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Controlling the structures of supports and supported phases is important for catalytic applications where
synergic effects can play a mainrole. In this context, we present versatile methods for suitable microstruc-
turization of CeO, support and improved dispersion of supported Pt crystallites in a Pt/CeO, system for
enhanced catalytic oxidation of CO. The physicochemical properties investigated using SEM, BET, visi-
ble Raman, H,-TPR and OSC measurements demonstrated the important role played by the precursor
on the properties of CeO,. Further, 0.5wt% Pt deposited over CeO; via ethylene glycol assisted reduc-
tion (EGR) was found to be more advantageous than conventional impregnation (IMP) in producing very
finely dispersed Pt particles that did not noticeably sinter even after thermal treatment at 500°C for
longer duration. H,-chemisorption and H,-TPR experiments further substantiated better Pt dispersion
on CeO, prepared in the presence of Cl- ions regardless of the method employed, thus suggesting a
strong microstructural effect of support during growth and anti-sintering activity of Pt crystallites. The
CO oxidation activity additionally demonstrates that samples prepared by EGR method show remarkably
better performance (100% conversion in <100 °C) as compared to their impregnated counterparts (100%
conversion at ~300°C). The present approach to improve the catalytic activity of Pt/CeO, based hetero-
nanocomposites by finely dispersing low concentrations of Pt nanocrystallites over microstructurally
tuned CeO, support is encouraging in the context of designing novel metal-metal oxide based catalysts
for astute potential applicability under vibrantly testing conditions.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Supported metal catalysts with high activity and selectivity are
of utmost importance since decades for pollution control and in
general environmental applications [1]. Among such catalytic pro-
cesses, oxidation of CO (CO + 0, — CO,)is of paramount importance
given the environmentally hazardous nature of this molecule. How-
ever, the typically forbidden energetic, geometric and electronic
(spin forbidden, since total spin of reactants and products are 1
and 0, respectively) issues make the gas phase oxidation of CO
rather difficult [2,3]. Hence the most rational approach to oxidize
CO has been the use of a catalyst with suitable active sites capa-
ble of adsorbing and combining CO and O, molecules to produce
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CO, [2,3]. To this aim, noble metals in the form of nanocrystals
which are highly prone to chemisorption of CO (via metal-C bond
and not metal-0 bond), and metal oxides with appreciable oxygen
vacancy (high oxygen storage capacity) which are best favorable
sites for O, adsorption provide ideally synergistic condition for
CO oxidation, although the atomic level interactions during the
whole process is exceedingly complex [4-6]. Many metal-metal
oxide combinations have been investigated so far which show
substantial activity for catalytic oxidation of CO by O, even at
sub-ambient temperature [7-13]. Among these vast possibilities,
the Pt/CeO, system has been one of the most studied and found
to be highly active and stable [14-19]. Here, the strong Pt-CeO,
interaction (a complex charge transfer phenomena) promotes the
anti-sintering of Pt crystallites on CeO, surface during reactions
at elevated temperature [3,20,21]. In addition, CeO, is known as
an excellent redox support due to its superior physicochemical
properties, and large number of oxygen vacancies owing to facile
Ce**/Ce3* redox transition, with significant oxygen mobility and
oxygen storage capacity (OSC) even at elevated temperature [22].
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These remarkable physicochemical and electronic properties make
Pt/Ce0, very promising for facile oxidation of CO under cycling
conditions.

Structural modification of metals and metal oxides in nano- as
well as micro- scale dimension greatly allows the possible manipu-
lation of crystallographic orientations, which essentially influence
the surface atom densities, electronic structure and chemical
reactivity [23]. For this reason, the deliberate design of partic-
ular surface morphology/microstructure can lead to enhanced
reducibility, oxygen vacancy, OSC and reactivity of CeO, [24]. Struc-
turally designed CeO, with specifically oriented crystals, small
crystallite size and large number of accessible surface active sites
can outperform conventional materials. For example, it has been
shown that nanowire and nanorods of CeO, predominantly expos-
ing (100) and (110) faces are more active for CO oxidation than
nanoparticles of CeO, with exposed (11 1) surface [25]. Some of
us recently reported that nanorods of CeO, exposing (100) and
(110) crystalline facets possess high reducibility, oxygen vacancy
and oxygen storage capacity, which are by far more active for soot
oxidation reaction [26]. In addition to the structure of the support,
nanocrystallites of Pt with tuned size, shape, and crystallographic
orientation show characteristic reactivity, activity and selectivity
for appropriate applications [27]. In this context, it is well known
that the dissociation of CO as well as O, occurs preferentially at step
sites of Pt, and the CO adsorbed at Pt(11 1) terraces is more active
compared with CO at Pt(1 0 0) step sites, while adsorbed O, at step
sites is more active [28]. Further, the small crystallite size and finer
dispersions of Pt on the support provide superior metal-support
interface which is essentially the most active site for CO oxida-
tion [29]. Utilization of Pt is essential to provide suitable active
sites and lower the activation energy for facile oxidation of CO on
a redox support, but its high cost brings limitation for extensive
commercial exploitation. The utilization of very small concentra-
tions of Pt and its concomitant optimal dispersion on the support
surface are crucial in the context of catalyst development for com-
mercial exploitation. A further concern is related to the typically
high tendency to segregation and sintering of ultrafine Pt crystal-
lites dispersed on CeO, support under high reaction temperatures
which consequences in the drastic decrease of catalytic activity
[17-29]. Hence suitable microstructure of CeO, which can limit
the sintering of dispersed Pt crystallites is essential for utilization
under testing thermal conditions. Although several attempts have
been made in the literature to individually address these problems
in separate Pt/CeO, systems, there is a lack of collective formulation
to deal with all these issues in a single Pt/CeO, system.

