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Introduction

Introduction

Welcome to the issue of Material Matters™ focusing on Nanomaterials for
Energy and Electronics.

The term nanomaterials defines an extremely diverse group of materials,
where morphological features do not exceed 100 nanometers.' The idea of
manipulating materials on the atomic level goes back to Richard Feynman
and his prominent lecture “There's Plenty of Room at the Bottom”? However,
the boom of nanomaterials began only in the 1990s and quickly spread out
into a vast majority of modern technologies including energy and electronics.
The main reasons for the rapid expansion of nanomaterials into different
application areas are the unique properties stemming from nanoscale
dimensions. Nanoparticles and nanostructures demonstrate an extremely
high surface-to-volume ratio, enabling quantum effects that are impossible in
the conventional, micrometer-sized materials. As an example, particles of crystalline BaTiO; usually
have a cubic structure at their surface, but are tetragonal-ordered in the bulk. As the particle size
decreases, the content of the cubic phase gradually increases until the tetragonal phase completely
disappears when BaTiO, particles enter the nanosize region. The disappearance of the tetragonal
phase changes the magnetic properties of the material, which becomes super-paraelectric (vs.
ferroelectric in the conventional titanate).> Another reason for growing interest in nanoscale
materials is device miniaturization in the electronics industry. In agreement with the famous Moore's
Law,* the number of transistors placed on an integrated circuit doubles every 24 months, which

is possible only through the continuous miniaturization of all elements forming the circuit. Use of
nanomaterials and nanostructures is one of the most attractive ways to sustain progress in this field.

Viktor Balema
Materials Science
Sigma-Aldrich Corporation

Other fast growing research areas using nanomaterials include energy storage and conversion.
Today, most high-efficiency solar cells and battery systems include nanomaterials as essential
components. It has been clearly shown® that the efficiency of a dye-sensitized solar cell can strongly
depend on the size of titanium or zinc oxide particles used in the cell's design. Nanomaterials

also significantly enhance energy storage capacities and electrochemical performance of lithium-
ion batteries. The formation of highly disordered and/or amorphous phases in battery electrode
materials is desirable and the use of nanostructured materials offers an excellent way to achieve it

The current issue of Material Matters™ features three articles that highlight nanomaterials for
photovoltaics, Li-ion batteries, and electronics applications. Zinc oxide aggregates and their
applications in dye-sensitized solar cells are discussed in a comprehensive review by the group

of Prof. Guozhong Cao from the University of Washington. Dr. Ganesh Venugopal and Dr. Andrew
Hunt from nGimat and Prof. Faisal Alamgir from Georgia Tech highlight the use of nanomaterials for
energy storage in Li-ion batteries. Finally, the synthesis and properties of perovskite-phase metal
oxide nanostructures are reviewed in the article by Dr. Yuanbing Mao, Dr. Hongjun Zhou, and

Prof. Stanislaus S. Wong from the State University of New York at Stony Brook.

The "Your Materials Matter" section of this issue features a material that has been brought to our
attention by a leading researcher from the scientific community. Each article in this publication

is accompanied by the relevant Aldrich® Materials Science products. The opposing page lists the
material categories that you will find in this issue. For a comprehensive library of products and
additional information, please visit Aldrich Materials Science at aldrich.com/matsci. We welcome your
comments and questions regarding Material Matters™ or any materials of interest. Please contact us
at matsci@sial.com.
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Progress in the area of nanomaterials has pervaded the vast majority of technologies, from
electronics to energy generation and storage. Over the last decade, the ability to manipulate and
control materials at an atomic level has allowed for both the reduction in size and the increase in
efficiency of electronic devices, solar cells and batteries, thus, revolutionizing the traditional way
of living. Nanopowders (shown on the cover) are key elements to a diverse set of technology
areas enabling high-density storage of information (see p. 50), conversion of solar light into
electricity (p. 32) and storing it for later use (p. 42).
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“Your Materials Matter.”

Do you have a compound that you wish Sigma-Aldrich® could list to
help materials research? If it is needed to accelerate your research,
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Dr. Oleksandr Dolotko from ENSTA Paris Tech, France, suggested
that we offer the newly developed Lithium Ammonia Borane
(Aldrich Prod. No. 710199)" as a base material for alternative energy
applications. This boron-based hydride is a low temperature source of
hydrogen for fuel cells and other hydrogen consuming energy systems.
Due to its distinct reactivity, Lithium Ammonia Borane can also serve as
an excellent reducing agent in various chemical processes.?
Lithium ammonia borane, >90%
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Synthesis of ZnO Aggregates and Their Application in

Dye-sensitized Solar Cells

Qifeng Zhang, Kwangsuk Park, and Guozhong Cao*
Materials Science and Engineering, University of Washington,
Seattle, WA 98195, USA

*Email: gzcao@u.washington.edu

Introduction

Solar energy, as the primary source of energy for all living organisms on
Earth, is considered the ultimate solution to the energy and environ-
mental challenge as a carbon-neutral energy source. Many photovoltaic
devices that fulfill the energy conversion from sunlight to electricity
have already been developed over the past five decades. However, their
widespread usage is still limited by two significant challenges; namely
conversion efficiency and cost.! One of the more traditional photo-
voltaic devices, single crystalline silicon solar cells were invented more
than 50 years ago, currently make up 94% of the market. Single
crystalline silicon solar cells operate on the principle of p-n junctions
formed by joining p-type and n-type semiconductors. The electrons and
holes are photogenerated at the interface of p-n junctions, separated by
an electrical field across the p-n junction, and collected through the
external circuits. Unfortunately, single crystalline silicon solar cells suffer
from both high materials costs and energy-intensive production
processes. Amorphous thin film silicon is a good replacement candidate
because the defect energy levels can be controlled by hydrogenation
and the band gap can be reduced so that the light absorption efficiency
can be much higher than that of crystalline silicon. However, amorphous
silicon tends to be unstable and can lose up to 50% efficiency within the
first one hundred hours. Bridging the gap between single crystalline
silicon and amorphous silicon is the polycrystalline silicon film, for which
a conversion efficiency of around 15% is obtained. Compound
semiconductors such as gallium arsenide (GaAs, Aldrich Prod.

No. 329010), cadmium telluride (CdTe, Aldrich Prod. No. 716669)
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and copper indium gallium selenide (CIGS) have received much
attention because they present a direct energy gap, can be doped to
either p-type or n-type, have band gaps matching the solar spectrum,
and possess high optical absorbance. These devices have demonstrated
conversion efficiencies of 16-32%. Although photovoltaic devices built
on silicon or compound semiconductors have been achieving high
efficiency for practical use, they still require major breakthroughs to
meet the long-term goal of very low cost (50.40/kWh).2®

Dye-sensitized solar cells (DSCs) based on oxide semiconductors and
organic dyes have recently emerged as a promising approach to
efficient solar energy conversion at a low cost. The DSCs are a
photoelectrochemical system which incorporates a porous-structured
oxide film with adsorbed dye molecules as the photosensitized anode
(Figure 1a and Figure 1b). A platinum-coated silicon wafer acts as the
counter electrode (i.e, cathode), and a liquid electrolyte that traditionally
contains I/l5” redox couples serves as a conductor to electrically connect
the two electrodes.”'? Photons are captured by the dye monolayer,
creating excitons that are rapidly split at the nanocrystallite surface of
oxide film; electrons are injected into the oxide film and holes are
released by the redox couples in the liquid electrolyte. Compared with
conventional single crystal silicon-based or compound semiconductor
thin film solar cells, DSCs are thought to be advantageous as a
photovoltaic device possessing both practical high efficiency and cost
effectiveness. To date, the most successful DSC was based on a TiO»
nanocrystalline film combined with ruthenium-polypyridine complex
dye as first reported by O'Regan and Gratzel in 1991.'% A certified overall
conversion efficiency of 11% was achieved on TiO,-RuL'(NCS)5 (namely
"black dye”) system, in which the spectral response of the complex dye
was extended to the nearinfrared region so as to absorb far more of the
incident light.>'*'® The porous nature of nanocrystalline TiO, films
drives their use in DSCs due to the high surface area available for dye
molecule adsorption. Meanwhile, the suitable relative energy levels at
the semiconductor-sensitizer interface, i.e, the position of the con-
duction band edge of TiO, being lower than the excited-state energy
level of the dye, allow for the effective injection of electrons from the
dye molecules to the semiconductor.
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Metal Oxide Redox
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Figure 1. A dye-sensitized solar cell based on an electrochemical system. (a) Schematic of the construction and operational principle of device, (b) SEM image of oxide (TiO,) electrode
film with nanocrystallites (~20 nm in diameter), and (c) Electron transport in nanocrystalline oxide electrodes, in which photoexcited electrons are injected from the dye to the

conduction band (denoted as “cb.’) of the nanocrystallite (1), the dye is regenerated by electron transfer from a redox couple in the electrolyte (3), a recombination may take place
between the injected electrons and the dye cation (2) or redox couple (4). (4) is normally believed to be the predominant loss mechanism. Electron trapping in the nanocrystallites (5) is

also a mechanism that causes energy loss. LUMO and HOMO represent the lowest unoccupied molecular orbital and the highest occupied molecular orbital of the dye, respectively.
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The achievement of acceptable power conversion efficiencies instilled
much confidence in the ability of DSCs to challenge the high costs

of commercially available solar cells based on silicon or compound
semiconductors. However, further increases in power conversion
efficiency have been limited by the energy loss due to the
recombination between electrons and either the oxidized dye
molecules or electron accepting species in the electrolyte during the
charge transport process (Figure 1c).'®° Such a recombination
originates predominately from the lack of a depletion layer on TiO,
nanocrystallite surface. This scenario becomes more evident when the
thickness of photoelectrode film increases. A variety of approaches have
been explored to overcome the electron recombination by using either
one-dimensional nanostructures that provide a direct pathway for
electron transport or using core-shell structures with an oxide coating
on TiO, (Aldrich Prod. Nos. 718467, 677469) to minimize the
recombination rate. Aside from those approaches, a series of methods
that address the generation of photoexcited carriers by combining
nanostructured films with optical effects (light scattering or optical
confinement) has also been demonstrated to be effective in enhancing
the light harvesting capability of the photoelectrode film so as to
improve the DSC performance.”!

Usami, Ferber, Luther, and Rothenberger et al. predicted that the optical
absorption of dye sensitized TiO, nanocrystalline films could be
enhanced by admixing large sized TiO, particles as the light scattering
centers222* The light scattering efficiency has been shown to correlate
with both the size of the scattering centers and the wavelength of
incident light?® The scattering reaches a maximum when the size of the
scattering centers is about kA, where k is a constant and A is the
wavelength. Experimentally, it has been verified that the performance of
DSCs can be significantly improved when the TiO, nanocrystalline films
are combined with large-sized SiO, (Aldrich Prod. No. 381276), Al,O5
(Aldrich Prod. No. 202606), or TiO, particles.?>° By coupling a photonic
crystal layer to conventional TiO, nanocrystalline films for light
scattering, Nishimura et al. and Halaoui et al. also succeeded in
enhancing the light harvesting capability of the photoelectrode.
However, the introduction of large-sized particles into nanocrystalline
films has the unavoidable effect of lowering the internal surface area of
the photoelectrode film. This serves to counteract the enhancement
effect of light scattering on the optical absorption, whereas the
incorporation of a photonic crystal layer may lead to an undesirable
increase in the electron diffusion length and, consequently, increase the
recombination rate of photogenerated carriers.

31,32

Some recent developments have been reported on the use of oxide
nanocrystallite aggregates in DSCs.3*37 The oxide nanocrystallite
aggregates demonstrated to be able to provide the photoelectrode
with both a large surface area and efficient light scattering centers. As a
result, very impressive enhancements in the overall conversion efficiency
were achieved for ZnO-based DSCs.*¢ This review introduces the
synthesis, characterization, and surface modification of ZnO aggregates,
and shows the light scattering effect with these aggregates on the
enhancement of the light harvesting efficiency (LHE) of photoelectrode,
resulting in a very impressive increase in the conversion efficiency of
the DSCs.

For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com.

Enhanced Solar Cell Performance
with Aggregates

Synthesis of ZnO Aggregates

Zn0 aggregates can be synthesized by the hydrolysis of a zinc salt in a
polyol medium and heating at 160 °C.3%*® Typically, zinc acetate
dihydrate (0.01 mol, Aldrich Prod. No. 379786) was added to diethylene
glycol (DEG, 100 mL, Aldrich Prod. No. H26456) with vigorous stirring.
The mixture was rapidly heated in an oil bath at a rate of 10 °C/min. The
reaction continued for about 8 h with continual stirring. As-obtained
colloidal solution was then sequentially concentrated by 1) centrifugally
separating the aggregates from the solvent, 2) removing the super-
natant, and 3) redispersing the precipitate in ethanol (5 mL). The sample
synthesized at 160 °C is denoted as Sample 1. For comparison, three
more samples were also synthesized at temperatures of 170, 180, and
190 °C, denoted as Samples 2 through 4, respectively.

