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etal nanoparticles supported on

oxide supports such as CeO,,

TiO,, SiO,, and ZnO are widely
used for various industrially important reac-
tions."~* The synergistic effect of the metal
nanoparticle and oxide support results in an
improved performance of the catalyst®® in
addition to the shape and size control of the
metal nanoparticles.®” A fine dispersion of
the metal is desired for obtaining a high
active surface area® for which a variety of
methods like deposition—precipitation, co-
precipitation, and impregnation are com-
monly used.” ' However, in these meth-
ods, the control of particle size, shape, and
loading of metal on the support is difficult
and involves multiple steps including calci-
nation at high temperatures. More recently,
a rapid microwave synthesis method has
been pioneered by El-Shall and co-workers
for producing a variety of metal/alloy nano-
particles on oxide supports using PVP/PEG
as surfactants for size control.'® They have
also demonstrated the use of microwave
reduction in an oleic acid—oleylamine mix-
ture to obtain metal/alloy nanoparticles on
CeO, supports.'® While these studies clearly
demonstrated the potential of the micro-
wave reduction method and the high activ-
ity of the products, the mechanism of
formation was not explored in detail. Here,
we present details and new insights on the
formation of nanoscale hybrids containing
metal nanoparticles on oxide supports
using the microwave reduction method.
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ABSTRACT Microwave-based methods are widely employed to synthesize metal nanoparticles
on various substrates. However, the detailed mechanism of formation of such hybrids has not been
addressed. In this paper, we describe the thermodynamic and kinetic aspects of reduction of metal
salts by ethylene glycol under microwave heating conditions. On the basis of this analysis, we
identify the temperatures above which the reduction of the metal salt is thermodynamically
favorable and temperatures above which the rates of homogeneous nucleation of the metal and the
heterogeneous nucleation of the metal on supports are favored. We delineate different conditions
which favor the heterogeneous nucleation of the metal on the supports over homogeneous
nucleation in the solvent medium based on the dielectric loss parameters of the solvent and the
support and the metal/solvent and metal/support interfacial energies. Contrary to current
understanding, we show that metal particles can be selectively formed on the substrate even
under situations where the temperature of the substrate is lower than that of the surrounding
medium. The catalytic activity of the Pt/Ce0, and Pt/Ti0, hybrids synthesized by this method for H,
combustion reaction shows that complete conversion is achieved at temperatures as low as 100 °C
with Pt—(e0, catalyst and at 50 °C with Pt—Ti0, catalyst. Our method thus opens up possibilities
for rational synthesis of high-activity supported catalysts using a fast microwave-based reduction
method.

KEYWORDS: heterogeneous nucleation - interfacial energy - supported catalysts -
microwave-assisted synthesis - dielectric loss - hydrogen combustion

Microwave-assisted wet chemical synth-
esis methods have been widely exploited
for the synthesis of organic, inorganic, and
hybrid materials.'> 22 The fast and uniform
heating of the reaction medium by micro-
wave radiation not only results in enhanced
reaction kinetics but also leads to the
formation of products with uniform
size/shape.”® Various nanostructures of me-
tals, semiconductors, and oxides have
been synthesized using microwave-assisted
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methods.?> 2% A recent report by Mehta et al. demon-
strated microwave-stimulated synthesis of hetero-
structured thermoelectric materials comprising nano-
platelets of bismuth telluride and antimony telluride
decorated with tellurium nanorods/nanofins exhibit-
ing a high figure of merit.>” In most of these syntheses,
the thermal effect of the microwave radiation is
exploited; rapid heating of the reaction mixture typi-
cally leads to a multifold increase in reaction rates as
compared to conventional heating methods.

In addition to the thermal effects of microwave
dielectric heating, nonthermal effects have also been
investigated.®?° For instance, it is reported that the
presence of an electric field leads to a lowering of the
activation energy for reactions involving a polar transi-
tion state, where the polarity is increased going from
the ground state to the transition state.*® In spite of the
availability of several microwave-based synthesis
methods, the influence of thermal and nonthermal
effects on the formation of the product is still not
well-understood. Several effects such as superheating
of the solvent, formation of hot spots, volumetric
heating, and selective heating have been proposed
as possible mechanisms to describe the effect of
microwaves on the process kinetics.'>2%31-32

Heating of reaction mixtures exposed to microwaves
depends on the dielectric property of the components
with the dielectric constant describing the ability of the
material to be polarized by the electric field and the
dielectric loss indicating the efficiency with which
electromagnetic radiation is converted into heat.**
The ratio of these two parameters defines the dielectric
loss tangent (tan 0) and is a measure of the ability of a
material to convert electromagnetic energy into heat
at a given frequency and temperature. A reaction
medium with a high tan ¢ is required for efficient
absorption of microwave and resultant rapid heating.
For instance, this microwave-absorbing property is
exploited in microwave sintering wherein strong mi-
crowave absorption/heating reduces the sintering
time significantly.>® However, low loss materials such
as Al,Os, SiO,, and ZrO, cannot be sintered using 2.45
GHz microwave radiation as they do not absorb micro-
wave at low temperatures. For the sintering of such
materials, microwave susceptors like SiC are used for
the initial heating of the system.>* Graphite powder is
also commonly used as a microwave-heating medium
in solid-state reactions owing to its high microwave
susceptibility, high heating rate, and chemical
stability.3® Thus, in these heterogeneous systems, the
susceptor gets heated initially and subsequently trans-
fers the heat to the adjacent medium.

