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Polymer-Assisted Hydrothermal Synthesis of Highly Reducible
Shuttle-Shaped CeO,: Microstructural Effect on Promoting

Pt/C for Methanol Electrooxidation
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ABSTRACT: Here, a simple polymer (P123)-assisted homo-
geneous precipitation method has been employed to
synthesize unique shuttle-shaped CeO, in gram scale. The
physicochemical properties, such as crystallographic identity,
surface area, and pore characteristics of the shuttle-shaped
CeO,, are found to be significantly better as compared with
bulk CeO, synthesized under a polymer-free medium. The
H,-TPR study shows very low temperature (~268 °C) surface
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reduction, which demonstrates the presence of a larger size and number of oxygen vacancy clusters as well as more reactive surface
oxygen species on the shuttle-shaped CeO,. The microstructural affect of CeO, on the nature of Pt dispersion has been investigated
by HRTEM, which shows that because of a higher number of surface defect sites, nanostructured shuttle-shaped CeO, induces better
Pt—CeO, interaction and miniaturization as well as effective dispersion of Pt nanocrystallites in the composite. Further, the
microstructural effect of CeO, in promoting Pt/C for methanol electrooxidation reaction in acidic medium has been studied using
various electrochemical techniques. The cyclic voltammetry and CO stripping voltammetery studies show that the nanostructured
shuttle-shaped CeO, highly promotes methanol electrooxidation reaction (higher oxidation current and lower oxidation
overpotential) as compared with the bulk CeO,. This is due to a higher number of triple-phase interfacial active centers on the
shuttle-shaped CeO, surface, which provide additional OH,4 species for oxidation of poisoning carbonaceous species at lower
overpotential. The activity studies using chronopotentiometry and chronoamperometry techniques show that unlike bulk CeO,,
nanostructured shuttle-shaped CeO, provides significant antipoisoning activity to Pt/C during the methanol electrooxidation reaction.
This study, for the first time, provides evidence that CeO, with a suitable microstructure can improve the electrocatalytic activity of

Pt/C for methanol oxidation, and this approach can be exploited for designing other electrocatalysts for fuel cell applications.
KEYWORDS: shuttle-shaped CeO,, reducibility, oxide promoter, methanol electrooxidation, electrocatalysis

1. INTRODUCTION

Among the array of efficient, renewable and environmentally
friendly energy storage systems, fuel cells have emerged as one of
the most versatile devices in which energy is produced in the form
of electrical energy via redox reaction-mediated electrochemical
conversion of chemical energy.' > Fuel cells have been categorized
on the basis of either the electrolyte employed or the operating
temperature of the cell. For instance, alkaline fuel cells, polymer
electrolyte fuel cells, direct methanol fuel cells (DMFC) and
phosphoric acid fuel cells are low-temperature fuel cells, whereas
molten carbonate fuel cells and the solid oxide fuel cells are
categorized as high-temperature fuel cells. Among these, DMFC,
in particular, because of its higher energy density, use of liquid fuel
(methanol), low operating cost, and compact design, shows great
promise for fractical application in transport and portable device
applications.*”” The operating principle of DMFC is rather simple

and involves the following electrochemical steps:
anode:

CH,0H(1) + H,0(aq) — CO,(g) + 6H' + 6e~

cathode: %Oz(g) + 6H" + 6 — 3H,0(1)

overall reaction: CH;OH(1) + %Oz(g) — CO,(g) + 2H,0(1)
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Pt is found to be the most active electrocatalyst in order to
achieve faster kinetics of the anodic reaction during electro-
oxidation of methanol.® Pt is a precious metal and is therefore
highly expensive, and hence, activated carbon is mostly used as
a support for the stability, dispersion, and improved utilization
of Pt. However, because of extremely weak van der Waals inter-
action between Pt and carbon, rapid agglomeration (via Ostwald
ripening) as well as detachment of Pt occurs during device
operation.” Furthermore, during the anodic process, carbona-
ceous species such as CO are produced as reaction intermediates
during the breakdown of methanol, which heavily poison the
Pt surface and inhibit further adsorption of methanol molecules,
lowering the methanol electrooxidation kinetics.'® Hence, the
performance of Pt-based catalysts worsens with time, and long-
term usage of the device becomes hypothetical."!

To avoid the poisoning of Pt catalysts, the most exploited
strategy has been the alloying of Pt with additional metals, such
as Ru, Rh, Sn, Ir, Os, Re, Mo, V, Cr, Co, Nj, Cu, etc., in binary
ternary and quaternary fashion.'*"* In principle, the additional
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metals, because of their oxophilicity, are prone to adsorption of
oxygenated species such as OH at lower potential, and hence,
their presence promotes oxidation of CO to CO, via the well-
known bifunctional mechanism as well as electronic effect."*"*
However, most of the additional metals in the Pt-based alloys are
also noble and commercially nonfeasible. In view of the fact that
size, structure, shape, and active surface area are very important
for preferential adsorption of methanol, the shape-selective nano-
structurization of the electrocatalysts is rather essential;'®'”
however, uniform nanostructurization of homogeneous multi-
component metallic catalysts is quite tedious, and their synthesis
in large scale for commercial utilization is impractical. The multi-
component metallic electrocatalysts are also prone to segregation
during device operation."

In recent years, metal oxides that allow activation of water
at lower potentials and can efficiently undergo a bifunctional
mechanism have shown immense promise for promoting
electrocatalytic and antipoisoning activity of Pt."*'? In this
context, various metal oxides, such as RuO,, WOj3, ZrO,, MgO,
MoO,, MoO;, TiO,, V,0,, Nb,O;, and CeO, in combination
with carbon have been exploited for optimized dispersion of
Pt and electrooxidation of methanol."®™>® These composites
are reported as highly promising electrocatalysts and show
significant tolerance to CO poisoning.

Among the range of low-cost oxides, CeO, is of particular
interest as a result of its high surface area, sizable surface
defects, and higher oxygen storage capacity (redox Ce*'/Ce**
sites).”” Because of these incredible physicochemical properties,
CeO, efficiently stabilizes dispersion of Pt, which favors
increased active surface per weight of Pt and makes sufficient
OH,4 species available at lower overpotential to oxidize
majority of adsorbed poisoning species (like CO) on Pt, during
methanol electrooxidation. In this context, a sizable number of
reports showing excellent promotional and antipoisoning
activities of CeQ, for methanol electrooxidation are available
in the literature.”**°~>” However, most of the reports are purely
based on the nanostructure effect of Pt, nature of Pt dispersion
and Pt—CeO, interactions. It is known that the characteristic
surface morphology/microstructure of CeO, manipulates the
crystallographic orientation, exposed crystal surface, and size as
well as the shape of the nanocrystals, which strongly influence
the surface atom densities, electronic structure, and chemical
reactivity.”® Further, the surface reducibility of CeO, is greatly
affected by its surface area and surface morphology/micro-
structure.”*’

In this context, a designed surface morphology/micro-
structure of CeO, with uniform crystalline orientation and
smaller crystallite size is expected to achieve more active sites
and good interfacial contact with Pt, which can strengthen
interaction between Pt and CeO,, inhibiting random growth as
well as sintering of Pt particles for optimized synergic effect and
methanol oxidation activity.** Further, a designed surface
morphology/microstructure of CeO, with high reducibility is
especially important for improved interaction with Pt, which in
essence can improve the activity and durability of the
catalysts.‘”’42 However, in the available literature, the micro-
structural effect of CeO, on the dispersion of Pt and activity
toward methanol electrooxidation is overlooked. Hence, it is of
utmost importance to investigate the affect of the microstructural
design of CeO, (size, shape, and surface properties) on the
bonding and stability of Pt for the methanol electrooxidation
reaction.
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Recently, extensive efforts have been put forward to develop
shape-controlled synthesis of various surface morphologies of
CeO,, such as nanotubes, 2D nanosheets, nanoplates, nanorods,
and nanoflowers.**** The growth of CeO, with faceted
geometries is found to be greatly regulated by different solvents,
anions, and surfactants in the reaction medium, which selectively
adsorb on certain crystal planes and modulate the surface free
energies, thereby kinetically controlling the growth of certain
crystal planes to generate a specific surface morphology.”>*
However, simple and classical methods for scalable synthesis of
nanostructured CeO, with controlled surface morphology/
microstructure, high surface area, optimal particle dimension/
architecture, and suitably aligned nanocrystalline phases is still a
key challenge.

