six Raman

active modes (Ag+2B,,+3E,). Rutile is also tetragonal ( b}} ) and has a unit cell with four active modes
(Aig+BigtBy+Eg) [10]. Table I summarizes the peaks for anatase and rutile.

Table I: The Raman frequencies for anatase and rutile phase of titania. The notation in parenthesis
represents the relative intensity of the peaks; w: weak; m: medium; s: strong; vs: very strong. [10]

Anatase D’ 14,/amd Rutile D)} P4,/mnm
E, 144cm™ (vs) | By 143 cm™ (w)
E, 197em™ (w) | E, 447 cm’' (s)
By 399emt(m) | Ay 612 cm’ (s)
A 515cm’ (m) | Boyg 826 cm™ (w)
By 519 cm’! (m) - -
Eq 639 cm’! (m) - -

The Raman spectra of single and multiwall carbon nanotubes [11-13], both at the experimental
[14-16] and theoretical [17] levels are well understood [12, 18, 19]. CNTs are one class of materials
within just a few where experimental, theoretical and computational data are in complete agreement
[19]. From the large number of peaks for the single wall carbon nanotubes the only peaks that remain
in all multiwall CNTs are the G and D bands. The G band represents the 2-D features of graphite and
appears also in CNTs and involves an optical phonon exchange between two dissimilar carbon
neighboring atoms A and B in the unit cell [20-22]. The corresponding mode in the case of the tubular
structure is the same. In contrast to the graphite structure, where the G band is a single frequency at
around 1582 cm’', the nanotubes may show several peaks that relate to the relative position of the two
carbon atoms on the tube. In general the frequencies that arise from vibration to a coaxial direction are
lower compared to vibrations in circumferential direction [18]. The D band is one of the second order
Raman scatterings and involves either one phonon (inelastic scattering) and one elastic scattering or
two phonons [23]. The frequency where the Raman shift appears for the D band depends on the laser
energy [24, 25]. A typical example of this feature is the D band at 1350 cm™ that shifts by 53 cm™
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when the laser energy changes by | eV [18]. For nanotubes this phenomenon appears at frequencies
between 1305 cm’' and 1350 cm™ with full width at half maximum (FWHM) about 30-60 cm’".

2. MATERIALS AND METHODS

Synthesis of anatase coated CNTs

The arc-discharge CNTs were purchased from Alfa-Aesar (product #: 42886) in soot form
while the CVD CNTs were obtained from Nanostructured & Amorphous Materials, Inc. (product #:
1236YJS) and were delivered in powder form. According to the manufacturer CVD CNTs were
shortened via chemical mechanical shortening in a ball mill at the presence of nitric and sulfuric acid
1:3 ratio.

The anatase coatings on the CNTs were completed via sol-get chemistry. The differences in the
surface groups of the two distinct types of CNTs resulted into two slightly different chemical routes
according to earlier publications |18). For the coating of s-CNTs titanium iso-propoxide (Ti(OC ;H 7) 4)
was used as precursor and titanium sulfate (Ti3(SO4);) in the case of the arc-discharge CNT. Both
types of CNTs were treated in 60% (10 N) nitric acid (HNO;) at 140°C to purify and chemically
functionalize them prior to the coating application. The experimental protocol was as follows: 50 mg
of the tubes were added to 200 ml of acid, which by the end of the process yielded approximately 30
myg of functionalized CNTs. The {-CNTs were kept under those conditions for approximately 10h at
140 °C, while the s-CNTs were held for 6h at 100 °C. The tubes were then washed three times with DI
water (for the (-CNTs) or absolute ethanol (for the s-CNTs). The functionalization created surface
groups such as ~COOH, ~OH and >C=0 which are critical not only for the stabilization of the tubes in
the solution, but also for the coating process since they can be used as initiation sites for the reactions.
In addition they significantly enhanced the dispersion of the tubes in the medium where the coating
took place.

The specific surface area of the CNTs was measured by BET. The titania precursor amount was
based on the calculated total surface area of the CNTs. After the acid treatment the specific surface
area for the £ -CNTs and s-CNTs was 110 m*/g and 135 m?/g, respectively. The coating thickness was
designed to be a 5 nm dense anatase layer on the CNTs, wherefrom the precursor amount was
calculated. The pH of the reaction was selected based on the measured zeta potential of the tubes to
achieve best achievable dispersion while maintaining a desirable reaction rate. Following that the (-
CNTs were washed in DI water and after the last wash they were kept in suspension in a 300 m! three
neck flask (30 mg of (-CNTs in 300 m! of DI water). The flask was placed in an oil bath at 40°C and
was refluxed under constant stirring and the pH was adjusted at 3 using 0.1N HNOs. Following, 106 pi
of solution containing 45% wt Tix(SO4); in dilute H>SOy (Sigma-Aldrich, product #:495182) were
injected and the reaction was carried out for 1 hour. The s-CNTs were washed five times. The
composite was then dried at 40 °C for two days. The process for s-CNTs was similar to the one
followed for the £-CNTs. The solvent in this case, however, was ethanol since titanium isopropoxide
reacts vigorously with water. In this case the pH was adjusted to approximately 4. In this case, 11.68 ul
of water were added along with 58 ul of Ti(OC;H7)4 (Sigma-Aldrich, product #:377996) and the
reaction was carried out as before for 1 hr. After washing both samples were then heat-treated at 500°C
for 3h with a ramping rate of 10 K/min. Detailed characterization and photocatalytic evaluation is
available elsewhere [7].

Reference Material.

For Raman spectroscopy anatase nanoparticles (purchased from Sigma-Aldrich, product
number: 44689) were used as reference material. The particles have an average Feret diameter of 5 nm
and the size was chosen to be close to the coating thickness, since the 144 cm™' line shape and location
of the Raman spectrum for anatase is very sensitive to the size of the grain and therefore the size of the
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particles [26]. The size dependence is expressed by an asymmetric broadening of the peak line shape
and a blue shift (towards higher wave numbers) [27]. Although in an infinite size crystal the phonons
are free to travel in any direction before the lattice reabsorbs them, in the case of nano-sized crystals
the phonons are confined in a space less than the minimum required for unconstrained interactions
[28]. In reciprocal space the Raman line shape is given by the equation [27]:

e NCOQF 4y
" [o-a@] +a]

where B.Z. denotes the limits for the 1" Brillouin zone, a, is the half width at half maximum, w(q) is
the phonon dispersion curve. C(0,q) is the scattering coefficient for first order scattering and for
spherical nanocrystals it can be written as:

252
2 _qd
IC(0.9) =exp 16,7

This result is too complex to be directly calculated, but it can be approached with the assumption that
the dispersive relation is a simple vibrational mode in a crystal, such as:

aJ(q)=w0+Ax[1—cos(]q><a|)]

Detailed calculations for particles of 5 nm average diameter predict a shift of 3.2 cm™' towards higher
values compared to the bulk titania, and an addition broadening of 3 cm™ (FWHM) towards lower
energy values [28]. This broadening and shift is related only to the 144 cm’' line. Other bands are not
affected by size.

EXPERIMENTAL PROCEDURES

Raman spectroscopy

In every case 5 mg of photocatalyst were mixed with 1 ml of iso-propanol to form a slurry. The
slurry was placed on a glass slide and left at room temperature to evaporate the iso-propanol. The
Raman spectra were obtained using an InVia Renishaw microscope with laser wavelength of 785 nm.
Since the samples were black in color the full power (65 mW) of the laser was used to maximize the
acquired signal. Different spots of the same sample and different samples of the same material yielded
similar spectra, with variations in intensities and noise levels. However, since none of the obtained
peaks could be assumed as a fixed parameter the obtained spectra could not be averaged nor
normalized.

The measured spectra were smoothed using the LOWESS algorithm (locally weighted linear
regression) with a quadratic polynomial and weighted least squares [29-31]. The Raman peaks were
approached with Lorentz line shapes and in the case of the carbon nanotube and the G band the peaks
were also fitted with the Breit-Wigner-Fano lineshape that is suitable for metallic nanotubes {32, 33).
In addition other lineshapes were used, but the results had low accuracy and further the semi-empirical
nature had no significant meaning for the specific case. The baseline was modeled using a polynomial
approach. Therefore the fitting equation was:
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where Iy is the intensity. a, , is the half width at half height, wo the frequency where the peak appears
and q is a broadening parameter. The parameters i, the number of peaks, and j, background polynomial
order, were manually selected. The regression parameters were 10”, a, ", ®o”. a4, and q. First,
second and third order polynomials were tried to approach the background. The selection criterion was
a minimum y? value. Monte-Carlo Levenberg-Marquardt and Robust algorithms were used to fit the
regression. In most of the cases all the algorithms gave the same fitting parameters with minor
deviations. In some cases, certain algorithms (Monte-Carlo or Levenberg-Marquardt) failed to
converge and only the remaining algorithms were used. The fit was attempted with more peaks besides
the apparent number of peaks to ensure proper peak deconvolution.

RESULTS AND DISCUSSION

As stated earlier, all samples were photocatalytically evaluated and were characterized via
transmission electron microscopy (TEM), scanning electron microscopy (SEM), x-ray diffraction
(XRD) and x-ray photoelectron spectroscopy (XPS) and some data was previously published (7). Here
we will present evidence to demonstrate CNTs important role in nanocomposite semiconductor
photocatalysis. Therefore, focus is given to TEM and Raman spectroscopy and their analyses.

TEM analysis

Figure 1 (a) and (b) show the TEM images of the CNTs after treatment with acids and before
the coating step. The {-CNTs appear to be straight and pristine with well defined walls while the s-
CNTs are not straight, have a bamboo-like structure and the walls are curved and occasionally
discontinued as consequence of the acid and ball mill treatment.

The nanotubes™ morphology and structure are features likely to affect their properties and in
following the properties of the nanocomposite material. TEM analysis confirmed the manufacturer
specifications that were provided, diameters of 20 nm for the s-CNTs and 15 nm for the (-CNTs,

Figure 1 (c) and (d) depicts both types of CNTs afier the coating process. The same features
underneath the anatase coating can still be viewed (the {-CNTs are straight and well defined while the
s-CNTs are curved and have damaged walls). However, there is a notable difference both with the
coating thickness and its morphology. The coating appears thicker and rougher for the s-CNTs. This
result was verified later with BET specific surface area measurements that indicated slightly larger
specific surface areas for the anatase coated s-CNTs (183 m?/g versus 162 m%/g for the anatase coated
(-CNTs). The coating thickness was found to vary from 2 to 6 nm for the -CNTs while for the s-
CNTs the thickness varied from 5 to 10 nm.

Photocatalytic activity.

Detailed results for the photocatalytic activity of these nanocomposites have been reported
elsewhere [8]. Here we report a summary of the data to demonstrate the significance of the impact.
The interested reader is referred to Pyrgiotakis et al. [7] for the experimental protocol. Since
photocatalysis is a surface chemical reaction the photocatalytic experiments were based on the same
surface area. This experimental design allows investigating the impact of the electronic properties on
the photocatalytic activity. The data in figure 2 were achieved by using the photocatalytic destruction
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of a UV-stable dye with the commercial name of Procion Red MX-5B®. | mg of the coated /-CNTs
(respectively 1.3 of the coated s-CNT and 3 mg of Degussa P25), was dispersed via sonication in 50 mi
solution of 5 ppm dye and the suspension was placed in dark champer under the UV (375 nm). The
dye concentration was measured indirectly by quantitative UV-VIS spectrophotometry. P25 (Degussa,
Germany) was used as benchmark since it is widely accepted as an efficient photocatalyst. For data
analysis it was assumed that the concentration reduction follows a simple exponential decay
(Langmuir-Hinshelwood model).

Figure 1: CNTs prior coating and with anatase coating. (a) Arc-discharge nanotubes ({-CNTs) (b)
CVD grown nanotubes (s-CNTs) after the functionalization. (¢) (-CNTs with anatase coating and (d) s-
CNTs with anatase coating.
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The experiments were performed under 375 nm UV light with total intensity of 20 W/m*. For the
Degussa P25 in addition to the 375 nm wavelength. the 350 nm lamp, since it is the most commonly
used wavelength. The results are plotted as decrease in concentration of the dye with time of UV
exposure. Continuous lines are fits to the Langmuir-Hinshelwood model (C=C, Exp(-t/t)). The data
can be best compared as t, which is the time required for a 63.21% (1/e) reduction of the dye

concentration.
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Figure 2: Collective representation of the photocatalytic dye degradation results using anatase coated
CNTs and P25 titania.