The effect of microwaves on heterogeneous systems
has been investigated both experimentally and theo-
retically under a diverse set of conditions. For example,
the effect of different ceramic supports on microwave
processing of porous food samples, oil, and water was
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investigated by Basak et al.,***” who concluded that

the average power absorbed by the food sample is
enhanced in the presence of Al,O3 support whereas it
is reduced in the presence of SiC support. In another
context, non-equilibrium local heating on microwave
irradiation has been observed in dimethyl sulfoxide
(DMSO) having Co particles dispersed in it.3¥ DMSO
molecules in the proximity of Co particles heat up more
than the bulk solvent owing to the favorable interac-
tion of ferromagnetic Co particles with the microwave
field. Most discussion of formation of nanoparticles in
solution phase and on substrates has been limited to
the thermal effects of microwave heating of hetero-
geneous systems.'*'*3° The primary mechanism pro-
posed is the rapid heating of the high loss solvent/
medium leading to the reduction of the particles on
the substrate. However, the exact reason why the
particles should form on the substrate and not homo-
geneously in the solution phase has not been clarified
so far. In this study, we propose an extended mechan-
ism for the formation of metal nanoparticles on sub-
strates by invoking thermal effects in addition to
principles of nucleation of metal particles in the solu-
tion phase or on the substrate. We show conditions
under which particles can be selectively formed on the
substrate even under situations where the tempera-
ture of the substrate is lower than that of the surround-
ing medium. Our results delineate the role of various
critical factors including dielectric loss of the medium
and support and the metal/support interfacial energies
on the preferential heterogeneous nucleation of the
metal on the support and provide a rational basis for
the formation of such hybrids. Thus, we develop a basic
framework for understanding and controlling hetero-
geneous nucleation of particles and verify the hypoth-
eses using control experiments. We believe that this
will serve as a useful guideline not only to control the
exclusive formation of particles on the substrate but
also to control the particle size and dispersion on the
support for catalytic applications.

We demonstrate the utility of the supported catalyst
hybrids by investigating their catalytic activity. Fuel
cells making use of H, are of great commercial interest
owing to the high energy density and low operating
temperatures.*° The exhaust from such fuel cells con-
tains a high amount of unreacted H, that needs to
be processed before releasing to the environment.*'
This requires the oxidation of H, in oxygen or air.
Catalytic H, combustion is increasingly investigated
for the processing of the exhaust gas to remove H,. The
reaction involved is the formation of H,O from H,
and O,. H, dissociates over noble metals, and the
presence of O, leads to the formation of H,O. Metal-
impregnated oxide catalysts and metal-ion-substi-
tuted oxide materials have been investigated as pos-
sible catalysts for H, combustion.*>~** We have synthe-
sized Pt-decorated CeO, and TiO, by a single-step
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microwave-assisted synthesis by exploiting the prefer-
ential nucleation of metal on the support as described
above. The catalytic activity of the synthesized metal
on oxide hybrid nanostructures has been tested for
hydrogen combustion reaction as a model reaction.

RESULTS AND DISCUSSION

Reduction of Metal Salts by Ethylene Glycol (EG): Thermo-
dynamic Criterion. We use ethylene glycol as the reaction
medium as it has a high boiling point (T=193 °C) and a
high dielectric loss in addition to its excellent reducing
capacity for noble metal salts at higher temperatures.
Here, we use Pt as an example to illustrate the princi-
ples of hybrid formation using microwave-assisted
reduction process. The reduction potential of EG is
1.65 V at 40 °C and decreases as the temperature in-
creases, indicating that EG is a better reducing agent at
elevated temperatures.*> Figure 1A shows the extra-
polated variation of the reduction potential of EG as a
function of temperature assuming a linear variation
based on lower temperature electrochemical measure-
ments.*® Thus, for the reduction of PtClg>~ by EG, the
total emf E; is given by

Ei = E'py — E'gg)

where E' denotes the reduction potentials of the half-
reactions.
For Pt, the half-cell reactions are as follows:

PtClg?> ™ +2e — PtCl,2~ +2C1~; E;"® = 0.68V

PtCly® ™ +2e — Pt+4Cl; £, = 0.755V
Therefore, the overall reaction is as follows:
PtClg?>~ +4e — Pt+6ClI~; £@ = 0.7175V
Applying the Nernst equation
Ep" = 0.7175V — RT/nFInK
= 0.7175 +0.0082T (for [PtClg> "] = 0.06 mM)

By taking the values of E' pyyand E' ¢, at the appropriate
temperatures, the total emf of the reaction can be
obtained. Thus, the change in the Gibbs free energy
for the reduction of Pt salt by EG is given as AG, = —nFE;
(where n = 4, F = 96 500). The variation of AG, versus T
based on the above calculation is shown in Figure 1B
and Table 1 that shows that EG can reduce PtCls®>~ only
at temperatures greater than 386 K. During microwave
heating of ethylene glycol in a domestic microwave
oven operated at full power (800 W), the temperature of
the medium reaches ~453 K in 1 min, and thus rapid
reduction of Pt salt by EG is highly favorable.