In this context, this work deals with the synthesis of nano-
structured CeO, with controlled surface morphology/micro-
structure using a polymer-assisted homogeneous precipitation
method under hydrothermal conditions. Here, we have studied
the microstructural affect of CeO, on the nature of the
Pt—CeO, interaction and antipoisoning as well as catalytic
promoting activities of CeO, to Pt/C for the methanol electro-
oxidation reaction.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Nanostructured CeO,. Analytical grade
Ce(NO,);:6H,0 (99.9%, SD Fine, India), poly(ethylene
glycol)—poly(propylene glycol)—poly(ethylene glycol) (P123,
Sigma-Aldrich) with a molecular weight of 5800 g, and urea
(99.9%, Thomas-Baker) were used without further purification.
Laboratory-prepared triple-distilled water was used during all
the experimental processes. In a typical polymer-assisted
synthesis of CeO,, 20 mmol of Ce(NO;);.6H,0 was dissolved
in 100 mL of triple-distilled water, and the resulting solution
was added dropwise to 1 mmol of P123 dissolved in 100 mL
triple-distilled water. The solution was stirred for 1 h to form a
homogeneous solution. To the resulting solution, 80 mmol of
solid urea was added, and the solution was stirred again for 3 h.
The solution was then transferred to a stainless steel autoclave
with an inside Teflon liner of 250 mL capacity and subjected to
heating at 120 °C for 24 h. The autoclave was then allowed to
cool to room temperature, and after aging the resultant product
for 24 h, a white precipitate was separated by centrifugation at
3000 rpm. The white precipitate was then repeatedly washed
with triple-distilled water followed by a mixture of absolute
ethanol and water and, finally, with absolute ethanol several
times. The resultant precipitate was then dried under vacuum at
60 °C for 24 h. To get the final product, the dried precursor
sample was then subjected to thermal treatment at a rate of
10 °C min~" from room temperature to 400 °C and heated at
400 °C for 3 h in flowing air. In a polymer-free synthesis of
CeO,, a procedure similar to that described above was followed,
but in the absence of P123 in the reaction medium. The
hydrothermal syntheses of the precursor samples via polymer-
free and polymer-assisted procedures are denoted, respectively,
as CeO,-H-uc and CeO,-HP-uc. The corresponding samples
obtained after thermal treatment of CeO,-H-uc and CeO,-HP-uc
precursors are denoted as CeO,-H and CeO,-HP.

2.2. Preparation of Electrocatalyst Composites. The
Pt/C, Pt/CeO,-H/C, and Pt/CeO,-HP/C electrocatalysts
were prepared by a microwave-assisted polyol process. The
CeO, content in the different electrocatalysts was fixed at
20 wt %. For the preparation of a typical Pt/CeO,-C catalyst,
20 mg of CeO, and 100 mg of Vulcan XC-72 carbon black
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(Cabot Corporation, BET surface area of ~250 m* g~') were
dispersed thoroughly in 100 mL of ethylene glycol (EG)—
isopropyl alcohol (IPA) mixture (V/V = 4:1, AR grade) via
ultrasonication for 30 min. A 1.282 mL portion of 0.1 M
H,PtCl, (Aldrich, ACS Reagent)—EG solution was then added
to the above mixture, and the mixture was then sonicated for
15 min, followed by constant stirring for 6 h. The pH of the
stirring mixture ink was adjusted to ~10 by dropwise addition
of 1 M KOH-EG solution. Further, the mixture ink was
treated with microwave radiation in a domestic microwave oven
(Sharp NN-S327 WF, 2450 MHz, and 1100W) for S0 s for
complete reduction of H,PtCly to Pt. The resulting product was
then allowed to cool to room temperature with continuous
stirring. The pH of the microwave-treated ink mixture was then
adjusted to ~4 using 0.1 M HNO; solution and was further
stirred for 12 h before filtering out the residue. The resultant
product was then repeatedly washed with Millipore water,
followed by acetone (AR grade), until it became free of the Cl~
ion. The product was then dried overnight under vacuum at
60 °C. The Pt/C electrocatalyst was prepared using a pro-
cedure similar to that described above, but without CeO,. The
amount of Pt metal in each of the composite electrocatalyst
samples was fixed at 20 wt %.

2.3. Preparation of Working Electrode and Electro-
chemical Measurements. The working electrodes for
electrochemical measurements were fabricated from the ink
prepared by ultrasonic dispersion of Pt/C, Pt/CeO,-H/C, and
Pt/CeO,-HP/C composite powders in 1.0 mL of distilled water
and 0.1 mL of Nafion solution (S wt % solution in a mixture of
lower aliphatic alcohols, Sigma-Aldrich), for 30 min. A known
volume of the ink composite was then spread onto a mirror-
finished glassy carbon electrode (polished with 0.05 um
y-alumina micropolish, CH Instruments Inc.) of 6 mm diameter
(electrode area of 0.28 cm”) using the micropipet tip. The
solvent of the ink was then slowly evaporated (under vacuum)
at 40 °C, and in this process, a well-dispersed layer of composite
materials on the glassy carbon electrode was obtained. The
amount of Pt loading on the glassy carbon electrodes was fixed
at 28 ﬂg/cmz. All the electrochemical measurements were
performed at room temperature using a CHI 7081C electro-
chemical workstation with a conventional three-electrode
configuration. A platinum foil (area = 1 cm?®) and Ag/AgCl
electrode (BAS Instruments, USA) were used as the counter
and reference electrodes, respectively. A solution consisting of
0.5 M H,SO, and 1 M CH;OH purged with high-pure Ar
for 30 min under constant stirring was taken as a test solution
for the electrochemical methanol oxidation study. The final
measurement curves were recorded after a stable current
response from the working electrodes under continuous cycling
at 20 mV s, For high reproducibility of the results, a freshly
prepared electrolyte solution was used during all electro-
chemical measurements.

The CO stripping voltammetry was performed in 0.5 M
H,SO, solution. After purging the solution with ultrapure Ar
for 30 min, gaseous CO (0.1% CO in Ar) was bubbled for
120 min under a fixed potential of 0.0 V vs Ag/AgCl to
promote the formation of a perfect CO adlayer on the surface
of the electrocatalysts. Excess CO traces from the solution as
well as the surface of the electrocatalysts were flushed out
by purging the solution with ultrapure Ar for 30 min under
an applied potential of 0.0 V vs Ag/AgCl. The CO stripping
voltammetry patterns were recorded at a potential scan rate of
20 mV s,
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2.4, Physicochemical Characterizations. Thermogravim-
etry analyses were performed on a TA TGA Q500 V20.10 Build
36 instrument under air flow (20 mL/min), with a linear heating
rate of 20 °C/min. The thermally induced phase changes of the
samples were analyzed on a TA DSC Q200 instrument using
open pan mode in air atmosphere. The PXRD patterns were
obtained on a Bruker AXS D8 Advance diffractometer at scan
rates of 0.01° s, using Cu Ka (4 = 0.15408 nm) radiation
generated at 40 kV, 30 mA. The crystallite sizes of the samples
were approximated using the Scherrer equation, D = KA1/
(B cos 0), where D is the linear dimension of the particle
(particle size), K is the spherical shape factor (taken as 0.89),
and f is the full width at half-maximum height of the peaks.

Multipoint nitrogen adsorption—desorption experiments were
carried out at 77 K by means of an automatic Micromeritics
ASAP 2020 analyzer using the Brunauer—Emmett—Teller (BET)
gas adsorption method. The samples were degassed at 100 °C
for 2 h, followed by 150 °C for 10 h in a dynamic vacuum before
physisorption measurements. The specific surface area (SBET)
values were estimated using software of the instrument based on
the BET equation. The porosity distributions in the samples
were generated from desorption branches of the isotherms using
the Barrett—Joyner—Halenda (BJH) method and a cylindrical
pore model.

The high resolution scanning electron microscopy (HRSEM)
measurements were carried out using a field emission-gun-
equipped FEI Quanta 200 microscope. The sample powders
were carefully dispersed on a carbon tape before mounting on
the sample holder for HRSEM analysis. The high resolution
transmission electron microscopy (HRTEM) measurements
were performed on a JEOL 3010 HRTE microscope (lattice
resolution of 0.14 nm), fixed with a UHR pole piece and
operated at an accelerating voltage of 300 kV. The temperature
programmed reduction (TPR) measurements were carried out
in a Micromeritics Chemisorb 2750 TPD/TPR system.

For a typical H,-TPR experiment, 80 mg of the sample
loaded in a U-shaped quartz tube was pretreated at 250 °C in
flowing 20% O,/He (25 mL/min) for 1 h and then cooled to
room temperature under flowing He. The pretreated sample
was then heated to 850 °C at a rate of 10 °C min™!, under the
constant flow of 5% H,/He mixture (20 mL/min), and the TPR
patterns were recorded using a thermal conductivity detector.