Fabrication of Photoelectrode Films

Photoelectrode films were fabricated on Fluorine-Tin-Oxide (FTO) glass
using a drop-casting method. After the films dried, they were annealed
at 350 °C for 1 h to remove any residual organic matter from the ZnO
surface. The films were then sensitized by immersing them into 0.5 mm
ethanolic solution of the ruthenium complex cis-[RuL,(NCS),] (com-
mercially known as N3 dye, Aldrich Prod. No. 703206)*%° for
approximately 20 min. The sensitization time was controlled strictly and
limited to avoid the dissolution of surface Zn atoms and the formation
of Zn?*/dye complexes, which might block the electron transport from
the dye to semiconductor. The films were then rinsed with ethanol to
remove the additional dye.

Morphology and Structure Characterization

The morphology of the film of ZnO aggregates (Sample 1) was
characterized using a scanning electron microscope (SEM), as shown in
Figure 2. It can be seen that the film is well-stacked with
submicrometer-sized ZnO aggregates. These aggregates are polydis-
perse in size with diameters ranging from several tens to several
hundreds of nanometers. The film therefore presents a highly
disordered structure.
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Znd aggregate

= t00.800nm in dismetar

Figure 2. SEM images of ZnO film with aggregates synthesized at 160 °C (Sample 1) and
a schematic showing the structure of individual aggregates.

A high magnification SEM image reveals that the ZnO aggregate is
nearly spherical in shape and consists of packed nanocrystallites. In
Figure 2d, the structure of an individual aggregate is schematically
illustrated to further demonstrate the porous features provided due to
the agglomeration of nanosized crystallites. This ZnO film was thought
to adopt as a hierarchical structure in view of the architecture formed by
secondary submicron-sized aggregates with primary nanocrystallites.
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Shown in Figure 3 are the SEM images of Samples 2 through 4. It is clear
that, with increasing synthesis temperature, the degree of a spherical
agglomeration of the nanocrystallites is gradually degraded. Sample 2,
synthesized at 170 °C, is similar to Sample 1 and consists of aggregated
ZnO nanocrystallites, but begins to show a slight destruction of the
spherical shape (Figure 3a). Sample 3, synthesized at 180 °C, consists of
partial aggregates, however most of the aggregates have lost their
spherical shape (Figure 3b). As the synthesis temperature increases
further to 190 °C, the obtained product (Sample 4) only presents
dispersed nanocrystallites without any agglomeration (Figure 3c). X-ray
diffraction (XRD) analysis revealed that all the samples were of a
hexagonal wurtzite structure of ZnO. With XRD spectra and using the
Scherrer equation,*' the primary nanocrystallite size was estimated to be
about 15 nm in diameter for all the samples, i.e, there was no
appreciable difference in the nanocrystallite size for these samples,
despite the differences in synthesis temperature and morphology.
Nitrogen sorption isotherms revealed that all four samples possessed
almost equal specific surface area of approximately 80 m?/g.

Figure 3. SEM images of ZnO films with synthesis temperature of 170, 180, and 190 °C,
corresponding to Samples 2 through 4, respectively.

Light Scattering of ZnO Aggregate Films

It was observed that Samples 1 through 4, i.e, the ZnO films synthesized
at different temperatures as SEM images shown in Figures 2 and 3,
demonstrated a difference in their transparency. This was a result of light
scattering, as observed in the optical absorption spectra of the films
upon dye sensitization (Figure 4). In the spectra, all the samples exhibit
an intrinsic absorption with similar absorption intensity below 390 nm,
caused by the ZnO semiconductor owing to electron transfer from the
valence band to the conduction band. However, absorption at
wavelengths above 400 nm vary significantly; such absorption originates
from the dye molecules adsorbed on the ZnO surface and is related to
the film structure. It has the highest intensity for Sample 1, less intensity
for Samples 2 and 3, and the lowest intensity for Sample 4. It should be
noted that only Sample 4 presents an absorption peak centered around
520 nm, corresponding to the visible t,»m* metal-to-ligand charge
transfer (MLCT)* in N3 dye but with a slight blue-shift due to the
electronic coupling between N3 and ZnO, whereas the other three
samples (1-3) show a monotonically increased absorption as the
wavelength switches from visible to ultraviolet. The absorption spectra
illustrate that the better aggregation of nanocrystallites induces more
effective photon capturing in the visible region and also suggest the
existence of a strong light scattering effect. Such an effect may partially
scatter the incident light and weaken the transmittance of the films, thus
resulting in the pseudo absorption deviating from that of adsorbed dye.
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Figure 4. Optical absorption spectra of ZnO films of Samples 1 through 4.

Mie theory**#? and Anderson localization of light** provide the

analytical description for the scattering of light by spherical particles and
predict that resonant scattering may occur when the particle size is
comparable to the wavelength of incident light. The aggregates within
ZnO films are submicrometer-sized, and they are therefore particularly
efficient scatterers for visible light, resulting in a significant increase in
the light harvesting capability of the photoelectrode. Unlike large oxide
particles, the ZnO aggregates are closely packed with nanocrystallites
and therefore do not cause any loss in the internal surface area. It should
be noted that the light scattering effect is usually imperceptible in
conventional mesoporous TiO, electrodes consisting of nanocrystallites
smaller than 50 nm, because the size is far away from the wavelength of
visible light; this is also the reason why Sample 4 presents a relatively
weak absorption at the visible wavelengths.

Solar Cell Performance

The solar cells with as-prepared ZnO films were characterized by
measuring the current-voltage behavior while irradiated by simulated
AM 1.5 sunlight with a power density of 100 mW/cm?. Figure 5 shows
typical current density versus voltage curves of the four ZnO samples.
Sample 1, with near perfect aggregation, achieved the highest short-
circuit current density and, thus, the highest conversion efficiency,
whereas Sample 4, consisting of only ZnO nanocrystallites, presented
the lowest current density and the lowest energy conversion efficiency
of all four samples. Table 1 summarizes the open-circuit voltages, the
shortcircuit current densities, the fill factors, and the overall energy
conversion efficiencies for all four samples. All samples possessed the
same or similar open-circuit voltages of approximately 600 mV; however,
the short-circuit current density varied significantly from 19 mA/cm? for
Sample 1 to 10 mA/cm? for Sample 4. As a result, the energy conversion
efficiency varied systematically from 5.4% for Sample 1 to 2.4% for
Sample 4, decreasing as the degree of spherical aggregation decreased.
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Figure 5. Photovoltaic response of ZnO films, Samples 1 through 4, while irradiated by
standard AM 1.5 sunlight with an output power of 100 mW/cm?.

Table 1. Photovoltaic Properties of Dye-sensitized ZnO Solar Cells

Sample VocImV] lsc[mAcm™2] FF[%)]* n[%]*
1 635 18.7 45.1 54
2 595 156 48.7 45
3 605 14.9 378 34
4 595 9.7 411 24

*The conversion efficiency n and fill factor FF are calculated from nN=Pgy;max/Pinand
FF=Pouymax/(VocXlsc), where Poumax is the maximum output power density, Pi, is
power density of the incident light, Voc is the open-circuit voltage, and Isc is the
short-circuit current.

In view of the different optical absorption of these films, the variation in
the solar cell conversion efficiency could be attributed to light scattering
caused by a disordered film structure formed by the polydisperse
aggregates. A disordered structure may lead to random multiple
scattering in the film and, possibly, result in light localization due to the
formation of traps for optical confinement. Photoinduced lasing
emission on closely packed ZnO cluster films reported by Cao et al.*
and Wu et al#® is one example that manifests the light scattering effect
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of highly disordered structure on the generation of light localization. In
Zn0 solar cells that consist of a photoelectrode film with aggregates, the
light scattering may significantly extend the traveling distance of light
within the photoelectrode and, thus, increase the probability of
interaction between the photons and dye molecules. That means, the
light scattering may result in an enhancement in the LHE of
photoelectrode and therefore increases the conversion efficiency of
solar cells. This is the reason that, in Figure 5, Sample 1 achieves a
conversion efficiency of 5.4%, much higher than 2.4% obtained for
Sample 4, the ZnO nanocrystalline film without light scattering.

Size Dependence of Conversion
Efficiency

Size dependence of the solar cell conversion efficiency has been
investigated to further demonstrate that the light scattering effect is
closely related to the structure of the photoelectrode film, such as the
average size and size distribution of the aggregates. For this purpose,
both monodisperse and polydisperse ZnO aggregates were prepared.
The method for the synthesis of polydisperse ZnO aggregates is a
polyol-mediated precipitation method similar to that described above;
however, the rate of heating was adopted to be different to control the
degree of polydispersity. Specifically, a rapid heating at 10 °C/min was
used to fabricate the polydisperse ZnO aggregates with a broad size
distribution, while a rate of 5 °C/min was used to obtain the
polydisperse aggregates with the relatively narrow size distribution. To
synthesize monodisperse ZnO aggregates, an amount of stock solution
was added into the reaction solution when the temperature reached
130 °C while the zinc acetate was completely dissolved. The stock
solution was made of 5 nm ZnO nanoparticles prepared via a sol-gel
approach and dispersed in the diethylene glycol with a concentration of
about 10 M. The size of the aggregates could be adjusted by the
amount of stock solution used. For example, 0.5 mL, T mL, 5 mL, 10 mL
and 20 mL of stock solution gave monodisperse ZnO aggregates of
350 nm, 300 nm, 250 nm, 210 nm and 160 nm in diameter, respectively.

Figure 6. SEM images of ZnO films with aggregates different in size and size distribution.
(a) and (b) Polydisperse aggregates, corresponding to groups 1 and 2, respectively, and
(c) through (g) monodisperse aggregates, corresponding to groups 3 through 7,
respectively.

To study the effects of the average size and size distribution of the
aggregates on the solar-cell performance, a number of ZnO films with
various structures were prepared and classified into seven groups,
named group 1, 2, . .. through 7, in which the films in groups 1 and 2
were made of polydisperse ZnO aggregates and the others only
included monodisperse aggregates. Figure 6 shows typical SEM images
of all these film samples, where Figure 6a through 6g corresponds to
the samples that belong to groups 1 through 7, respectively. One can
see that the samples in group 1 consisted of polydisperse ZnO
aggregates with diameter varying from 120 to 360 nm, while the
samples in group 2 also consisted of polydisperse ZnO aggregates but
with the diameter in the region of ~120-310 nm. The other samples
were all monodisperse ZnO aggregates with average sizes varying from
~350 nm for group 3, ~300 nm for group 4, ~250 nm for group 5,
~210 nm for group 6, to ~160 nm for group 7.

For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com.
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Figure 7. Dependence of (a) overall energy-conversion efficiency and (b) short-circuit
current density on the size and size distribution of aggregates in dye-sensitized ZnO
solar cells.

The solar-cell performance was characterized by measuring the current—
voltage (I-V) behaviors of all of the samples when irradiated by a
simulated AM 1.5 sunlight with a power density of 100 mW/cm?. The
results are summarized in Figure 7, where Figure 7a shows the
dependence of the energy-conversion efficiency on the diameter and
size distribution of the ZnO aggregates, and Figure 7b indicates a similar
trend for the short-circuit current density. It is clear that the photo-
electrode films with polydisperse ZnO aggregates have both a higher
energy-conversion efficiency and a larger short-circuit current density
than the films with monodisperse ZnO aggregates. The electrode films
consisting of polydisperse ZnO aggregates with a maximum diameter of
360 nm (samples in group 1) present the highest conversion efficiency
of all the samples (4.4%), 33% higher than the efficiency of the
polydisperse ZnO aggregates (3.3%) with the maximum diameter of
310 nm (samples in group 2), and 63% higher than the efficiency of
monodisperse ZnO aggregates (2.7%) with an average size of ~350 nm
(samples in group 3). Similarly, the largest short circuit current density of
21 mA/cm?, achieved for the polydisperse ZnO aggregates with the
maximum diameter of 360 nm (samples in group 1), is 40% higher than
that of 15 mA/cm? for the polydisperse ZnO aggregates with the
maximum diameter of 310 nm (samples in group 2), and 75% higher
than that of 12 mA/cm? for the monodisperse ZnO aggregate films
(samples in group 3). As for the ZnO films with only monodisperse
aggregates, one can see that the decrease in the size of the ZnO
aggregates directly results in the degradation of the short-circuit current
density from 12 mA/cm? to 7 mA/cm? and the energy-conversion
efficiency from 2.7% to 1.5%. It has been demonstrated that the variation
of conversion efficiency for the ZnO solar cell samples in different
groups only results from the difference in photocurrent of the cells
instead of open-circuit voltage or fill factor. Moreover, the photocurrent
was basically related to either the dye adsorption amount determined
by the internal surface area of the photoelectrode film or the
propagation behavior of light within the photoelectrode film. A nitrogen
sorption isotherm measurement revealed a same specific surface area,
~80 m?/g, for all these samples in different groups. The dye adsorption
amount was probably not the reason for the difference in the short-
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circuit current density. Therefore, it was inferred that the film structures
with differences in the aggregate size and size distribution might have
different impacts on the transport of light so that the LHE of the
photoelectrode was significantly affected.