In this report we have specifically prepared tuned surface
morphologies of CeO, by controlled precipitation and using pre-
cursors with different counter anions in the reaction medium.
Structure—property correlations of different CeO, samples have
been established from detailed physicochemical studies. In addi-
tion, a versatile method has been adopted for ultra-fine dispersion
of very low amount (0.5 wt%) of Pt on the CeO, support to prepare
Pt/CeO, based heteronanocomposites. Further, the influence of
support microstructure on the dispersion and stability (at high
temperature) of Pt has been studied. It was found that a suitable
combination of support microstructure and Pt dispersion can be
ideal to achieve high efficiency for CO oxidation.

2. Experimental
2.1. Materials
Analytical grade cerium nitrate hexahydrate (Ce(NOs3);-6H,0

(99.9%, SD Fine, India)), cerium chloride hexahydrate (CeCl3-6H,0
(99.9%, Sigma-Aldrich)), cetyltrimethylammonium bromide

(CTAB, (CygH33)N(CH3)3Br, (99.9%, Sigma-Aldrich), urea
((CO(NH3)2, 99%, Thomas-Baker) and chloroplatinic acid hexahy-
drate (H,PtClg-6H;0, Sigma-Aldrich) with >37.50% Pt basis were
used as received. Laboratory prepared triple distilled water was
used during all the experimental processes.

2.2. Preparation of nanostructured CeO,

In a typical synthesis, 20 mM of cerium salt was dissolved in
100 mL of water, which was then added dropwise to 100 mL of
10mM aqueous CTAB solution. After 1h stirring, 80 mM of solid
urea was added and the solution was further stirred for 3h to
make it homogeneous. The whole solution was then transferred
into a Teflon lined stainless steel autoclave (250 mL capacity) and
was heated to 120°C for 24h in an electric oven. The autoclave
was then self-cooled to room temperature, and a white color pre-
cipitate (precursor) was isolated by centrifugation followed by
repeated washing with water, mixture of ethanol and water, and
pure ethanol. The precipitate was then dried under vacuum at 60 °C
for overnight. The materials prepared using Ce(NOs3)3-6H,0 and
CeCl3-6H,0 are designated as COCH—NH and COCH—CH, respec-
tively. After calcination of COCH—NH and COCH—CH at 500 °C (with
a heating ramp of 5°Cmin~!) for 3h in flowing air, the CeO,
products were obtained, which were designated as CeO,—NH and
Ce0,—CH, respectively.

2.3. Preparation of 0.5 wt% Pt loaded CeO, by conventional
impregnation (IMP) method

In this process, 500 mg of either CeO,—NH or CeO,—CH sample
was thoroughly dispersed in water by constantly stirring for 12 h.
Appropriate amount of aqueous H,PtClg-6H,0 solution was then
added drop-wise to the above mixture and further stirred for 12 h.
The resultant mixture was then slowly heated under constant stir-
ring until complete evaporation of water and the solid product was
further dried under vacuum at 60 °C for overnight. Subsequently,
the dried sample was calcined at 500°C (with a heating ramp of
5°Cmin~!) for 3 h in flowing air to obtain the Pt loaded CeO, sam-
ples. The loading of Pt on the CeO, samples was fixed at 0.5 wt%, and
the final samples prepared by using CeO,—NH and CeO,—CH as sup-
ports were designated as Pt/CeO,—NH_IMP and Pt/CeO,—CH_IMP,
respectively.

2.4. Preparation of 0.5wt% Pt loaded CeO, by ethylene glycol
reduction (EGR) method

Typically, 500 mg of either CeO,—NH or CeO,—CH sample was
thoroughly dispersed in a 3:1 solution of ethylene glycol/water
by ultrasonication for 1h followed by constant stirring for 12 h.
Afterwards, appropriate amount of H,PtClg-6H, 0O dissolved in eth-
ylene glycol solution was drop-wise added to the above mixture
and the resulting solution mixture was further stirred for 12 h. The
constantly stirred reaction mixture was then refluxed at 140 °C for
12 h using a conventional oil bath. The reflux treatment at elevated
temperature essentially facilitates the reduction of H,PtClg-6H,0
to metallic Pt. The reaction mixture was then allowed to cool
to room temperature and the Pt loaded CeO, sample was con-
centrated using centrifugation followed by washing with water,
mixture of water and ethanol, and ethanol to remove adsorbed
ethylene glycol from the sample. The sample was dried at 60°C
under vacuum for overnight and then calcined at 500°C (with a
heating ramp of 5°Cmin~!) for 3 h in flowing air to obtain the Pt
loaded CeO, sample. The weight loading of Pt on the CeO, samples
was fixed at 0.5% and the samples prepared using CeO,—NH and
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Fig. 1. PXRD patterns of (A) COCH—NH and COCH—CH precursors and (B) CeO,—CH and CeO,—NH samples.

Ce0,—CH as supports were designated as Pt/CeO,—NH_EGR and
Pt/CeO,—CH_EGR, respectively.