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a multiprobe XPS system (Omicron
Nanotechnology, Germany) equipped with a dual Mg/Al X-ray
source operated at 300 W and 15 kV and a hemispherical
analyzer operating in constant analyzer energy (CAE) mode.
The spectra were obtained with a pass energy of 50 eV for
survey as well as individual scans. The base pressure in the
analyzing chamber was maintained at 107'° mbar. The data
profiles were subjected to a nonlinear least-squares curve-fitting
program with a Gaussian—Lorentzian production function and
processed with the Casa XPS program (Casa Software Ltd,
U.K.). The adventitious Cls binding energy of 284.9 eV was
taken as the reference binding energy for charge correction.

The inductively coupled plasma optical emission spectrom-
etry (ICP-OES) was carried out using a Perkin-Elmer Optima
5300 DV ICP-OES spectrometer to estimate the amount of Pt
leaching during preparation of the composite samples. For that,
each solid composite sample was digested in aqua regia for 72 h
to dissolve the Pt and CeQO,. Undissolved carbon was filtered
out, and the filtrate was then diluted with the required amount
of triple-distilled water for ICP-OES analysis.

dx.doi.org/10.1021/cs300473e | ACS Catal. 2012, 2, 2795-2809
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Figure 1. (A) PXRD and (B) TGA profiles of CeO,-H-uc and CeO,-HP-uc samples. The inset in part B represents the corresponding DSC profiles

of the precursor samples.

3. RESULTS AND DISCUSSION

The powder X-ray diffraction (PXRD) patterns of the uncalcined
precursors of CeO, are shown in Figure 1A. The formation of
pure orthorhombic Ce,O(CO;),-H,O phase (JCPDS: 44-0617)
is confirmed in samples synthesized via polymer-assisted
(CeO,-HP-uc) as well as polymer-free (CeO,-H-uc) syntheses
processes. Under homogeneous precipitation conditions, slow
kinetic decomposition of NH,CONH, results in the formation
of ionic ammonium cyanate (NH,* + NCO~), which further
hydrolyzes in aqueous conditions, releasing OH™ and CO,>~ ions
to the solution. The OH™ and CO,>" ions then coordinate with
Ce* ions in the reaction medium to form Ce,O(COs;),-H,0.
The reaction steps during the homogeneous precipitation of
Ce,0(CO;),'H,0 is written as®

hydrolysis

NH,CONH, NH,* + NCO™

NCO™ + 3H,0 —» HCO,” + NH," + OH"
HCO,” —» CO,"” + H
2Ce’* + 20H™ + 2C0O,”” — Ce,0(CO;),-H,0

The intensities of the PXRD peaks of the CeO,-HP-uc
sample are lower as compared with that of CeO,-H-uc sample,
which can be correlated to the lower crystallinity/crystallite
size of the CeO, sample synthesized via the polymer-assisted
method. It is known that the selective surface adsorption
properties of polymers prevent agglomeration, frenzied crystal
growth, and structural disorganization of nascent crystallites.**
Similar activity of P123 is supposed to be the reason behind the
lower crystallinity/crystallite size of CeO,-HP-uc.

The CeO,-H-uc and CeO,-HP-uc samples were subjected to
TG and DSC analyses; the corresponding profiles are shown in
Figure 1B. The prototype TG curves of both the precursor
samples can be analyzed as two-step weight loss processes,
which are assigned as surface dehydration (up to ~250 °C)
followed by thermal oxidative decomposition (250—325 °C) of
Ce,0(CO;),-H,0. The overall weight losses in CeO,-H-uc and
CeO,-HP-uc samples are estimated as ~22.6% and ~23.8%,
respectively, which indicate varied amounts of adsorbed and
crystalline water in the precursor samples. In addition, the
oxidative decomposition temperature of the CeO,-HP-uc
sample is marginally lower than that of the CeO,-H-uc sample.
Since the two precursor samples are crystallographically similar,
the possible difference in the amount of weight loss and the
decomposition temperature can be correlated to the variation
in the surface and bulk properties (porosity) of the precursors.
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The thermally induced phase changes in the two precursor
samples were verified by DSC analysis, and the respective
profiles are shown in the inset of Figure 1B. The DSC profile
of each sample shows single characteristic endothermic peak
within the similar temperature range as observed during the
decomposition step in the TG analysis.

The CeO,-HP-uc and CeO,-H-uc precursor samples were
subjected to thermal treatment, and the products were
subjected to PXRD analysis. The PXRD patterns of the
calcined samples are shown in Figure 2. The calcined products
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O
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|
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Figure 2. PXRD patterns of CeO,-H and CeO,-HP samples.

are perfectly indexed as FCC type CeO, (space group of
Fm3m(225)) from the characteristic peaks of the (111),
(200), (220), (311), (222), (400), (331), (420), and (422)
planes at 26 values of 28.5, 33.1, 47.5, 56.4, 59.1, 69.4, 76.7,
79.1, and 88.5 degrees (PDF No. 81-0792), respectively. In
the PXRD patterns of the CeO,-HP and CeO,-H samples,
the absence of additional secondary peaks illustrates the
complete decomposition of orthorhombic Ce,0(CO;),-H,0
to cubic CeO,.

In the PXRD patterns, the peaks of the CeO,-HP sample are
marginally broader, which illustrates that the crystallite sizes in
the CeO,-HP sample are smaller as compared with those in the
CeO,-H sample. The average crystallite sizes of the CeO,-HP
and CeO,-H samples were found to be ~6.8 and 12.3 nm,
respectively, calculated from the corresponding (111), (220),
and (311) peaks in the PXRD patterns.

The surface morphological characteristics of Ce,0(COj3)," H,0
and the corresponding CeO, samples were investigated from
FESEM analysis. The FESEM images of the uncalcined pre-
cursors and the corresponding calcined samples are shown in
Figures 3 and 4, respectively. The FESEM image of the precursor

dx.doi.org/10.1021/cs300473e | ACS Catal. 2012, 2, 2795-2809
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Figure 3. FESEM images of (A) CeO,-H-uc and (B) CeO,-HP-uc samples.
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Figure 4. FESEM images of CeO,-H (A and B) and CeO,-HP (C and D) samples.

sample synthesized in the polymer-assisted medium shows a com-
pletely different surface morphology from the sample synthesized
in the polymer-free medium. Furthermore, the surface morpho-
logies of the Ce,0(COs3), H,0 precursors are highly replicated in
the corresponding CeO, samples. The surface morphologies of
CeO,-H-uc and CeO,-H samples show a randomly agglomerated
microplate structure, whereas the CeO,-HP-uc and CeO,-HP
samples show a shuttle-like surface morphology.

It is known that the surface morphology of a material is
greatly modulated by the shapes, orientations, and growth of
the crystallites that are significantly controlled by the energetic
as well as kinetic parameters during synthesis.*> In effect, the
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crystal growth and their interactions to larger structures occur in
geometric arrangement to minimize the surface energy, and this
process is kinetically controlled by the preferential adsorption/
desorption of a stabilizer, such as anions and surfactants.*
Therefore, the formation of a well-defined morphology is con-
trolled by the chemical composition, size, and shape of the
primary crystals as well as surface functionality of the nano-
crystal surface. In addition, the generation of a specific surface
morphology is directly associated with the controlled nucleation
and growth process. Since the homogeneous precipitation
involves a kinetically controlled nucleation process, because of
a slower dissociation and diffusion of precipitating anions to the

dx.doi.org/10.1021/cs300473e | ACS Catal. 2012, 2, 2795-2809
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solution, the difference in the surface morphology of the CeO,-
H-uc and CeO,-HP-uc precursors is solely due to the kinetically
different crystal-growth and crystal-orientation phenomena.*>*
The literature shows that under kinetically controlled
precipitation, the initial product is the colloidal nanocrystal/
seed, which under elevated temperature undergoes nucleation
and growth to active monomers and then to nanocrystals.**~*
The subsequent growth of nanocrystals and their further orien-
tation to a multidimensional structure is kinetically controlled by
reduced diffusion and aggregation phenomena. The orientation
of nanocrystals to a well-defined structure and further to a super-
structure occurs via an oriented attachment (OA) mechanism.*®
The formation mechanisms of Ce,O(CO,;),-H,O precursors
and the resulting CeO, with different surface morphologies are
shown in Scheme 1.