To demonstrate the impact of film structure on the transport of light,
optical absorption spectra of all the films in seven groups were
measured, as shown in Figure 8. The film with 160 nm diameter ZnO
nanocrystallites presented a typical absorption like that obtained for
single crystalline ZnO. The absorption below 385 nm, corresponding to
the band gap energy of 3.2 eV, represents the intrinsic optical
absorption of ZnO semiconductor caused by the electron transit from
the valence band to the conduction band. Almost no absorption can be
observed from this film in the visible region with wavelength above 385
nm. As the ZnO aggregates of nanocrystallites are gradually formed and
the aggregate size increases, the optical absorption of films in the visible
region is apparently increased. The most significant increase occurs on
the film that belongs to group 1, consisting of polydisperse ZnO
aggregates with a broad size distribution from 120 to 360 nm in
diameter. The result implies that the enhancement in optical absorption
originates from the aggregation of ZnO nanocrystallites and is
proportional to the average size of mono-sized aggregates or the
dispersion degree of polydisperse aggregates in size distribution. This
phenomenon can be explained by the light scattering of submicron-
sized ZnO aggregates, which may change the transport direction of
light travelled in the films and hereby attenuate the light that transmits
through the films.
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Figure 8. Optical absorption spectra of ZnO films consisting of aggregates with different
sizes and size distributions.

The light scattering influences the transport behavior of light by
changing the path and/or extending the distance of light travelled
within the photoelectrode film, and thus the light harvesting efficiency
improves due to the increased probability of interaction between the
photons and the dye molecules that adsorb on the ZnO nanocrystallites.
Compared with the films that contain only mono-dispersed aggregates,
the films with polydisperse aggregates present an apparent virtue in the
enhancement of optical absorption and energy conversion efficiency, as
shown in Figure 8 and Figure 7a, respectively. Polydisperse aggregates
likely lead to disordered structure when they are packed in a random
way to form the film. Literature has demonstrated that the less ordered
medium is more effective in the generation of multiple scattering to
light and the formation of closed loops for light confinement*>*” The
broader distribution of aggregate size means the increased irregularity
in the assembly of film, resulting in the fact that the samples in group 1
consisting of polydisperse aggregates with the size distribution in a
quite large range possess the highest conversion efficiency. Another
reason that polydisperse aggregates exhibit excellent ability to enhance
optical absorption and solar cell efficiency is that the different sized
aggregates can cause light scattering in a wide wavelength range.
Besides the effect to generate strong light scattering, polydisperse
aggregates are also thought to be good at the formation of network
interconnection so as to create the photoelectrode film with a closely-
packed structure, which offers more pathways for the transport of
electrons in the film.

Surface Modification Leading to Higher
Conversion Efficiencies

Lithium lon-Mediated Growth of
ZnO Aggregates

Lithium ions have been reported to be able to mediate the growth of
the ZnO aggregates, leading to an increase in the nanocrystallite size
and a polydisperse distribution in the size of the aggregates. This
imparts the photoelectrode film with improved dye adsorption and
more effective light scattering, and thus enhances the performance of
DSCs with an almost 53% increase in the conversion efficiency. The
improvement in solar cell performance started with the synthesis of ZnO
aggregates in the presence of lithium ions. For a typical fabrication
process, 0.1 M zinc acetate dihydrate (ZnAc-2H,0) and 0.01 M lithium
acetate salt (e.g., LiAc:2H,0, Aldrich Prod. No. 450189) were added to
diethylene glycol (DEG) and the mixture was heated to 160 °C at a rate
of 5 °C/min. The solution was kept at 160 °C for about 2 h so as to allow
for the necessary chemical reactions to occur. Similar to the treatment
for preparing pure ZnO aggregates, the colloid was then concentrated
by a sequential treatment of centrifugation, removal of the supernatant,
and several redispersals of the precipitate in ethanol. The precipitate was
finally dispersed in ethanol with a concentration of approximately 0.5 M
and as-obtained colloidal suspension solution was ready for making
photoelectrode film. The ZnO aggregates synthesized in the presence of
lithium ions was denoted as ‘Li-ZnO’. For comparison, ‘pure-Zn0O’
aggregate films were also prepared as reference while the reaction
solution only contained ZnAc-2H,O and DEG.
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Figure 9. Photovoltaic behavior of ZnO films consisting of aggregates synthesized in the
presence (denoted as “Li-Zn0") and absence (denoted as “pure-Zn0") of lithium salt.
Figure 9 shows the typical photovoltaic behavior of ZnO films
consisting of aggregates synthesized in the presence and absence of
lithium ions. These two types of films display similar open-circuit
voltages (Voc) in the range of 640-660 mV and fill factors (FF) of 0.44-
0.48. However, they differ in short-circuit photocurrent densities (Isc), i.e,,
13 mA/cm? for pure-ZnO and 21 mA/cm? for Li-ZnO. The larger
photocurrent density leads to higher conversion efficiency. The
efficiency of the Li-ZnO film reached 6.1%, while a value of 4.0% was
attained for the pure-ZnO film. Such a significant enhancement in the
conversion efficiency was ascribed to the use of lithium ions during the
Zn0 aggregate synthesis, which offered a positive influence on the solar
cell performance by affecting the morphology, structure, and surface
chemistry of the aggregates, and thus resulted in increased dye
adsorption and more effective light scattering.
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Figure 10. Morphology and structure of ZnO aggregate films. Images (a) and (b) are SEM
images with different magnifications for the pure-ZnO film. Images (c) and (d) are SEM
images of the Li-ZnO film, and (e) is a drawing to illustrate the hierarchical structure of
the aggregates consisting of ZnO nanocrystallites.

Shown in Figure 10 are the SEM images of pure-ZnO and Li-ZnO films.
An apparent difference in the morphology can be seen under low
magnification (Figure 10a and Figure 10c). The pure-ZnO film is
comprised of aggregates with a monodisperse size distribution, whereas
the Li-ZnO film exhibits a broad distribution of aggregate size from
several tens to several hundreds of nanometers. The different
polydispersity of ZnO aggregates synthesized in the presence of lithium
salt reflects the important influence of lithium ions on the growth of
Zn0O aggregates. It is possible that these lithium ions adsorb on the ZnO
surface so as to mediate the agglomeration of ZnO nanocrystallites. A
polydisperse size distribution of Li-ZnO aggregates is beneficial to light
scattering, and it was thought to contribute to the light harvesting
efficiency of the photoelectrode and partially resulted in an increase in
the conversion efficiency of the cells. The difference of pure-ZnO and Li-
Zn0 films in the light scattering ability was confirmed by measuring
optical absorption spectra of these two films. The results are shown in
Figure 11. It can be seen that both films present an intrinsic absorption
band at wavelengths below 385 nm and an additional absorption hump
in the visible region. The latter is thought to be a result of light
scattering, which causes light extinction via diffuse reflection and/or
diffuse transmission. This affects the film transparency and appears in
the spectra as pseudo-absorption. For the Li-ZnO film, it shows that the
absorption in the visible region is stronger than that of the pure-ZnQ.
This is just because the aggregates in the Li-ZnO film are highly
polydisperse in size and may generate more efficient light scattering
than the monodisperse aggregates.
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Figure 11. Optical absorption spectra of pure ZnO and Li-ZnO films.
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Besides enhanced light scattering effect due to the polydispersity of
Zn0 aggregates in size, the use of lithium ions in the synthesis was also
mentioned to increase the nanocrystallite size of ZnO and the pore size
of aggregates. This offered a more porous structure for dye infiltration
and electrolyte diffusion. Furthermore, the presence of lithium ions
might also enhance the surface stability of ZnO, which which would
prevent the formation of Zn?*/dye complexes and favor dye adsorption
on ZnO in a monolayer. All these factors were thought to be helpful to
improving the solar cell performance. It is worth noting that these
samples were characterized through X-ray photoelectron spectroscopy
(XPS). No detectable difference could be found in the XPS spectra for
the pure-ZnO and Li-ZnO films, indicating that these two films are
identical with regards to chemical composition. In other words, it
excludes the possibility that lithium exists in the ZnO as a dopant or
forms a composite with ZnO, although the term "Li-ZnQO" is used to
represent the ZnO aggregates that are synthesized in the presence of
lithium ions.

Atomic Layer Deposition of TiO,
on ZnO Surface

Besides lithium ions that may mediate the growth and thus change the
surface of the ZnO aggregates, another way to improve the surface
stability of ZnO aggregates in a ruthenium complex dye is to deposit a
thin film on the ZnO surface to form a core/shell structure.*® Atomic
layer deposition (ALD) is an ideal technique for creating the core/shell
structure due to its unique self-limiting nature and low growth
temperature, which make it possible to apply an ultra-thin layer on
porous structures***% When ALD technique was employed to deposit
an ultra-thin TiO, layer on the porous ZnO aggregates, it significantly
enhanced conversion efficiency of the solar cells. As illustrated
schematically in Figures 12a-c, TiO, ultra-thin layer deposited by ALD
shows complete and conformal coverage on the surface and inside the
pores of the aggregates. All of the dye molecules are adsorbed onto the
surface of TiO, coating. Such an ultra-thin and conformal ALD coating is
so thin that it does not change the morphology of the underlying ZnO
structures as shown in Figure 12e and Figure 12f. It was estimated that
the thickness of the TiO, coating layer after 10 cycles of ALD is 0.3-0.6
nm.>"*? The connections between adjacent ZnO nanocrystallites would
remain to ensure a favorable electron motion through ZnO (as
suggested in Figure 12d). Such a feature in the structure would improve
the surface stability of the ZnO aggregates with enhanced dye loading,
while retaining the advantage of high electron mobility of ZnO.

(e}
Ti0; layer grown by ALD

Figure 12. Schematics illustrating (a) ZnO aggregates adsorbed with dye molecules,
(b) ZnO nanocrystallites containing micropores, (c) conformal ALD-TIO; thin layer on the
surface of ZnO nanocrystallites, (d) enlarged schematic showing the details of conformal
ALD-TIO, coating on ZnO surface and the uninterrupted connection between adjacent
ZnO nanocrystallites for efficient electron motion, and SEM images of photoelectrode
films of (e) submicrion-sized aggregates of ZnO nanocrystallites and (f) submicron-sized
aggregates of ZnO nanocrystallites coated with thin TiO, layer.
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A Brunauer-Emmett-Teller (BET)>® characterization of the TiO»-coated
Zn0O aggregates implies that micropores inside each aggregate still
remain after the ALD treatment, indicating that the porous structure of
the photoelectrode film is preserved. This is very important for the
photoelectrode to achieve sufficient dye adsorption. Due to the
introduction of TiO, coating layer, a slight decrease in both the size and
the volume of the micropores was observed. It was thought that the
structure of ZnO aggregates with a TiO, coating layer was able to
suppress the recombination because of the formation of a n-n*
heterojunction at the ZnO/TiO> interface.>* This could be verified by the
electrochemical impedance spectroscopy (EIS), which showed the
suppressed recombination at the aggregate/electrolyte interface due to
the coating of TiO, layer. As a result, both the open circuit voltage and
the fill factor of the cell were increased and, impressively, the conversion
efficiency was improved from 52% to 6.3% (Table 2).>°

Table 2. Performance of the Solar Cells with the Electrode Made of ZnO and TiO, Coated
Zn0 Films

Sample VocImV] IscImAcm?]  FF nl%]l
Zn0O 65.8 163 048 52
TiO, coated ZnO 709 15.8 0.56 6.3
Conclusions

Zn0O aggregates were synthesized and studied as a photoelectrode
material in DSCs. Such aggregates are formed by nano-sized crystallites,
and thus possess extremely large surface areas. Simultaneously, the size
of the aggregates is in the submicron range; which is comparable to the
wavelength of the visible light and, therefore, the aggregates are very
effective in light scattering. The existence of light scattering in a
photoelectrode film may significantly extend the traveling distance of
the light and as such enhance the light harvesting efficiency of the
photoelectrode. This finally leads to an improvement in the conversion
efficiency of a DSC with photoeletrode consisting of the aggregates.
Typically, in the case of ZnO, the aggregates have presented an increase
in the conversion efficiency of more than 120% compared with
nanocrystallites, which are far smaller than the light wavelength in size
and unable to generate light scattering.

A polydisperse distribution in the aggregate size might facilitate the
generation of more intensive light scattering. The use of lithium ions to
mediate the growth of the ZnO aggregates resulted in a polydisperse
distribution and an improved surface stability of the ZnO in the
ruthenium complex dye. The treatment of the ZnO aggregate film with
an ALD technique for coating a TiO, layer proved to be helpful in
reducing the electron recombination due to the formation of a n-n*
heterojunction at the ZnO/TiO, interface. Both these surface modifica-
tion methods have been verified to result in an increase in the
conversion efficiency of the dye-sensitized ZnO aggregate solar cells
from 5.2-54% to 6.2-6.3%. The use of nanocrystallite aggregates in the
photoelectrode film for light scattering is anticipated to further improve
the performance of DSCs based on TiO,, which have already achieved
10-119% conversion efficiencies.
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Name

Di-tetrabutylammonium cis-bis(iso-
thiocyanato)bis(2,2"-bipyridyl-4,4"-di-
carboxylato)ruthenium(ll),

N-719

Structure

Purity

95%, NMR, Dye content =90%
(HPLO)

Spectroscopic Properties
Amax 534 nm, 313 nm, 393 nm

Cat. No.
703214-250MG

I/\/CHJ

HC i~ CHa

CHs

cis-Bis(isothiocyanato)(2,2"-bipyridyl-
4,4'-dicarboxylato)(4,4"-di-nonyl-2'-
bipyridyl)ruthenium(ll),

Z-907

CHj3(CHg)7CH,.