The coated [-ANTs yield a t of 19.91+0.40 min (reaction rate 4x10™* mols/min-mg) while the s-CNTs
had a t of 177.41210.00 min (reaction rate 4.63x10™ mols/min-mg). Since the measurement was done
on the same surface area, it implies that the difference between the two CNT nanocomposite particles
(789% decrease in the efficiency) is caused by the different types of nanotubes. The results for the P25
particles were 24.1+0.4 min under the 350 nm (reaction rate 3.4x10" mols/min-mg) and 97.0+2.7 min
(reaction rate 8.4x10° mols/min-mg) falling in between the CNT nanocomposites. To explain these
dramatic differences in photocatalytic performance Raman spectroscopic analysis of the
nanocomposites was applied.

Raman spectra

Figure 3 shows the Raman spectra for the carbon nanotubes segment (1000-1800 cm’') prior
((a), (b)) and after coating ((c), (d)). were (a) and (c) are for the [-CNTs and (b) and (d) are for the s-
CNTs. As previously stated the coating for the s-CNTs was thicker so the obtained Raman spectrum
was not as intense as for the (-CNTs therefore the signal to noise ratio is significantly lower. In all
cases, however, both G and D bands were observed. The data presented are the results after applying
smoothing algorithms with the parameters that influence the shape and the position of the peaks the
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least. For the uncoated (-CNTs the D band appeared at the 1312 cm™ with an a; of 22 em™ which is a
very good indication that the tubes were pristine, In addition the G band at 1594 ¢cm”’ had a very
distinet split (G~ at 1583 cm™' and G at 1611 cm™). Breit-Wigner-Fano fitting gave better results for
the G". which is characteristic for the metallic nature of the carbon nanotubes. This is one of the most
important results since. it points out that the (-CNTs are electrically conductive.
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Figure 3. Raman spectra of the CNTs before and after coating. (a) arc-discharge nanotubes ((-CNTs)
(b) CVD grown nanotubes (s-CNTs) after ball milling in mineral acid. (¢) {-CNTs with
anatase coating and (d) s-CNTs with anatase coating.
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For the uncoated s-CNTs the D band appears at 1305 cm™, which is at the upper limit of the span were
the D band could appear in CNTs. The regression gave an a_vatue of 31 cm™', which is broader than
what was expected for CNTs but it is reasonable due to the damage of the ball mill treatment. The next
characteristic is the G-band that appears at 1586 cm™ with an a;. of 30 cm™. Although from the profile
of the peak it can be hypothesized that there were two peaks. all the fit algorithms failed to recognize
two peaks with variation in the smoothing parameters and background. It is. therefore, accurate to
conclude that there is not a distinct split of the background. Afier the coating the {-CNTs had not
changed significantly with only some shifting of the peaks and differences of the relative peak
intensities. Similarly the results from the s-CNTs also displayed differences in the peak relative
intensities and the peak location after the anatase coating. However it should be noted here that the
second peak that appears for the case of the s-CNTs is seems to be an artifact, since it is not justified
by the prior coating spectrum. So the G+ is the original G-Band, which has shifted from the original
position by 4 cm™ due to the coating and the possible bond between the coating and the CNT.

Rarrar Shifl fom-1

(a)

Figure 4: Raman spectra of (a) reference anatase, (b) anatase coated (-CNTs and (c) anatase coated
s-CNTs. The insert shows an enlargement of the 700-760 cm™* region.
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Flgure 4 shows the Raman spectra obtained by the reference sample and the titania segment (0-
1000 cm™') of the coated tubes. All the peaks for the reference material appear in the locauons listed in
Table I with only one exceptlon where the 144 cm™ peak has been shifted to 148 cm™. Considering
that the manufacturer gives particle size 5 nm, this is in agreement with the theoretical predrctron by
Choi et al [34]. Since the coating process of the s-CNTs yielded more coating than the (-CNTs the
titania peaks appeared stronger and sharper while for the {-CNTs only the very strong peaks were
observed. Again all titania peaks seem shifted compared to the reference and the shifting is either red
or blue. In addition, a new peak appeared for the s-CNTs at 727 cm™, which could not be identified as
any known peak for anatase, rutile, or CNTs (see insert in figure 4(c)).

Based on the TEM images and Raman spectra it can be concluded that the {-CNTs in this work
are electrically conducting since the split at the G band is very distinct. They also have a well defined
tubular structure which fits the G and D band location and width. Finally they are characterized by
very high density of surface defects as a result of the acid treatment as is demonstrated by the relative
peak intensities. On the contrary, the apparent absence of the split (or at least a very distinct split) for
the s-CNTs underlines their poor electrically conductivity.

The second important result is the peak shifting that occurred after coating for both types of
CNTs. The peaks have different shift not only in magnitude, but in direction, too. This not only
eliminates the possibility of instrumental error, but also shows the existence of many complicated
bonds. In more detail the G* band arises from the carbon atoms vibrations along the nanotube axis, and
the frequency is sensitive to charge transfer from dopant addition with up-shift for acceptors and
downshift for donors [40]. In the case of the (-CNTs the G* band shifts from 1612 ¢m™ to 1606 cm™
This might be explained by titania generated electrons, triggered by the ambient light or the laser, that
can be trapped in the CNT structure and may cause an energy up-shift of the G* band.

In both cases the E; titania peak appeared at 150 cm™!, which indicates a 6 em™ blue shift
compared to the literature value and a 2 em™ shift compared to the reference material. The possible
reasons for this shift are the size constraint and possible chemical interactions. The surface termination
of titania particles imposes constraints to the phonons, which results in a more asymmetric peak and
blue shift. However, a shift of this magnitude has been calculated according to the theory described
previously and is in the order of 3 nm. Consequently it cannot be assumed that the blue shift comes
only from the size restrictions. In addition all the titania peaks for both materials are significantly
shifted toward either direction and with different values for each peak. Therefore, the Raman spectra
are clearly showing TiO,/MWNTs interactions. The most likely interaction is a bond such as C~O-Ti.
Yakovlev et al. 134) mention the Ti-O-Si bond at 950 cm'. Similarly here the 727 em™ may be
attributed to a Ti—O—C bond. This is consequence of the method followed for the coating, initiated by
the —~OH and >C=0 formation on the CNT surface. This bond is required for C to act as dopant to
titania by making titania more effective by means of reducing the minimum required photon energy to
generate the electron hole pair (35).

CONCLUSIONS

To increase the photocatalytic efficiency nanocomposites of TiO; and multi-wall carbon
nanotubes (CNTs) were synthesized. The CNTs are the support structure for titania nanoparticles
(anatase phase) and act as a sink for the generated electrons. The goal was to use the high surface area
of the nanotubes and their metallic properties to increase the photocatalytic efficiency. The metallic
nature of the tubes makes them an excellent scavenger of the electrons generated during the UV
irradiation and therefore extends the lifetime of the holes. To investigate the impact of the nanotube
nature in the current approach we used both arc discharge and CVD nanotubes. The arc discharge
CNTs are known to have excellent metallic properties, which is an immediate result of the high
synthesis temperature, while the CVD tubes in general are nonmetallic. This is demonstrated by a
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distinct split of the G-band in the Raman spectrum for the arc-discharge CNTs which is a significant
characteristic for metallic carbon nanotubes.

The Raman spectrum after anatase coating showed a shift of all the major peaks of titania and carbon
nanotubes and one extra peak at 727 cm™. All these characteristics can be attributed to a Ti-O-C
bond. This bond is very significant not only because it acts as a channel to allow the electrons to be
transported from the titania to the carbon nanotube core, but allows the carbon to perform as dopant to
the titania. In general, the synthesized nanocomposite acts as an enhanced photocatalyst in a multitude;
the specific surface area increases due to the needle like shape of the CNT support; the nanotube acts
as an electron sink and scavenges the electrons.
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ABSTRACT

Hydroxyapatite (HAp) films, widely used as a biocompatible material for hard tissues repairing,
are studied in this paper for a better control and understanding of the crystallization and densification
of sol-gel deposited layers. Calcium nitrate and triethyl phosphite diluted in alcohols were used as
calcium and phosphorus precursors. HAp coatings were obtained by spinning method, followed by
drying and annealing in the range 130-750°C. Specific temperatures of the chemical reactions of HAp
formation have been revealed by thermogravimetric analysis (TG-DTA). Structural, chemical and
optical characterizations of the films were performed by Scanning Electron Microscopy (SEM) with
Energy Dispersive X-ray Analysis (EDX) facilities, X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR) and Spectral Ellipsometry (SE). The film crystallinity increases with the
annealing temperature above 550°C. XRD lines of HAp crystallographic planes become narrow at
750°, and correspond to a single crystallographic phase. The film morphology depends not only on
annealing history but also on the synthesis parameters. Thus, layers with large grains of well sinterized
HAp nano-crystals can be obtained. Using EDX measurements, the Ca/P ratio was found close to the
stoichiometric value in the well sinterized HAp grain regions and slightly increased 1.82 for boundary
regions between grains. The density of pores usually observed in sol-gel derived films was estimated
for different samples using modeling of SE data.

INTRODUCTION

Hydroxyapatite with the chemical formula Caio(POs)s(OH), is one of the most important
biomaterial used for orthopedic and dental applications due to its chemical similarity with bones and
its bioactive properties.'” Plasma spray technique is currently used for HAp coatings. But this
technique, due to a high-temperature process, has some disadvantages such as deviation from
stoichiometry, crystalline phase and homogeneity.* Therefore, other techniques including
electrodeposition.” pulsed laser deposition® and sputtering deposition” have been studied and reported
in literature.

Recently, sol-gel method has been developed for synthesizing of hydroxyapatite.*!' By this
method, a very good control of the composition and a lower temperature crystallization™' of HAp
films can be achieved in comparison with conventional methods such as hydrothermal synthesis and
wet precipitation.'”” Using sol-gel method, hydroxyapatite coatings as well as hydoxyapatite
composites can be obtained depending on the chemical parameters.'*

The commercial titanium implants have good mechanical properties but poor osteointegrative
properties. HAp coatings can solve this problem. Moreover, a TiO; buffer layer is a good barrier
against metal ions diffusion in the human body, and offers a chemical and mechanical stability.'**°

In this paper, optimization of sol-gel process in order to obtain single phase HAp crystalline
coatings with different porosities is studied. For this. useful information is obtained by studies of HAp
powders obtained from gel. The film porosity was varied using different annealing parameters or/and
Ti and TiO; buffer layers.
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EXPERIMENTAL DETAILS

For sol-ge! deposition, solutions containing 0.2M Ca(NO;)*4H;0 and triethyl phosphite P(C2Hs0);
in basic medium was used. After spin coating (1000 rpm) of the sol on Si(100) substrates at room
temperature, the wafers were dried for 15-30 min. at 150°C and annealed in air atmosphere for 30-60
min. at 550°C and higher temperatures. The solution parameters and annealing procedure were
optimized for a complete removal of solvents and the formation of single crystalline phase HAp films.
Thermo-analysis of HAp powders was performed using Pyris-Diamond derivatograph The crystalline
structure was investigated by XRD measurements using a BRUKER-D8 Advance type X-ray
instrument. The optical properties were determined by spectroellipsometric measurements in the
spectral range 0.4-0.7um. For FTIR measurements a Perkin Elmer Spectrum BX instrument was used.
A Hitachi S2600N model equiped with Rontec Edwin WinTools was used for SEM and EDX studies.

TG-DTA AND XRD STUDIES OF SPECIFIC ANNEALING TEMPERATURES AND
CRYSTALLIZATION OF SOL-GEL DERIVED HAp POWDER

After spinning deposition of thin gel layer on different substrates, an annealing process is
necessary for removal of additional components and crystallization of HAp films. In order to find out
specific reaction temperatures of the HAp formation using the sol-gel method, we have investigated by
TG-DTA a powder obtained after an evaporation of the precursor solution. The same slightly basic (pH
7 — 8) solution used for HAp film deposition has been transformed in a powder before TG-DTA
measurements. In Figure 1, the weight (TG) and differential thermo-analysis (DTA) during annealing
process are shown as a function of temperature. Weight losses shown by the TG curve (Figure 1a) can
be associated with exo- and endo- thermic reactions revealed by DTA curve (Figure 1b).
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Figure 1 - Temperature dependence of the TG (a - weight) and DTA (b — differential thermo-analysis)
signals during annealing of the precursor HAp powder (maximum annealing rate of 10 °C/min).