2.5. Characterization

Powder X-ray diffraction (PXRD) patterns were obtained at
a scan rate of 0.01°/s, using Cu Ky (A=0.15408 nm) radiation
generated at 40 kV and 30 mA, in a Bruker AXS D8 Advance diffrac-
tometer. The crystallite sizes were estimated using the Scherrer
equation, D=KA /(B cosf) where D is the linear dimension of the
crystallite, Kis the spherical shape factor (taken as 0.89) and S is the
full width at half maximum (FWHM) of the characteristic diffrac-
tion peaks. The multipoint N, adsorption-desorption experiments
were carried out using an automatic Micromeritics ASAP 2020 ana-
lyzer. The samples were degassed at 100 °C for 2 h followed by a
heat treatment at 250°C for 10 h under a dynamic vacuum before
N,-physisorption measurements at liquid nitrogen temperature.
The specific surface area values (SBET) were calculated using the
Brunauer-Emmett-Teller (BET) equation and the porosity distribu-
tions in the samples were evaluated by the Barrett-Joyner-Halenda
(BJH) method fitted to a cylindrical pore model. Field emission scan-
ning electron microscopy (FESEM) analyses were carried out in a
FEI Quanta 200 instrument. The powder samples were dispersed on
a conducting carbon tape for FESEM analysis. High resolution trans-
mission electron microscopy (HRTEM) images were collected in a
Philips CM 200 transmission electron microscope with a LaB6 fila-
ment and equipped with an ultratwin objective lens. Images were
acquired by using a CCD camera. The energy dispersive X-ray spec-
troscopy (EDS) analyses were performed using an EDAX detector
attached to the TEM. The samples were thoroughly dispersed in
2-propanol by ultrasonication and drop casted on a carbon coated
copper grid for HRTEM analysis. The FT-Raman spectra were mea-
sured in a LabRAM-HR Raman spectrophotometer operating at
632.81 nm excitation line of He-Ne laser in 180° back scattering
geometry and with a spectral resolution of 0.3-1.0cm™1.

Temperature programmed reduction (TPR) experiments were
carried out in a Micromeritics Chemisorb 2750 TPD/TPR system
equipped with a thermal conductivity detector (TCD). Before a typ-
ical H,-TPR experiment, ~80 mg of the sample loaded in a U-shaped
quartz tube was treated with flowing 0, (20%)/He (25 mLmin~1)
at 250°C for 1h followed by cooling to room temperature under
flowing He. The TPR patterns were recorded by slowly heating
the pretreated sample at 10°Cmin~! to 950°C under constant
H, (5%)/He flow (20 mLmin~!). For estimating the oxygen stor-
age capacity (0SC), the CeO, samples were reduced at 500 °C with
H, (5%)/He flow (20mLmin~!) and cooled to 400°C in He flow.
Subsequently, calibrated amount of oxygen pulses were injected
periodically into the reactor until zero consumption of oxygen by

the CeO, samples occurred. The OSC values reported here show the
total oxygen consumed by the individual CeO, samples during the
0O,-pulse chemisorptions measurements.

H,-chemisorption experiments were carried out in a
Micromeritics ASAP 2020C instrument. The samples were sub-
jected to cleaning in O, (5%)/Ar flow at 300°C for 30 min and then
reduction by H, (5%)/Ar flow at 150°C for 1h before chemisorp-
tions measurements. The samples were degassed at 300°C for 4h
and the chemisorption measurements were performed using H;
in the low pressure range (2-20Torr) at —90°C. The amount of
irreversible chemisorbed hydrogen was estimated by fitting the
linear part of the isotherm.The inductively coupled plasma optical
emission spectrometry (ICP-OES) analyses were performed in a
PerkinElmer Optima 5300 DV optical emission spectrometer.

2.6. CO oxidation measurements

CO oxidation activities of the samples were conducted at atmo-
spheric pressure. In a typical reaction, ~40 mg of the as prepared
Pt/CeO, sample was placed in a U-shaped, quartz microreactor with
internal diameter of 4 mm and subjected to dual pretreatment, the
first at 350°C (temperature ramp of 10°Cmin~! from room tem-
perature) in a flowing mixture of 5% 0,/95% Ar, at 40 mLmin~!
for 30 min. The second pretreatment was performed by cooling
the sample to 150°C after first pretreatment, and then exposing
to 47.5% H, in Ar for 1 h. The pretreated sample was then allowed
to cool to room temperature and the CO oxidation reaction was
performed under a total gas flow rate of 48.0 mLmin~! to maintain
a gas hourly space velocity (GHSV) of ~75,000mLg~1 h—1. The feed
gas used for the reaction was 1.0 vol.% CO and 4.0 vol.% O in Ar, and
the temperature ramp was set at 2°Cmin~!. A mass spectrometer
(Hyden Analytical HPR20) operating at an acquisition time of the
order of 1 point every 12 s was used to analyze reactants and prod-
ucts. The conversion of CO was calculated from the decrease in the
characteristic m/z 28 signal corrected for the CO, cracking pattern.

3. Results and discussions
3.1. PXRD, FESEM and BET analyses of CeO, samples

The PXRD patterns of COCH—NH and COCH—CH sam-
ples in Fig. 1A show characteristics peaks of orthorhombic
Ce,(C03),0-H,0 phase (JCPDS: 44-0617). The following reactions
occur during the nucleation of Ce,(C03),0-H,0 under homoge-
neous precipitation condition [26]:

120°C

~——  NH4" +NCO~

NH,CONH,
hydrolysis
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Fig. 2. FESEM images of (A) COCH—CH and (B) COCH—NH samples.