95%, NMR, Dye content >90%

Amax 314 nm, 295 nm, 531 nm

703168-250MG

cis-Bis(isothiocyanato)bis(2,2"-bipyr- 95%, NMR Amax 312 nm, 534 nm, 395 nm 703206-250MG
idyl-4,4"-dicarboxylato)ruthenium(ll),

N-3

Benzolelpyrene 99% - B10102-25MG

B10102-100MG

Coumarin 153 CFg Dye content 98% Amax 422 nm, 546186-100MG
= Aem = 532 nm in ethanol
N oo

5|90 JBJ0S PaziIsUas-2AQ Ul uonediddy 4oy pue sa1ebaibby QU7 JO SISSYIUAS

1,3-Bis[4-(dimethylamino)phenyl]- [o] Dye content 90% Amax 625 nm 149063-1G
2,4-dihydroxycyclobutenediylium HSC‘N Q —_Nl?HS
dihydroxide, bis(inner salt) HaC CH,
o
Coumarin 102 CHs Dye content 99% Amax 390 nm, 546151-100MG
B Aem = 466 nm in ethanol
N 0" o
Coumarin 30 Dye content 99% Amax 413 nm, 546127-100MG
",‘ Aem = 478 nm in ethanol
N
HaC” N oo O
HyC
Coumarin 6 >99% Amax 443 nm, 546283-100MG
'\,‘ Aem = 505 nm in ethanol
NS
H3C/\l‘\1 0" Yo
HaC
Pyrene ) 99% Aem = 375 nm in DMSO 571245-1G
0\
For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com. WNALDRICH 39
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Name
Quinoline

44"-Dinonyl-2,2"-dipyridy,
dNbpy

2,2"-Bipyridine-4,4'-dicarboxylic acid

2,2"-Bipyridine-3,3'-diol

Structure
20
PN

CH3(CH,),CH, CHa(CH;)7CHs

AYA

=N N="

Purity
98%

97%

98%

98%

Nanopowders for Photovoltaic Applications

For a complete list of materials for energy generation and storage, please visit aldrich.com/renewable

Name

Titanium(V) oxide, anatase, nanopowder

Titanium(lV) oxide, rutile, nanopowder

Titanium(lV) oxide, mixture of rutile and anatase,

nanopowder
Titanium(lV) oxide, nanopowder

Zinc oxide, nanopowder

Zinc oxide, nanopowder

Purity
99.7% trace metals basis

99.5% trace metals basis

99.5% trace metals basis

>99.5% trace metals basis

>97%

Nanoparticle Dispersions*

Name
Iron oxide, dispersion, nanoparticles

Iron oxide, dispersion, nanoparticles

Titanium(lV) oxide, mixture of
rutile and anatase, nanoparticles
paste

Titanium(lV) oxide, mixture of rutile
and anatase, dispersion
nanoparticles

Titanium(lV) oxide, mixture of rutile
and anatase, dispersion
nanoparticles

Zinc oxide, dispersion, nanoparticles

Zinc oxide, dispersion, nanoparticles

Zinc oxide, dispersion, nanoparticles

Zinc oxide, dispersion, nanoparticles

*Products of Buhler, Inc.

Purity

99.9% trace metals basis

99.9% trace metals basis

99.9% trace metals basis

Dimensions

Spectroscopic Properties

particle size <25 nm,
spec. surface area 200-220 m%/g

particle size <100 nm,
spec. surface area 130-190 m%/g

particle size <100 nm (BET)
particle size <50 nm (XRD)

particle size ~21 nm,
spec. surface area 35-65 m%/q (BET)

particle size <100 nm,
surface area 15-25 m?/g

particle size <50 nm (TEM),
surface area >10.8 m%/g

Dimensions

avg. part. size <30 nm (APS)
particle size <110 nm (DLS)

avg. part. size <30 nm (APS)
particle size <100 nm (DLS)

particle size <250 nm (DLS)

particle size ~21 nm (primary particle
size of starting nanopowder), BET surf.
area 50 m?/g (BET surface area of
starting nanopowder)

particle size <150 nm (DLS)
particle size ~21 nm (primary particle
size of starting nanopowder)

particle size <100 nm (DLS)

particle size ~15 nm (primary particle
size of starting nanopowder), BET surf.
area 90 m?/g (BET surface area of
starting nanopowder)

avg. part. size <35 nm (APS)
particle size <100 nm (DLS)
avg. part. size <35 nm (APS)
particle size <130 nm (DLS)
avg. part. size <35 nm (APS)
particle size <110 nm (DLS)
avg. part. size <35 nm (APS)
particle size <120 nm (DLS)

Concentration
20 wt. % in ethanol

20 wi. % in H,0

53-57 wt. % in diethylene glycol
monobutyl ether/ethylene glycol

33-37 wt. % in H,0

45-47 wt. % in xylene

50 wt. % in H,O
40 wt. % in ethanol
40 wt. % in butyl acetate

40 wt. % in butyl glycol

aldrich.com TO ORDER: Contact your local Sigma-Aldrich office (see back cover) or visit aldrich.com/matsci.

Cat. No.

241571-5G
241571-100G
241571-500G

482250-1G
482250-5G

550566-1G

340081-50MG

Cat. No.

637254-50G
637254-100G
637254-500G

637262-25G
637262-100G
637262-500G

634662-25G
634662-100G
718467-100G
544906-10G
544906-50G
677450-5G

Cat. No.
720712-100G

720704-100G

700355-25G

700347-25G
700347-100G

700339-100G

721077-100G

721085-100G

721093-100G

721107-100G
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Precursors for Atomic Layer Deposition
High-Tech Solutions for Your Research Needs

Nano-layers of metals, semiconducting and dielectric materials are
crucial components of modern electronic devices, high-efficiency
solar panels, memory systems, computer chips and a broad variety of
high-performance tools.

The technique of choice for depositing nano-films on various surfaces
is Atomic Layer Deposition (ALD), which uses consecutive chemical
reactions on a material’s surface to create nanostructures with
predetermined thickness and chemical composition (Figure 1).

Aldrich Materials Science offers high-quality precursors for ALD safely
packaged in steel cylinders suitable for use with a variety of
deposition systems.

We continue to expand our portfolio of ALD precursors to include
new materials. For an updated list of our deposition precursors, please
visit aldrich.com/ald.

Precursors Packaged for Deposition Systems

L]

(a)

i

g

-*
;A

(b) | ]

Figure 1. Schematic of the ALD method based on sequential, self-limiting
surface reactions.

Atomic Atomic
No. Description Molecular Formula Form Prod. No. No. Description Molecular Formula Form Prod. No.
Water packaged for use in H,0 liquid 697125 40  Tetrakis(dimethylamido) [(CH,),N1Zr solid 669016
deposition systems zirconium(lV)
13 Trimethylaluminum (CHy);AI liquid 663301 40  Tetrakis(ethylmethylamido) C,,H2N,Zr liquid 725528
zirconium(IV)
14 (3-Aminopropyltriethoxysilane  H,N(CH,),Si(OC,Hs), liquid 706493
44 Bis(ethylcyclopentadienyl) CHRUCH,q liquid 679798
14 Silicon tetrachloride Sicl, liquid 688509 ruthenium(ll)
14 Tris(tert-butoxy)silanol ((CH,);C0),SiOH solid 697281 72 Bis(methyl-n5-cyclopentadienyl)  Hf[C.H,(CH,)L,(CH,), solid 725501
. ihafni
14 Trislert-pentoxy)silanol (CH,CH,C(CH),0),510H  liquid 697303 dimethylhafnium
. . . o 72 Bis(methyl-n5-cyclopentadienyl)  HfCH5(OCH,)[C;H,(CH5)] liquid 725498
22 Tetrakis(diethylamido) [(C,H5),N1,Ti liquid 725536 methoxy{nethy%afnﬁum Y ? e
titanium(IV)
. : ] o 72 Tetrakis(dimethylamido CHy),N],Hf low-meltin: 666610
22 T.etra.kls(d\methylamldo) [(CH,),N1,Ti liquid 669008 hafniurr:(\\/) Y ) [(CH NI solid 9
titanium(lV)
72 Tetrakis(ethylmethylami H3)(CHg)N,HF liqui 725544
22 Titanium tetrachloride Ticl, liquid 697079 heatfrnaiu'fn('fw methylamido) (CHICHINL, iquid =
22 Titanium(V) isopropoxide TIlOCH(CH,), L liquid 687502 73 Tris(diethylamido)(tert- (CHY),CNTa(N(CHy))s liquid 668990
30 Diethylzinc (CHo,Zn liquid 668729 butylimidojtantalum(V)
) el ! ) ] ; 74 Bis(tert-butylimino) ((CH4),CN),W(N(CH,),), liquid 668885
39 Tns[N,N bis(trimethylsilyllamide]  [[(CH,),Sil,N],Y solid 702021 bis(dimethylamino)tungsten(V)
yttrium
: nC . : . 78 Trimethyl(methylcyclo- CoH,CHPH(CH,), low-melting 697540
40 Bis(methyl-n5-cyclo-pentadienyl)  Zr(CH,CsH,),CH;OCH; liquid 725471 pentadienylplatinum(V) solid

methoxymethylzirconium

For additional vapor deposition precursors prepacked in cylinders, please contact us by email at matsci@sial.com.
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Introduction

Rechargeable Lithium-ion (Li-lon) battery technology has come a long
way since its introduction in the early 1990s. Over the last two decades,
they have become the technology of choice for powering portable
electronic devices such as cellular phones and laptop computers.
Currently, Lithium-ion batteries are steadily replacing Nickel-Cadmium
(NiCd) and Nickel-Metal Hydride (NiMH) battery technologies in portable
power tools. In the future, Lithium-ion batteries are poised to power a
new generation of hybrid electric vehicles (HEV), plug-in hybrids (PHEV)
and electric vehicles (EV). Another emerging application for Lithium-ion
technology is in battery electrical energy storage systems for smart grids
that are powered by traditional energy sources like coal, as well as
intermittent renewable energy sources like solar and wind.'

The optimum combination of long run time (high energy density at the
desired power) and long life (recharge characteristics) sets Lithium-ion
battery technology apart from the competition. Needless to say, safety
and cost expectations of the application also have to be satisfied. While
all of these requirements are being met for portable electronics, the
technology is just beginning to move up the optimization curve for
emerging applications such as electric automotives, power tools and
storage systems. For example, one factor that distinguishes the portable
electronics and the electric vehicle application is power density. The
latter requires much higher charge and discharge rates compared to the
former. While higher power can be achieved to some extent by
redesigning the way the battery cell is constructed, nanomaterials are
also expected to play a key role in the achievement of high-power
capability. Nanomaterial strategies are also being employed to provide
better strain accommodation in high-capacity electrodes so that this
storage capacity can be extracted reversibly with minimum compromise
in cycle life. Alternatively, the stable cycle life and storage life
characteristics of “zero-strain” electrode materials can be improved even
further by utilizing nanosized versions of these electrodes, thereby
providing a new generation of electrical energy storage options for
smart grids and back-up power systems.

Overview of Lithium-ion Electrode
Materials Chemistries

Conventional Lithium-ion battery materials typically start as 10-50
micron sized particles, which are then coated onto aluminum or copper
current collectors along with conductivity enhancers and binders. The
work-horse cathode chemistry for the last couple of decades has been
Lithium Cobalt Oxide, LiCoO,, (Aldrich Prod. No. 442704), a layered
compound with a distorted rock-salt (a-NaFeO-) structure? Some
alternative cathodes, like the three dimensional spinel Lithium
Manganese Oxide,” LiMn,Q., (Aldrich Prod. No. 725129) have been
commercialized only in niche applications, because of performance

limitations.” Carbon-based materials have been the preferred choice for
anodes, with some version of graphite being utilized in a majority of the
commercially available batteries Battery developers choose electrode
materials with the intent to optimize performance from the standpoints
of energy, power, cycle life, cost and thermal stability. Until recently,
much of this optimization has taken place with the portable electronic
application in mind. More recently however, a significant effort is also
being spent on new and emerging applications like power tools, electric
vehicles and battery electrical energy storage systems. New chemistries
have emerged for cathodes including a variety of mixed metal

oxides, like LiMn1sNiosO4 (spinel, Aldrich Prod. No. 725110),
LiNio.33Mn033C00340; (layered) and LiNiCoAIO, (layered) and metal
phosphates, like LiFePQ., LiCoPO. (Aldrich Prod. No. 725145) and
LiMnPOs., (olivine).?* For anodes, new materials include oxides such as
Lithium Titanates (Li4TisOq5) & Tin Oxide (SnO», Aldrich Prod.