One can see from Figure 1a that, in spite of initial drying of the powder, a significant weight loss
still exist within the temperature range 100 — 130 °C, due to elimination of water and organic solvents.
Decomposition of nitrate compounds occurs within the temperature range 130 — 280 °C, while the
combustion and elimination of organic compounds is obtained at about 321°C."?
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The powder weight continues to slightly decrease (~1%) within the high temperature range (350 -
750 °C), without a specific energy. However, an endo-thermic reaction at 510°C can be observed in
DTA diagram. At 550°C. the HAp powder is already in a poli-crystalline form but its crystallinity
increases constantly with the annealing temperature, as shown by narrowing of the XRD lines. SEM
image of the HAp powder after annealing at 750°C is shown in Figure 2. The powder consists in large
grains with sizes of a few micrometers, which are formed by a compact agglomeration of nanocrystals
of about 100nm.

i

L i i
of the HAp powder after annealing at 750 °C

Figure 2 - SEM image

Figure 3 shows a XRD curve of HAp powder, after annealing at 750°C. The diffraction lines
correspond to a single crystalline HAp phase, as shown by solid dots as marks of different diffraction
angles in agreement with standard data JCPDS 9-0432 for HAp powder.

g00 | o Ca,(PO,},(OH) HAp
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Figure 3 - XRD curves of the HAp powders after annealing at 750°C:

Studies performed on powder are very usefully not only for a design of the annealing procedure of
the HAp film formation, but also to detect possible multiphase behaviors induced by deviation of
different parameters of the precursor solution, from optimal values. For example, an incomplete
hydrolysis may result in a multiphase composition of the powder (additional components calcite and
pyrophosphate, data not shown here).

FTIR AND XRD STUDIES OF SOL-GEL DERIVED HAp FILMS

The annealing effect on sol-gel derived HAp films was studied using FTIR spectroscopy. Figure 4
shows the spectral absorption curves of sol-gel HAp films after annealing at different temperatures.
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The curves are shifted on vertical axis, for clarity. After annealing at 150 °C, water and other
components are still massively present within films, in agreement with TG-DTA studies on powders.
The spectrum is essentially changed after annealing at 300 °C and has a smooth evolution with
temperature above 300 °C. No other sharp transition is observed within the range 300 — 550 °C, in
contrast with the results of the TG-DTA measurements which show an essential exothermic
transformation at 321 °C. It might be that, due to a reduced thickness of the film. this transformation
occurs already at lower temperature 360°C.

[P0, bending
PO, stretching

intensity (a.u.)

500 1600 1500 2000 2500 3000 3500 400C
wave number {cm’)

Figure 4 - FTIR spectra of sol-gel derived HAp films for difterent annealing temperatures

The annealing at higher temperatures results in a constant decreasing of the C-H absorption which
is eliminated by annealing at 550 °C. The absorption peaks associated to bending and stretching
oscillations of the POy group become narrower at higher annealing temperatures correspondmt, to
more compact HAp films. Interesting, the absorption band associated to CO3? group is observed in
FTIR spectra, in spite of a single crystalline HAp phase detected by XRD measurements, after high
temperature annealmg,, as we discuss downward. We have to admlt that this group is included either as
an impurity in the crystalline phase or in an amorphous matrix.'
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Figure 5 - XRD grazing incidence measurements on sol-gel HAp films after annealing at 550°C
and 750°. Labels are crystalline planes associated to HAp diffraction lines.
XRD measurements at a grazing incidence of 2° are shown in Figure 5 for HAp films annealed at
550 °C and 750 °C. The crystallinity of the film is increased for higher annealing temperature, as can
be deduced from the increase of the peak intensities and narrowing of the direction lines. The
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diffraction lines in Figure 5 are associated to different crystalline planes in agreement with standard
PDF data files for HAp. One can see that the film is a single HAp crystalline phase, and no essential
contribution of possible other components (calcite and pyrophosphate) can be detected.

By increasing the annealing temperature from 550°C to 750°C, not only the crystallinity of the film
is increased, but also the morphology of the film is modified. Tn Figure 6, SEM images are
comparatively shown for films annealed at 550°C to 750°C. The film is reorganized from a fine
structured morphology (Figure 6a) into more extended compact areas by annealing at higher
temperature (Figure 6b). However, some cracks are observed in films annealed at higher temperatures.
These behaviors are specitic for films obtained using slightly basic precursor solution (pH ~8.5).

Figure 6 - SEM images of sol-ge HAp films using slightly basic precursor solution (pH ~8.5). after
annealing at: a) 550°C: b} 750°C.

Using a precursor solution of less basic character (pH ~7.5). larger grains of compact HAp
(diameter of 10 - 20 um) can be obtained in films annealed at lower temperatures, as can be seen as
dark areas in SEM images of a film annealed only at 550°C (Figure 7). The grains are interconnected
by more porous boundary regions (bright areas in Figure 7).

Figure 7 — SEM image of a HAp film after annealing at 550°C. using a reduced pH 7.5 of the precursor
solution. Large compact regions (label 1) and more porous boundary areas (label2) are observed.

Compact and boundary regions (in Figure 7. labels | and 2, respectively) have been
comparatively investigated by EDX. Within regions of more compact HAp, the value of the Ca/P ratio
was found ~1.64, close to the stoichiometric value 1.66, while for boundaries, this ratio has a slightly
increased value of about 1.82. Since only the crystalline structure of HAp phase was detected by XRD
measurements we can conclude that the deviation from stoichiometric value of the boundary regions
does not essentially influence the crystalline structure of the film.
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ELLIPSOMETRY STUDIES OF OPTICAL AND COMPOSITION PROPERTIES OF HAp FILMS

Optical properties were studied using SE within the spectral range 0.4 — 0.7 um. The main aim
of these studies was an estimation of composition of HAp films. For our case of single crystalline HAp
films, a mixture of HAp and voids (air) was assumed. Computed ellipsometric functions using
multicomponent Bruggemann Effective Medium Approximation (B-EMA)?' of optical constants of
each layer were fitted to the experimental data.

Table I — Thickness (d) and composition (HAp and voids) of HAp films evaluated by EMA fitting of
ellipsometry data for different samples. HAp films were obtained by 1 or 2 succesive depositions
(number of HAp layers) on c-Si substrates with or without a buffer layer. Different annealing regims

were used (Ann-1 and Ann-2: annealing temperature ramp 7°C/min and 3°C/min, respectively).
Sample Buffer | number | Comments d HAp | voids
layer of HAp (nm) | (%) (%)
layers
HA-Si-1 - 1 Ann-1 ] 187 | 404 | 59.77
HA-Si-2 - 1 Ann-2 95 70.6 294
HA-Si-3 - 1 Ann-2 108 | 67.2 32.8
HA-Si-4 - 2 first layer Ann-1; 226 70.7 29.3
second layer Ann-2;
HA-Si-5 - 2 Ann-2 218 | 79.8 20.2
HA-Ti-1 Ti 1 Ann-2 348 | 643 35.7
HA-Ti-2 Ti 1 Ann-2 401 55.5 44.5
HA-Ti-3 Ti 2 Ann-2 746 | 61.7 38.3
Ann-2;
HA-TiO2-1 | TiO, 1 buffer 39nm TiO, 191 949 5.1
with 4.6% porosity
: Ann-2;
HA-TiO2-2 | TiO; 1 buffer 163nm TiO; 232 | 99.6 0.4
with 0.7% porosity

Samples of HAp films deposited on different substrates and different annealing procedures, for 1 or
2 successive HAp sol-gel depositions have been investigated (Table I). Oxidizes c¢-Si wafers (native or
thermal-grown oxides) with or without a buffer layer were used as substrates. Silicon wafers have been
covered before HAp deposition, either by vacuum evaporation of Ti layers 50nm thick, or by sol-gel
deposition of TiO; layers.

The substrate type, as well as the temperature rate of the annealing procedure strongly influences
the porosity of HAp films, as can be seen in Table 1. In Table I, beside some information about the
sample preparation, ellipsometry fitting results on thickness and porosity (void concentration) are
given,

The used fitting procedure takes into account ail layers of the sample structure. For all investigated
samples a weak dispersion of the refractive index of the HAp layer was found, corresponding to a large
bandgap of the HAp, in agreement with literature data. However, the value of the refractive index is
strongly influenced by both, the annealing procedure and the substrate type.

Dispersion curves of the refractive index are shown in Figure 8a for different samples described in
Table I. The refractive index varies within the range 1.21 — 1.56 from sample to sample. In Figure 8b
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the dispersion curves are shown on extended scale for samples with dense HAp filims deposited on
Ti0, buffer.

The fluctuation of the refractive index is correlated with void concentration. For substrate without
buffer, a reduction of the temperature rate of the annealing procedure results in a strong decrease of the
layer porosity from 60% to less than 30% (see Table T).
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Figure 8 - Spectral dependence or refractive index n of a few sol-gel derived HAp films with
different porosities (void concentration).

The use of a metallic Ti buffer does not change essentially the film porosity, while depositions on
TiO, buffer layer can result in highly compacted HAp layers. For thinner (39nm) and more porous
TiO; buffer layer, the void concentration is reduced to 5%. while for thicker buffer layer. the porosity
reaches values smaller than 1% (see Table I).

We can conclude that the porosity of sol-gel derived HAp films can be varied in a broad range
from 60% to less than 1%. by changing the annealing temperature rate and/or the buffer nature.

CONCLUSIONS

Optimization studies have been performed for single crystalline phase HAp film formation.
Specific annealing temperatures of the HAp formation at about 150°C., 250°C, 320°C and 510°C were
detected using TG-DTA measurements on powders obtained by evaporation of precursor solution. This
thermo-analysis, together with XRD and SEM investigations on massive HAp powder samples has
offered important information for optimization of HAp films. Additional to XRD and SEM studies on
HAp films, the temperature evolution of the FTIR spectra were used to investigate the annealing
effects. Single crystalline phase of HAp films with different porosity was obtained by changing the
annealing temperature rate and the nature of the substrate. SE was used not only to evaluate the optical
constants of the films, but also the porosity. A TiO2 buffer layer is favorable for compact HAp film
formation, Layers with void concentration of less than 1% as well as very porous films with 60% voids
were obtained.
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EVALUATION OF AGGREGATE BREAKDOWN IN NANOSIZED TITANIUM DIOXIDE
VIA MERCURY POROSIMETRY

Navin Venugopal, Richard A. Haber

ABSTRACT:

Six nanosized titanias were investigated for aggregate breakdown. The powders all
commonly exhibited particle (aggregate) sizes of approximately 1 micron via light scattering and
primary particle sizes of approximately 20 nm via BET ESD estimation yet the powders
appeared to show strongly different rheological characteristics. Investigation of the aggregate
strength via compaction curves indicated yield points on the order of 500 MPa as compared with
4-20 Pa for suspension yield strength. Three distinct aggregate size regimes of size orders of
approximately 100 microns, 10-20 microns and 1 micron were found with the variation in
strengths observed corresponding to an attack on a different aggregate size regime.
Investigations via mercury porosimetry found peaks for tape cast samples at ~250-400 nm
corresponding to intact 1 micron aggregate units. Peaks in the nanosized regime were found
corresponding to loose coordination of 20 nm primary particles. Investigation of pressed pellets
from compaction curves found the absence of this peak and the shift of nanosized peaks to
values from 5-10 nm suggesting the attack of the 1 micron aggregated unit and the
rearrangement of the 20 nm units.

INTRODUCTION/BACKGROUND:

The use of nanomaterials to form butk shapes has gained significant attention due to their
offering unique properties with regards to rules established for conventional materials as well as
their suprerior inherent advantages for variables such as diffusion length, specific surface area
and particle number density. A common drawback of materials exhibiting this length scale is the
large amount of fluid vehicle required to facilitate their processability by conventional
techniques including paste or slurry formation. This is further compounded by particle number
density proliferation at this length scale, smaller separation between particle surfaces and
exacerbated particle collision frequency. Consequences of this include undesired ag§regatlon
into micron-sized 'effective units' denying the advantages afforded at the nanoscale

Aggregates and similar terms such as agglomerate, floc or coagu]ate are terms that
characterize a random assemblage of constituent particulate subunits®. The models available to
consider the aggregation behavior materials assess strength of interaction in specific scenarios,
such as the network model of pamculate suspensions which associates rupture of aggregate
‘bridges’ with the onset of fluid flow**. An additional technique to characterize the strength of
aggregates is suggested by Niesz in producmg powder compaction diagrams whereupon the
extrapolation of linear regions of Stage I and Stage 11 compaction’s intersection provides a
measure of aggregate yield strength®.