Nucleation of Pt by EG Reduction: Kinetic Criterion. From
the above calculation, we obtained the temperature at
which the reduction of Pt*" by ethylene glycol be-
comes thermodynamically feasible. However, there
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exists an activation barrier (AG*) for nucleation which
depends on the interfacial energy of the metal formed
in the reaction medium, and thus the nucleation of the
metal takes place at a temperature higher than the
equilibrium temperature. The rate of nucleation at a
given temperature T is given by the equation

N o< exp(— AG*/KT)
where
AG* = 167y 3 /3[AG,]?

where yg, is the interfacial energy between the solid
formed (Pt in this case) and the medium (EG in this
case), and AG, is the volume free energy change that is
a function of temperature. In the complete expression
for the rate of nucleation, f,, the frequency factor and
Co, the number of atoms per unit volume*® appears as
prefactors in the expression. We have ignored these
terms in the calculations as the nucleation rate varia-
tion is dominated by the exponential term shown
above at temperatures close to Teq. On the basis of
this expression, the rate of nucleation is plotted against
temperature for two different values of Pt/EG inter-
facial energies (ys. = 1 and 0.5 J/m?), as shown in
Figure 1C. The exact value of interfacial energy of Pt/EG
is not known; however, it is expected to be lower than
the surface energy of Pt (~2 J/m?), and thus we use this
as a variable to demonstrate the effect of interfacial
energy on the homogeneous nucleation rate.

Figure 1C, as expected, illustrates the usual rapid
increase in the nucleation rate at a temperature higher
than the equilibrium reduction temperature (T.q). The
onset temperature for reduction indicated in the graph
shows that, when vy is higher (ys. = 1), the barrier for
nucleation is higher and hence the corresponding
superheating needed for nucleation is higher. The
calculations presented are for the case of homoge-
neous nucleation of Pt in the medium; however, in the
presence of heterogeneous sites, nucleation of the
metal is preferred on these sites owing to the reduction
in the energy barrier for nucleation as given by

AG* hetero — AG*homoﬂe)

f(0) = 1/4(2 + cos 0)(1 — cos 0)? is the reduction factor
where 0 represents the contact angle which is a
measure of the interfacial energy between the nucle-
ating metal and the heterogeneous site surface. This
lowering of the activation energy barrier results in
heterogeneous nucleation occurring at a temperature
that is lower compared to that of homogeneous
nucleation. In addition to the reduction in energy
barrier by providing a heterogeneous nucleation site,
the support can reduce the activation barrier by acting
as a catalyst for the reduction of metal as shown in
recent experimental results for the formation of Pt on
GO sheets.?® Figure 1D shows the variation in rate of
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Figure 1. (A) Reduction potential versus T and (B) AG versus T graph for the reduction of Pt*" by ethylene glycol. T.q denotes
the equilibrium temperature where AG = 0. (C) Rate of nucleation of Pt versus temperature for two different values of
interfacial energies (ys;). Higher ysresults in higher superheating for reduction. (D) Rate of nucleation of Pt vs temperature
for heterogeneous nucleation in comparison to homogenous nucleation, indicating the lower heterogeneous nucleation
temperature as compared to the homogeneous nucleation temperature.

TABLE 1. AG of Reduction of Pt*" by Ethylene Glycol at
Various Temperatures Calculated Using the Values of
E"py and E'(gg) at Respective Temperatures

temperature (K) Fpy (V) Fe) (V) AG, (k)
313 0.974 1.65 260
373 1.023 1.148 48
433 1.073 0.666 —157
453 1.089 0.514 —222

nucleation versus temperature for the heterogeneous
reduction of Pt*" by ethylene glycol assuming two
different contact angles of 90 and 30° as compared to
the homogeneous nucleation case clearly showing
that heterogeneous nucleation can take place at a
lower temperature compared to homogeneous nu-
cleation. The difference in temperature depends on
the efficacy of the substrate to promote heteroge-
neous nucleation as quantified by the contact angle.
The superheating required for nucleation is smaller for
a low value of metal/support interfacial energy (lower
contact angle of 30°). The temperatures at which rate
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of homogeneous nucleation and heterogeneous nu-
cleation become significant are indicated as Tren_ and
Thetere Thus, we can identify three relevant tempera-
tures in the present case: Toq, Which represents the
thermodynamic criterion for the formation of the
metal, Trean®, Which represents the temperature at
which appreciable homogeneous nucleation takes
place, and Theie", the temperature for the appreciable
heterogeneous nucleation on supports. While T, de-
pends on the thermodynamics of reduction, Tregn_ and
Thetere depend on the kinetics of homogeneous and
heterogeneous nucleation that are sensitive to the
metal/medium and the metal/support interfacial en-
ergies, respectively.

Conditions for Selective Heterogeneous Nucleation. In con-
ventional heating, the heating of the reaction mixture
is primarily by conduction or convection and, there-
fore, depends on the thermal properties of the com-
ponents. Thus, if a material with poor thermal
conductivity is present in the medium, the surface
has to acquire a high temperature to support a high
gradient such that the nonconducting material will get
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heated. However, in microwave dielectric heating,
volumetric heating is achieved due to the interaction
of the material with the electromagnetic radiation.
Thus, a material with a poor thermal conductivity but
high loss tangent can achieve high temperature in a
microwave heating system within a few seconds con-
trary to what is observed in conventional heating. The
substrate can reach a higher temperature than the
solvent if the dielectric loss of the substrate is higher
than that of the reaction medium. Therefore, the
heating of a heterogeneous system in the microwave
field is unique, and this can give rise to differences in
chemical reactions at different sites/locations in such
systems.