No. 549657), elemental silicon (Si, Aldrich Prod. No. 267414) & tin (Sn,
Aldrich Prod. No. 265640) and many carbon-based materials.>® In many
of these new chemistries, having the materials in nanoparticle form or as
a nanostructured particle or film is critical to achieving the desired
performance dictated by the end application.®

Advantages of Nanomaterials for
Lithium-ion Applications

From the battery application perspective, the incentive for implementing
a nanomaterial electrode as a Lithium-ion storage material would be to
derive significant improvement in energy, power, cycle life or some
combination of the same. Nanoparticles or nanopowder electrode
materials, i.e., ultrafine versions of the conventional micron-sized
electrode powders, are the earliest implementation of nanomaterials
science in the Lithium-ion battery application. Indeed, carbon-black, a
nanomaterial that has been around for several decades, has been used
in Lithium-ion batteries since its early days.” While carbon-black is used
in the electrode, it does not store electrical energy and merely acts as a
“passive” conductivity enhancer to improve power capability. However,
by designing the “active” energy storage component of the electrode as
a nanoparticle, significant performance improvements can be realized
for two reasons: 1) shorter diffusion lengths for the Lithium-ion travelling
from the particle core to the surface where it transfers to the electrolyte
and 2) higher electrode-electrolyte contact area arising from the
inherently high surface areas characteristic of the particles.®

Reducing electrode particle size into the nanoscale regime is also
believed to substantially reduce the mechanical stresses caused by
volumetric expansion and contraction during charge and discharge. A
recently developed model suggests that particles must have a size
under a certain critical radius so that the strain produced by intercalation
can be accommodated elastically, rather than by plastic deformation,
allowing for the full recovery of the original, stable structure® Examples
of nanomaterials either in nanopowder form or as nanostructured films
with wire, rod, whisker or columnar morphologies are actively being
pursued to maximize cycle life with minimum compromise in

energy density.>?

Some processing advantages may also be realized while working

with nanosized Li-ion storage electrode materials. For example, most
Lithium-ion cathode materials are made from precursors containing
lithium and other transition metals, which are combined and then heat
treated under a variety of conditions to arrive at the desired oxide or
phosphate composition. Heat treatment processes can be tedious and
energy-intensive, particularly for large particle aggregates where the
surface of the aggregate may experience a different thermal profile

aldrich.com TO ORDER: Contact your local Sigma-Aldrich office (see back cover) or visit aldrich.com/matsci.
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compared to the bulk. Improper heat treatment leads to non-
homogeneous composition in the material and hence deterioration

in performance. While heat treating nanomaterials, it is easier to
maintain a homogenous thermal profile throughout the material and
thereby produce homogenous compositions without having to resort to
energy-intensive processing methods.

Nanomaterials could also enable ultrathin and flexible electrode
geometries, which may spawn a new generation of high-rate battery
formats for low profile components such as sensors, RFID and flexible
devices for consumer and medical applications. Dispersions and inks
made using nanopowder electrodes could be used to fabricate low-cost
printed batteries via roll-to-roll processing or to integrate thin-film
batteries with other devices in printed electronic assemblies made via
ink-jet processes.'®

Classification and Production
of Nanomaterials

The term nanomaterial is typically used to refer to materials that have at
least one dimension of less than 100 nm.'" In using the term, there is
also an underlying implication that the material has some enhanced
property or characteristic compared to larger particle size versions of the
same composition. Nanomaterials are not a new class of materials, even
though the recent attention that they have been garnering may suggest
otherwise. Some of these materials, like volcano dust, have existed in
nature forever. Other man-made materials, like carbon black and fumed
titania (TiO,), have been around for several decades. One way to classify
nanomaterials is to categorize them according to the method by which
they are produced, i.e., physical or chemical. The physical method can
be further sub-divided into mechanical or phase-change methods. In
the physical-mechanical method, particles in the nanometer size range
are produced by milling or grinding larger particles of the target
composition without any accompanying chemical change.'? This
method is commonly referred to as a “top-down” approach to making
nanomaterials. In physical-phase change methods, the nanomaterial is
created via a phase change process. Examples include direct precip-
itation, in which a material in solution is precipitated as a solid
nanomaterial, and thermal, plasma or laser ablation processing in which
vaporized material is condensed into solid nanoparticles. In using either
of the physical processes, no chemical change is necessary to arrive at
the target nanomaterial composition. Chemical methods include
processes where the nanomaterial is synthesized from an initial material
that is chemically different from the target composition. The target
composition is arrived at via chemical synthesis of a solid that is formed
directly in the nanoscale. Examples include flame pyrolysis, spray
pyrolysis and wet-chemical methods such as sol-gel and solvo-thermal
synthesis.'? The chemical method and the physical-phase change
method are both examples of the “bottom-up” approach to

making nanomaterials.

An example of a chemical process for making nanomaterials is
NanoSpray Combustion, invented by one of the authors, where
nanoparticles or nanopowders are produced via combustion chemical
vapor condensation (n\CCVC)."* In this process, nanoparticles are
produced by the combustion of a solution nanospray that consists of
precursors that contain the elements that eventually make up the
nanoparticle. A schematic of this process is shown in Figure 1. nGimat's
proprietary Nanomiser® device is critical to generating the nanospray
from which vapor species are formed in the flame. Condensation of
particles can take place either in dry form nanopowders or into a
liquid medium to form dispersions. By tailoring precursor formulations
and process parameters, NnCCVC can be also be used to produce
nanomaterials with dopants and surface carbon-coatings to improve
performance in the end application.

For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com.
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Figure 1. Schematic of the NanoSpray combustion chemical vapor condensation
(nCCVQ) process for making nanopowders.

While nanoparticles or nanopowders are by definition less than 100 nm
in size, other nanomaterials may exhibit structural features that are
<100 nm, while existing as larger aggregates like secondary particles or
films. For example, lithographic patterning, chemical vapor deposition
and physical vapor deposition are all capable of producing nano-
structured films with complex structures and are often referred to as
form-in-place techniques.'” A variation of nCCVC, called combustion
chemical vapor deposition (nNCCVD) can also be classified in this
category.'* This process has been used to make nanostructured thin
film coatings with super-hydrophobic, antimicrobial, oxygen-barrier
and moisture-barrier characteristics. The nCCVD process has also been
used to deposit battery electrode materials.® In the following sections,
we will focus on the application of nanoparticles or nanopowders in
Lithium-ion batteries.

Lithium-ion Battery Application of
Nanopowders Made by nCCVC

Using the nCCVC process described above, it is possible to produce a
variety of Lithium-ion electrode material compositions that are being
pursued by the battery community. The nCCVC process is very well-
suited for making metal oxides and metal phosphate materials. Figure 2
shows the transmission electron micrographs (TEM) of two representa-
tive compounds, LiCoPO4 and LiMn; sNigsO4. The two materials show
different particle morphologies; the former shows spherical features,
while the latter is composed of faceted particles. In both cases, the
average particle size is well under 100 nm. The higher magnification
picture of the LiMn; sNig 504 nanoparticle reveals the crystalline structure
of the nanoparticle.

Figure 2. Transmission electron micrographs showing nanoparticles of Lithium Cobalt
Phosphate, LiCoPO, (left), Lithium Manganese Nickel Oxide, LiMn; sNigsO, (center), and
Lithium Manganese Nickel Oxide, LiMn;sNigsO4 (right) at higher magnification.

Both LiMn; sNigsO4 and LiCoPO, are candidates for high-voltage Li-ion
cathodes for a new generation of Lithium-ion batteries? For example,
LiMn1 5NigsO4 can be charged up to the 4.8-5.0V range compared to
4.2-4.3V charge voltage for LiCoO5 and LiMn,O.."> The higher voltages,
combined with the higher theoretical capacity of around 155 mAh/g for
LiMn1 5Nig504 enable a 25% improvement in energy density compared
to conventional Lithium-ion cathodes. Other examples of cathode
nanomaterials synthesized by nCCVC include LiCoPOy, spinel LiMn,04
and orthorhombic LiMnO- (Aldrich Prod. No. 725137).
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The X-ray diffraction (XRD) patterns of the above-mentioned cathode
material and representative anode materials made by nCCVC are shown
in Figure 3. All of the patterns match well with reference patterns
published by in the literature.'® Candidate anode nanomaterials made
by nCCVC include SnO, and Li4TisOs, (Aldrich Prod. No. 702277). These
materials are targeted for different ends of the applications spectrum.
Sn0O; is a candidate for a high energy density anode with theoretical
capacities reaching upward of 750 mAh/g and a voltage of <1V vs.
lithium metal, compared to 370 mAh/g and <0.5V for the conventional
graphite anodes of today.”® Lower voltages are typically desired for
anodes so as to maximize the voltage and energy when coupled with a
corresponding higher-voltage cathode. Li4TisO15, on the other hand, has
a capacity of around 160 mAh/g at nominal voltages of around 1.5V."
Although it has a lower energy density, its zero-strain spinel structure
can accept many charge-discharge cycles with a minimum loss in
capacity. Furthermore, when used in nanopowder form, LisTisOy5 is
also known to provide high charge and discharge rate capabilities, as
shown below.

—5n0, — Li,Ti,0,, —LiCoPO, — LiMn,,Ni,,0, — LiMnO,
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Figure 3. X-ray diffraction patterns for Tin Oxide (SnO5), Lithium Titanate (LisTisOs5),
Lithium Cobalt Phosphate (LiCoPO,), Lithium Manganese Nickel Oxide (LiMn; sNigsO4)
and Lithium Manganese Oxide (LiMnO,) nanopowders made with the nCCVC process.w6
Representative discharge voltage profiles for three of the nanopowder
electrodes synthesized by nCCVC are shown in Figure 4 below. This data
was acquired with small prototype cells which used Lithium-metal

as the counter-electrode. The two curves on the upper end of the
chart represent 0.1C-rate profiles for cathode materials LiCoPO4 and
LiMn1 5Nigs04 and as anticipated both materials demonstrate high-
voltage plateaus in the 4.7-4.8V range. The lower curve represents
the C-rate profile for LisTisO1> and this material demonstrates a flat
discharge curve with a plateau at around 1.5V.
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Figure 4. Discharge voltage profiles for three representative Lithium-ion storage
nanopowders made by nCCVC and assembled in prototype half-cells with a Lithium-
metal anode: Lithium Titanate, LisTisO;, (blue line, bottom) and Lithium Cobalt
Phosphate, LiCoPO, and Lithium Manganese Nickel Oxide, LiMn; sNigsO,, (red and
green lines, top).

The high-rate discharge capability of the nanomaterials has also been
demonstrated in prototype cells for the LisTisO1, materials. As shown in
Figure 5, Li4TisO;5 can be discharged at 5C and 10C continuous rates
and can retain up to 80% and 60% of the C-rate capacities respectively.
In comparison, conventional cathode materials like LiCoO, are typically
not recommended for use over 3C-rates. Typical discharge capacities for
the LisTisO1, nanomaterials at C-rate have been around 145 mAh/g. The
Li4TisO12 materials have also been cycled for >200 cycles at C-rate. This is
highly encouraging performance for the nanomaterial, considering that
the test-vehicle is only a lab-assembled prototype cell format. The
performance of the material can be expected to improve significantly
when assembled using processes that are closer to commercial cell
manufacturing methods.
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Figure 5. Comparison of the relative capacities achieved at high discharge rates (5C and
100) vs. capacity achieved at 1C discharge rate over 16 cycles for a LisTisOq>-Lithium-
metal half-cell in prototype format.

Under the right conditions, the nCCVC process will allow the formation
of surface coatings on the electrode particles. Direct coating of the
electrode particles with carbon provides higher electronic conductivity
to enhance rate capability of the battery. Surface-coated carbon may
also eliminate the need for additional conductivity enhancers like
carbon-black in the coated electrodes, providing opportunities to
increase the energy density of the cell. By tailoring the precursor system
and the nCCVC processing conditions, it is possible to make carbon-
coated LisTisO12 nanopowders with a single step process.' In
conventional methods used to process Lithium-ion electrode materials,
a separate down-stream processing step is required for making carbon-
coated materials.'®

Carbon nanotubes (CNT) are also considered to be promising
candidates for a high performance Lithium-ion anodes due to their high
surface area and also their outstanding electrical and mechanical
properties.'® However, the experimental results show only a 20-25%
increase for reversible capacity compared to graphite electrode because
of weak lithium adsorption to CNTs.2° To improve Li adsorption,
researchers have used either chemical/plasma etching for making
defects or fullerene (Ceo) encapsulation of single-walled carbon
nanotubes for the creation of fullerene "peapods."?'** In some cases,
materials with a maximum capacity of ~1,000 mAh/g, corresponding
to Li>;Ce, are produced. However, these methods require complex
and high-temperature processing, often leading to deterioration in
their performance.
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The Future for Lithium-ion Energy
Storage Materials

Emerging applications have steered Lithium-ion materials R&D in a new
direction, which includes development of nanomaterial electrodes. Early
versions of these nanomaterials are already beginning to appear in
limited quantities in the marketplace, primarily in portable power tool
applications. Within the next few years, Lithium-ion nanomaterials can
also be expected to appear in automotive applications like PHEV and
also in battery electrical energy storage systems. Existing applications
like portable electronics, where Lithium-ion technology is fully
entrenched, could also benefit from the implementation of nano-
material electrodes that provide high-capacity at the desired power-
levels without compromising cycle life.