NCO™ + 3H,0 — HCO3™ + NH4+ + OH™
HCO3;~ — CO3%~ +H*

2Ce3t 4+ 20H™ +2C03%" — Cey(CO5),0 - H,0

From the PXRD patterns, it can be observed that the corre-
sponding diffraction peak intensities of COCH—NH sample are
higher than the COCH—CH sample. This essentially suggests that
the NO3~ ion induces higher crystallinity in the product as com-
pared to the CI~ ion. Further, it can be observed that the intensity
of (110) peak in the COCH—CH sample is much higher than that of
COCH—NH sample, which clearly indicates that the Cl~ ions induce
the crystal growth of orthorhombic Ce,(CO3),0-H,0 along the
(110)direction. The phase characteristics of the thermally decom-
posed products (CeO,—CH and CeO,—NH) were analyzed from their
corresponding PXRD patterns in Fig. 1B which demonstrate promi-
nent peaks at 28.6°, 33.1°, 47.5°, 56.3° and 59.1° corresponding to
the (111), (200), (220), (311) and (222) planes, respectively,
of FCC type CeO,. The absence of additional peaks in the PXRD
patterns of CeO, samples suggests the total decomposition of
Ce;(C0O3),0-H,0 to CeO,. The crystallite sizes were estimated from
the characteristic diffractions of (111), (220) and (31 1) family of
planes using Scherrer equation and the average crystallite sizes of
the CeO,—CH and CeO,—NH samples are calculated to be 7.5 and
16.4 nm, respectively.

AL3

The influence of different anions on the structural identities
of the samples was investigated from the FESEM analysis of the
Ce,(C03),0-H,0 precursors and the corresponding CeO, samples,
and the results are shown in Figs. 2 and 3. From the FESEM
images, it is evident that, the COCH—CH sample possesses a mixture
of nanosphere and microrod type surface morphology, whereas
the COCH—NH sample shows a uniform microflower like surface
morphology. From a closer look at the microscopic image of the
COCH—CH sample, it can be seen that the microrods are essentially
structured from the directional arrangement of nanospheres. Liter-
ature shows that the presence of different supplementary species,
like ions and surfactants modulate the relative surface energy and
the structural as well as organizational anisotropy of the growing
crystals due to the occurrence of various interactions like hydro-
gen bonding, van der Waals forces, hydrophobic interactions and
electrostatic as well as dipolar fields in the reaction medium, which
essentially direct the formation of specific faceted structures [30].
In this context, the greater roles of anions like CI~ and NO3~ in
modulating the surface morphologies of CeO, are well known in
the literature [26,31]. In the present study, the difference in sur-
face morphologies of the Ce,(CO3),0-H,0 precursors can also be
attributed to the characteristic coordinating efficiency of CI~ and
NOs3~ ions, since the other chemical and thermodynamic parame-
ters are essentially the same in the reaction medium.

From the surface morphological characteristics of the
Cey(C0O3),0-H,0 precursors, it is assumed that the energeti-
cally favorable nanospheres are primarily nucleated from the
nascent nanocrystals in the reaction medium, which then undergo

Fig. 3. FESEM images of (A) CeO,—CH and (B) CeO,—NH samples.
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Fig. 4. BET isotherms of the CeO,—CH and CeO,—NH samples; inset shows the
corresponding pore size distribution profiles of the samples.

multiple coalescence and Ostwald ripening to produce larger
spheres [32]. Gradually, the spheres go through multiple self
assemblies, Ostwald ripening and oriented attachment, which
results in the characteristic surface morphology of the product
[32]. From the final surface morphology of the precursors, it
can be hypothesized that the selective adsorption and ligating
efficiency of ClI= and NOs~ ions play major role during the self
assembly and oriented attachment process. It is known that, NO3~
is a stronger donor ligand than Cl~ ion toward tetravalent metal
ions of lanthanides [33]. In this context, the NO3~ ions act as
coordinating ligand and assist the self assembly and oriented
attachment during the growth of primary microstructures. On
the other hand, the Cl~ ions do not assist the self assembly and
oriented attachment, and thus the final surface morphology of the
corresponding precursor (COCH—CH) remains as a combination
of microspheres and microrods. The hydrothermal condition
and structure directing activity of CTAB which restricts random
agglomeration of the ripening crystallites also play major roles
during growth of microstructures. It seems that the occurrence
of elevated pressure during the hydrothermal condition enhance
the kinetic ripening of nascent nanospheres before they undergo
self assembly and oriented attachment. This has been proposed
from our recent report where, the NO3~ and Cl~ ions under
non-hydrothermal condition direct the growth of microflower and
nanorod type surface morphologies, respectively, due to kineti-
cally controlled growth of nascent crystallites before they undergo
ripening, self assembly and oriented attachment. The FESEM
images of the calcined products, CeO,—NH and CeO,—CH, in Fig. 3
show absolute retention of surface morphologies after thermal
treatment at elevated temperature. This pseudomorphic trans-
formation [34] of Ce,(C03),0-H,0 to CeO, with clear replication
of the surface morphology is significant in the context of synthe-
sizing allied microstructures of CeO, from their corresponding
precursors.