On the basis of the knowledge of homogeneous/
heterogeneous nucleation of metal and the peculia-
rities associated with microwave heating of heteroge-
neous systems, we can then identify different regimes
for the reduction of the metal based on the tempera-
tures attained by the medium/support under micro-
wave irradiation conditions, as illustrated in Scheme 1.
Scheme 1 shows the possible nucleation sites for the
metal particle under different conditions of tempera-
ture of the substrate and the medium. If the tempera-
ture of the support is high enough for heterogeneous
nucleation, the reduction takes place on the support.
Similarly, homogeneous nucleation in the medium can
take place only if the temperature of the medium is
greater than Tioin®. If Toupstrate > Tredn and Tedium <

redn®, then nucleation of the metal will occur prefer-
entially on the substrate as shown in the schematic
(Scheme 1). This is contrary to existing theories that
emphasize the importance of heating of the medium
and/or formation of hot spots to promote formation of
hybrids. Since the requirements for the nucleation of
metal are different in the medium and on the substrate,
we emphasize that metal nanoparticles can form pre-
ferentially on substrates even if the absolute tempera-
ture on the substrate is lower than that in the medium
as 10ng as Tyupstrate > Trese® and Tmedium < Tremme. This,
then, is the primary condition for the selective forma-
tion of metal nanoparticles on substrates.

Validation of the Proposal. In order to experimentally
determine the minimum temperature needed for the
reduction of Pt by ethylene glycol under homoge-
neous and heterogeneous conditions, microwave re-
duction of Pt is carried out in ethylene glycol in the
presence and absence of CeO, particles as the support.
For obtaining the Than°, 1 mg of H,PtClg in 40 mL of
ethylene glycol was heated to various temperatures by
microwave irradiation (2.45 GHz, 800 W) and held at
that temperature for 2 min. Figure 2A shows the UV
spectra from the solution heated to different tempera-
tures. We use the peak at 264 nm that corresponds to
the ligand-to-metal charge transfer transition in the
PtCls*>~ ion®” as the indicator for the onset of reduction
of the Pt salt. While the intensity of this peak is invariant
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Scheme 1. Nucleation sites for the metal for different
combinations of solvent and substrate temperature.

up to 80 °C, the solution heated to 90 °C shows a
decreased absorption, indicating this to be the onset
temperature for the reduction of Pt ions to Pt metal.
TEM images and particle size distribution for samples
obtained at 120 and 140 °C are given in Figure S1
(Supporting Information), showing a very minor differ-
ence in the size of Pt nanoparticles with increasing
synthesis temperature. A similar series of experiments
on microwave heating of the Pt salt solution in the
presence of CeO, particles dispersed in the medium
indicates the formation of Pt nanoparticles on CeO, at
a lower temperature of 80 °C as confirmed by the UV
spectra from samples containing CeO, (Figure 2B) and
from the TEM images, as well (Figure 2C). This clearly
illustrates that heterogeneous nucleation in this case
takes place at about 10 °C lower than homogeneous
nucleation of Pt in the EG medium. To further confirm
the reduction of Pt salt at 90 °C in the absence of CeO,
and at 80 °C in the presence of CeO, and to quantify
the Pt species present at various stages, XPS spectra of
samples were analyzed. The initial solution obtained by
dissolving H,PtClg in ethylene glycol contains Pt*" and
Pt>*, and there is no Pt° present as shown in Figure
S2A. However, the sample heated to 90 °C shows the
presence of Pt° along with Pt*" and Pt>" (Figure S2B),
indicating the onset of reduction in samples without
the support. Pt is predominantly present as Pt° along
with small quantities of higher oxidation states in the
sample heated to 120 °C (Figure S2C). Similarly, the
sample heated to 80 °C in the presence of CeO,
showed the presence of metallic Pt along with Pt in
higher oxidation states (Figure S2D), confirming the
reduction of Pt salt at a lower temperature in this case.
The quantitative ratio of the different oxidation states
present after various treatments is listed in Table S1. In
the microwave reactor used, the temperature increased
~10 °C above the set temperature during the above
experiments. Thus the homogeneous nucleation tem-
perature can be considered as ~100 °C, while the
heterogeneous nucleation temperature as ~90 °C. We
emphasize that these experiments demonstrate that
there is a clear difference in temperature for homoge-
neous and heterogeneous nucleation; we have not
attempted to carry out accurate determination of the
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Figure 2. (A) UV absorption spectra of Pt salt solution in ethylene glycol before and after microwave irradiation at various

temperatures. The spectrum of the solution heated to 90 °C (Pt—EG-90) shows a decrease in absorption, indicating the onset
of reduction. (B) UV absorption spectra showing the various stages of reduction of Pt in the presence of CeO,. A lower onset
temperature of reduction is observed in this case (CeO,—Pt—EG-80). (C) Bright-field TEM image of Pt nanoparticle decorated
CeO, obtained after microwave heating at 80 °C for 2 min, indicating a lower onset temperature of 80 °C in the presence of