The loose and disordered arrangement of aggregates prevents a characterization via
conventional packing models while still intact. In the aforementioned two techniques. aggregate
rupture should inevitably result in a rearrangement of the constituent subunits from compaction
pressure above the yield point or shear stresses larger than the hydrodynamic stresses imparted to
rupture the network in suspension. Upon rearrangement, the system will reconfigure accordmg
to a specific model such as those described initially by White and Walton for spherical particles’.
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Further to this is the apparent correlation between particle size and the size of the interstices
produced under certain packing structures®.

In instances of a simple aggregate system with one iteration of aggregation, this is trivial
as there are only two configurations that can exist corresponding to intact aggregates of
randomly coordinated primary particles and free flowing primary particles. The situation
becomes nontrivial when multiple aggregation iterations are encountered. This has been
reported in systems such as the work of David et al.’ synthesizing nanosized ZnS where up to
four separate and independent iterations of aggregation are reported. Their four iterations were
reported to be of specific sizes and were strongly a function of specific synthesis conditions.

In the processing of nanosized materials which exhibit multiple aggregation iterations, it
may be argued that certain aggregation iterations may be targeted for preservation depending on
the application targeted for the system. This investigation intends to detail efforts at measuring
the stresses required to rupture a series of nanosized titanium dioxide powders synthesized from
a sulfate process. Specific stresses will characteristic of the stresses required to rupture certain
iterations of aggregation. Tape casting will be utilized as a means of evaluating a controlled
shear regime and its effect on aggregate breakdown in a formed part. This will be furthered by
the use of mercury porosimetry to measure the interstices produced in a specific process as a
means of back-calculating the size of the unit flowing under the specified stress regime.

EXPERIMENTAL

The titania utilized in this investigation was synthesized from a sulfate process, illustrated
in Figure . Modification of synthesis variables such as seeding level, washing volume or
calcinations temperature were found to affect starting powder characteristics, specifically the
soluble sulfate level and specific surface area.

limenite ore + H,S0, Digestion Crystallization

!

Drying, Milling, Packing i Hydrolysis, Filtration
And Surface Treatment Caicnation A and Washing

Figure I: Flowchart of the sulfate process for production of titanium dioxide

Tape Casting

Tape casting was performed via an air-driven motor with a moving doctor blade. The
doctor blade was manufactured by and obtained from Richard Mistler Inc.. Doctor blade height
was adjusted via micrometers attached to the doctor blade. Casting was carried out on a glass
substrate, onto which a Mylar film was placed. Doctor blade motion was attained by placement
on a chain connected to the air-motor assembly. Variation of the air pressure resulted in
variation in the chain velocity and ultimately the casting speed. Pressures of 20 and 55 psi were
found to correspond to casting velocities of 0.85 cm/sec and 9.09 cm/sec. A small quantity of
slurry was placed ahead of the doctor blade. The slurry was composed of Deionized water and
titania with no additional additives or surfactants employed. Upon casting the tape was dried
overnight and then calcined at 600 degrees Celsius overnight.
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Powder Compaction

For compaction curves, the powder was weighed as a 0.140 g sample + 0.005 g and
compacted using a stainless steel cylindrical KBr pellet die with a cross-sectional diameter of
12.7 mm (0.5 inches). All compaction was performed via an Instron 4505 loading frame using a
100 kN load cell. The load cell was calibrated and balanced prior to testing. The crosshead was
lowered until a near-zero gap was achieved between the crosshead and the top surface of the
punch. Compaction loading was performed at a velocity of 1.8 mm/min until the maximum load
of 100 kN was achieved, whereupon the computer-controlled crosshead automatically was
stopped. Compaction unloading was carried out at 1.8 mm/min immediately following cessation
of the load procedure and proceeded until the crosshead was visually observed to no longer be in
contact with the top punch. Upon ejection of the sample from the die, the sample thickness was
measured using calipers and the mass was measured. The stage I/stage 11 transition was
calculated by linear regression .

Mercury Porosimetry

Packing characteristics of the resultant tape were assessed via mercury porosimetry.
Each sample was dried for 24 hours prior to testing. For ali mercury porosimetry, samples were
dried for 24 hours at 110 degrees Celsius. Samples were then placed in 3 cc bulbs that were
evacuated to 50 Jm Hg pressure for 5 minutes before being filled with mercury. High pressure
analysis was performed via a Micromertics 366 Porosimeter for applied pressures ranging from
0.5 to 30,000 psi.

RESULTS:

Particle size distribution is presented in Figure I, and surface area is presented in the
Table I. Powder density was previously measured via helium pycnometry and found to be 3.84
g/em? for all powders. The light-scattering particle size distribution data show little variation in
the starting powders size distribution or median particle size. Median particle diameters are
centered at approximately 1 Om and appear to exhibit a log-normal distribution extending into
the submicron range. The light-scattering data, however, offer few insights into the system
without further characterization via other techniques. Such information can be obtained via the
multi-point BET surface area measurements provided. The surface areas for the powders
investigated in this study ranged from 71 to 127 m?/g. Using Equation I below in combination
with density data provided and shown in Table I, the equivalent spherical diameter (ESD) was
calculated and found to range from 12 to 22 nm.

6
ESD,,., =——————u(]
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Figure II: Particle size distributions of the powders investigated via light scattering

Table I: A summary of powder characteristics and computed quantities

Powder (dso B]‘-_.:/T (;::;Ilc)ulated PD::;:;
um) | (m'/g) (nm) @em®

1 1.26 89.37 17 3.84

2 1.05 71.64 22 3.84

3 0.95 71.53 22 3.84

4 1.26 126.88 12 3.84

5 1.15 110.22 14 3.84

6 115 117.18 13 3.84

The dry powders were investigated via scanning electron microscopy and were found to
exhibit three distinct aggregation phases as seen in Figure I1T a)-c). These three iterations of
aggregation were found to exist as three separate size regimes. As indicated in Figure III(a), the
system appears to initially exhibit primary particle sizes on the order of tens of microns,
confirming the approximate order of magnitude given via estimation of ESD via BET. The
clustering of primary particles results in a primary scale aggregate approximately 1 pm in
diameter, corresponding to the peaks exhibit in light-scattering particle size analysis.

In Figure III(b) it can be seen that the primary scale aggregates themselves appear to
cluster into a secondary scale aggregate approximately 5-10 pm in diameter; in Figure I1I(c), it
appears that the secondary scale aggregates form a tertiary scale aggregate of diameter 100 pm
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and greater. It appears that the aggregates and the primary particles are of ill-defined shape, and
cannot be conveniently described by a specific particle shape. This prevents the direct fitto a
specific particle packing model of a particular shape. Due to the ill-defined shape and the
apparent lack of a specific aspect ratio so as to cause a deviation from a shape factor of 1.0,
approximations in consideration of particle packing for each aggregation iteration will utilize
spherical models

(c)
Figure IT1: Muitiple Aggregation Stages seen via Scanning Electron Microscopy for Powder 1
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Figure IV: Sample compaction curves generated for Powder 1

Powder compaction was performed on each of the powder samples to establish upper
limit boundary conditions for stability of the aggregate. A sample compaction curve for each of
the six powders is shown in Figure IV with linear regression results plotted in Table II. Inall
instances of compaction it can be seen that the pressure utilized is sufficient to produce what
appears to be a transition between Stage T and Stage 11 of the typical compaction curve.- There
appears to be no transition to Stage III evident suggesting that 750 MPa is insufficient pressure to
produce rearrangement of the primary particles believed to occur in Stage I11. It is possible that
the system’s primary particles possess a sufficiently high strength to withstand deformation at
this pressure. It is also possible that the granule rearrangement has not been fully optimized to
proceed to the next stage of compaction. However, the pressure utilized appears to be sufficient
to see a transition to Stage IT and subsequently to fragment the aggregates.

The compaction results appear to indicate aggregate breakdown as evidenced by the
transition from Stage I to Stage Il compaction at pressures of approximately 500 MPa suggesting
this as the strength of primary scale aggregates.

Table 1I: Calculated Yield Points in Compaction

Powder | Mean Yield Point (MPa) [ Standard deviation
1 512 6.64
2 501 2.67
3 501 6.16
4 499 2.09
5 503 7.67
6 485 7.03
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Figures V and VI show results of mercury porosimetry performed on tape cast pieces of
low and high velocity respectively. These plots indicate that there does not appear to be a
significant amount of aggregate breakdown attained with increasing the casting velocity by 1
order of magnitude. The porosimetry on the tapes indicates that there are three peaks produced,
corresponding to three diameters commonly exhibited in the tapes of the powders. The first
peak, for a pore diameter of 212 um, corresponds to residual pores not fully eliminated via shear;
the peak is believed to be misleadingly significant since the size of the pore diameter results ina
significant volume of mercury intrusion in spite of a relatively low number of pores exhibiting
this size.
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Figure V: Mercury porosimetry of tapes cast at 0.85 em/sec
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Figure VI: Mercury porosimetry of tapes cast at 9.09 cm/sec

The second major peak (and commonly the largest peak for tapes of low and high
velocity for each of the six powders investigated) corresponds to a submicron pore diameter.
The occurrence of this peak value ranges from pore diameters of 0.32 to 0.49 um depending on
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the powder investigated. Varying casting velocities do not appear to affect the location of this
peak for each of the individual powders. In particle packing, a relationship can be derived
between the size of the interstices and the size of the particles assuming a roughly monomodal
distribution. For spherical particles, typically this ratio varies between 0.22 for a tetrahedral
configuration and 0.51 for cubic arrangements. Since the particle size is typically known, this
technique is used to correlate the ratio measured to determine the particular packing model that a
system corresponds to.

In this instance, however, the model is being used to confirm that the flowing unit in this
process corroborates to a specific aggregation stage. It has been established that the primary
scale aggregates are approximately 1 um in size; if that is the flowing unit, the interstices
resultant in a green body will range from 0.22 to 0.51 um in diameter. The peak diameters
measured from mercury porosimetry suggest that the major flowing unit in tape casting is the
preserved primary scale aggregate since the major peaks fall within the aforementioned range of
mercury intrusion vs. pore diameter. Moreover, it is notable that for Powders 4, 5 and 6, this
peak occurs at 491, 390 and 390 nm respectively. Given the similarity in the dso values observed
for these powders in Table II, in spite of the strong variations in powder surface area it can be
argued that these three powders will exhibit rougher surface characteristics and subsequently will
exhibit a lower packing efficiency. Subsequently, since packing efficiency is related to the size
ratio between the interstices and particles, it can be argued that the greater degree of aggregation
of these three powders produces a more fractal and irregular surface to the particle. This may
explain why the powders result in a lower packing efficiency resulting in larger interstices
resultant from rearrangement of the | um unit for these powders.

A third peak is observed for pore diameters within the nanosized regime. This regime in
some instances features multiple broad peaks suggesting a more disorganized assemblage at this
length scale. It is speculated that these peaks reflect the loose assemblage of primary particles
within a primary scale aggregate (referred to alternately as intraparticle porosity). The presence
of these loosely defined peaks at this length scale suggests that tape casting does not attack the
primary scale aggregates and the intraparticle porosity inherent in the powders upon synthesis is
preserved.

By comparison, the pressed pellets have typically been inferred to attack primary scale
aggregation given their use typically to measure granule strength in powder compaction. Figure
VII plots the programs of the pressed pieces. Initially, the pellets also appear to exhibit a large
peak at approximately 210 um which is again believed to be an artifact of the low cohesive
strength in the sample produced by the lack of a binder. However, the predominant difference
seen in the pellet intrusion is the absence of the major submicron peak seen in the tapes. A
minor peak is seen to occur at approximately 6 um for the pellets which may correspond to
interstices between tertiary and higher order aggregation stages. Incremental intrusion, however,
results in one other significant peak, which occurs in the nanosized pore diameter range.