While adapting to the electrical performance requirements of the
emerging applications, the materials and the processes used to make
them have to be aware of the cost-sensitivity in the marketplace.
Reduction in raw materials cost and consolidation of multiple steps in
the process will be critical to any commercialization effort. Since
Lithium-ion electrodes pack more energy and are in the proximity of
non-aqueous electrolytes, they will also incur higher packaging costs at
the cell-level and at the battery pack-level, compared to Nickel-Metal
Hydride systems. Thermal cut-off devices in the cells and safety circuits
and thermal management systems in the packs will ensure that the
battery is well within its safe operating limit. In the long run, the
performance premium offered by Lithium-ion batteries will more than
off-set the added costs, particularly with economies of scale.
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Electrode Materials for Lithium-ion Batteries

For a complete list of materials for energy generation and storage, please visit aldrich.com/renewable

Name Linear Formula Description Cat. No.
Lithium Li 99%, metals basis 444456-10G
444456-50G
Lithium cobalt(lll) oxide LiCoO, 99.8% trace metals basis 442704-100G-A
Lithium iron(ll) oxide LiFeO, 95%, particle size <1 pum 442712-100G-A
Lithium manganese(lll,|V) oxide LiMn,O, particle size <5 pm 482277-25G
Lithium molybdate Li>MoO, 99.9% trace metals basis 400904-250G
Lithium cobalt phosphate LiCoPO,4 particle size <0.5 pm 725145-25G
Lithium manganese nickel oxide Li;Mn3NiOg particle size <0.5 um 725110-25G
Lithium manganese dioxide LiMnO, particle size <1 pm 725137-25G
Lithium manganese oxide LiMn,O4 particle size <0.5 pm 725129-25G
Nanopowders for Energy Applications
For a complete list of available nanoparticles and nanopowders, please visit aldrich.com/nanomaterials
Name Linear Formula Description Form Cat. No.
Aluminum cerium oxide AlCeOs 99% trace metals basis, particle size nanopowder 637866-10G
<50 nm (BET) 637866-50G
Barium ferrite BaFe 5010 >97% trace metals basis, particle size nanopowder 637602-25G
<100 nm (BET)
Barium strontium titanium oxide (BaTiO5)(SITiO3) >99 wt. % trace metals basis (Ba, Sr, and Ti), nanopowder 633828-25G
particle size <100 nm 633828-100G
Calcium oxide Cao 98%, particle size <160 nm (BET) nanopowder 634182-25G
634182-100G
Calcium phosphate, amorphous Ca,0,P; - H,O particle size <150 nm (BET) nanopowder 693871-5G
Cerium(lV) oxide CeO, particle size <25 nm (BET) nanopowder 544841-5G
544841-25G
Cerium(IV) oxide, dispersion CeO, particle size <25 nm dispersion 643009-100ML
nanoparticles 643009-250ML
Cerium(IV)-zirconium(lV) oxide (Ce0,)-(Zr05) 99.0% trace metals basis, nanopowder 634174-25G
particle size <50 nm (BET) 634174-100G
Copper iron oxide CuFe,04 98.5% trace metals basis, nanopowder 641723-10G
particle size <100 nm (BET) 641723-50G
Copper zinc iron oxide CuZnFe, 04 98.5% trace metals basis, nanopowder 641650-10G
particle size <100 nm (BET) 641650-50G
Hydroxyapatite [Cas(OH)(PO.)s]« >97%, nanopowder 677418-5G
particle size <200 nm (BET) 677418-10G
Hydroxyapatite, 5 wt% silica as doped [Cas(OH)(PO4)3ly particle size <200 nm (BET) nanopowder 693863-5G
Hydroxyapatite [Cas(OH)(PO4)sly particle size <200 nm (BET) dispersion 702153-25ML
nanoparticles
Iron-nickel alloy Fe/Ni (0.55:0.45) >97%, particle size <100 nm (BET) nanopowder 677426-5G
Lithium titanate, spinel LiaTisO5 >99%, particle size <100 nm (BET) nanopowder 702277-25G
particle size <100 nm (TEM)
Magnesium aluminate, spinel MgO-AlLOs particle size <50 nm (BET) nanopowder 677396-5G
Magnesium oxide MgO particle size <50 nm (BET) nanopowder 549649-5G
549649-25G
Nickel cobalt oxide NiO CoO 99% trace metals basis, nanopowder 634360-25G
particle size <150 nm (BET) 634360-100G
Nickel zinc iron oxide NiZnFe,O4 >99% trace metals basis, nanopowder 641669-10G
particle size <100 nm (BET) 641669-50G
Palladium Pd 99.9%, particle size <25 nm (TEM) nanopowder 686468-500MG
Platinum Pt >99.9%, particle size <50 nm (TEM) nanopowder 685453-250MG
Samarium strontium cobalt oxide SMSrCO,40, 99.9%, particle size <50 nm (BET) nanopowder 677442-5G
Silicon dioxide, alumina doped (SI0,),(Al;05), 99.99% trace metals basis, dispersion 701491-25ML
particle size <50 nm nanoparticles 701491-100ML
Silver-copper alloy CuAgys particle size <100 nm nanopowder 576824-5G
Silver-tin alloy AgSnas 3.5% Ag basis nanopowder 677434-5G

>97%, particle size <150 nm
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Name
Tin(IV) oxide

Titanium(lV) oxide
Titanium silicon oxide

Tricalcium phosphate hydrate

Yttrium iron oxide

Zinc iron oxide

Zinc oxide
Zirconium(lV) oxide, dispersion

Zirconium(lV) oxide, dispersion

Zirconium(lV) oxide-yttria stabilized
Zirconium(lV) silicate

Linear Formula
SnO,

TiO,
(SI0,)(TIO)

Cas(PO.), xH,0

Y3FesOin

ZnFe,04

Zn0
Zr0,

Zr0,

210,
ZrSi04

Carbon Nanomaterials

For a complete list of carbon nanotubes, functionalized carbon nanotubes, and carbon nanofibers, please visit aldrich.com/carbonnanomaterials

Carbon Nanotubes

Name

Carbon nanotube*, single-walled,
CG-100

Carbon nanotube*, single-walled,
CG-200

Carbon nanotube®, single-walled,
SG-65

Carbon nanotube®, single-walled,
SG-76
Carbon nanotube, single-walled

Carbon nanotube, single-walled

Carbon nanotube, double-walled

Carbon nanotube, multi-walled

Carbon nanotube, multi-walled

Carbon nanotube, multi-walled
Carbon nanotube**, multi-walled
Carbon nanotube, multi-walled

Carbon nanotube, multi-walled

Carbon nanotube*, multi-walled,
SMW 100

Purity
>70% (carbon as SWCNT)

>90% (carbon as SWCNT)
>77% (carbon as SWCNT)

Chirality distribution: >50% (6,5)
>77% (carbon as SWCNT)
Chirality distribution: >50% (7,6)
50-70% carbon basis

40-60 wt. % carbon basis

50-80% carbon basis

>7.5% MWCNT basis

25-35% MWCNT basis

>90% carbon basis
>90% carbon basis
>95% carbon basis

>99% carbon basis

>95% carbon basis

*Product of SouthWest NanoTechnologies, Inc. (SWeNT)

**Product of Arkema, Inc.

Description
particle size <100 nm (BET)

>97%, particle size <100 nm (BET)

99.8% trace metals basis,
particle size <50 nm (BET)
particle size <100 nm (TEM)
particle size <200 nm (BET)
99.9% trace metals basis,
particle size <100 nm (BET)
>99% trace metals basis,
particle size <100 nm (BET)

>97%, particle size <50 nm (TEM)

particle size <100 nm (BET)
particle size <100 nm (BET)
particle size <100 nm (BET)

98.5% trace metals basis,
particle size <100 nm (BET)

Size

diameter 0.7-1.3 nm, L 450-2300 nm

(mode: 800 nm; AFM)
diameter 0.7-1.4 nm

diameter 0.7-0.9 nm, L 450-2000 nm

(mode: 900 nm; AFM)

diameter 0.7-1.1 nm, L 300-2300 nm

(mode: 800 nm; AFM)

diam. x L 1.2-1.5 nm x 2-5 ym
(bundle dimensions)

diam. x L 2-10 nm x 1-5 pm
(bundle dimensions)

1.3-1.5 nm (individual SWNT diameter)
OD.x ID.xL5nmx 1.3-20 nm x

50 um
O.D. x L 7-15 nm X 0.5-10 um

avg. part. size =270 mesh
avg. part. size <53 um,
ID. x L 2-15 nm x 1-10 ym

diam. x L 110-170 nm X 5-9 pm

OD. x ID. x L 10-15 nm X 2-6 nm X

0.1-10 pm

OD. x ID. x L 7-15 nm X 3-6 nm x

0.5-200 pm

OD. x L 6-13 nm x 2.5-20 pm
10 pm (average length, TEM)
12 nm (average diameter, HRTEM)

OD. x L 69 nmx >1um

Form
nanopowder

nanopowder
nanopowder

nanopowder
nanopowder
nanopowder

nanopowder

dispersion
nanoparticles

dispersion
nanoparticles

nanopowder

nanopowder

Production Method

Produced by CoMoCAT® catalytic
CVD process

Produced by CoMoCAT® catalytic
CVD process.

Produced by CoMoCAT® catalytic
CVD process.

Produced by CoMoCAT® catalytic
CVD process.
Produced by Arc method

Produced by Arc method

Produced by CVD method

Produced by Arc method

Produced by Arc method

Produced by CVD method

Produced by Catalytic Chemical
Vapor Deposition (CCVD)

Produced by CVD method.

CVD followed by HCI
demineralization

Produced by CoMoCAT® catalytic
CVD process.

For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com.

Cat. No.

549657-5G
549657-25G

677469-5G

641731-10G
641731-50G

693898-5G
634417-10G

633844-10G
633844-50G

677450-5G

643122-100ML
643122-500ML

643025-100ML

544779-25G

634395-25G
634395-100G

Cat. No.
704113-250MG
704113-1G

724777-250MG
724777-1G

704148-250MG
704148-1G
704121-250MG
704121-1G
519308-250MG
519308-1G
698695-1G
698695-5G

637351-250MG
637351-1G
412988-100MG
412988-2G
412988-10G
406074-500MG
406074-1G
406074-5G
659258-2G
659258-10G
677248-5G
677248-25G
694185-1G
694185-5G

698849-1G

724769-25G
724769-100G
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Functionalized Carbon Nanotubes

Name

Carbon nanotube, single-walled,
amide functionalized

Carbon nanotube, single-walled,
carboxylic acid functionalized

Carbon nanotube, single-walled,
octadecylamine functionalized

Carbon nanotube, single-walled,
poly(ethylene glycol) functionalized

Carbon nanotube, single-walled,
polyaminobenzene sulfonic acid
functionalized

Carbon Nanofibers

Name
Graphite, nanofibers

Graphite, platelet nanofibers

Carbon nanofibers, iron free
graphitized*
Carbon nanofibers, graphitized*

Carbon nanofibers, pyrolitically
stripped*

*Product of Pyrograf Products, Inc.

Purity
80-90% carbon basis

>90% carbon basis

80-90% carbon basis

>80% carbon basis

75-85% carbon basis

Size
diam. X L 4-6 nm x 0.7-1.0 ym
(bundle dimensions)

diam. x L 4-5 nm x 0.5-1.5 ym
(bundle dimensions)
diam. x L 2-10 nm x 0.5-2 ym
(bundle dimensions)

diam. X L 4-5 nm x 05-06 ym
(bundle dimensions)
diam. x L 1.1 nm x 0.5-1.0 um
(bundle dimensions)

Labeling

extent of labeling per
4-8 atom % (amide groups)

extent of labeling atomd%
carboxylic acid 1.5-3.0

extent of labeling
30-40 wt. % (ODA)

PEG:SWNT
20:80 (wt. ratio)

extent of labeling 65%
(PABS, typical)

Solubility

DMF 0.5-1.0 mg/mL
(with sonication)
acetone 0.5-1.0 mg/mL
(with sonication)
alcohols 0.5-1.0 mg/mL
(with sonication)

H,0 0.1 mg/mL
DMF 1.0 mg/mL
THF 1 mg/mL

carbon disulfide 1 mg/mL
methylene chloride soluble
toluene soluble
chloroform soluble
benzene soluble

H,O 5 mg/mL

DMF 0.1 mg/mL

ethanol 0.05 mg/mL

H,0 5.0 mg/mL

(As determined by near-IR
absorbance spectroscopy.)