CeO,. Pt nanoparticles of ~1—2 nm are formed on the support.

actual nucleation temperatures. We note that the onset
temperature for homogeneous nucleation is actually
lower than the calculated equilibrium temperature; this
difference implies that the assumptions on the linear
extrapolation of the reduction potential of EG may not
be strictly correct, leading to an overestimation of the
equilibrium temperature for the reduction of Pt salt by
EG. In any case, we can clearly see that Pt nanoparticles
form exclusively on the CeO, supports when the reduc-
tion is carried out at a temperature lower than the
homogeneous nucleation temperature in the EG med-
ium but higher than the temperature for heterogeneous
nucleation on CeO,. In the present case, there is a
window of about 10 °C where such selectivity can be
obtained. It is critical to determine this window for
different systems in order to ensure exclusive formation
of metal supported hybrids.

Role of Nature of the Support. In order to investigate
the role of dielectric loss of the substrate on the
nucleation of the metal on substrates, reduction of Pt
was carried out in the presence of different oxide
materials. Figure 3 shows the TEM bright-field images
and high angle annular dark field (HAADF) images of Pt
nanoparticles synthesized on CeO,, TiO,, and ZnO
supports using the microwave method in an ethylene

ANUMOL ET AL.

glycol medium. The microwave irradiation of the reac-
tion mixture having the oxide support dispersed in the
EG medium results in the decoration of the support with
fine particles of Pt of ~2—3 nm size in all of these cases
where the reaction was carried out for 1 min. However,
when SiO, was used as a support, the Pt particles do not
form on the SiO, particles but are present as separate
particles, as seen from Figure 3D. The assembly of
particles seen in this image is like coffee-stain patterns
formed during the drying of colloidal particle suspen-
sions (as shown in inset in Figure 3H). The distribution of
Pt nanoparticles on the carbon grid is similar to that seen
on the SiO, particles, indicating that these may have
assembled on the SiO, substrate while drying. This
observation of lack of nucleated particles can be attrib-
uted to the dielectric property of the substrate. The
power absorbed, P, when materials are irradiated with
microwaves is given by

P = 2afege'tan O|E;|?

where f is the frequency, |E| is the amplitude of the
microwaves, &, is the permittivity of free space, ¢’ is the
dielectric constant, and tan 9 is the loss tangent. There-
fore, in a given instrumental set up (|E| and f held
constant), P is determined by ¢ and tan 9.%8
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Figure 3. TEM bright-field images of Pt—CeO, (A), Pt—TiO, (B), Pt—ZnO (C), and Pt—SiO, (D) synthesized by the microwave
method in ethylene glycol medium. (E—H) HAADF images of these samples. Pt particles are present preferentially on CeO,, TiO,,
and ZnO, whereas the distribution of Pt nanoparticles on SiO, particles is non-uniform, indicating that it may have formed during
drying. Coffee-stain patterns of Pt nanoparticles on the substrate (schematic inset in H) are also seen in this image.

The dielectric constant and loss tangent of the
substrates used are listed in Table 2 with the literature
values taken as the reference. The values depend on
temperature and frequency; however, in some cases,
these values were not reported. The relatively high loss
tangent of CeO,, TiO,, and ZnO results in strong micro-
wave absorption, resulting in faster heating of the
substrate and the consequent increase in temperature
of the substrate to above TISI€™, This results in the
reduction of the metal ion preferentially on these sub-
strates. On the other hand, low dielectric loss materials
like SiO, do not get heated up in microwave field and
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therefore do not attain the corresponding Theie" under
similar conditions of microwave irradiation while the
medium attains T2 leading to the formation of
particles in the solution phase. Thus, in the presence of
such low loss substrates, the metal nanoparticle formsin
the reaction medium in preference to the support.
Nucleation of the metal can preferentially occur on the
substrate even if the dielectric loss of the medium is
higher than that of the substrate (as in the case of CeO,,
TiO,, and ZnO) provided the substrate reaches THeiere

omo

before the medium reaches Tregn -
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To further confirm the role of dielectric property of
the material in microwave synthesis of hybrid materi-
als, Au salt was reduced in the presence of various
substrate materials under microwave irradiation in
ethylene glycol medium. Figure 4 shows the SEM
images of the samples Au on MgO, TiO,, Al,Os, and
Si. As expected on MgO and TiO, substrates, uniform
decoration of the Au nanoparticle is observed whereas
very few particles are present on Al,O3z and Si. MgO and
TiO,, being better microwave absorbers, cause prefer-
ential reduction of the metal particles on them,
whereas the microwave transparent materials, such
as Al,O5 and Si, do not absorb microwave radiation,
and therefore, the solvent is heated faster than the
substrate, resulting in the reduction of Au in the
medium rather than on the substrate.