In the nanosized range there appear to be two distinct peaks which may correspond to
two distinct states of aggregation. One peak is seen to occur between 10 and 20 nm, suggesting
that some remnants of the intraparticle porosity are retained. However, a larger peak is seen
commonly below 10 nm in all pellets. Compaction curves appeared to indicate a yield point at
approximately 500 MPa during compaction to 750 MPa suggesting that the pellets were pressed
to Stage IT of compaction, where the primary particles begin to fill the interstices between the
ruptured granules. The presence of a larger peak below 10 nm suggests that the individual 20-40
nm nanocrystallites are filling the voids caused by packing of the 1 um primary scale aggregates.
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Moreover, it is suggested that the presence of a peak below 10 nm corresponds to a denser
packing of the individual primary particles. confirming the inferences drawn previously in
compaction curves.
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Figure VII: Mercury porosimetry of pellets pressed to 750 MPa

It can be argued that, for each of Figures V-VII that assumptions regarding monosized
units may explain the results observed. 1t can be seen from as early as Figure I that it can be
questioned how effectively it can be assumed that the monosized approximation holds for these
systems. This may explain the overall width seen in the pore distributions believed to
correspond to primary scale aggregates. Moreover. it can be argued that even if the spherical
monosized assumption is reasonable with this system it is likely that the non-spherical nature of
the aggregates and the primary particles make the random close packed model to be the more
appropriate model for consideration. However, because of the nature of the random close packed
model no specific interstice to particle ratio can be acquired.

To resolve this, it is argued that since the random close packed model yields a packing
efficiency that is intermediary with respect to the aforementioned cubic and tetrahedral models
(64%), it can be inferred that while there is an expected distribution of pore sizes resulting from
coordination of units of a specitic size, these pore sizes will also be intermediary with respect to
the ratios of the cubic and tetrahedral models. In consideration. the pore sizes observed via
mercury porosimetry for those corresponding to sizes attributed to primary scale aggregate
reordering fall within the expected values®.

It should be noted for the purpose of this investigation that the particle packing models
rely on assumptions of an approximately spherical configuration or packing configurations based
on particles exhibiting similar aspect ratios to spheres. Based on qualitative observations via
SEM the particles do not appear to exhibit specific anisotropy for a particular length scale (if
exhibiting any specific shape at all) so it is believed to be reasonable to use the spherical models.
Particles of high anisotropy may pack in configurations whereupon the ratio of the particle size
to the resultant interstices upon alignment may be significantly smaller. Reed specifically
contends that angular particies or particles exhibiting anisotropy of this nature will randomly
occupy 50-60% of the volume®.
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SUMMARY:

Sulfate-processed titania powders of high specific surface area appear to exhibit multiple
aggregation iterations. The residual sulfate in the system, established to be soluble sulfate via
spectrophotometry, appears to serve as an indifferent electrolyte in the viscoelastic suspension.
The presence of a greater amount of indifferent electrolyte results in a smaller electrical double
layer thickness subsequently reducing the degree of double layer overlap with other powder
particles and reducing the degree of networking in the suspension. Compaction curves appear to
indicate that the strength of primary scale aggregates range from 484 MPa to 511 MPa. Bulk
forming via tape casting appeared to preserve primary scale aggregates as seen qualitatively via
scanning electron micrographs. This appears to be corroborated by mercury porosimetry
indicating the presence of submicron peaks ranging from 200-500 nm which suggest interstices
formed from approximately 1 pm units via particle packing models for spherical particles.
Mercury porosimetry of the compacted pellets appeared to corroborate the rupture of primary
scale aggregates based on the absence of the aforementioned submicron peak. Additionally, the
nanosized peaks additionally exhibited in tape casting appear to have shifted to smaller sizes for
compacted samples which indicate rearrangement of primary particles upon rupture of the
primary scale aggregate.
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ABSTRACT

Colloidal carbon submicro-spheres with the diameter of 100-200nm can be formed by a
glucose-thermal method at 180 °C for 4 hours. Different electrolytes were tested to separate carbon
spheres from the reacted system. The vacuum-sintering activity at 700°C,1500°C was explained by the
intrinsic muti-functional groups surface of these carbon spheres. The measured BET value of carbon
spheres before and after vacuum sintering was 26.6m°%/g. 444.3m%yg and 65.8m?%/g. respectively.

INTRODUCTION

Since the discovery of fullerene, carbon nanotube and success commercial application of
mesoporous carbon micro-spheres (MCMB) in Li-ion battery, nano-structured carbon materials have
attracted tremendous attention from both academic and industrial fields for their potential applications,
such as adsorbents, catalyst supports. nano-composite, energy storage media and etc''!. Many efforts
were exerted to fabricate globular form of carbon particles which includes arc-discharge'®!, CVD!,
micro-emulsion, and reduction of different carbon precursors by metalst!. Solution-based route to
synthesis carbon nano-particles from biomass precursor was proved to be an effective method for its
ability to control size and geometry precisely!®. However. separation of solid products from the
colloidal suspensions really is the key problem. High speed centrifuge is routinely applied. but it is not a
low energy-cost choice. Herein, we report an electrolytes-assisted separation of colloidal carbon spheres
from the carbonized glucose system. Also. the vacuum-sintering behavior and the structure evolution of
these carbon spheres are investigated.

EXPERIMENTAL SECTION

In a typical procedure, 10g glucose (AR grade, Sinopharm chemical Reagent Co, Ltd.) was
dissolved in 100m! distilled water, and then appropriate volume of solution was transferred to a stainless
steel reactor with Tetlon inner. It was heated up to 180°Cat a rate of 8°C/min and kept for 4 hours. The
pressure inside of reactor is about 10 atm, according to the phase diagram of pure water. After it was
cooled down to ambient temperature. a dark brown suspension turned out. Electrolytes with different
cation valancies (+1,+2 and +3) were dropped to the suspension .respectively. Particle deposition could
be observed apparently at different time. By removing the upper solution and drying the solid product at
110°C in a glass flask, colloidal carbon spheres were obtained. Some of these spheres was putin a
crucible made of graphite and heated at 700°C and 1500°C under the condition of vacuum (the average
degree of vacuum could be as high as 5*10-*Pa). The carbon spheres before and afier sintering were
characterized by powder XRD (Cu K radiation D/max2500PC Rigaku), SEM (JSM6360, JEOL),
FT-IR(Nicolet-460, Hewlett Packard), N sorption isotherms and BET were measured using a
Micromeritics ASAP2010MC analyzer at 77 K. Before the measurements. all samples were degassed
overnight at 523 K in a vacuum line.
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RESULTS AND DISCUSSIONS

Colloidal or nano-particles synthesized in solution-based route have large surface area and the
capability to absorb external charges which always leads to the stable colloidal suspensions. For
example, the carbon suspension produced in our experiment can be existed for several months without
any segment can be observed. Although centrifuge operation is used generally in solid-liquid phase
separation, it still has to face it limitation in extreme diluted system or ultra-fine nanoparticles. In our
experimental procedure, even the rotating rate of centrifuge machine is as high as 5000r/min, most of
solid products can not be separated. We have to look for another strategy of destroying the stability of
suspensions by adding appropriate electrolytes. Figure.1 depicts the curve of the concentration of
different electrolytes and the total time of complete sedimentation. It can be seen that the total time of
complete sedimentation decreases with the increasing concentration of electrolyte and when the
concentration of electrolytes reach certain values, the consumed total time decrease significantly, for
example, 3h for 10 g/l MgCl,-6H,0 ,2h for 10g/1 AICI; -6H,0 and 10h for 40g/ml NH4HCO;. This
result is consistent with the prediction of DLVO theory, which suggests the interplay of Van der Walls
forces and electrostatic double layer interaction induces the charge-stablized colloidal suspension, and
the sensitivity of aggregation and deposition rates to ion strength or pH values of solution”. From the
rate of sedimentation, it is reasonabile to elucidate that the colloidal carbon submicro-spheres produced
in our process is negatively charge. However, our result does not follow Schulze-hardy rule strictly,
which might be caused by the ion effects of the complex intermediate compounds. It is worthy to note
that all solid carbon spheres can be collected by this method.

10~ [ ] P 8

Electrolyte concentration(g/l)

0 5 10 15 20 25 30 35 40 45
Sedimentation time(h)
Figure 1. The curve of the concentration of different electrolytes and the total time of complete
sedimentation.
a: NH4HCO:; as electrolyte.
b: MgCly6H,0 as electrolyte.
c: AICl; -6H,0 as electrolyte.

Fig. 2 shows the SEM image of the submicro-spheres using NH,;HCO; as electrolyte without
centrifugation operation (unless otherwise stated, all the characterization employed this sample). It was
clearly demonstrated that the majority of the products exhibited perfect spherical morphology and the
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spheres varied from 100nm to 200nm in diameter in Figure a and b. No NH,HCO; crystals can be
identified in this figure for it was decomposed to gaseous NH3, H,O and CO; at drying temperature.
Fig.2c and 2d are SEM image of the carbon spheres after they were carbonized in vacuum for 3h at
700°C and 1500°C respectively. From Fig. 2c, it was found that the treated spheres tend to shrink in
comparison with Fig.2b. [t also can be seen that carbon micro-spheres structure as sintered
microparticles formed by fused highly agglomerated carbon spheres in Figure 2d.

Fig .2 SEM photographs of carbon submicro-spheres.
a: SEM image of as-prepared carbon submicro-spheres at low magnification .
b: SEM image of as-prepared carbon submicro-spheres at high magnification.
c: SEM image of carbon submicro-spheres sintered at 700°C.
d: SEM image of carbon submicro-spheres sintered at 1500°C.

Shown in Figure 3 are the XRD patterns for the as prepared sample(a) and the same sample subjected to
additional graphitization at 700°C and 1500°C(b,c). There is only a broad diffraction in Figure3a of as
prepared carbon spheres. which means it is completely amorphous to X-ray. In Figure3b and 3¢, there
exists two broad diffraction peaks at about 26=23" and 44°. which could be indexed as (002) and (100)
diffraction peaks of turbostratic carbon™. From the relative intensity of these two peaks, it can be
expected that high temperature is favorable for the degree of graphitized of these carbon spheres. The
distance of inter-spacing (doo2)between laP'ers of sample b and sample ¢ is 0.3864 and 0.3705 nm,
calculated according to a JSPS procedure!”!, which also indicates the distorted (002) planes in contrast
with high crystalline graphite.

Nanostructured Materials and Nanotechnology Il - 229



Enrichment and Vacuum-Sintering Activity of Colloidal Carbon Submicro-Spheres

(002)

Intensity (a.u.)

2 theta degree

Figure. 3 XRD patterns of as-prepared and treated carbon submicro-spheres.
a: XRD pattern of as-prepared carbon submicro-spheres.
b: XRD pattern of carbon submicro-spheres treated at 700°C.
c: XRD pattern of carbon submicro-spheres treated at 1500°C.

The FT-IR spectrum (Fig.4) was used to investigate the residual groups present on the surface of
carbon particles, and the following absorption bands can be observed: band at 3400cm™ due to the
stretching vibration of O-H bond, bands at 2926¢m! due to the stretching vibration of C-H bond, band
at 1620 and 1512cm™ due to C=C and C-C bond of aromatic pheny! ring. The bands at 1702 and
1250cm™ ,which are attributed to the stretching vibration of C=0 bond, specifically of ketone, aldehyde
and carboxylic acid functionalities, and C-OH stretch vibration''%}, respectively.All of those bands
reveal that there are large numbers of functional groups such as -OH and C=0 groups on the original
sample surface!''"'\. Fig. 4b illustrate the FT-IR spectrum of the carbon submicro-spheres heat-treated
at 700°C, Most of above absorption band disappeared, only broad absorption peak at 3400cm™ of
adsorbed water and two weak peaks at 2925 and 2857cm’" which were assigned to hydrogen bonded sp
carbon were kept!'*). The same result was obtained from Fig.4c at 1500°C sintering. Furthermore, the
disappear of these functional groups is accordance with the above SEM observation. High temperature
sintering should facilitate the surface chemical reaction between these functional groups and induce
fusion and connection of carbon spheres.

3
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Figure.4 FT-IR spectra of carbon submicro-spheres
a: as-prepared carbon submicro-spheres.
b: 700°C sintered carbon submicro-spheres .
¢: 1500°C sintered carbon submicro-spheres .