Purity
carbon content
>95% (trace metals analysis)

99%, carbon content
>99% (trace metals analysis)

>99.9%

>98%
>98%

Mesoporous Carbon Nanomaterials

Size
O.D. x ID. x L 80-200 nm x
0.5-10 nm x 0.5-20 pm

W x L 50-250 nm x 0.5-5 um

W x L 50-150 nm x 20-200 um

W x L 50-150 nm x 20-200 um
W x L 50-150 nm x 20-200 um

For a complete list of mesoporous materials, please visit aldrich.com/mesoporous

Name
Carbon, mesoporous

Carbon, mesoporous, nanopowder

Carbon, mesoporous, graphitized,
nanopowder

Carbon, mesoporous, hydrophobic
pore surface, Starbon® 800
Carbon, mesoporous, hydrophilic
pore surface, Starbon® 300

Particle Size

particle size distribution 45 um +5

Pore Size

average pore diameter 100 A +10 A

(typical)

Production Method

Catalytic CVD followed by
HCl demineralization

Vapor-grown carbon fiber

Vapor-grown carbon fiber

Vapor-grown carbon fiber

Surface Area

spec. surface area 150-250 m?/g

particle size <500 nm (DLS)

particle size <500 nm (DLS)

pore volume 0.5 cm?/g (typical)

average pore diameter 64 A (typical)

total pore volume 0342 cm?/g (typical)

average pore diameter 137 A (typical)

pore volume 0.25 cm*/g (typical)

spec. surface area 150-250 m?/g

spec. surface area 50-100 m?/g

mesoporosity 04-0.7 cm?/g
microporosity 0-0.2 cm?/g

mesoporosity >04 cm?®/g

spec. surface area 150-500 m?/g (BET)

mesopore surface area =130 m%/g
spec. surface area >300 m?/g (BET)

aldrich.com TO ORDER: Contact your local Sigma-Aldrich office (see back cover) or visit aldrich.com/matsci.

Cat. No.
685380-100MG

652490-250MG
652490-1G

652482-100MG

652474-100MG

639230-100MG

Cat. No.

636398-2G
636398-10G
636398-50G

698830-1G

719781-25G

719803-25G
719811-25G

Cat. No.

699640-5G
699640-25G

699632-5G
699632-25G

699624-5G
699624-25G

702102-5G

702110-5G
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Aldrich MOF Constructor

An Easy Way to Design your Own MOF

Metal-Organic Frameworks (MOFs) are porous coordination networks
with record-setting surface areas. MOFs are built from metal ion clusters
connected by organic linker molecules or struts. They are designed for

o S

specific applications requiring high surface area materials.

Aldrich Materials Science is uniquely positioned to assist you in constructing
your own MOF. Please review our current offering of organic linkers, high-
purity metal salts, and solvents, or request custom-designed materials to meet
your research needs.

Organic Linker Molecules for Metal-Organic Frameworks

For a complete list of organic linker molecules for MOFs, please visit aldrich.com/moflinkers
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High-Purity Metal Salts for Synthesis of

Metal-Organic Frameworks

For a complete list of metal salts and other related materials, please visit

aldrich.com/ceramics

Zn(NOs), * 6H,0
230006

Ni(NOg)2 *6H0
203874

Mg(NO3), 6H0
203696

CU(N03)2 . XHZO
229636

sigma-aldrich.com

CU(N03)2 «25 Hgo
467855
CO(N03)2 . 6H20
203106
AI(NOg)3 *9H,0
229415

Selected Solvents for Synthesis of
Metal-Organic Frameworks

For a complete list of solvents offered by Sigma-Aldrich®, please visit

aldrich.com/solvents

Contact us at (800) 231-8327 to discuss materials for your own MOF.
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For more information, visit aldrich.com/renewable.
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Properties of Perovskite Systems

Perovskite-phase metal oxides exhibit a variety of interesting physical
properties which include ferroelectric, dielectric, pyroelectric, and
piezoelectric behavior."* Specifically, linear dielectric materials exhibit
linear polarization behavior as a function of applied field. Ferroelectric
ceramics are dielectrics with a permanent electric dipole, which can be
oriented upon the application of an electric field. Pyroelectric materials
yield a spontaneous polarization, but the direction of such polarization
cannot be reversed upon application of an electric field. Piezoelectrics
either exhibit an electrical charge when mechanically stressed or
undergo mechanical deformation upon the application of an electric
field. In general, these various properties arise from the crystal symmetry
adopted by these materials.>®

Of these various classes of structures, ferroelectric materials are both
pyroelectric and piezoelectric and are generating a great deal of current
interest because their electric dipoles can be reoriented by the
application of an electric field. However, all of these materials lose their
inherent polar properties above their Curie temperature (Tc) trans-
forming into a nonpolar state known as the paraelectric phase. For
example, barium titanate (BaTiOs, Aldrich Prod. No. 467634) alters from
a tetragonal ferroelectric phase to a paraelectric cubic phase at a Curie
temperature of 120 °C. The properties of ferroelectric materials change
significantly and show a maximum as the temperature approaches T.
Specifically, in the case of BaTiOs,” the dielectric constant increases from
1,000 to a value of ~10,000 in the 10 K interval below its T, while above
this temperature, there is a gradual decrease in the dielectric constant.
Hence, the main applications of BaTiOs are based around this phase
transition, especially with respect to its potential as a dielectric. The
temperatures at which these phase transitions occur can also be
modified by the partial substitution of other metal oxides into BaTiOs so
as to yield solid solutions. For example, dopant substitutions can change
cell dimensions and hence the temperatures at which these phase
changes occur. Doped BaTiOs has found wide applications® in PTC
(positive temperature coefficient) thermistors, semiconductors, and
piezoelectric devices.

Different physical properties of perovskite-phase materials are related to
their phase transitions, which in turn are sensitive to variables such as
chemical composition, purity, number of surface and bulk defects, grain
size, and sintering conditions. Hence, the need to control these
parameters is critical for effective quality control of the devices
produced from these materials. For instance, studies have been
conducted on the effect of the crystallite size on the crystalline structure

adopted by BaTiOs. As an example, crystals of BaTiOs are often cubic at
their surface but tetragonal in the bulk, with the two phases separated
by a transition zone. As the crystallite size decreases below a few
micrometers, the proportion of the crystal influenced by the surface
effect increases and any undistorted tetragonal phase disappears. Thus,
if the crystallite is small enough (nanosized), then the ferroelectric state
disappears altogether and is replaced by a pseudocubic, super-
paraelectric state.”

Perovskite-type oxides with typically very high melting points also
exhibit a number of interesting chemical properties including hetero-
geneous catalytic activity. For example, these oxides are often utilized
for CO oxidation, oxidation of hydrocarbons and chlorinated volatile
organic compounds, partial oxidation of methane to synthesis gas,
N,O decomposition, NO reduction, hydrogenation reactions of
alkenes, SO, reduction, as well as in various types of electro- and
photocatalytic reactions.'%'!

There is a variety of dense perovskite-phase mixed-metal oxides, which
are capable of high oxygen transport fluxes at elevated temperatures
(T >600 °C). At high temperatures, the oxygen permeability of some of
these materials can exceed that of porous membranes. For instance,
LiNbOs (Aldrich Prod. No. 254290), SrCeQs, and SrTiOs (Aldrich Prod.
No. 517011) are examples of perovskite-type oxides that have been
successfully used for oxygen transport. Membranes created from these
materials are dense and as a result, their separation selectivity for oxygen
is highly promising. In particular, the oxygen-transport mechanism for
these materials involves oxidation and reduction of O, at the membrane
surface, with diffusion of oxide ions and electrons through the dense
ceramic matrix, driven by an oxygen potential difference across the
membrane. The stability and high oxygen flux potential at high
temperatures of these materials, not surprisingly, have provided for their
consideration in a number of high-temperature membrane reactor
applications, including in oxidation reactions.'>!*

As mentioned, ferroelectric perovskite oxides, including BaTiOs and
SrTiOs, exhibit large non-linear optical coefficients, large dielectric
constants, and low loss characteristics. Their novel physical properties
often result from strong electron—electron interactions. Because these
effects are dependent on structure and finite size (e.g., the ferroelectric
transition temperature of isolated grains may decrease for average grain
parameters of about 200 nm),'*'> considerable effort has been
expended in the rational synthesis (in terms of size, shape, and
morphology) of pure crystals and of thin films of these ferroelectric
oxides.'®'® As compared with bulk ferroelectrics, low-dimensional
nanoscale ferroelectric structures may increase the storage density of
nonvolatile ferroelectric random access memories (NVFRAMs) by as
much as a factor of 5.'°

aldrich.com TO ORDER: Contact your local Sigma-Aldrich office (see back cover) or visit aldrich.com/matsci.
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Applications of Perovskite-phase Metal
Oxide Materials

The properties and applications® of a number of important perovskite-
phase mixed-metal oxides are summarized in Table 1. The uses for these
materials are based upon their intrinsic dielectric, ferroelectric, piezo-
electric, and pyroelectric properties of relevance in corresponding
electronics applications such as electromechanical devices, transducers,
capacitors, actuators, high-k dielectrics, dynamic random access
memory, field effect transistors, and logic circuitry."?1>? All ferroelectric
materials are both pyroelectric and piezoelectric with the potential for
additional utility based upon these properties.

Table 1. Perovskite-phase Metal Oxides: Properties and Applications

Materials Properties Applications

BaTiOs dielectric capacitor, sensor

(Ba,SnNTiO5 pyroelectric pyrodetector

PbTiO3 pyroelectric pyrodetector,
piezoelectric acoustic transducer

Pb(ZrTi)O5 dielectric nonvolatile memory,
pyroelectric pyrodetector

surface acoustic wave device, substrate
waveguide device

piezoelectric

electro-optic
(Pb,La)(Zr,Ti)O5 pyroelectric

electro-optic

pyrodetector
waveguide device, optical memory display

LiNbO3 piezoelectric pyrodetector, surface acoustic wave device

(LINDbO5/Ti) electro-optic waveguide device, second harmonic generation,

optical modulator

K(Ta,Nb)Os3 pyroelectric

electro-optic

pyrodetector
waveguide device, frequency doubler

Pb(Mg;,3Nb,,/3)05 dielectric memory, capacitor

For instance, ferroelectric materials can have their polarization reversed
(switched) for memory applications at or near Tc. In particular, the drive
for size reduction in electronic components has led to the development
of ceramic capacitors, especially the multilayer ceramic capacitor
(MLCQ), using ceramic dielectric materials with the highest permittivity
values. More complicated multilayer configurations have also been
devised to fulfill the growing technological need for increased
capacitance within an ever smaller confinement space.?* In recent years,
MLCCs possessing a capacitance of 1 to 100 uF have been produced
with internal Ni electrodes, which are composed of 500 or more
laminated thin dielectric layers of ~2 pm®

Another area attracting a good deal of interest has been the use of
ferroelectric thin films as nonvolatile computer memories.?® Current
static and dynamic memory chips lose data they contain when the
power to the memory component is interrupted, often resulting in an
irretrievable loss of information. Magnetic storage facilities provide one
answer to this problem, but the need for fast, lightweight memories
with low power consumption integrated into silicon chips is important
for some applications. These materials would also in theory be
unaffected by radiative and magnetic fields, which can destroy the data
stored on a standard memory chip. There are two key designs for a
nonvolatile memory which utilize ferroelectric materials, namely lateral
configuration and vertical configuration. One of the main features of
these architectures is the nondestructive readout method, which has
been a general problem for these types of memory devices. In other
words, to read the memory cell, it must be poled, which can invariably
erase the information the cell contained. This drawback can be
overcome by designing a system, so as to subsequently rewrite the
information back into the memory once the cell has been initially read.

Another application currently under investigation is the use of
ferroelectric materials as electro-optic switching devices for optical
computers.!>?° This idea is based upon the ability of a ferroelectric
material to change its refractive index under an applied field. The
response of this material for electro-optic applications is influenced by
many factors such as film thickness, wavelength of the light, and the
properties of the electrodes. Another application for thin films would be

For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com.

as read/write optical storage devices. In this case, the material, such as
lead lanthanum zirconate titanate (PLZT), is switched between its
ferroelectric state and its antiferroelectric state upon the application of a
light beam, while the film is simultaneously under the influence of an
applied field. The signal-to-noise ratio, which is typically poor for thin
films, can be significantly increased in these particular thin PLZT film
systems (~0.5 um) under conditions that optimize interference effects.
This type of optical storage device is relatively unaffected by the
presence of magnetic fields and thus, can be considered as the optical
equivalent of magnetic hard disks in computers.

Controlling the Physical Properties of
Perovskite-phase Materials

The physical properties of these materials are often tailored through
formation of either nonintegral stoichiometric phases or solid solutions.
Because metallic conductivity in perovskites is due to the strong
cation-anion-cation interaction, altering the structure of these materials
through chemical substitution can have a dramatic effect on local order
and the properties of the resulting material. The CaTiOs-SrTiOs system is
a model example.2#% Strontium titanate is a cubic perovskite whereas
calcium titanate (Aldrich Prod. No. 633801) is an orthorhombically
distorted perovskite. In the combined Ca,Sr;,TiO3, where Ca*? is
substituted at the Sr*? site, the value of X has a dramatic effect not only
on the dielectric constant but also on the phases of the material, which
may range from orthorhombic to tetragonal to cubic.?6?8 Whether this
material undergoes ferroelectric or antiferroelectric phase transitions
depends on its exact chemical composition.?? As an example of the
significance of this synthetic capability, the availability of nanosized
Cap7Sr03TiOs particles may enhance the material's existing usage

as an efficient dielectric barrier for the plasma-induced, catalyst-free
decomposition of CO,.28

Molten Salt Synthesis of Perovskite-
phase Materials

While bulk materials have long been prepared using the molten salt
synthesis (MSS) method, the preparation of uniform nanostructures
using this technique has only arisen within the current century.
Antonietti et al.*° first described a ‘convenient route for the synthesis of
nanoparticulate salts, metals and metal oxides’ using concentrated salt
solutions and block copolymer surfactants. Research groups in Asia®'=?
subsequently demonstrated the high-yield preparation of smooth
single-crystalline MnsQ4 (Aldrich Prod. No. 377473), SnO, (Aldrich Prod.
No. 549657), and CuO (Aldrich Prod. No. 544868) one-dimensional
nanostructures through the MSS method using NaCl in the presence of
a surfactant (such as TWEEN® 80 and Triton® X-100), and found that an
Ostwald ripening mechanism (namely the selective dissolution of fine
particles and redeposition onto larger particles) was primarily respon-
sible for the nanowire growth observed.