Particle Size and Composition. For the synthesis of Au-
decorated CeO, nanoparticles, CeO, powder was dis-
persed in ethylene glycol by ultrasonication for 1 h
followed by the dissolution of the metal salt. The
reaction time used for Au reduction was 30 s. The

TABLE 2. Dielectric Properties of the Various Oxide
Supports Used in the Study

material dielectric constant loss tangent

Al,05 (sapphire) (at 8.515 GHz) 11.6(1C) 0.00005
9.4(L0 0.00007

Si0, (quartz) 38 0.00016

Mg0 9 0.007

Ti0, 50 0.002

(e0, (at 7 GHz) 23 0.001

Zn0 83 0.2

reduction of the metal salt is indicated by the color
change of the reaction mixture from light yellow to
pink. Figure 5AB shows the TEM images of the
Au—CeO, synthesized. The particle size of Au obtained
is around 5—40 nm. In order to obtain a fine particle
dispersion of Au on CeO,, oleylamine was employed as
capping agent. Figure 5C shows the obtained
Au—CeO, having Au particles of size ~5 nm decorated
on the CeO, particles. For catalytic applications, it is
preferable to use smaller amounts of expensive pre-
cious metal on the support. In addition to the particle
size, the loading on the support can also be varied by
varying the metal precursor to oxide support ratio;
CeO, loaded with 2 wt % of Pt is shown in Figure 5D.

Quantitative chemical analysis of the composite is
done using ICP-AES. The Pt content in Pt—CeO, and
Pt—TiO, samples is estimated to be 1.5 and 2 wt %,
respectively. XPS of the catalysts was carried out for
analyzing the oxidation states of the elements in the
hybrid. Figure 6 shows the Cesq, O15, and Pty region of
Pt—CeO, and Tiy,, Oy and Pty regions of Pt—TiO,
spectra. Figure 6A shows the Ceszq region of Pt—CeO,.
Overlapping peaks are deconvoluted, and the peaks
are identified as different oxidation states of Ce and
their satellite peaks referring to previous reports.*® In
the Cesyq spectrum, red lines indicate peaks corre-
sponding to Ce*" and blue lines correspond to Ce>™.
The respective satellite peaks are indicated as dashed
lines. Thus Pt—CeO, spectrum shows the presence of
both Ce*" and Ce*" in the ratio 1:0.32. In Pty region,
the peaks at 70.95 and 74.3 eV correspond to Pt 4f;,,
and Pt 4f5,, of metallic platinum. The peaks present at
higher binding energies correspond to Pt*" in PtO/

Figure 4. FESEM images of (A) Au on MgO, (B) Au on TiO,, (C) Au on Al, O3, and (D) Au on Si. Microwave transparent substrates

(Al,03 and Si) are not acting as the nucleation sites for Au.
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Figure 5. (A,B) TEM bright-fieldimage and HRTEM image of Au—CeO, synthesized, respectively. Formation of Au on the step/

kink site on CeO, surface is seen here. (C) TEM image of Au—CeO, synthesized in the presence of oleylamine surfactantand (D)

Ce0, loaded with 2 wt % of Pt.
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Figure 6. Core level XPS spectra of Pt—CeO, showing the Ces4 (A), O+, (B), and Pt4 (C) regions and Pt—TiO, showing the Ti,,
(D), O+ (E), and Pt4¢ (F) regions. Ce** (red lines) and Ce>" (blue lines) are present in the Ce 3d spectrum (A). Pt is present
predominantly in the metallic state (red lines, C and F) in both the hybrids.

Pt(OH), (72.25 and 75.75 eV) and Pt*" in PtO, (74 and
77.3 eV). Similarly, in Pt—TiO, samples, Pt is predomi-
nantly present as metallic Pt along with surface oxides
and hydroxide as is normally observed in the case of
ultrafine Pt nanoparticles®®~>2 and Ti is present in 4+
oxidation state.

ANUMOL ET AL.

Catalytic Activity for Hydrogen Combustion. Catalytic H,
combustion has been reported on combustion synthe-
sized oxides (CeO, and Fe,03) and vanadates (CeVO, and
FeVO,).>* One hundred percent conversion was achieved
within 500 °C for all of the compounds, with CeVO,
showing 100% conversion at 350 °C for stoichiometric
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Figure 7. H, conversion at various temperatures on Pt—CeO, (A) and Pt—TiO, (B) catalyst with different amounts of the
catalyst. Close to 100% conversion is shown for 15 mg of the catalyst.
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Figure 8. TEM bright-field image, HRTEM image, and XEDS of Pt-CeO, (A—C) and Pt—TiO, (D—F) after the H, combustion
reaction. The presence of fine particles on the support after the reaction indicates the stability of the catalyst.

composition of H,/O; (i.e., H,/O, 2:1). Recently, CeO, with
Pt or Pd ions incorporated has been shown to catalyze H,
combustion where the complete conversion was
achieved below 250 °C.*? Pt- and Pd-substituted ZrO,
shows nearly 100% conversion at 200 °C, whereas Pt-and
Pd-ion-substituted TiO, shows 100% conversion at
100 °C.*® The mechanism of the catalytic reaction over
Pd/Pt-substituted ZrO, was shown to involve the disso-
ciative chemisorption of H, over Pd or Pt ions and the
dissociative chemisorption of O, over the Lewis acid sites
(Zr** in the case of Pd/Pt-substituted ZrO,). Hydroxyl
groups utilizing these O species and the interactions
within the hydroxyl groups result in the release of H,O.
Synergistic effect of the surface hydroxyl utilization and
lattice oxygen utilization is illustrated as the cause of high
rates of conversions over TiO,-supported catalysts. Pt

ANUMOL ET AL.

nanoparticle anchored on graphene was also investi-
gated for H, combustion where 95% conversion was
achieved at 140 °C*°