Scheme 1. Plausible Formation Mechanisms of CeO,-H and
CeO,-HP Microstructures Synthesized in Polymer-Free and
Polymer-Assisted Media, Respectively
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During the homogeneous precipitation process, the kinetically
slow nucleation of Ce** with the OH™ and CO;*” ions (from
the hydrolysis and decomposition of urea) produces Ce,O-
(C0,),-H,0 seeds, followed by nanocrystals. The nanocrystals
then undergo grain-rotation-induced grain coalescence and
Ostwald ripening to thermodynamically and symmetrically favor-
able nanospheres.* Further, coherent grain/ripened nano-
crystals under selective crystal-facet adhesion of polymer
molecules undergo kinetic shape control, leading to the formation

of rod-shaped structures. Since facets with high energy grow
quicker, the one-dimensional growth of nanorods ceases once the
high-energy facet is eliminated due to some complex kinetic and
thermodynamic parameters in the reaction medium. Further, the
nanorods undergo oriented attachment, resulting in the shuttle-
like surface morphology of Ce,0(CO;),-H,0, and the morphol-
ogy is perfectly retained in the resultant CeO,. However, in the
polymer-free medium, the coalesced/ripened nanocrystals under-
go random growth under hydrothermal conditions, leading to the
formation of plate-like microcrystals. Under elevated temperature
and hydrothermal treatment for a long time, the platelike micro-
structures tend to decrease the surface energy and randomly
agglomerate to bulky microstructures of Ce,O(CO;),-H,O.

The surface area and porosity of the CeO,-HP and CeO,-H
samples were determined from N,-sorption measurements and
the corresponding N, adsorption—desorption isotherms as well
as pore size distribution plots are shown in Figure SA and B,
respectively. The characteristic BET isotherms of both CeO,
samples show type-IV isotherms with H3 type hysteresis loops,
essentially demonstrating the presence of slit-shaped pores in
the samples, which may be due to the aggregation of platelike
particles.*” The BJH pore size distribution plots in Figure 5B
show mono (~2 nm) and bimodal (~2 and 6.1 nm) pore size
distributions of CeO,-H and CeO,-HP samples, respectively,
demonstrating the presence of only micropores in the CeO,-H
sample and micro- as well as mesopores in the CeO,-HP sample.

In the two isotherms, the adsorption in the p/p, region of 0
to ~0.04 indicates the presence of micropores, which generally
originate from the bulk of the sample. A closer analysis of the
adsorption in the micropore region shows that the volume of
N, adsorbed by the CeO,-HP sample is more than that by the
CeO,-H sample. This is basically due to the added micropores
in the CeO,-HP sample, which are from the internal voids
between orientationally attached nanorods.*” In the isotherm
plots, small slopes in the adsorption branches and hysteresis
between the adsorption—desorption branches are observed in
the p/p, regions of ~0.1 to ~0.8, indicating the presence of
large fractions of mesopores, which are mostly from the surface
porosity of the samples. A closer look at the N, adsorption—
desorption curves in the mesopore regions reveals that there
is more N, adsorption on the CeO,-HP sample than on the
CeO,-H sample. From the FESEM micrographs (Figure 4), it is
evident that, due to orientationally attached nanorods, the
surface porosity of the shuttle-shaped CeO, is considerably
more than that of agglomerated CeO,. Further, the hysteresis at
the macropore region (p/p, = ~0.8 to 1.0) for the CeO,-HP
sample is more prominent as compared with the CeO,-H

sample. The lack of any defined morphology and large
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Figure 5. (A) BET isotherms, and (B) BJH pore size distribution profiles of CeO,—H and CeO,-HP samples.

2800

dx.doi.org/10.1021/cs300473e | ACS Catal. 2012, 2, 2795-2809



ACS Catalysis

Research Article

agglomeration of particles could be the reasons behind lower
meso- and macroporosity in the CeO,-H sample. The surface
area and porosity of the CeO,-HP sample (BET surface area
109 m* ¢~', BJH pore volume 0.11 cm® g') are found to be
superior to the CeO,-H sample (BET surface area 80 m* g/,
BJH pore volume 0.08 cm® g™*).

CeO, being extensively studied and commercially exploited
as a redox catalyst (originated from the Ce*"/Ce*" redox cycle),
the ease of reducibility at lower temsperature is most significant
for its higher catalytic efficiency.”® Studies show that the
reducibility of CeO, is promoted by a large surface area,
preferential exposure of suitable facets, and surface defects
such as oxygen vacancies.””*" Further, the amount and density
of oxygen vacancies are largely dependent upon the surface
structures and crystal characteristics of the materials. In this
context, H,-TPR is one of the best-studied methods to
determine the amount, density, and labiality of oxygen vacancy
in the CeO, lattice.>>

The shuttle-shaped CeO, bears a unique surface structure
and smaller crystallite size as compared with the bulk CeO,
sample. Hence, the nature of effective oxygen vacancies is
expected to be distinctive in shuttle-shaped CeO,. Therefore,
the CeO,-HP and CeO,-H samples were subjected to H,-TPR
analyses, and the corresponding reduction profiles are shown in
Figure 6. The H, TPR profiles of both the CeO, samples show

268 °C\

TCD signal (a.u.)

150 300 450 600 750 900
Temperature (°C)

0

Figure 6. H,-TPR profiles of CeO,-HP and CeO,-H samples.

two major reduction peaks: the lower temperature peak (below
600 °C) due to a reduction of surface capping oxygen and the
higher temperature peak (above 600 °C) due to reduction of
bulk oxygen.’”*! In fact, the low-temperature reduction profile
of CeO, is of special interest, since it is the signature of the
material to be a better catalyst for low-temperature oxidation
reactions. The CeO,-H sample shows a typical two-peak
reduction profile at ~420 and 770 °C; however, the CeO,-HP
sample shows a unique, highly intense low-temperature
reduction peak at ~268 °C. From the H,-TPR peak intensities,
it is seen that the H, consumption for surface reduction of the
CeO,-HP sample is significantly higher than the CeO,-H sample.
Recently, Zhou et al, have shown similar low-temperature
H,-reducibility of CeO, nanotubes.”> However, the low temp-
erature reduction peak intensity in CeO, nanotubes was minor
when compared with the peak from the major reduction of
surface capping oxygen.

In shuttle-shaped CeQ,, the low temperature reduction peak
is significantly more intense as compared with the other
reduction peaks. This can be attributed to the presence of a
larger size and number of oxygen vacancy clusters as well as a
large amount of reactive oxygen species on the surface of the
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shuttle-shaped Ce0,.>°~** Since the migration of oxygen in
ceria takes place via a vacancy hopping mechanism, linear
surface oxygen vacancies are favorable for migration of oxygen,
which enhances the reducibility of CeO,.** Hence, it can be
envisaged that, the shuttle-shaped CeO, possess higher
numbers of linear surface oxygen vacancy clusters. Further-
more, the presence of oxygen vacancy clusters may facilitate
effective adsorption sites for oxygen-rich molecules and can
play a more functional and effective role in catalytic application.
The negative peaks at ~514 °C in the TPR profiles of both
samples are assigned to the thermal desorption of H, from the
porous CeO, samples, release of CO and CH, during the
reduction of surface carbonates, or both.

Ceria being a good promoter to Pt/C for alcohol oxidation in
DMEC applications, the CeO,-HP and CeO,-H samples were
tested for their promoting efficiency toward methanol electro-
oxidation reaction.”®**°~*" In this context, CeO,-HP- and CeO,-
H-loaded Pt/C catalysts were subjected to physical as well as
electrochemical characterization. The corresponding PXRD
patterns of Pt/C, Pt/CeO,-H/C and Pt/CeO,-HP/C samples
are shown in Figure 7. The Pt/C sample shows major diffraction
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Figure 7. PXRD patterns of Pt/C, Pt/CeO,-HP/C and Pt/CeO,-H/C
samples.

peaks at 26 values of 39.8°, 46.3°, 67.6°, and 81.4° corresponding
to the (111), (200), (220), and (331) planes of metallic Pt with
fcc crystal lattice. The diffraction patterns of the composites also
show characteristic peaks of CeO,. However, not all the peaks of
Ce0O, could be identified in the Pt/CeO,-H/C and Pt/CeO,-
HP/C composites, since some of the diffraction peaks of Pt and
CeO, appear in similar 26 positions. Broad peaks at a 26 value of
~24.9° are the signatures of (002) diffraction of the graphitic
Vulcan XC-72 carbon support in the samples. As compared with
Pt/C, the characteristic diffraction peaks of Pt in Pt/CeO,-H/C
and Pt/CeO,-HP/C samples are broader and less intense. This is
due to a smaller crystallite size and better dispersion of Pt on the
CeO,-containing samples. From Figure 7, it is seen that Pt peaks
in the Pt/CeO,-HP/C sample are broader than those in the
Pt/CeO,-H/C sample. These observations suggest that Pt
dispersion is better in the presence of the shuttle-shaped CeO,
(CeO,-HP sample) as compared with bulk CeO,. This was
further probed by HRTEM analysis. The corresponding micro-
scopic images of Pt/C, Pt/CeO,-HP/C and Pt/CeO,-H/C
samples are presented in Figure 8.