The BET isotherms of the CeO, samples are shown in Fig. 4
with the inset showing corresponding BJH pore size distribution
profiles. In spite of their different morphology, it is interesting
to note that both the samples show very similar profiles with
typical type-IV isotherms substantiating their inherent mesoporos-
ity and the characteristic hysteresis loops are of H3-type, which
clearly reveals that the pores in the samples are due to aggre-
gation of plate like particles [35]. The BJH pore size distribution
plots show narrow monomodal profiles in the mesopore region
with the maximum at ~4 nm. The estimated specific BET surface
areas of the CeO,—CH and CeO,—NH samples are found to be ~92
and 89 m2 g1, with corresponding BJH pore volumes of ~0.092 and
0.088cm3 g1,

)
\:3_/
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=002 1184
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Raman shift (cm’l)

Fig. 5. Raman spectra of CeO,—CH and CeO,—NH samples.

3.2. Raman analysis of CeO, samples

The information on the crystallinity of CeO, samples was
obtained using Raman analysis and the characteristic Raman
responses of the samples are presented in Fig. 5. The visible
Raman spectral profiles of the samples essentially show typical
four-band patterns with three low intense bands at ~263, 602
and 1184cm™!, attributed to second-order transverse acoustic
(2TA) mode, defect-induced (D) mode due to oxygen vacancy, and
second-order longitudinal optical (2LO) mode, respectively, and
one high intense band at 462 cm~! corresponding to the Fp¢ mode,
due to the stretching of Ce—O symmetrical vibrational unit of flu-
orite CeO, [36]. However, significant difference in the intensity of
the vibrational bands at 462 cm~! brings up clear crystallographic
distinctiveness among the CeO, samples. It is known that, due to
reduction of the phonon lifetime in the nanocrystalline regime, an
essential enhancement in intensity and asymmetry of the vibra-
tional band occur with decrease in crystallite size [37]. From the
inset of Fig. 5, it is evident that the characteristic Raman response
of Ce0,—CH sample at 462cm™! is significantly lower in inten-
sity with marginally higher asymmetry as compared to that of
CeO,—NH sample. Further, a marginal shift in the vibrational band
maximum of CeO,—CH to lower wave number as compared to the
CeO,—NH sample authenticates the variations in phonon relax-
ation, trivial change in the lattice parameters with decrease in
the particle size and lowering in the symmetry of Ce—O bond in
Ce0,—CH [36,37].

3.3. H5-TPR and OSC analyses of CeO, samples

Suitable manipulation of surface area and the size as well as con-
centration of oxygen vacancies by microstructural modification is
of utmost importance to induce reducibility in CeO, [38-40]. In this
context, the reducibilities of CeO,—CH and CeO,—NH samples were
investigated using H,-TPR measurements and the corresponding
reduction profiles are presented in Fig. 6. The reduction profiles
of the CeO, samples are dominated by two major peaks, i.e. the
lower temperature peak (peak I, below 550°C) is attributed to
the reduction of surface oxygen and the higher temperature peak
(peak II, above 550°C) is a result of reduction of bulk oxygen.
Further, relative intensity of peak I to peak II in CeO,—CH sam-
ple is higher than the CeO,—NH sample. This essentially signifies
enhanced surface reduction, which is attributed to the presence
of higher number of effective oxygen sites and/or oxygen vacancy
clusters on the surface of CeO,—CH sample. The smaller crystallite
size with lower Ce-O symmetry is possibly the origin of higher
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Fig. 6. H,-TPR profiles of CeO,—CH and CeO,—NH samples.

number of reactive surface oxygen sites and/or surface oxygen
vacancy clusters in the CeO,—CH sample [5,38-40]. Further, the
H,-TPR profile of CeO,—CH sample shows unique surface reduc-
tion peaks at ~215 and 316°C, which are absent in the CeO,—NH
sample. Recently, Zhou et al., have reported similar low tempera-
ture reduction behavior of CeO, nanotubes [41]. Surface area being
nearly same for the CeO,—NH and CeO,—CH samples, the excellent
low temperature surface reduction of CeO,—CH sample suggests
the presence of larger size and number of labile surface oxygen
vacancy clusters. The observation of Cl~ ion inducing more surface
defects in the resultant CeO, sample is supported by a recent report
of Liu et al., which substantiates larger size oxygen vacancy cluster
on CeO, synthesized using CeCl; as the precursor [42]. The evi-
dent negative peaks at ~520°C in the TPR profiles of both the CeO,
samples can be accredited to the desorption of H, previously incor-
porated into the reduced CeO, and/or release of CO and CH4 from
the reduction of bulk carbonate traces in the porous CeO, samples
[43].

The quantitative OSC values of the CeO, samples were estimated
by oxygen pulse chemisorption measurements. The CeO,—CH sam-
ple exhibits O, uptake of ~455 wmol g~ against ~415 wmol g~ by
CeO,—NH sample. Theoretically, CeO,—CH and CeO,—NH samples
with corresponding surface areas of92 and 89 m2g~1 should be able
to possess 525 and 507 wmol g~ of O, with respect to an estimated
5.7 wmol of surface O, per m? of CeO; by assuming the involvement
of two of the four oxygen sites. Accordingly, the CeO,—CH sample
sustains ~87% of the theoretical OSC against ~81% by the CeO,—NH
sample. The superior OSC of CeO,—CH sample can be attributed
to high thermal stability of surface morphology and active facets
responsible for oxygen storage [6]. Further, as substantiated from
the TPR results, the possibly larger size and number of oxygen
vacancies on the CeO,—CH surface also add to the superior OSC
of the sample [6].