In this study, the catalytic H, combustion experi-
ments were carried out on the Pt—CeO, and Pt—TiO,
with ~2% Pt. The experiment was carried out in the
temperature range of 50—100 °C. The H, conversion at
various temperatures with 5, 10, and 15 mg of the
Pt—CeO; and Pt—TiO, catalyst is shown in panels A
and B of Figure 7, respectively. In the case of Pt—CeO,
catalyst, nearly 100% conversion was obtained at
100 °C when 15 mg of the catalyst was used, but in
the case of Pt—TiO,, 100% conversion was obtained at
temperature as low as 50 °C when 15 mg of the catalyst
was used. The effect of temperature in the efficiency of
the catalyst is prominent in Pt—CeO, catalyst, whereas
2011
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the effect of temperature is negligible in Pt—TiO..
Increasing the concentration of O, to twice the stoi-
chiometric concentration (i.e., H,/O, 1:1) resulted in
complete conversion of H, at 25 °C. These results
indicate that the 100% conversions were obtained at
25 °C for 1:1 H,/O, and at 50 °C with a stoichiometric
ratio of H,/0,. Thus, this catalyst shows much superior
activity compared to other catalysts reported in
literature.*****3 The stability of the catalyst was inves-
tigated by conducting the catalytic experiments re-
peatedly using the same catalyst bed. No decrease in
the activity of the catalyst was observed even after 5
cycles. This was further verified by examining the
morphology and composition of the catalyst before
and after the reaction. Figure 8 shows that the mor-
phology and composition of the catalyst remains intact
after the catalysis. The low-magnification image shows
the uniform distribution of Pt nanoparticle on the
substrate. The high-resolution images show the Pt
nanoparticles on CeO, and TiO, with lattice fringes of
2.26 A spacing corresponding to Pt(111).

CONCLUSIONS

Thermodynamic and kinetic criteria for the reduc-
tion of platinum by ethylene glycol are presented. Free
energy change associated with the reduction process
is calculated from the reduction potentials, and there-
by, the temperature above which the reduction be-
comes thermodynamically feasible was identified.

EXPERIMENTAL SECTION

Synthesis. Synthesis of Oxide Supports. The procedures for
the synthesis of the oxide supports are adopted from the
standard available procedures with minor modifications. For
obtaining the CeO, support, porous aggregates of ceria were
synthesized by solvothermal method in a mixed solvent of
ethylene glycol and water at 225 °C using Ce(NOs)3 - 6H,0 as the
starting material followed by annealing the aggregates at
900 °C in air.>* TiO, in anatase phase in spherical aggregates
was formed by hydrothermal synthesis at 200 °C using TiF,.>”
Zn0 nanoparticles were synthesized by modifying the reported
procedure for ZnO nanorods which involves precipitation of
Zn(OH), from zinc acetate using methanolic KOH by heating at
60 °C for 9 h followed by hydrothermal reaction for 6 h.>¢ SiO,
nanoparticles were synthesized by the Stober process.>’

Metal Nanoparticles on Oxide Supports. All of the microwave
syntheses in this study are carried out in an open vessel at
ambient pressure. For the synthesis of the metal-nanoparticle-
decorated oxide materials, experiments were carried out in a
domestic microwave operating at 2.45 GHz, 800 W. Control
experiments for the determination of reduction temperature
and particle size distribution at various temperatures with and
without support were carried out in a MARS microwave system
(2.45 GHz, 800 W, CEM Corporation), and a fiber optic probe was
used for temperature measurement. The synthesis protocol is
described in detail below.

For the reduction of H,PtClg in ethylene glycol, T mg of
H,PtCls was dissolved in 40 mL of ethylene glycol by ultrasoni-
cation for 1 min. The solution was then heated to various
temperatures (70, 80, 90, 100, 120, and 140 °C) in a MARS
microwave system (2.45 GHz, 800 W, 100% power) and held at
those temperatures for 2 min. Two milliliters of the resulting
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Considering the activation barrier for nucleation of
the metal, the superheating required for homoge-
neous and heterogeneous nucleation was estimated.
The effect of interfacial energy of the metal/solvent in
the case of homogeneous nucleation and the metal/
support in the case of heterogeneous nucleation on
the kinetics of nucleation was illustrated. A lower
interfacial energy results in nucleation at a lower
superheating. The calculations were supported with
the experimental observation of heterogeneous nu-
cleation at a lower temperature than homogeneous
nucleation. Selective nucleation of the metal on the
substrate can be achieved when the temperature of
the medium is lower than TEM° and temperature of

the substrate is higher than ThSie™. In microwave

synthesis, selective heterogeneous nucleation can be
achieved on the support only if the support has high
tan O. Oxide-supported Pt catalysts were synthesized
by exploiting this preferential nucleation of metal on
the substrate. The hybrid metal on oxide nanostruc-
tures obtained had a uniform distribution of metal
particles on the oxide supports used. The Pt—CeO, and
Pt—TiO, catalysts synthesized by this method show
high activity toward H, combustion reaction, and
complete conversion was achieved at temperatures
as low as 100 °C with Pt—CeO, catalyst and at 50 °C
with Pt—TiO, catalyst. Our analysis thus leads to new
understanding for the rational synthesis of supported
catalysts with high activity.