In the Pt/C sample (Figure 8A), the crystallites of Pt are
agglomerated, whereas in the CeO,-containing Pt/C samples
(Figure 8B and C), the Pt particles are uniformly dispersed.
Further, dispersion of Pt in the shuttle-shaped CeO,-containing
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Figure 8. HRTEM images of Pt crystallites in (A) Pt/C, (B) Pt/CeO,-H/C, and (C) Pt/CeO,-HP/C samples.

sample (Figure 8C) is more uniform as compared with the Pt
particles in the bulk CeO,-containing sample (Figure 8B). It is
known that CeO, promotes uniform dispersion and maintains a
smaller particle size of supported metals.* Further, the surface
morphology of CeO, influences the nature of the Pt dispersion,
and in this context, the nanostructured CeO, with a high surface
area may be a better substrate for improved dispersion of Pt
particles as compared with the bulk CeO, with lower surface area.
From the HRTEM images, the sizes of the Pt crystallites in the
Pt/CeO,-HP/C sample are estimated to be ~3.7 nm, which is
smaller than the Pt crystallites of size ~4.3 nm in the Pt/CeO,-
H/C sample. These crystallite sizes are in close concurrence with
the Pt crystallite sizes of ~3.5 nm and ~4.3 nm, estimated from
the corresponding Pt (220) planes (from PXRD patterns) of Pt/
CeO,-HP/C and Pt/CeO,-H/C samples, respectively.

Earlier studies reveal that CeO, possesses a positive charge if
present in a medium with pH < 6, whereas it acquires a
negative surface charge if present in a medium with pH > 7.8.%
In this study, the reactions between Pt, carbon black, and CeO,
were performed in media with a pH of ~10; hence, the surfaces
of the CeQ, particles are expected to be negatively charged. It is
theoretically predicted that the noble-metal atoms preferentially
get adsorbed at the anion sites on CeO, surface.> In particular,
Pt atoms typically get adsorbed on the surface O-bridge sites. ">

Since in this study, the reactions were carried out in highly
basic media, the surface of the CeO, samples acquires a higher
negative charge for the preferential surface adsorption of Pt.
This leads to energetically favorable electrostatic interactions
between Pt atoms and CeO, surface. Because of the high surface
area and nanodimentional structure, the shuttle-shaped CeO,
may expose a uniform active surface, leading to a larger negative
charge, which offers a stronger interaction with Pt particles. In
addition, a polar solvent, such as ethylene glycol (EG), performs
a dual role of reducing the H,PtCls to Pt and enhancing the
dispersion of CeO, on Vulcan XC-72 carbon black.

Thermodynamically, a reaction temperature of >113 °C is
essential for the reduction of H,PtCly by EG. During a
microwave-mediated reaction in a domestic microwave oven at
1200 W, the temperature of the medium reaches ~200 °C,
which is quite adequate for rapid reduction of H,PtClg to Pt.
The homogeneous microwave heating in the presence of EG
also helps in the faster reduction and better dispersion of Pt
particles on CeO,/C supports. The defect sites on the oxide
surface also help in the heterogeneous nucleation of the Pt**
intermediate and its stepwise reduction to Pt Since, from the
TPR analysis, the shuttle-shaped CeO, was found to have a
larger number of surface oxygen vacancies, the rate of hetero-
geneous nucleation of Pt** and its further reduction to Pt° is
expected to be higher on the surface of shuttle-shaped CeO, as
compared with that on the bulk CeO,. From ICP-OES analysis,
the amounts of Pt and CeO, in the Pt/C, Pt/CeO,-H/C, and
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Pt/CeO,-HP/C samples were estimated to be ~99.95—99.97% of
the actually loaded amounts, which suggests negligible leaching of
Pt and CeO, during the preparation of the composites.

The oxidation states of Pt and Ce in the Pt/CeO,-HP/C
sample were investigated by XPS analysis. Figure 9 shows the
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Figure 9. (A) XPS survey scan, (B) Pt 4f and (C) Ce 3d core level
spectra of Pt/CeQO,-HP/C sample. Deconvoluted XPS profiles are also
shown in the respective figures.

XPS survey scan and Pt 4f as well as Ce 3d core level regions.
In the survey scan (Figure 9A), the peaks due to C Is, O Is,
Ce 3d, and Pt 4f are identified clearly in the respective binding
energy regions. The Pt 4f region in Figure 9B shows a doublet
peak with binding energies at 71.0 and 74.35 eV, which are the
signatures of the Pt° state.”**”” The spin—orbit splitting
energy of ~3.35 eV matches well with the reported values.®
This shows that the predominant species in the Pt/CeO,-HP/
C sample is Pt’. Further, the deconvolution of the Pt 4f peaks
shows peaks at binding energies of 72.27 and 75.65 eV, which
are the signature of Pt*" species. This is attributable to the
presence of PtO/Pt(OH), species in the composites.”**”%”
However, the presence of PtO/Pt(OH), species is trivial; they
are commonly present on the surface of ultrafine Pt particles.
The deconvolution of the Pt 4f region does not show any
peaks pertaining to the presence of Pt*', which clearly implies
the complete reduction of H,PtCls to Pt by EG, during the
microwave treatment.

The Ce 3d region (Figure 9C) shows weak doublets cor-
responding to the spin—orbit split of 3d core holes and the
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associated satellites.”®>°7>”7%% The peaks at binding energies of
882.15 and 900.53 eV in the deconvoluted spectra correspond
to the 3ds,, and 3d;, states of Ce*, respectively, with spin—
orbit splitting of 18.38 eV. The satellite peak at 897.43 eV,
associated with the Ce 3d;), state, is due to the Ce 3d°4(° O 2p°
final state, which is characteristic of Ce*'. Further, the satellite
peaks located at binding energies of 886.35 and 90545 eV
correspond to the Ce 3d°4f' O 2p° final state, showing the
presence of Ce*" in the composite. In CeO,, the prominent
satellite peaks are essentially due to shake-down (energy gain)
processes and are called “shake-down states”.®" The ill-defined
valley between the 3d;,, (882.2 €V) and satellite (886.4 eV)
doublet in the XPS profile of Ce 3d is assigned to the Ce 3d°4f'
O 2p° final state, indicating the presence of some small amount
of Ce* in the composite.’” Since the Pt/CeO,-H/C sample was
synthesized under experimental conditions identical to those for
the Pt/CeO,-HP/C sample, the chemical states of Pt and CeO,
in the Pt/CeO,-H/C sample are supposed to be essentially
similar to those in the Pt/CeO,-HP/C sample.

The electrocatalytic efficiencies of the Pt/CeO,-H/C and Pt/
CeO,-HP/C samples were evaluated by sweep voltammetry,
chronopotentiometry, and chronoamperometry measurements
in a 0.5 mol L™' H,SO, solution and compared with the
efficiency of the Pt/C sample. The typical cyclic voltammo-
grams in Figure 10A show peaks corresponding to hydrogen
adsorption/desorption, double-layer charging, oxide formation,
and oxide reduction on the Pt surface.”>®> The CV behavior of
the samples in the potential region of —0.2 to 0.2 V (vs Ag/
AgCl) are basically associated with H,,q (underpotentially
deposited hydrogen) processes (H' + ™ = Hupd).éz_64 Beyond
0.4 V in the anodic scan, the characteristic CV behaviors of the
samples are due to the formation of OH,4 (adsorbed hydroxyl
species; 2H,0 = OH,y + H;0" + e7), which creates ordered
layers of PtOx'nHzo/Pt(OH)y'nHZO (x=1,2;y=2,4) on the
metallic Pt surface.”® During the reverse scans, the CV patterns

in the region of 0.8—0.2 V appear as a result of the cor-
responding reduction of PtO,-nH,0/Pt(OH),-nH,0 species.

The voltammetric behaviors of CeO,-promoted Pt/C
samples are certainly different from the Pt/C sample, especially
in the H,q regions. Interestingly, the hydrogen adsorption/
desorption patterns of Pt/C sample are quite broad as compared
with those of CeO,-promoted samples. The characteristic peaks
in the H,,q regions of CeO,-promoted samples appear distinct
and sharp.