The suitable physicochemical and microstructural characteris-
tics of CeO, can greatly contribute to the activity and selectivity of
the noble metal loaded composite catalysts [23a,44]. In addition,
the nature of noble metal dispersion is an important parameter for
the catalytic performance of the composites. In this context, two
different methods: (1) conventional impregnation and (2) ethyl-
ene glycol mediated reduction (EGR) of the Pt salt (H,PtClg-6H,0)
were employed to investigate the nature of Pt dispersion on the
microstructurally distinctive CeO,—CH and CeO,—NH supports.
Further, CO oxidation performances of the resulting Pt/CeO, com-
posites were pursued to substantiate the effect of Pt dispersion
as well as characteristic microstructure of CeO, on the catalytic
efficiency.

» A N ‘!:".\lft/ CeOz-NH_EG}_{

PY/CeO,-NH_IMP

Intensity (a.u.)

Pt/CeO,-CH_EGR

P/CeQ,-CH_IMP

20 40 60 80
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Fig. 7. PXRD patterns of CeO,—CH and CeO,—NH samples with 0.5 wt% Pt loaded
by EGR and conventional impregnation methods.

3.4. PXRD and HRTEM analyses of Pt/CeO, samples

The PXRD patterns of the 0.5 wt% of Pt loaded different compos-
ite samples are shown in Fig. 7. The XRD patterns are essentially
dominated by the diffraction peaks due to cubic CeO,. We also
observe a total absence of diffraction peaks owing to metallic Pt.
This can be attributed to the very low loading of Pt (0.5 wt%) on
the Pt support. Since the PXRD analyses could not provide suf-
ficient illumination to the nature of Pt dispersion and crystallite
size, the CeO,—CH sample with Pt loaded by EGR and impregnation
methods was subjected to HRTEM analysis and the correspond-
ing microscopic images are presented in Fig. 8. The representative
HRTEM images of the Pt/CeO,—CH_IMP sample in Fig. 8A show the
presence of well faceted Pt nanoparticles with average dimension
of ~3-5nm. Further, it is evident that the Pt nanoparticles form
reiterating conglomerates, with a consequent poorly extended
metal-support interaction. On the contrary, no Pt particles could
be distinguished from the HRTEM images of the Pt/CeO,—CH_EGR
sample in Fig. 8B. Anyway, the SAD rings clearly show the pres-
ence of Pt. This unique observation is in agreement with an
extraordinarily high dispersion and very small sizes of Pt crystal-
lites on the surface of CeO,—CH during EG mediated reduction of
H,PtClg-6H, 0. Unlike in the impregnation method, the kinetically
slower rate of crystal growth during reduction of H,PtClg-6H,0
to Pt by EG (PtClg?~ +4e~ — Pt+6CI~) results in smaller crystallite
size and very high dispersion of Pt on CeO, support [45]. Indeed,
the ICP-OES analysis further confirmed that the Pt loadings are
~99.97-99.98% of the purposely loaded Pt on various CeO, samples.

3.5. Hy-chemisorption study of Pt/CeO, samples

The control of EGR as well as conventional impregnation
methods, and microstructural affect of CeO, on the nature of Pt
dispersion were studied by H,-chemisorption measurements at
—90°C, this temperature being sufficiently low to arrest spill-over
of hydrogen atoms onto the oxide support [46], and the results
are shown in Table 1. The Pt dispersion was estimated assuming
a stoichiometry of H/Pt=1 [47]. The comparative chemisorption
data shows that the CeO, supported composite samples prepared
by EGR method provide much higher dispersion of Pt than the
samples prepared by impregnation method. Further, irrespective
of the adopted methods for Pt dispersion, the CeO,—CH based
composite sample shows superior Hy-adsorption as compared
to the CeO,—NH based composite sample. For instance, in both
Pt/CeO, IMP and Pt/CeO,_EGR samples, H adsorption per Pt site
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Fig. 8. HRTEM images of (A) Pt/CeO,—CH_IMP and (B) Pt/CeO,—CH_EGR samples. The inset in B shows the SAD information of CeO, and Pt in the corresponding sample.

(H/Pt) over the CeO,—CH based samples is >2 times than the
CeO,—NH based samples. Correspondingly, the estimated exposed
surface area of Pt in the CeO,—CH based sample is also >2 times
than the CeO,—NH based samples. Also taking the estimated parti-
cle size from the H,-chemisorption data, the overall result suggests
the formation of Pt crystallites of smaller size and with high dis-
persion on CeO,—CH based sample. Literature suggests that the
presence of chlorine in the ceria support has strong negative influ-
ence on the H,-chemisorptive properties [48]. In this context,
the presence of elevated concentration of chloride ions in the
Pt/CeO,—CH composites as compared to Pt/CeO,—NH composites
cannot be ruled out given the type of precursor used. Nevertheless,
the better Hy-chemisorptive properties of Pt/CeO,—CH compos-
ites strongly justify the prevalence of microstructural suitability
for improved surface properties of CeO, and the dispersion of metal
particles [46]. As a remarkable fact, the very high dispersion of Pt
crystallites after elevated temperature thermal treatment (500 °C)
demonstrates the significant thermal stability of the Pt crystallites
over CeO, support which may be due to the microstructural suit-
ability of the CeO, support which prevents the sintering of highly
dispersed supported Pt crystallites. This is extremely crucial in the
context of utilizing the catalysts for practical application under real
reaction conditions.