Figure 1. SEM images of BaTiOs nanorods and SrTiOs nanocubes.

In our laboratory, the MSS reaction has been used to prepare pristine
BaTiOs nanostructures (including nanowires) with diameters ranging
from 50 to 80 nm and with aspect ratios ranging from 1:1 to larger than
25:1, as well as single-crystalline SrTiOs nanocubes with a mean edge
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length of 80 nm (Figure 1). The MSS method is one of the simplest,
most versatile, and cost-effective approaches available for obtaining
crystalline, chemically-purified, single-phase powders in high yield, often
at lower temperatures and in overall shorter reaction times with little
residual impurities as compared with conventional solid-state
reactions.** The appeal of this technique arises from its intrinsic
scalability, generalizability, and facility as well as its fundamental use
of salt as the reaction medium.** In fact, as summarized in Table 2,

(i) the identity as well as the size of the anion associated with the salt,
(i) the solubilities/dissolution rates of the constituent components
within the molten salt itself, (iii) the precise melting point of either the
salt or complex salt mixture used, (iv) heating temperature and duration,
as well as (v) the unique morphological (e.g., shape) and chemical
composition of the precursors involved are all important, readily
controllable factors that can influence the growth rate as well as the
resultant structural characteristics (i.e, size, shape, and crystallinity)

of the as-prepared particles.+¢

Table 2. Flow chart and factors influencing the MSS method for perovskite-phase
material synthesis.

Factors influencing the final particle
characteristics at each step:

Precursor materials —— Initial particle size and shape
Purity and type of the precursors

Purity of precursors

Mixing of precursor
materials with
salt(s) and/or

surfactant

!

Synthesis of desired
products at proper
temperature

!

Washing of salts
with deionized water

!

| Drying

—— Type and amount of salts
Purity of salts
Ratio between salt and precursors

— Synthesis temperature and time
Heating and cooling rates

—— Remaining impurities from salt and
other precursor components

| — Agglomerates

MSS is a simple, readily scaleable (in terms of grams) solid-state reaction
in the presence of NaCl and a non-ionic surfactant, i.e, NP-9
(nonylpheny! ether). The following reactions (Equation 1 and
Equation 2) summarize a postulated mechanism for the synthesis of
these nanomaterials. Here, the term ‘M’ (the metal species) can represent
either Ba or Sr, as relevant examples.

MC04 = MO + CO + CO, @)
MO + TiO, - MTIO3 @

The importance of the experimental conditions used to form these
nanostructures cannot be underestimated. It is noteworthy that for
BaTiOs and SrTiOs in particular, the use of different precursors, such

as oxides and chlorides, as opposed to oxalates, produces neither
phase-pure titanates nor even nanostructures. Even a slight change

of conditions, such as running the reaction at a lower temperature,
i.e, 810 °C (below the melting point of NaCl), results in a lack of
phase-pure titanates. The thermal effect can be rationalized by the
change in the viscosity in the growth medium, which decreases when
the temperature increases.

Additional experimental results®” demonstrate that, while maintaining
identical experimental conditions (i.e., same ionic strength, temperature,
and/or surfactant) but altering the metal precursor used, different
shapes of perovskite nanostructures can be synthesized. These data are
suggestive of the importance of interfacial energies between the
constituents and the salt medium itself in determining the ultimate
product morphology obtained. In fact, the shape of a nanocrystal is
determined by the relative specific surface energies associated with the
facets of the crystal. That is, with barium, nanowires can be fabricated
whereas with strontium, nanocubes are normally synthesized. The
ultimate shape of a single crystalline nanostructure reflects the intrinsic
symmetry of the corresponding lattice.

The MSS method has also been used to prepare a series of
single-crystalline Ca;_,SrTi03 (0 < x < 1) nanoparticles. 3 Shapes

of the generated Ca;_,Sr,TiO5 nanoparticles alter from cubes to
quasi-spheres with decreasing x values. Typical nanoparticles (Figure 2)
have sizes ranging between 70 and 110 nm, irrespective of the Sr or Ca
content. The precise chemistry of the resulting nanoparticles is readily
tunable by adjusting the ratio of the reactants. This capability to
generate materials of a desired doping level should enable future
investigations of the composition-dependent properties of these
materials. For instance, nanocubes of SrTiOs, measuring 80 + 10 nm,
show strong first-order Raman scattering, unlike the bulk. Moreover,
rapid polarization fluctuations within the nanoscopic ferroelectric
regions in these materials can interfere with a polar phonon, resulting
in a Fano-like asymmetric line shape in these SrTiOs nanocubes as
well as in Cag3SroTiO3.3°

Intensity (a.u.)

15 20

10
Energy (keV)

Figure 2. (a) HRTEM image of a Cag35ro;TiO3 nanoparticle. Inset of (a) is a SAED pattern
of a Cag3Sro,TiO3 nanoparticle. (b) EDS data of the as-synthesized Cag3Sro7TiO3
nanoparticle. Inset of (b) is a typical TEM image of the as-prepared Cag3Sro;TiO3
nanoparticle sample.
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Rational control over the actual shape of perovskite metal oxides has
recently been achieved for single-crystalline BaZrOs (Aldrich Prod.

No. 631884) particles® through the MSS methodology using a NaOH/
KOH salt mixture (Figure 3). The evolution of particle morphology from
predominantly cubes to a mixture of cubes and spheres and finally to
solely spheres has been demonstrated by increasing annealing/reaction
times at suitable annealing temperatures, all other parameters being
equal. Manipulating the shape of perovskite oxides is of great
importance due to their strongly structure-dependent physical
properties.*'? For instance, as-prepared, submicron-scale samples
possessed a noticeably higher photoluminescence (PL) efficiency as
compared with bulk, and in particular, spheres evinced a better PL signal
as compared with cubes.

S

Intensity (a.u.)

Figure 3. BaZrOs cubes: (a) Typical TEM image; (b) HRTEM image of a portion of the cube
in (a) with zone axis corresponding to [001]; (c) SAED pattern of cube sample; (d) EDS.
The Cu and C peaks originate from the TEM grid. BaZrO; spheres: (e) Typical TEM
micrograph; (f) HRTEM image of a portion of one of the spheres in (e) corresponding to
the zone axis of [011]. Inset of (f) is the associated SAED pattern.

In additional experiments,** we noted that the production of relatively
high quality barium zirconate samples was generally favored by high
annealing temperatures, slow cooling rates, and overall long reaction
times. In terms of optimal overall reaction conditions, the most uniform,
crystalline, well-dispersed, and chemically homogeneous BaZrOs sub-
micron-sized particles were obtained using BaC,O4 (Aldrich Prod.

No. 456004) and ZrO, as precursors; NaOH/KOH as the molten reaction
medium; a molar ratio of BaC;04:ZrOx:salt corresponding to 1:1:20; a
heating rate of 5 °C/min; as well as a reaction temperature of 720 °C.
Shorter annealing times (e.g,, 30 min) coupled with higher cooling
rates (e.g, 100 °C/min) led to the production of smaller-sized cubic

For questions, product data, or new product suggestions, please contact Aldrich Materials Science at matsci@sial.com.

particles. By contrast, longer annealing times (e.g,, 60-210 min) and/or
slower cooling rates (e.g., 5 °C/min) induced particle conversion from
cubes to spheres and usually resulted in a mixture of cubic and spherical
morphological motifs. Moreover, either increasing the annealing time or
slowing the cooling rates resulted in the formation of larger-sized
spherical particles.

Future work in this area will involve the detailed investigation of
ferroelectricity, piezoelectricity, and paraelectricity at the nanoscale, as
well as mechanistic studies of the formation and growth of these
nanostructures for the purposes of synthetic optimization. More
specifically, these efforts will concentrate on understanding structure-
property correlations in perovskite nanostructures.
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Titanate and Zirconate Nanopowders

For a complete list of available nanopowders, please visit aldrich.com/nanomaterials

Name
Aluminum titanate

Calcium titanate

Strontium titanate

Barium titanate(lV)

Lithium titanate, spinel

Calcium zirconate

Barium zirconate

Zinc titanate

Other Titanate, Zirconate and Niobate Powders

For a complete list of available titanate, zirconate, and niobate powders, please visit

Titanates

Name
Barium titanate(lV)

Neodymium(lll) titanate
Iron(ll) titanate

Lithium titanate
Lead(ll) titanate

Bismuth(lll) titanate
Barium titanate(lV)
Strontium titanate

Barium titanate(lV)

Barium titanate(lV)

Zirconates

Name
Lead(ll) zirconate

Barium Zzirconate
Lithium zirconate

Sodium zirconate

Niobates

Name

Zinc niobate

Lead magnesium niobate
Lithium niobate

Potassium niobate

Sodium niobate

Formula
Al,O5TIO,

CaTiOs

SrTiOs
BaTiOs

Li,TisO1

CaziOs

BazrOs
ZnTiO, - ZnTiO,

Formula
BaTiO;

2Nd,0; - 5TiO,
FeTiOs

Li;TiOs

PbTIOS

Bi,05.2TiO,
BaTiO;
SITIO;

BaTiO;

BaTiO;

Formula
PbZrOs

BaZrOs
Li>ZrO5
Na,ZrO3

Formula
Zn(NbO5),
(PbO)3(MgO)(Nb,05)
LiNbO5

KNbO5
NaNbO3

Particle Dimension
<25 nm (BET)

<100 nm (BET)
<50 nm (XRD)

<100 nm
<100 nm (BET)

<100 nm (TEM)
<100 nm (BET)

<50 nm (BET)
<25 nm (XRD)

<50 nm

<50 nm (XRD)
<100 nm (BET)

aldrich.com/ceramics

Description
>98.0%,
particle size <3 pm

particle size —325 mesh

99.9%,
particle size =100 mesh

particle size =325 mesh

>99%,
particle size <5 pm

particle size =325 mesh
99.995% trace metals basis

99%,
particle size 5 um

99.9% trace metals basis,
particle size <2 pm

99%,
particle size <3 pm

Purity

99% trace metals basis,
particle size =325 mesh

particle size <10 ym
particle size —80 mesh

particle size =200 mesh

Purity (mesh)
97%
>99%

99.9% trace metals basis,
particle size 200 mesh

99.9%,
particle size =100 mesh

aldrich.com TO ORDER: Contact your local Sigma-Aldrich office (see back cover) or visit aldrich.com/matsci.

Cat. No.

634131-20G
634131-100G

633801-25G

517011-50G

467634-25G
467634-100G

702277-25G

631965-25G

631884-25G

634409-25G
634409-100G

Cat. No.
11848-1KG

403695-500G
400874-25G

400939-100G
400939-500G

215805-250G

403687-100G
256552-10G

396141-100G
396141-500G

338842-100G
338842-500G

208108-500G
208108-2KG

Cat. No.

398888-50G
398888-250G

383309-250G
400920-25G
400661-25G

Cat. No.

548588-50G
672874-25G
254290-10G

541206-25G

400653-5G
400653-25G
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Pressure Filter Reactor Systems

Applications

« Oxidation/reduction reactions where the particulate can be drawn down
to a filter cake

» Nanotechnology where the material must be contained and the filtrate is
the actual product or nanoparticle needed

« Simple Bioreactor as gases can be introduced through pressure head
via a pressure or NPT fittings and tubing

« Paints/pigments other viscous solutions

Pressure Filter Reactor Systems

Rugged heavy-wall reactors with a Schott flange with shallow o-ring groove at the
top for connection to a jointed head with quick-release clamp. These complete
bench top systems include all components required for operation except an

IKA® stirrer motor, model RW 20.n (Prod. No. Z645087), which is recommended
for all reactor sizes.

Choice of Two Models

Pressure Filter Reactor — rated 35 psig @ 100 °C, Ace Threds allow use of vacuum or
pressure to drain liquid from reactor, 2 x #15 and 1 x #7 Ace Threds on 60 mm head,
3x#15and 1 x #7 Ace Threds on 100 mm head

Jacketed Pressure Filter Reactor — as above with jacket for heating or cooling
reaction

Type Prod. No. Capacity

Standard 7564079 600 mL
7564109 TL
7564133 2L

Jacketed 7564087 600 mL
7564117 TL
7564141 2L

For more information, please visit sigma-aldrich.com/labware

IKA is a registered trademark of IKA Works, Inc.

sigma-aldrich.com
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