It is known that the hydrogen adsorption/desorption
behavior on a Pt surface is highly structure-sensitive.' >
Particularly, in CeO,-promoted samples, the sharp peak at —0.1
V in the anodic scan (peak 1 in Figure 10D) is a signature of
H on the (110) step, the peak at 0.02 V in the anodic scan
(peak 2 in Figure 10D) is a signature of H on the (100)
step, and the broad peak in the region of 0.5—1 V (peak 3 in
Figure 10D) is the signature of anions on the (111) domain.*®
From the voltammetric profiles in the H,,4 and anion adsorp-
tion regions of CeO,-promoted Pt/C samples, it is quite clear
that the Pt particles in these composites expose selective facets
for interaction with H and other anions.®*°® In contrast, the Pt
particles in the Pt/C sample do not selectively expose any
specific faces for molecular interaction. Further, peaks in the
H,,4 regions for CeO,-promoted Pt/C samples are distinctly
sharp as compared with those for the Pt/C sample, which
clearly indicates the higher number and better cleanliness
of the selectively exposed Pt surfaces in the CeO,-promoted
samples. 5636566

From the HRTEM images in Figure 8, it can be clearly
observed that in the Pt/C sample (Figure 8A), the Pt crystallites
randomly expose different lattices planes, whereas in the Pt/
CeO,-H/C (Figure 8B) and Pt/CeO,-HP/C (Figure 8C)
samples, only specific lattice planes of Pt crystallites are exposed.
Further, among the CeO,-promoted samples, the peaks in the
H,q regions of the shuttle-shaped CeO,-promoted sample are
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Figure 10. (A) Comparative cyclic voltammograms (scan rate = 20 mV s™") of Pt/C, Pt/CeO,-H/C, and Pt/CeO,-HP/C samples in 0.5 mol L™' H,SO,
solution. (B—D) Individual cyclic voltammograms of the samples showing the integrated hydrogen adsorption and desorption peaks in the insets.
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better defined and sharp, which essentially shows a better
exposed and higher number of specific lattice planes of the Pt
crystallites. This observation is in concurrence with the fact that,
due to more exposed uniform surface sites of the shuttle-shaped
CeO,, the crystal growth of Pt on the surface of CeO, is highly
homogeneous, with geometrically controlled Pt facets. In
addition, a higher number of oxygen vacancies on the surface
of the shuttle-shaped CeO, argue for better interaction between
Pt and the surface O-bridge sites of CeO,. However, in the bulk
CeO,, the exposed active surface sites for interaction with
growing Pt crystallites are fewer in number and irregular in
nature. In addition, the bulk CeO, surface bears smaller
numbers of oxygen vacancies for interaction with growing Pt
crystals. Further, the anodic and the cathodic peaks in the H,,q
regions of CeO,-promoted Pt/C samples are more symmetrical
than the Pt/C sample. This essentially indicates a faster and
more reversible Volmer reaction on CeO,-promoted Pt/C
samples. It further suggests the interfacial promoting activity of
CeO, for controlled and specific crystal growth of Pt favors the
electrochemical reactivity of Pt toward hydrogen.67

The higher symmetric peak profiles in the H,4 regions of
CeO, promoted Pt/C samples are also indicative of a highly
reversible hydrogen adsorption/desorption process as com-
pared with that on the Pt/C sample.””~® From Figure 104, it
is seen that the voltammetric current responses of the samples
in the Hy,q region are different. Since the Pt loading in all the
samples is the same, the variation in the current response is
attributed to the difference in the number of electroactive sites in
the samples for hydrogen electroadsorption/desorption. Essen-
tially, this is represented as the actual electrochemical active
surface area (EAS) of the samples, which can be determined
from the Coulombic charge for hydrogen adsorption/desorption
(Qy) in the H,4 region of the cyclic voltamogram, assuming a
hydrogen adsorption stoichiometry of one (i.e., one adsorbed H
per active Pt surface atom). Here, the Qy; was determined using
the expression, Qg = 0.5 X (Qyoras — QpL), Where Q.. is the total
charge transfer in the hydrogen adsorption/desorption potential
region and Qp, is the charge from double-layer charging of Pt
and Vulcan XC-72.”° The potential versus current density plots
in the H,q regions of each sample were integrated (insets of the
Figure 10B, C, D) to estimate Qy, which were then used to
calculate the EAS of individual samples. The Coulombic charge
(Qu) during hydrogen adsorption/desorption in the Pt/C,
Pt/CeO,-H/C, and Pt/CeO,-HP/C samples were estimated to
be 0.246, 0.287, and 0.303 mC cm ™2 The EAS of Pt nanocrystals

in the individual catalysts were estimated using the following
expression:71

T
021 X My,

EAS (ng_l)

where 021 mC cm™ is the electrical charge associated with
monolayer adsorption of hydrogen/charge required to oxidize a
monolayer of H on a polycrystalline Pt electrode (assuming
surface density of 1.3 X 10" atoms cm™) and My, is the Pt
loading on the working electrodes (0.028 mg cm ™). The EAS of
Pt nanocrystals in Pt/C, Pt/CeO,-H/C, and Pt/CeO,-HP/C
samples was estimated to be 42, 48, and 51 m* g/, respectively.
This clearly shows that, irrespective of similar Pt loading on each
sample, the EAS for the CeO,-promoted Pt/C samples was
higher than the bare Pt/C sample. Further, the shuttle-shaped
CeO,-promoted Pt/C sample is higher than the bulk CeO,-
promoted Pt/C sample. This is due to the smaller size and highly
dispersed nanoparticles of Pt in the CeO,-promoted Pt/C
samples. Further, unlike bulk CeO,, higher amounts of suitably
exposed lattice planes and a higher number of defects are present
on the nanostructured shuttle-shaped CeO,, which promote
geometrically controlled growth of smaller and multifaceted Pt
crystallites on its surface.** Unlike in bare Pt/C and bulk CeO,-
promoted Pt/C, the interaction between the Pt nanoparticles
and the shuttle-shaped CeO, is stronger, which essentially
prevents migration and agglomeration of Pt nanoparticles. The
smaller and highly dispersed Pt crystallites also expose a larger
number of active sites for surface reactions. This is clear from the
hydrogen electrosorption during CV measurements, which
shows a higher electroactive surface area of Pt crystallites
dispersed on the shuttle-shaped CeO,-promoted Pt/C sample as
compared with bulk CeO,-promoted Pt/C and bare Pt/C
samples.

It is known that a catalyst with larger EAS usually possesses
higher electrocatalytic activity.72 Therefore, the methanol electro-
oxidation activity of shuttle-shaped CeO, as well as bulk CeO,-
promoted Pt/C samples were studied and compared with the
activity of the Pt/C sample to understand the effect of the
surface morphology of CeO, on the electrocatalytic activity.
The current response of methanol electrooxidation during CV
measurements on Pt/C, Pt/CeO,-H/C, and Pt/CeO,-HP/C
samples in 0.5 mol L™ H,SO, + 1 M CH;0H solution, each at
scan rates of 20 mV s, are shown in Figure 11. During initial
anodic potential sweeps, broad peaks are observed, corresponding
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Figure 11. Cyclic voltammograms of Pt/C, Pt/CeO,-H/C, and Pt/CeQ,-HP/C sample electrodes in 0.5 mol L™! H,SO, + 1 M CH;OH solution at
scan rates of 20 mV s~ . (A, B) Current response with respect to geometrical area of the electrode (cm?®) and per unit electroactive surface area (m?)

of the catalyst samples, respectively.
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to the formation and oxidation of Pt-(CH;0H),4, on the catalyst
surface which can be represented as”®

CH,0H + Pt[] — Pt(CH;OH), 4,
— 4H" + 4e~ 4+ Pt—CO

where [] denotes a single Pt site for CH;OH adsorption and
oxidation during anodic scan. Since Pt is highly prone to
poisoning by CO, the active Pt sites are blocked during the
anodic sweep, hindering further reaction. The CO-blocked Pt
sites need regeneration by the removal of CO to keep the Pt
catalyst active for further CH;OH electrooxidation. This process
is represented as

Pt—CO + H,0 — Pt + CO, + 2H" + 2¢~

During reverse potential sweeps (cathodic), sharp peaks with
positive current density are attributed to the removal of
carbonaceous species adsorbed on the catalyst surface or
reoxidation of methanol due to the reduction of platinum
oxide.”* The carbonaceous species are linearly bonded C=0 that
strongly adsorb on Pt surface (Pt—C=0) up to a saturation
coverage of ~0.68, depending upon the exposed active planes.”

From the anodic peak current densities in Figure 11A, it is
observed that the CeO,-promoted Pt/C catalysts exhibit higher
coated area-specific peak current than the Pt/C sample. In
addition, the shapes of cathodic peaks and the corresponding
current densities are quite different. This is due solely to the
difference in efficiency of CO removal and their diffusion kinetics
during the cathodic scan. The anodic (forward) methanol
oxidation peak of the Pt/CeO,-HP/C sample electrode occurs at
0.66 V (vs Ag/AgCl), which is ~8 and ~9 mV lower than the
peak potentials of Pt/CeO,-H/C and Pt/C samples, respectively.
Similarly, the cathodic (backward) peak of the Pt/CeO,-HP/C
sample electrode occurs at 0.55 V (vs Ag/AgCl) which is ~0.04
and ~0.06 V lower than the peak potentials of the Pt/CeQ,-
H/C and Pt/C samples, respectively.