The rationale behind the better dispersion and smaller crys-
tallite size of Pt on microstructurally suitable CeO, surface can
be understood from the charge on different CeO, surface in the
medium at which the reduction of H,PtClg has been carried out.

Table 1

H,-chemisorption on various Pt/CeO, samples at —90°C.
Sample H/Pt Pt surface area Particle

(m?2g1) size (nm)

Pt/CeO,—CH_IMP 0.052 0.064 21.8
Pt/CeO,—NH_IMP 0.026 0.032 43.8
Pt/CeO,—CH-EGR 0.344 0.425 33
Pt/CeO,—NH_EGR 0.135 0.167 8.4

It is to be noted that, CeO, acquires surface negative charge in
the ethylene glycol medium which provides electrostatic suitabil-
ity for interaction with growing Pt crystallites through surface
O-bridge sites [49-52]. Further, unlike in CeO,—NH, the CeO,—CH
sample possessing better nanodimensional structure expose higher
concentration of active surface sites for superior dispersion of Pt
nanocrystallites. Since the surface defect sites on CeO, are known
to promote heterogeneous nucleation of metallic Pt nanoparticles
[45], the higher number of larger size oxygen vacancy clusters on
the CeO,—CH sample, as identified from the TPR analysis, assist
ideal crystal growth and dispersion of metallic Pt on its surface.
However, during impregnation method, the thermally induced
uncontrolled crystal growth results in agglomerated Pt crystallites
with higher crystallite size and poor dispersion.

3.6. H,-TPR study of Pt/CeO, samples

The noble metal particles are known to spill hydrogen to the
redox supports even at room temperature, thereby enhancing the
reducibility of the support, which is very important for oxidation
reactions of molecules such as CO at sub-ambient temperatures
[49,52]. In this perspective, the control of characteristic Pt dis-
persion and microstructure of CeO, on the reducibility of the
composite samples was studied by H,-TPR and the reduction pro-
files of Pt loaded CeO, samples by EGR as well as impregnation
methods are shown in Figs. 9A and B, respectively. The TPR pro-
files of Pt loaded CeO, samples are clearly dominated by two major
peaks; one at below 400 °C and the other one at above 400 °C, which
are essentially attributed to surface and bulk reduction of CeO,,
respectively. It is known that, as a result of strong metal-support
interaction, the CeO, supported metallic species like Pt, Ru, Ir, Au
etc., in their nanosize dimensions promote the reduction of sur-
face oxygen on CeO, due to significant molecular H, spillover from
metal to the support. As a result the reduction temperature of sur-
face CeO, decreases drastically to lower values depending on the
loading of metal and surface microstructure of the support [49,52].
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Fig. 9. H,-TPR profiles of 0.5 wt% Pt loaded on CeO,—CH and CeO,—NH samples by (A) EGR and (B) IMP methods.

However, unless the metal loading is critically high, the charac-
teristic reduction of bulk CeO, essentially remains same. Since the
amount of Pt loading in our sample is very low (0.5 wt%), the typical
reduction of bulk CeO, in all the composites remains rather simi-
lar, which can be clear if we compare the respective TPR patterns of
bare CeO, support and Pt-loaded CeO, composites in Figs. 6 and 9,
respectively. However, Pt loaded on CeO,—CH samples by both
EGR and impregnation methods undergo surface reduction at lower
temperature as compared to the Pt loaded CeO,—NH samples. This
is essentially due to the better microstructural and surface prop-
erties of CeO,—CH sample which possess larger size and number
of labile surface oxygen vacancy clusters for facile interaction with
spilling hydrogen from Pt crystallites.

The 0.5wt% Pt dispersed CeO, samples prepared by impreg-
nation methods show reduction characteristics in the similar
temperature range as reported by Linganiso et al., with the surface
reduction of CeO, at ~200-285°C and bulk reduction at ~800°C
[53]. However, the Pt/CeO,—CH_IMP sample undergoes surface
reduction at lower temperature (peak maxima at ~256 °C) as com-
pared to the Pt/CeO,—NH_IMP sample (peak maxima at ~281 °C).
This clearly shows the microstructural ascendancy of the CeO,—CH
sample which promotes size reduction and better dispersion of Pt
crystallites [54]. The CeO,—CH support provides more active sur-
face area to the Pt crystallites which in effect assist spilling of more
H, to the support for reduction at lower temperature. In com-
parison, the 0.5wt% Pt dispersed CeO, samples prepared by EGR
method show drastic decrease in the surface reduction temperature
(~160°C)as compared to the Pt dispersed on CeO, by impregnation
method. This is essentially due to the extremely high dispersion and
very small size of Pt crystallites on CeO, supports. This obviously
indicate the exposure of higher concentrations of active Pt sur-
face sites for superior adsorption and spilling of H, to the CeO,
support for reduction at very low temperature. In addition, due
to more defect sites on the CeO,—CH sample, the strong electron
transfer from Pt to Ce (due to higher degree of contact between Pt
and CeO;) makes the Ce-O bond much weak in the Pt/CeO,—CH
composite, as compared to that in the Pt/CeO,—NH composite
[3,20,55]. This results in the facile reduction of highly labile oxy-
gen on the Pt/CeO,—CH as compared to the poorly labile surface
oxygen on Pt/CeO,—NH composites. Small humps at ~439°Cin the
TPR profiles of all the Pt loaded samples are assigned to the resid-
ual surface reduction of CeO, due to smaller amount of Pt (only
0.5 wt%) in the composites, which may not be sufficient to promote
the reduction of complete surface of high surface area CeO,. How-
ever, to our surprise, the hump in the Pt/CeO,—CH_EGR sample is
dramatically less intense than the other samples, in particular the
Pt/CeO,—NH_EGR sample, which substantiates that the majority of