Table.1 shows the specific BET surface area of the carbon submicri-spheres measured by
Nitrogen-adsorption method before and after vacuum sintering. Upon vacuum sintering at 700°C for 3
hours, BET surface area was increased by about 444.3m?g from its original 26.6 m’/g. This increase
was ascribed to the as-formed accessible nano-pores of average size around 10-20A by BET calculation.
Many authors suggested that these pores can result from the reaction of hydrogen and oxygen which
yields water, and which helps in formation of very small pores'', However, with the temperature
increasing 10 1500°C, the BET surface decreased to 65.8m%/g again. This result should be explained by
the above micro-pores had been collapsed in high temf)erature sintering, Tanaike er al reported similar
result in mesoporous carbon trom detluorinated PTFE!"),

Table.1 The specific surface area of carbon submicro-spheres treated at different temperature.
Sample Sger (M¥/g)
As-prepared carbon submicro-spheres 26.6
Carbon submicro-spheres of 700°C treated 4443
Carbon submicro-sphetes of 1500°C treated | 65.8

CONCLUSIONS

Electrolytes with different cation valances were employed to separate solid carbon spheres in
glucose- precursor reaction system. The choice of easy to decompose electrolyte such as NH4HCO; is
favor of keep the purity of products. Cheap raw materials and a low cost separation process make this
technique of industrial importance.
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NITROGEN DOPED DIAMOND LIKE CARBON THIN FILMS ON PTFE FOR ENHANCED
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Diamond like carbon (DLC) doped with nitrogen thin films were synthesized on silicon and
Polytetrafluroethylene (PTFE) substrates using methane, argon and nitrogen mixture ion beams in a
dual ion beam deposition (DIBD) system and hot wire plasma sputtering of graphite in argon and
nitrogen gas mixture. The chemical composition, electronic structure, morphology. tribological, and
hemocompatible properties of the DLC films were investigated by various methods including X-ray
Photoelectron Spectroscopy, Scanning Electron Microscopy, Raman Spectroscopy. scratching.
nanoindentation, bail-on-disc wear tests, and platelet adhesion technique. The effects of nitrogen
doping and ion beam energy on the tribological properties of DLC thin films were studied. The results
show that ion deposited films are dense and smooth and that nitrogen doped DLC thin films exhibits
much lower friction coefficient and enhanced hemocompatibility. Nitrogen doping improved the
hardness and hemocompatibility of DLC thin films.

INTRODUCTION

DLC thin films exhibit many unique properties like high hardness, high chemical inertness,
high wear and corrosion resistance. excellent biocompatibility and very low coefficient of friction,
which make this material ideal as protective, corrosion resistant and anti-wear coatings for a variety of
applications including bearings, automotive components and biomedical implants'>, DLC is an
amorphous carbon with high content of sp’ hybridization. Its amorphous nature make it feasible to
doped with small amounts of difterent elements like N, O, F, Si and their combinations to improve
and control their mechanical, tribological and biological properties of the DLC matrix. In the past
decade, there is growing interest in studying nitrogen doped (N-doped) DLC coatings due to their
remarkable field emission properties and possible applications as a cold cathode in vacuum
microelectronic devices and in flat panel display technologies®. Low threshold electron emission from
N-doped DLC thin films has been reported* °. However, DLC films are always accompanied by a high
internal compressive stress due to the ion bombardment during the deposition, which limits their
possible applications. Recently, Silva et al.® investigated the effects of nitrogen doping on properties of
DLC films and showed a clear reduction of the internal compressive stress without significant changes
in mechanical hardness upon nitrogen doping.

Polymers possess many desirable properties for biomedical applications, including a density
comparable to human tissues, good fracture toughness, resistance to corrosion, and ease of forming by
molding or machining and are increasingly chosen as a material in a variety of implants for widespread
applications. This trend will continue until tissue growth science and engineering reaches its maturity

. . . .
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level. For example, synthesized vascular grafts are now made mainly from extruded
Polytetrafluroethylene (PTFE). The artificial small-vessels constructed from PTFE are the only
alternative to autologous implants for more than 500,000 patients requiring coronary artery bypass
surgery and more than 150,000 patients in need of lower limb surgical replacement operations.
However. due to their limited hemocompatibility, blood clotting caused by blood-cell adhesion to
PTFE becomes a serious problem when the diameter of vascular grafts made from PTFE is less than 6
mm. Thus, one of the most urgent problems to be resolved for wider applications of PTFE vascular
grafts, and to avoid the need for patients to undergo repetitive surgery, is to improve
hemocompatibility of PTFE-based prosthetic components.

DLC have been demonstrated to be biocompatible in vitro and in vivo in orthopedic
applications. Coating polymer- based biomedical devices such as blood vessels, heart valves, and
coronary stents with DLC thin films is expected to significantly improve their haemo- and bio-
compatibility, tribological performance and lifetime. However, biomedical characteristics such as
blood compatibility and thrombogenicity of DLC and their adhesion to respective polymers have not
been fully investigated as required for practical implant applications.

In this paper, we report on the synthesis and characterization of N-doped DLC thin films using
both ion beam deposition and plasma sputtering of graphite.

EXPERIMENTAL DETALS

1. Substrate materials

The substrate materials were Polytetrafluroethylene —[CF,-CF;]s- (PTFE) films (thickness 60
microns) and silicon (Si) wafers. The size of PTFE and Si samples was 20 mmx10mm. All samples
were cleaned in ultrasonic bath with methanol and distillate water before deposition.

2. Deposition technique

2.1 Plasma sputtering

Plasma sputtering was conducted in a hot wire enhanced DC plasma reactor. as described in Ref.
[7]. The PTFE samples were exposed to deposition in dc glow discharge plasma by sputtering a
graphite target in the flow of Ar with 5% air. The gas flow and pressure in the plasma chamber were
maintained at 25sccm and 5x107 Torr respectively. The square graphite target (25mmx25 mm) was
located at 10 mm from round sample holder (diameter 50mm). The temperature of sample holder during
deposition was measured by chromel / alumel thermocouple and ranged in 180 - 210 °C depending on
plasma conditions. The temperature of hot wire was controlled by Micro Optical Pyrometer (Pyrometer
Instr. Co., USA) and varied in the range 1950 — 2100 K depending on the filament current. The time of
deposition ranged from 15 min to 3 hour. In the same experiment the polymer and Si wafer were
deposited simultaneously.

2.2 Ton beam deposition

The ion beam deposition was performed in an IBAD system, schematically shown in Fig. 1. It
consists of vacuum chamber made of stainless steel, a 12cm DC ion source suitable for etching and
deposition, a sputtering target holder, a sputtering ion source, a shutter, a water cooled substrate holder
that can be rotated and tilted to any degree. Carbon and metallic targets can be sputtered using the
sputtering ion source. The substrate holder can hold specimens of 100 mm in diameter and can also be
cooled with water to maintain the substrate close to room temperature during deposition and heated to
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required temperatures. The substrate can be rotated continuously to get a uniform deposition and tilted
to an angle from 0° to 90° to control the ion bombardment incident angles. The typical experimental
parameters are listed in Table 1.

3. Characterization

The surface chemical composition before and after deposition were analyzed by XPS
spectroscopy (Kratos Axis Ultra spectrometer, USA). The XPS spectra were obtained with 90 degree
take-off angle by using monochromatised Al K, source. The charge neutralizer was on for all the
analysis. The Raman spectra were obtained using a Reni Shaw micro-Raman System 2000
spectrometers operated at an argon laser wavelength of 514.5 nm. The laser spot size was around 2um
with a power of 20 mW. The surface morphology of the samples was examined by scanning electron
microscopy (SEM) using secondary and backscattered electrons, SkV accelerating voltage, and
magnification up to 10000 (JSM T330, JEOL, Japan).The roughness of the thin films were measured
using a profilometer.

Scratch and ball-on-disc wear tests were performed to examine the adhesive and tribological
properties of the DLC films, respectively. The scratch tests were performed using a linearly increased
load, from 2 to 15 N with a WC blade. A ball of 4 mm in diameter made of chrome steel was used in
the friction and wear testing. The load used was kept constant from 0.5 N to 5 N. The morphologies of
the wear track of DLC thin films were observed by optical microscopy. The experiments were
conducted at room temperature and relative humidity of 30% to 50% without lubrication.

MULTL TARGET
SPUTTER ION SOURCE
ETCH AND DEPOSITION IDN SOURCE SUBSTRATE HOLDER

[ —0O—=
w [

Fig.1 Schematic diagram of IBAD system
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Table 1: Typical Experimental Conditions for Ion Beam Deposition

Parameters Si wafer PTFE

Base pressure (Torr) 420E-07 2.80 E- 06
Working pressure (Torr) 5.39E-04 7.08 E- 04

fon beam energy (ev) 300 250

fon beam current (mA) 75 75

Total gas (Ar+CH4+N;) (sccm) 34 28

Deposition time (hrs) 4 4

Deposition temperature Room temperature Room temperature
Coating thickness 150 nm 120 nm

4. Plateiet adhesion technique.

The study of platelet adhesion was performed with informed consent of the donors. Five
volunteers were included in the series of repeated experiments. Ten milliliters of blood was
anticoagulated 1:9 with sodium citrate®, Platelet-rich plasma (PRP) was obtained by centrifugation of
the whole blood at 100xg for 20 min at room temperature. The samples PRP drops (50 ul) were placed
onto sample surfaces and incubated in humid atmosphere for different periods (from 5 to 30 min). The
samples incubated with PRP for 15 min were chosen for further analysis. The number of platelets
adhered to the surface during this time interval was appropriate for quantification, and the platelets did
not form large thrombus-like structures. The samples were rinsed in normal saline to remove
unadsorbed plasma proteins and weakly adhered platelets and then fixed in 2.5% glutaraldehyde and
dehydrated in a series of ascending ethanols by the standard technique®.

RESULTS AND DISCUSSION

1. Characterization of deposited film

Fig. 2 shows XPS spectra of PTFE film before and after deposition of carbon layer by the
plasma sputtering. For the PTFE substrate, the XPS spectrum consists of F1s peak (688.2 eV) and less
intensive Cls peak (291.4 eV). In the XPS spectrum of the film obtained after 15 min deposition one
can see intensive Cls peak (285.0 eV) as well as Ols (532.1 eV) and Nls (399.8 eV) peaks. The
important point is that no significant Fls peak was observed in the XPS spectrum of carbon film
obtained after 15 min carbon deposition. It means that pin-hole-free carbon layer with the thickness
more then 30 A (depth of free electron path for 800 eV ° is formed on the PTFE surface already after
15 min of graphite sputtering. The atomic surface concentrations calculated from measured integral
intensities of XPS peaks for as deposited carbon film are: 72.2 at% C, 10.5 at% N and 14.0 at% O. The
appearance of relatively high concentration of oxygen on the surface of carbon layer may be explained
by the surface contamination and/or bonding of oxygen in post reactions with carbon free radicals
formed during plasma deposition. Afier a few minutes of Ar™ ion sputtering oxygen content decreased
in three times while the nitrogen concentration only slightly changed. The chemical composition
measured after ion etching was: 86.8at % C, 8.7at%N, and 4.5at%0. However, there is no oxygen in
the ion beam deposited DLC films due to the high base vacuum and high purity of the gases used.

The SEM surface morphology of the DLC thin films deposited by ion beams, as shown in Fig.
3, reveals that the films are dense, smooth, uniform, and amorphous with no pores and discontinuity
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presented whereas carbon films synthesized by sputtering have a complex fibril-type 1-2-micron
regular structure’.