Essentially, strongly adsorbed carbonaceous species inhibit
further MeOH adsorption, which diminish the specific current
density at a given potential, and shift the oxidation to positive
potentials.'® Hence, the methanol oxidation as well as removal
of carbonaceous species at lower overpotential indicates better
electrocatalytic activity of the material.'®® The lower oxida-
tion peak potential of the Pt/CeO,-HP/C sample as compared
with the Pt/CeO,-H/C and Pt/C samples indicates higher
promoting activity of shuttle-shaped CeO, as compared with
the bulk CeO, for the methanol electrooxidation reaction. This
is further supported by a higher coated area-specific anodic
peak current density of the Pt/CeO,-HP/C sample (14.6 mA
cm™) as compared with the Pt/CeO,-H/C (11.9 mA cm™2)
and Pt/C (9.4 mA cm™2) samples.

To further elucidate the shape-selective-promoting activity of
CeO,, the coated area-specific methanol electrooxidation
currents were normalized with the electroactive surface area
of Pt, which is presented in Figure 11B. Interestingly, the EAS
specific anodic peak current density of the Pt/CeO,-HP/C
sample (0.286 mA EAS™") is higher than that of the Pt/CeO,-
H/C (0.248 mA EAS™) and Pt/C (0.222 mA EAS™") samples,
which clearly demonstrates the shape-selective-promoting activity
of CeO, to Pt/C for the methanol electrooxidation reaction. In
the context of mechanistic understanding, the literature shows
that a (OH) 4, species is required for the removal of adsorbed CO
on Pt during the methanol electrooxidation reaction.'® " In this
perspective, the literature also shows that the promoting effect of
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CeO, for Pt/C is due to the synergic effect of CeO,, through
which triple-phase interfacial (interface between the Pt, oxide,
and the electrolyte’®””) OH groups react with absorbed CO on
Pt particles, producing CO, via a bifunctional mechanism. This
phenomenon is essentially responsible for improving the CO
tolerance of the CeO-promoted catalysts.”***~>” The bifunctional
mechanism on a Pt/CeO, system is represented as follows:

Ce0, + H,0 = CeO,—OH, 4 + H" + &~
Pt—CO,, + CeO,—OH,, — Pt + CeO, + CO, + H' + ¢~

and/or
Pt—CeO, + xCO — Pt—CeO,_, + xCO,

It is known that the promotional effect of CeO, is essen-
tially a surface phenomenon, since a triple-phase interface is
significant for generation of OH, 4 and its further interaction
with adjacent CO,4, on Pt.***°73”7% In this context, the surface
morphology and crystallographic characteristics of CeO, are
expected to control the number of triple-phase interfaces and
the resultant number of OH_4, for removal of adjacent CO,4, on
Pt. Crystalline CeO, with a higher concentration of oxygen
vacancies (defects) is suitable for high oxygen mobility and
stabilization of surface oxygen-containing species such as OH,
which can activate and oxidize the adsorbed CO more
efficiently. As observed from the TPR analysis, the shuttle-
shaped CeO,, because of the hierarchical morphology, bears
more oxygen vacancies (defects) than the bulk CeO,.
Therefore, the oxygen mobility of OH,4, on the surface of
the shuttle-shaped CeO, is more pronounced than on the bulk
CeO, surface. The hierarchical shuttle-shaped surface morphol-
ogy of CeO, with a higher surface area, oxygen vacancies, and
identical atomic ensembles possesses an added triple-phase
interfacial region for higher concentrations of strongly adsorbed
OH groups. This, in effect, boosts the conversion of absorbed
CO to free CO, on the Pt/CeO,-HP/C sample.

The higher electrocatalytic CO,4, oxidation efficiency of the
shuttle-shaped CeO,-promoted Pt/C was investigated further
using CO-stripping voltammetry. The results are compared
with the efficiencies of bulk CeO,-promoted Pt/C and bare
Pt/C samples in Figure 12. From the CO stripping voltammetry
profiles of all the samples (Figure 124, B, C), it is clearly seen
that the electrooxidation of CO,4 occurs in the very first cycle.
In the second cycle, the characteristic peaks appear in the usual
H,,4 region as a result of the desorption of hydrogen (adsorbed
on the clean Pt surface in the anodic scan of the first cycle),
which essentially indicates complete oxidation of adsorbed CO
and generation of clean Pt sites during the first (anodic) scan.
The comparative current responses of the various samples
during CO electrooxidation, shown in Figure 12D, demonstrate
(i) the higher current density of the CeO,-promoted Pt/C
samples as compared with the Pt/C sample and (ii) negative
shifts in the CO,4 electrooxidation peak potentials of CeO,-
promoted Pt/C samples as compared with the Pt/C sample.
In addition, the corresponding CO electrooxidation current
density (5.39 mA cm™?) and magnitude of the negative shift
(0.09 V) in the CO electrooxidation peak potential of the
shuttle-shaped CeO,-promoted Pt/C are clearly higher than
that of bulk CeO,-promoted Pt/C (current density = 4.51 mA
cm™?, negative shift in peak potential = 0.07 V). This indicates
the formation of OH_q, species at lower potential and the better
electronic promoting activity of the shuttle-shaped CeO, in
weakening the Pt—CO bond, which essentially lower the
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Figure 12. Comparative CO stripping voltammograms (first and second cycles) of (A) Pt/C, (B) Pt/CeO,-H/C, and (C) Pt/CeO,-HP/C sample
electrodes in 0.5 mol L™ H,SO, solution at scan rates of 20 mV s™". (D) Comparative current response during CO stripping on various sample

electrodes.

overpotential and exhibit a higher negative shift in the onset
potential and CO electrooxidation peak potentials.”**°~>"7%7?
Since the electrooxidation of CO molecules is a site-specific
phenomenon, the larger and uniform atomic ensembles present
on the uniformly grown shuttle-shaped CeO, also assist the
efficient oxidation of CO to CO,.**®" In addition, the higher
CO electrooxidation current density exhibited by the Pt/CeO,-
HP/C sample basically shows higher number of adsorbed OH
species on the surface of the shuttle-shaped CeO,, which
consequently oxidize more CO to CO,. In addition, the CO
stripping peaks of the Pt/CeO,-H/C and Pt/CeO,-HP/C
samples are narrower compared with that of the Pt/C sample
electrode, which clearly indicates the promoting activity of
CeO, in the electrocatalytic oxidation of CO q..'°

The schematic representation of enhanced CO electro-
oxidation on the shuttle-shaped CeO,-promoted Pt/C due to a
higher number of adsorbed OH species as compared with bulk
CeO,-promoted Pt/C is shown in Scheme 2.

The antipoisoning ability of the catalysts for methanol electro-
oxidation reaction was studied using chronopotentiometry

Scheme 2. Representation of CO,4, (on Pt) Oxidation by
OH_4, (on CeO,) by (A) Shuttle-Shaped CeO, and (B) Bulk
CeO,,

S cop
H’O co &
A o
i,go,,,o.ﬁco on onS® oH co | JCO l
- ¢ -

CeO,
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measurements since it is a measure of the constant current
operation efficiency of the fuel cell.®* In this context, the steady-
state measurements at a constant current density polarization of
15 mA cm™* were conducted on the Pt/C and CeO,-promoted
Pt/C sample electrodes. From the chronopotentiometry
patterns of all the samples in Figure 13, it is observed that the

—
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Figure 13. Potential vs time (chronopotentiometry) profiles of Pt/C,
Pt/Ce0,-H/C, and Pt/CeO,-HP/C sample electrodes in 0.5 mol L™
H,SO, + 1 M CH;0H solution at a fixed current density of
15 mA cm™

potentials gradually increase with polarization time and finally
jump to limiting values, which is due to oxygen evolution rather
than methanol electrooxidation, essentially indicating poisoning
of the catalyst.”® During methanol electrooxidation, CO as well
as intermediate CHO molecules get adsorbed onto the surface of
the electrocatalyst, which largely reduces its catalytic durability.
To compensate for the applied anodic current density, a
potential jump to a higher value (~1.1 V) occurs, where H,O
gets electrolyzed and oxygen evolution takes place. In this
process, the time required for the potential jump is taken as a
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measure of the antipoisoning ability and stability of the catalyst:
a longer time taken for the potential jump indicates higher
antipoisoning ability and stability of the electrocatalyst; a lower
polarization potential/overpotential before the potential jump
shows higher activity of the electrocatalysts.”*

From the chronopotentiometry profiles in Figure 13, it is seen
that as compared with bare Pt/C sample, the CeO,-modified
Pt/C sample electrodes maintain a lower overpotential as well as
much longer time for the potential jump, which unambiguously
demonstrates the promoting activity of CeO, for a better anti-
poisoning ability and stability of the Pt/C electrocatalysts.
In addition, under similar current density conditions, the
methanol electrooxidation on the nanostructured shuttle-shaped,
CeO,-promoted Pt/C sample (Pt/CeO,-HP/C) occurs at a
lower overpotential, with a longer time (432 min) taken for the
potential jump than the time taken (216 min) by the bulk CeO,-
promoted Pt/C sample (Pt/CeO,-H/C). This clearly shows
a remarkable improvement in the antipoisoning activity and
long-time stability of Pt/C by the synergetic effect of the
nanostructured shuttle-shaped CeO, as compared with bulk
CeO, for methanol electrooxidation reaction. This is attributed
to the smaller and uniform Pt nanoparticles and the formation
of a higher concentration of oxygen-containing species (such as
OH,4) on the surface of shuttle-shaped CeO, at lower
overpotential.