solution was used for UV—vis spectroscopy. One drop of
the solution was drop-cast on a Cu grid and dried for TEM
imaging. XPS samples were prepared by drop casting the
solution on a silicon wafer and dried under vacuum. In the case
of reduction of H,PtClg in the presence of CeO, at various
temperatures, the 10 mg of CeO, powder was dispersed in
40 mL of ethylene glycol by ultrasonication for 1 h. One
milligram of H,PtClg was dissolved in the dispersion obtained.
This reaction mixture was heated to various temperatures (60,
70, 80, 90, 100, and 120 °C) in a MARS microwave system (2.45
GHz, 800 W, 100% power) and held at those temperatures for
2 min. One milliliter of the resulting solution diluted with 1 mL of
ethylene glycol was used for UV—vis spectroscopy. The result-
ing solution was drop casted on a Cu grid for TEM imaging and
on a silicon wafer for XPS analysis. The samples were dried
under vacuum.

For attaching Pt and Au nanoparticles on CeO,, TiO,, ZnO,
and SiO, supports, the support material was dispersed in
ethylene glycol by ultrasonication for 1 h followed by dissolu-
tion of the precursor salt and irradiated with microwave. In a
typical synthesis to obtain 2 wt % Pt on CeO,/TiO,, 40 mg of
Ce0,/TiO, nanoparticles was dispersed in 40 mL of ethylene
glycol and 2.2 mg of H,PtClg was dissolved in it. The resultant
dispersion was exposed to microwave irradiation in a domestic
microwave oven for 1 min (2.45 GHz, 800 W, 100% power). The
temperature was measured as ~180 °C at the end of the
experiment. TEM samples were prepared by drop casting one
drop of the solution on a Cu grid and followed by drying. The
dispersion was centrifuged to collect the product. The product
thus obtained was washed with water and dried for further
characterization. In order to obtain CeO, decorated with
Au nanoparticles, 10 mg of CeO, was dispersed in 40 mL of
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ethylene glycol followed by 1 mg of HAuCl,. The resulting
dispersion was irradiated with microwave for 30 s. To synthesize
fine particles of Au on CeO,, 60 uL of oleylamine was added to
the above reaction mixture.

Metal Nanoparticles on Bulk Substrates. Gold nanoparticles
were grown on various substrates such as Al,O3, TiO,, Si, and
MgO using microwave synthesis. The single-crystal substrates
used were obtained from MTI Corporation USA. For the
synthesis of the particles on the substrates, the substrates
were placed in a beaker containing a solution of 1 mg of
HAuCl, in 5 mL of ethylene glycol. This solution was exposed
to microwave radiation in a domestic microwave oven
(245 GHz, 800 W) for 30 s. The substrate was removed
from the solution, washed with distilled water, and dried for
characterization.

Characterization. Microsctructure. The samples synthesized
were characterized by various techniques. The morphology
of the hybrids was investigated using microscopic techniques.
Transmission electron microscopy (TEM) was carried out in an
FEI Tecnai T20/Tecnai F30 equipped with an energy-dispersive
X-ray spectrometer and operated at an accelerating voltage of
200 kV/300 kV, respectively. HAADF images were recorded in
the STEM mode (spot size 9) in an FEI Tecnai F30 operating at
300 kV. Scanning electron microscopy (SEM) images were
obtained on Zeiss Ultra55/FEl SIRION at an accelerating vol-
tage of 3 kV. UV—vis absorption spectra were recorded on a
Hitachi U-3000 spectrophotometer. Chemical analysis was
carried out using an X-ray photoelectron spectroscopy per-
formed using a ThermoScientific Multilab 2000 instrument,
and the binding energies are with respect to graphitic C;5 at
284.5 eV. Quantitative chemical analysis was done using an
inductively coupled plasma-optical emission spectrometer
from Thermo UK (ICAP-6500 series). The solutions for analysis
of metal content were prepared by dissolving the sample in
aqua regia. The undissolved oxide residue was filtered out
before analysis.

Catalytic Study. The catalytic activity of the Pt on CeO, and
Pt on TiO, samples was tested for the H, combustion reaction.
The gas phase catalytic combustion reactions were carried out
in glass tube reactors of 9 mm i.d. As the reaction is exother-
mic, small amounts of the catalyst material was used (5, 10,
and 15 mg) and was diluted with silica to make a total bed
weight of 1 g and bed length of 1.5 cm. The catalyst bed made
between two plugs of ceramic wool was attached with a
thermocouple for temperature measurement. The reactor
was heated from outside, and the reactions were carried out
under isothermal conditions. The H, and O, flow rates used
corresponded to typical outlet conditions in a fuel cell and
were 5.5 and 2.75 mL/min, respectively. N, was used as a
diluent for the reactive gases so that the total gas velocity was
200 mL/min. This corresponds to a space velocity of 20000 h ™"
for the total bed length including the diluent. This high space
velocity was chosen to ensure the applicability of the catalyst
at commercial conditions. Further, the high flow rate and low
catalyst weight ensured that all reactions were conducted at
isothermal conditions. The composition of the gas mixtures
before and after the reaction was determined using an online
gas chromatograph (Mayura Analyticals, Bangalore, India)
using a combination of Hayesep—A and molecular sieve
columns. A thermal conductivity detector and a flame ioniza-
tion detector were used in the system for the composition
analysis.
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