The surface roughness of the jon beam deposited DLC films, as listed in Table 2, was found to
be ranging from Ra 1.15 nm to 1.4 nm whereas that of the plasma sputtering deposited carbon films
ranges from Ra 11.4 nm to 12.6 nm. There was only a little bit increase in the surface roughness by the
addition of nitrogen into DLC. The DLC films deposited by ion beams have a very smooth surface,
much smoother than the carbon films deposited by the plasma sputtering .
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Fig. 2 XPS spectra of PTFE (1) before and (2) after the plasma sputtering deposition of carbon film

Fig. 3 Typical SEM micrograph of ion beam deposited DLC thin films
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Table 2 Surface roughness of the ion beam deposited DLC thin films

DLC thin films deposited by ion beams
lon energy (ev) 250 300
Incident ion beam | 75% Ar + | 70% Ar+24% | 75% Ar+ 70% Ar+
gas composition | 25% CH; | CHs+ 6% N, 25% CH, 24% CH4+
6% N»

Roughness (nm) 1.148 1.276 1.225 1.378

Raman spectra of the DLC thin films are shown in Fig. 4. The spectra taken from the lon beam
deposited samples, either pure or N-doped, exhibits typical characterlstxcs of DLC thin films'®, a broad
peak at 1570 em™ (G-band) with a shouldered peak at 1300 cm™ (D-band), whereas the spectra taken
from the plasma sputtering deposited samples consists of' two broad bands at 1575 cm™ and 1360 cm™,
which are usually detected in amorphous carbon ﬁlms Accordmg to Wagner’s model'' developed
for Raman scattering of carbon, peak at 1575 cm™ and 1360 cm! has to be assn{,ned to graphite-like
S‘]J bonded carbon while the scattermg in low frequency region around 1300 cm’' has to be interpreted
in terms of scattering by s 311 -bonded carbon. Based on this, the Raman spectra show that there is a
higher concentration of sp hybndlzed bonds in the ion beam deposited thin films than in the plasma
sputtering deposited films, It is reasonable that the ion bombardment enhanced the formation of sp’
hybridized carbon bonds. The spectra from the pure and N- doped ion beam deposited thin films are
very similar, indicating that there is no significant dlfference in bonding state between the two
samples. Generally, N-doping results in the decrease of sp concentration in the film, the similar
structure with N-doping might be due to the very low concentrations of nitrogen in the thin films.
Further studies using synchrotron x-ray absorption spectroscopy will be performed to obtain more
detailed information regarding the effect of N-doping on the bonding state of the DLC films.

as0 1050 1250 1450 1650 1850

Raman shift (cm ')

Fig. 4 Raman spectra of DLC thin films (a) plasma sputtering deposited films. (b) pure and (c) N-
doped ion beam deposited thin films
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An average surface hardness of 18.5 GPa was obtained for the ion beam deposited DLC films
on the silicon substrates with a load of 45mN. There was an increase in the hardness to 21GPa at load
of 45mN on ion beam deposited nitrogen-doped DLC. Although this is in contrary to a previous
published report where nitrogen doping into DLC reduces the hardness consnderably it is reasonable
here in our case because the N-doping did not result in obvious change of sp” concentration in the film.
sp° concentration is the main factor determining the hardness of DLC hlms. and the decrease of DLC
hardness with N-doping is mainly due to the significant decrease of sp’ concentration in the film. As
the thin film structure and thickness are very similar here in our case, the increase in the hardness by

N-doping might be due to the solid-solution strengthenmg More experiments are being carried out to
study the effect of nitrogen concentration on sp’ concentration and hardness.

The scratch testing results based on acoustic emission and friction coefficient change show that
the ion beam deposited DLC thin films have a much higher critical load (>15 N) than the plasma
sputtered ones (approximately 6 N), indicating much improved adhesion of thin films to substrate due
to the ion bombardment. We also observed the full scratch tracks using optical microscopy and no
delamination and cracking were observed for the ion beam deposited samples when the load was up to
15 N. A typical optical micrograph of the scratched tracks is shown in Fig. 5.

Fig. 5 Optical micrograph of the scratched tracks on the pure ion beam deposited DLC thin films

Friction and wear testing results show that there was a steady friction coefficient of 0.125 to
0.13 for the ion beam deposntcd pure DLC thin films and of 0.030 to 0.035 for the ion beam deposited
N-doped DLC films, in consistence with the results reported by Suzuki e/ al.'®. The friction keeps
constant regardless of the loads. The low coefﬁcnent of friction in the N-doped DLC may be due to the
formation of transfer layer during sliding wear'”. There are intrinsic and extrinsic factors that strong,ly
affect the friction and wear behavior of DLC thin films. The intrinsic factors include the amount of sp
and sp® hybridized bonds and concentration of hydrogen and nitrogen in the films. Extrinsic factors
include surface roughness, test conditions. and the counter surface material and state. Microscopic
observations of the chrome steel balls did not reveal considerable transfer layer after sliding with pure
DLC thin films whereas transfer layers was observed on the balls after sliding with N-doped DLC,
indicating N may enhance the formation of transfer layer to reduce the friction coefficient. The doped
N may also accelerate the graphitization of DLC film during the wear test and provide a self
lubrication for the sliding ball and leads to a low coetficient of friction '8 Further experiments are
being carried out to clarifving the mechanism.
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2. Platelet adhesion

Platelet adhesion patterns were investigated by SEM. All samples were decorated with copper
(thickness~30 nm). For each sample 25 areas of 400 um® were randomly chosen on the surface
contacting with PRP. Then we qualified the total platelet number Ny, and platelet numbers N; in the
following four morphological classes'’ (Fig. 6a)

Adhesion process is believed to run in several stages: platelet attachment to the surface,
activation, pseudopodia development, spreading and aggregate formation (see Fig. 6a) [20]. The
release of intracellular components from adhered or fully spread platelets (ADP, Ca®", serotonin, etc.)
promotes further platelet adhesion. aggregation and finally thrombus formation®'. One can estimate the
activation of adhered platelet by their morphology. The more severe the impact of material on
platelets, the more adhered cells are activated. spread or aggregated. Usual approach for quantitative
investigation of platelet adhesion consists in calculation of relative index of platelet adhesion (RIPA)
for different morphological classes of adhered platelets. Presented on Fig. 7 are RIPA values for
carbon coatings in comparison with that of untreated PTFE. From this point of view, all carbon
coatings seem more preferable for contact with platelets than untreated PTFE. Onto all coatings the
numbers of slightly activated cells. spread cells and cell aggregates were lower but number of single
cells was higher than that of the surface of unprocessed PTFE. It is noteworthy that the total number of
platelets was also lower on carbon coated surface for all three samples. Assuming the existence of the
adhesion stages, it can be suggested that platelet transition to later stages of activation was much
slower on carbon coatings than on untreated PTFE.

Fig. 6. Scanning electron microscope images of platelet adhesion on PTFE substrate (a) before and (b)
after 1 hour of carbon deposition by the plasma sputtering:

1. Single — non-activated cells

2. Slightly activated deformed cells and pseudopodical cells.

3. Spread — fully spread platelets.

4. Aggregates ~aggregates of two or more platelets.
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Fig. 7. Diagram representing relative platelet quantities (RIPA) for different morphological classes
observed by SEM for untreated and carbon coated PTFE (time of deposition 0.5, 1, 2 hours;
RIPA=100% for the total number of adhered platelets on untreated PTFE) by the plasma sputtering

CONCLUSIONS

DLC thin films were successfully deposited on to Silicon and PTFE substrates using hot wire
plasma sputtering of graphite in the mixture of Ar and 5% air and by low energy ion beam deposition
in a DIBD system. The property testing results show that the ion beam deposited films is very smooth
and exhibits a high adhesion to substrate and a low friction coefficient when sliding with steel balls.
Nanohatdness measurement shows that the nitrogen-doped DLC exhibits improved surface hardness.
The platelet adhesion tests demonstrate that deposition of carbon layer containing nitrogen promotes
the minimization of platelet’s reactions on foreign body thus considerably extending the
haemocompatibility of PTFE substrate. These preliminary results show that N-doped DLC thin films
are very promising for biomedical applications and further investigations are being carried out in order
to understand the relationships between the processing conditions, the structure, and the mechanical,
tribological and biomedical characteristics of the N-doped DLC thin films.
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NANOSTRUCTURED NITRIDE SURFACE VIA ADVANCED PLASMA NITRIDING
AND ITS APPLICATIONS

Sehoon Yoo, Yong-Ki Cho, Sang Gweon Kim, Sung-Wan Kim
Korea Institute of Industrial Technology
Incheon, 406-840, Korea

ABSTRACT

Nanostructured nitride layers on steel surface were developed via our advanced plasma
nitriding, ATONA(atomic nitriding & application) process. The grain size of nitrided layer was ranged
from 30 to 80 nm. Unlike conventional ion nitriding(CIN), ATONA adopted mesh-type, double
screens around components and plasma was generated on the screen rather than on the component
surface. Another feature of ATONA was relatively low working pressure(below 0.1 torr) and
temperature(450°C) as compared with CIN. ATONA-treated steel specimens possessed lower
compound layer thickness than CIN-treated specimens, which lowered the possibility of surface
failures. The generated nanostructured nitride surface enhanced the adhesion of diamond like carbon
(DLC) with steel surface up to 70 N, which was about at least 3 times as high as that of conventional
DLC coatings. CrN coating deposited on a polished ATONA-treated specimen also had high adhesion
of 80 N. Carbon nanotubes(CNTs) were also successfully deposited on the nano-sized nitride layers by
ATONA without additional catalyst deposition.

INTRODUCTION

Most failures for mechanical components occur on surfaces such as wear, corrosion, fatigue
fracture, fretting fatigue, etc. Therefore, optimization of the surface microstructure and chemistry is an
effective approach to eliminate the failures of mechanical parts. One of the effective modifications of
surface microstructure is surface nanocrystallization. Surface nanocrystallization increased surface
hardness', physical properties’, and wear and corrosion properties™*. Surface chemistry modification
techniques to enhance surface reliability are nitriding and ceramic coatings’. Among the techniques,
plasma nitriding technique has become industrially important because of lower part distortion and less
emission of polluting gases than gas nitriding’. Plasma (or ion) nitriding is a surface hardening
technique that utilizes glow discharge to introduce elemental nitrogen into a workpiece. Recently,
plasma assisted nitriding(PAN) that utilizes atomic nitrogen has been widely studied because PAN is
able to produce compound-layer-free nitriding layers on steels and thick nitriding layers on non-ferrous
metals®®. However, PAN has not been actively applied to industries because treatment area is so small
that it requires longer time for mass production than conventional ion nitriding (CIN).

In this study, a surprisingly highly-scalable technique has been developed for nanostructured
surface nitriding layers. The nano-sized nitriding surface was formed via our novel plasma nitriding
techniques, ATONA(ATOmic Nitriding & Applications) process. The ATONA process adopted mesh-
type, double screens around workpieces and negative voltage was applied on the double screens under
nitrogen/hydrogen gas environment. Unlike conventional ion nitriding(CIN) of steels, ATONA utilized
relatively low working pressure (below 0.1 torr) and low temperature (450°C). Although ATONA
utilized low pressure, high plasma density was able to be achieved from restricted electrons between
negatively charged double screens. Since ATONA process modified the nitriding chamber for CIN
process, the treatment area of ATONA process was as large as CIN.

The combination of microstructure and chemistry modifications by ATONA process provided
unique properties of the nitrided surface. In this article, the microstructures and surface properties of
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ATONA- and CIN-treated steel samples were observed with optical microscope, secondary electron
microscope (SEM), and surface hardness testing. Besides its use of surface hardening, the ATONA
method was used for producing underlayers for subsequent deposition of diamond like carbon(DLC)
and ceramic coatings. Such coatings have been applied to the mechanical components of automobiles,
machineries, tools and dies to provide enhanced wear- and corrosion-resistance. To ensure surface
wear and corrosion properties, adhesion between the coatings and workpieces should be high enough
to resist severe wear environment. Therefore, the adhesions of DLC and CrN coatings on the
nanostructured nitride layer by the ATONA technique were analyzed with scratch testing. In addition,
the nano-sized grains by ATONA were also used as seeds for carbon nanotube(CNT) growth that was
observed with scanning electron microscopy(SEM).

EXPERIMENTAL

Specimens for ATONA and CIN process were AISI 1045 steel and the chemical composition
is shown in Table 1. The specimens experienced quenching from 870°C and tempering at 160°C. The
sample was then polished with SiC paper followed by fine polishing with I um diamond pastes. The
polished AISI 1045 steel specimens were ultrasonically cleaned in acetone.