The steady state chronopotentiometry profile of the Pt/
CeO,-HP/C sample electrode clearly shows potential oscil-
lations (Figure 13) at different time intervals. This is due to the
formation and subsequent removal of carbonaceous species on
the catalyst surface during the breakdown and dehydrogenation of
methanol. Under constant current density polarization, methanol
electrooxidation occurs at a particular potential, which is higher
than the onset potential; however, the intermediate species, such
as CO,q, and CHO, 4, on the catalyst surface make the oxidation
overpotential shift to a higher value than the normal potential
for methanol electrooxidation. At a certain high potential, the
intermediate carbonaceous species get electrooxidized, and
thereby, fresh Pt sites are generated for further adsorption and
electrooxidation of methanol. At the electrooxidation over-
potential of carbonaceous species, a sudden drop in the potential
occurs, which shows generation of fresh Pt sites for sub-
sequent reaction at a lower potential. After a certain time interval,
the electrocatalyst again loses its activity due poisoning, and
therefore, the potential keeps increasing until the water gets
electrolyzed.***

The periodic electrooxidation of methanol and intermediate
carbonaceous species results in potential oscillations during the
steady-state process. Although the potential oscillation in the
Pt/Ce0,-HP/C electrocatalyst indicates severe poisoning,**
the polarization time for starting of this potential oscillation is
significantly higher than the deactivation time for Pt/C as well
as the bulk CeO,-promoted Pt/C electrocatalysts. These results
indicate that well-defined nanostructures of CeO, with a high
surface area and uniform crystallographic surface provide enhanced
antipoisoning activity and stability to the Pt/C electrocatalyst for
the methanol electrooxidation reaction.

The superior electrochemical activity of CeO,-promoted Pt/
C samples was further investigated by chronoamperometry
(steady state current at fixed potential) analysis, and the results
are compared with a similar analysis on the Pt/C sample. The
typical chronoamperometry profiles of Pt/C, Pt/CeO,-H/C,
and Pt/CeO,-HP/C sample electrodes measured in 0.5 mol
L' H,SO, + 1 M CH;0H solution at a fixed potential of 0.6 V

2807

Pt/CeO,-HP/C

PYCeO,-H/C
PYC

Specific current (mA cm‘g)

1500 3000 4500 6000 7500
Time (sec)

0
0

Figure 14. Chronoamperometric profiles of Pt/C, Pt/CeO,-H/C, and
Pt/CeO,-HP/C sample electrodes in 0.5 mol Lt H,SO, + 1 M
CH;0H solution at 0.6 V.

(vs Ag/AgCl) for 7200 s are shown in Figure 14. The anodic
potential of 0.6 V (vs Ag/AgCl), being closer to the methanol
oxidation peak potential of the electrocatalysts, was chosen as the
applied potential for the chronoamperometry measurements.
From chronoamperometry responses of the three electro-
catalysts, it is obvious that the CeO,-modified Pt/C samples
exhibit a higher oxidation current as well as lesser current decay
with polarization time during the methanol electrooxidation
reaction. For instance, the specific current responses of the Pt/C,
Pt/Ce0,-H/C, and Pt/CeO,-HP/C sample electrodes after
3600 s are 1.03, 2.58, and 5.59 mA cm 2. The higher oxida-
tion currents of CeO,-promoted Pt/C samples as compared
with the Pt/C sample once again demonstrate the gromoting
activity of CeO, for methanol electrooxidation,”****” which
agrees well with the cyclic voltammetry and chronopotentiometry
results.

Usually, sharp initial current drops occur for Pt/C electro-
catalysts during the initial chronoamperometry scan for ~300 s,
which is essentially due to the accretion of carbonaceous
reaction intermediates such as CO and CHO on the active Pt
surface sites and subsequent inhibition of MeOH adsorption as
well as electrooxidation. However, the decrease in the specific
current for the CeO,-promoted samples with polarization time
is rather gradual. These results clearly show the promoting
activity of CeO, for resistance to catalyst poisoning by inter-
mediate species during methanol electrooxidation. In addition,
the current response of the shuttle-shaped, CeO,-promoted
Pt/C is significantly higher with a much slower decay with
polarization time as compared with the bulk CeO,-promoted
Pt/C electrocatalyst.

In some recent reports, it is shown that, for direct Pt/CeO,
interaction, there is a possibility of Pt crystallites invading into
the CeO, lattice, which essentially deforms the surface structure
of Ce0,.*”” However, in our study, the dispersion of Pt on the
CeO, support is a triphasic situation in which Pt particles also
share a larger part of their surfaces with conductive carbon.
Therefore, the invasion of Pt particles directly into the CeO,
lattice is expected to be minimal, and thus, deformation of the
morphology and crystallographic identity of CeO, may also be
insignificant. Regarding the solubility issue of CeO, in acids, it
can be mentioned here that CeO, is insoluble in very mild
acids, such as 0.5 M H,SO, (used for this study), and hence, it
is noncorrosive.”” In fact, a recent report by Gu et al,,*” suggests
that the presence of CeO, essentially reduces the corrosion of
XC-72 carbon black under continuous potential cycling in
0.5 M H,SO, medium. Again, the strong interaction of CeO,
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with Pt can further reduce any small corrosion of CeQ, in the
Pt/CeO,/C composite during the electrochemical studies.

The findings in this work demonstrate the nanostructure
effect of oxide promoters to Pt/C for the methanol electro-
oxidation reaction, which is significant in the context of
providing new insights for further development and designing
of efficient electrocatalyst materials for DMFC applications.

4. CONCLUSIONS

In this work, we have demonstrated the microstructurization of
CeO, by a shape-directing agent and synthesized uniquely
structured CeO, (shuttle-shaped) at a large scale by employing
a simple polymer (P123)-assisted homogeneous precipitation
method under hydrothermal conditions. The physicochemical
properties studied using PXRD, BET, and HRSEM techniques
show a smaller crystallite size (~6.8 nm) and higher surface
area (109 m” g™') as well as pore volume (0.11 cm® g™') and
uniform shuttle-shaped surface morphology of the CeO,
sample synthesized under the polymer-assisted method, as
compared with the CeO, sample synthesized in the absence of
a polymer, which shows a larger crystallite size (~12.3 nm) and
lower surface area (80 m” g™') as well as pore volume (0.08 cm?®
g™') and undefined random platelike surface morphology. The
H,-TPR study shows very low temperature surface reduction
of nanostructured shuttle-shaped CeO,, which is due to the
combined effect of the high surface area, smaller crystallite size,
and larger size and number of surface oxygen vacancy clusters.

The HRTEM analysis of the Pt-loaded composites shows
that shuttle-shaped CeO, promotes miniaturization and better
dispersion of Pt crystallites. Cyclic voltammetry study shows
a higher electroactive surface area of the shuttle-shaped
CeO,-promoted Pt/C sample compared with the bulk CeO,-
promoted Pt/C and bare Pt/C samples. In addition, the
methanol oxidation activity using cyclic voltammetry and CO
stripping voltammetry studies show a higher promoting effect
(higher methanol and CO oxidation current density at lower
overpotential) of nanostructured shuttle-shaped CeO,, which is
attributed to the large surface area, active surface crystalline
facets, and large triple-phase interface area. The activity studies
employing chronopotentiometry and chronoamperometry
techniques illustrate that, unlike bulk CeO,, nanostructured
shuttle-shaped CeO, induces significant anti-CO poisoning
activity to the Pt/C during methanol electrooxidation reaction.
This is attributed to uniform active surface crystallites of
nanostructured shuttle-shaped CeO,, which provide higher
number of labile OH,q4, species for oxidation of carbonaceous
species on the Pt surface at a lower overpotential. Overall, the
present study details the characteristic surface modification of
CeO, by a polymer and provides a rationale for the possible
improvement in the electrocatalytic activity of Pt/C by suitable
microstructures of CeQ,.
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