After cleaning, the AISI 1045 specimens were placed on a sample stage in plasma nitriding
system as shown in Figure 1. With the plasma nitriding system, both ATONA and CIN were carried
out by applying DC power on the screen or on the stage, respectively. Base pressures for both ATONA
and CIN process were 6x10° torr. Temperatures for ATONA and CIN were 450°C and 550°C,
respectively. Before main process, specimens were sputter-cleaned with Ar/H; plasma at the pressure
of 1.25 torr for 1 hr. During the sputtering cleaning, bias voltage of -500 V was applied on the stage.
After the sputter-cleaning, N, and H, gases were backfilled to the nitriding chamber and 10-20 kW of
power was applied on the screen for ATONA process and on the stage for CIN process. The working
pressure was 0.07 torr for ATONA and 2 torr for CIN. The ratio of N, to H; was 1:3.

DLC was coated onto ATONA treated AISI 1045 specimens with plasma enhanced chemical
vapor deposition(PECVD). Before the DLC coatings, specimen surface was sputter-cleaned with Ar
plasma. Processing gases for the DLC deposition were Ar, H,, NH;, TMS, and CH,4. Deposition
pressure of DLC was 2 torr. Pulsed DC power was applied on the specimens during the DLC
deposition. CrN was also deposited onto ATONA specimens with arc ion plating(AIP) technique. The
working temperature and pressure were 300°C and 7.5 torr, respectively. Arc power was applied on Cr
target under N; gas for the CrN coating.

CNTs were deposited on both ATONA- and CIN-treated nitride layers via thermal chemical
vapor deposition. Specimens were loaded in a fused silica reaction tube within a horizontal tube
furnace. Then, the tube was purged with Ha/N, gas mixture for 30 min and was heated at 12.5°C/min
to 600°C. At 600°C for 40 min, the Ho/N, gas mixture reduced native iron oxide formed on the nano-
size nitride layer. After the 40 min of the reduction, C;H, gas was introduced to the H2/N, gas mixture
for CNT growth for 5 min. After the CNT growth, tube was cool down to RT.

Microstructure was observed by secondary electron microscope (SEM, HITACH S-4300).
Surface hardness and case depth were determined with micro Vickers hardness tester(Future Tech FM-
7). Indentation cracking test was carried out with Rockwell hardness tester(Matsuzawa DXT-3) with
load of HRC150. Adhesion was analyzed with a scratch tester (CSEM) equipped with a diamond tip.
The normal load was increased from 0 to 100 N as a loading rate of 100 N/min. The scratching speed
was 10 mm/min. During the scratch test, acoustic emissions and friction forces were continuously
monitored. The microstructure of the scratch track was observed with an optical microscope. Friction
coefficient was measured by pin on disc method. For pin on disc test, 6mm-diameter steel ball was
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used. The test temperature was room temperature and humidity was about 50%. The friction
coefficient was measured up to 500 m. Rotating speed was 3 m/s and test load was 10 N,

Table 1. Chemical composition of AISI 1045 carbon steel
Element C Mn Si P S

W% 0.42-0.48 0.6-0.9 0.15-0.35 <0.03 <0.03

Chamber
Heater

Sereen

Vacuum [ -
Puimp | D Power
Stipply

Figure 1. Schematics of nitriding system for ATONA and CIN process

RESULT AND DISCUSSION

As shown in the secondary electron image of Figure 2(a), 2 hrs of ATONA process resulted in
the formation of nano-sized grains on the AISI 1045 steel. The grain size was ranged from 30 to 80 nm.
On the other hand, 2 hrs of conventional ion nitriding (CIN) yielded 1-2 pm grains on the surface of
AISI 1045 steel as shown in Figure 2(b). Figure 3 shows cross-sectional micrographs of the AISI 1045
steel after 2 hrs of ATONA and CIN treatments. Generally, most nitriding surface of steel has
compound layer that was composed of ¥ (Fe;N) and/or € (Fe,3N) intermetallics®. On the compound
layer. most failures occur when the compound layer is thick or porous. Therefore, light grinding (to
remove the compound layer) following the nitriding process is often required to eliminate the failure
on the compound layer. As shown in Figure 3, thickness of the compound layer was about 500 nm for
the ATONA processed AIST 1045 steel. On the other hand, the thickness of the compound layer of CIN
specimen was over 20 um. Since compound layer of ATONA specimen was very thin, failure may
have not been as severe as CIN specimen.

To investigate the failure on the compound layer, indentation cracking test was carried out as
shown in Figure 4. After indentation cracking test of the CIN specimen. extended cracks were found
near the circular indentation. On the other hand, no crack was found near indentation for ATONA
specimen. These results indicated that mechanical failure did not occur on ATONA specimen because
it had very thin compound layer.
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(a) (b
Figure 2. Scanning micrographs of AISI 1045 steel after 2 hr treatment of
(a) ATONA and (b) CIN.

(a)

Figure 3. Cross-sectional SEM images of AISI 1045 steel after 2 hr treatment of
(a) ATONA and (b) CIN.

Figure 4. Indentation cracking test results of (a) ATONA treated AISI 1045 specimen and (b) CIN
treated AISI 1045 specimen.

ATONA process also enhanced nitrogen diffusion rate to the matrix. Immediately below the
compound layer, diffusion layer(or diffusion zone) is formed by nitrogen diffusion. The diffused
nitrogens are interstitially or substitutionally located in the iron matrix or form nitrides with nitride-
forming elements at grain boundaries or even within grains. Such nitrogen diffused zone right under
the compound layer also increases surface hardness. This diffusion zone. however, can not be clearly
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observed with microscope. Therefore, the nitrogen diffusion layer is determined indirectly by
measuring hardness with depth. Hardness depth profiles of ATONA- and CIN-treated steel sample
were measured with Vickers hardness tester and shown in Figure 5. Surface hardness of ATONA-
treated AIS] 1045 steel was about 810 Hv which was higher than that of CIN-treated AISI 1045 steel.
In addition, overall hardness of ATONA-treated specimen had higher hardness than CIN-treated
specimen. This high hardness of ATONA specimen resulted from fast nitrogen ditfusion to the matrix.
Such fast nitrogen diffusion of ATONA process compared with CIN may have been due to the surface
nano-grains and thin compound layer. Adsorption of nitrogen may have increased due to the large
portion of grain boundaries of the nanostructured nitride layer since chemical affinity was increased by
the long grain boundaries. Therefore, the amount of adsorbed nitrogen may have been much higher on
the ATONA sample than on the CTN sample. which caused high concentration gradient of nitrogen. In
addition, thin compound layer of ATONA treated sample may have caused fast mtrogen diffusion
because diffusion of nitrogen was slower in the compound layer than in the matrix®. In our case, the
compound layer thickness was about 500 nm after 2hrs of ATONA treatment, which was at least 40
times lower than that of 2hr-CIN-treated sample. Therefore, nitrogen diffusion rate on the ATONA
treated AISI 1045 steel was much higher than that on CIN treated AISI 1045 steel.
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Figure 5. Hardness profiles of AISI 1045 steels after 2hrs of ATONA and CIN process.

The nanostructured surface layers by ATONA were also used as underlayers for DLC coatings
to increase adhesion. The adhesion of DLC coatings is generally poor because of high residual
compressive stress of the DLC films and stability of the carbon-carbon bonds, which reduce the
chemical affinity to different substrate materials. Although many attempts to reduce the residual stress
has been successful, reducing the residual stress of DLC films caused other mechanical probtems'®.
Therefore, most adhesion related researches on DLC has been focused on the increase of chemical
affinity by modifying the substrate sutface, i.e. Ar sputtering of the substrate prior to deposition or
introducmg an intermediate layer which is chemically compatible to both carbon and substrate
materials'', Among the intermediate layers for adhesion improvement, Si, Ti and their carbide layers
have been widely studied for last decade'™'®, Other metal such as Ni. Cr. Zr, Al or W were also
investigated as a possible intermediate layer'"
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However, industries ‘still require higher adhesion of DLC for the application of severe
mechanical applications. In our case, the nanostructured nitride layer was used to increase adhesion of
DLC coatings. To understand the effect of nanostructured surface layer on the adhesion, DLC with
thickness of 1.2 pm was deposited onto the nanostructured nitride layers by ATONA process. After
DLC deposition, the adhesion between DLC and nitrided surface was measured by scratch testing.
Figure 6 shows optical micrograph of the scratch track after scratch testing. Critical load at which
failure occurred was 70N, which was at least 3 times larger than conventional DLC coatings. The high
adhesion was appeared to be due to large portion of grain boundaries of the nanostructured nitride
layer, which increased surface energy. To lower the surface energy, the nanostructured surfaces tended
to chemically combine well with depositing species. Friction coefficient was also measured for the
DLC coatings deposited on the nanostructured nitriding layer and was shown in Figure 7. The friction
coefficient of DLC measured was 0.05 and the value was very stable up to 500 m.

1|
.

Figure 6. Optimcal micrographs of scratching track of DLC films deposited onto nanostructured nitride
layer by ATONA process.
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Figure 7. Friction coetficient of DLC films deposited onto nanostructured nitride layer by ATONA
process.

The nanostructured nitride grains by ATONA process were used as an underlayer for
subsequent CrN coatings. The combination of nitriding and hard coatings has been recently introduced
to fulfill the increasing demand of better performance in severe operation environment in the field of
automobiles, machineries, tools, and molds'® *°. Such dual coating is also required high adhesion for
mechanical applications. To understand the adhesion properties, CrN was deposited onto bare steel,
ATONA treated steel and polished ATONA treated steel. After deposition, adhesion was measured
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with scratch test and was shown in Figure 8. Unlike DLC adhesion results, critical load of CrN on
ATONA specimen was 10 N lower than that on bare steel (Figure 8(b)). However. when ATONA
specimen was polished with alumina slurry for 10 sec (Figure 8(c)), the adhesion was surprisingly
increased to 80 N, which was twice higher than that of bare steel. Recent research reported that surface
modification by grinding with diamond wheel increased adhesion of DLCs and it discussed the high
adhesion was due to the high chemical affinity of modified layer by grinding™. The high CtN adhesion
on the polished ATONA specimen had not been clearly understood at the moment but it may have
been related to the modified layer of the polished ATONA specimen.

R RGe E

Figure 8. Optimcal micrographs of scratching track of CrN coatings deposited onto (a) polished steel
surface, (b) ATONA specimen, and (c) polished ATONA specimen with alumina slurry for 10sec.

The nanostructured nitride layer was also used as CNT underlayer. Generally, CNT growth
requires transition metal deposition. In our case, instead of transition metal deposition, the
nanostructured nitride was used as underlayers for the CNT growth. After heating in C;H2/Ho/N; gas
mixture at 600°C for 10min. CNTs were successfully formed on the ATONA treated nanostructured
nitride surface as shown in Figure 9(a). On the other hand, thick fibers were observed on the CIN
treated sample but no CNTs were deposited (Figure 9(b)). For the ATONA sample, high activity of
nanosized grains may have enhanced absorption and decomposition of the carbon-bearing gas. In
addition, grain boundaries of iron nitride may be favorable sites for CNT growth. Huang et al.*'
reported CNTs were formed only at grain boundaries when CNT were grown on Fe-N films when
CNT was formed by PECVD. Such report indicated that long grain boundaries of nanostructured
ATONA specimen increased the possibility of CNT formation.

Figure 10 shows some of applications that ATONA has been successfully used in. Most often
they have applied to automobile parts. precision tools, and dies resulting in improved wear life and
mechanical reliability.
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(b)

Figure 9. Scanning electron micrographs of CNTs deposited onto (a) ATONA treated sample and (b)
CIN treated sample.

Figure 10. Mechanical parts treated with (a) ATONA process, (b) DLC on ATONA treated surface,
and (c) CrN coatings on ATONA treated surface.

CONCLUSION

Nanostructured nitride layer of AISI 1045 steel with diameters of 30-80 nm was produced with
advanced plasma nitriding, ATONA process. During ATONA nitriding, plasma was generated on
double screens around components under low working pressure (below 0.1 torr) and low temperature
(450°C). The compound layer after 2hrs of ATONA process was about 500 nm which enhanced
mechanical reliability. The nitriding rate during ATONA was almost 3 times faster than that of
conventional plasma nitriding due to fast diffusion through the nano-sized grains. The generated nano-
sized nitriding surface improved adhesion of diamond like carbon (DLC) with steel surface up to 70 N,
which was about at least 3 times as high as that of conventional DLC coatings. CtN coatings were also
deposited on the ATONA treated nitride layer and showed enhanced adhesion of 80 N. CNTs were
successfully generated on the nano-sized nitride surface without additional catalyst deposition.
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