surface reduction of CeO,—CH is promoted by highly dispersed Pt.
This clearly suggests that the Pt crystallites are effectively smaller
and more dispersed in the Pt/CeO,—CH_EGR sample as compared
to the Pt/CeO,—NH_EGR sample composite, which further confirms
the prevalence of microstructural suitability of CeO, for the con-
trolled growth and thus high dispersion of Pt crystallites on its
surface. The broadness in the reduction peaks of Pt/CeO,_EGR sam-
ples as compared to the Pt/CeO,_IMP samples is due to the very
small crystallite size and finely dispersed Pt over CeO,.

3.7. CO oxidation activity of Pt/CeO5 samples

The efficiency of CO oxidation is highly dependent on the
microstructural suitability and geometry of the support as well as
the supported Pt crystallites which essentially control the chemical
potential of the reactants under different reaction conditions [3]. It
has been proposed that during the reaction process, CO adsorbed
to metal site as M-CO type configuration and O, activated on ceria
sites react to form CO5, via a dual site mechanism, which is depicted
as follows [2-5]:

CO + Pt — Pt—CO(adS)
O2) +® = O24)=®

02( - R+RQ — Zo(ads)_®

ads

Pt-COgqq5 + o(ads)‘® - CO,+Pt+®

where ® symbolizes an individual site over ceria surface. Although
the as illustrated mechanism does not essentially reflect the com-
plexity of what exactly occurs at the catalytic surface during
oxidation of CO, it provides a broad spectrum of possibility that the
diversification in surface energies due to different microstructural
characteristics of the CeO, support and geometrical characteris-
tics of the supported Pt crystallites may greatly control the kinetics
as well as thermodynamics of CO and O, adsorption and their
reaction to form CO, [2-5,23a,56]. The geometrically different Pt
crystallites supported on CeO, samples with different microstruc-
ture were tested for their efficiency toward CO oxidation, and the
CO conversion plots against temperature are presented in Fig. 10.
Interestingly, under our experimental conditions the impregnated
Pt/Ce0, samples show 100% CO oxidation in the temperature
range of ~150-300 °C, whereas the Pt/CeO,_EGR samples demon-
strate 100% CO oxidation below 100°C. Further, the Pt/CeO,_EGR
samples exhibit ~10-15% of CO oxidation even at room temper-
ature (~30°C). The temperature of 50% CO conversion (Tyj;) on
Ce0O,—CH based composites (56 °C and 211 °C for Pt/CeO,—CH_EGR
and Pt/CeO,—CH_IMP samples, respectively) is lower than the
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Fig. 10. Conversion of CO in the presence of O, over 0.5 wt% Pt loaded on CeO,—CH and CeO,—NH samples by (A) EGR and (B) IMP methods.

CeO,—NH based composites (65 °Cand 239 °C for Pt/CeO,—NH_EGR
and Pt/CeO,—NH_IMP samples, respectively). Among two broad
classes of active sites on a metal-oxide system, the interfacial site
between metal and oxide is endowed with lower activation energy
(23kImol~1) as compared to the site located on the bare support
(44 k] mol~1) [57]. In this context, the Pt/CeO, interfacial sites and
the CeO, sites at very close vicinity to Pt are essentially more
active for CO oxidation reaction, although morphology of the metal
nanoparticles can also greatly affect the catalytic activity [2-5,58].
Since the crystal growth of Pt (in EGR or IMP methods) over both the
CeO, samples (CeO,—NH and CeO,—CH) were achieved under very
similar experimental conditions, the corresponding morphology of
Pt crystallites is expected to be similar in the Pt/CeO,—CH_EGR and
Pt/CeO,—NH_EGR, or in the Pt/CeO,—CH_IMP and Pt/CeO,—NH_IMP
samples. Hence the morphology of Pt crystallites may not be
the reason behind the difference in the activity of CeO,—CH and
CeO,—NH based composite catalysts. Therefore, the high activity of
Ce0O,—CH based sample is essentially due to the presence of higher
concentrations of active interfacial sites (with Pt) for CO activa-
tion and oxidation. Further, the higher amount/density and larger
size of oxygen vacancy clusters on CeO, facilitates facile adsorp-
tion of O, and easy diffusion of oxygen from the bulk to the surface,
which is very crucial for low temperature oxidation of CO. From the
Raman, TPR and OSC measurements, it is clear that the CeO,—CH
sample obviously possess larger size and number of labile surface
oxygen vacancy clusters. Hence, we observe improved CO oxida-
tion on the Pt/CeO,—CH samples as compared to the Pt/CeO,—NH
samples. Besides, the temperatures for oxidation of CO over the
Pt/CeO,-EGR samples are exceptionally low, considering that the
loading of Pt is very low. This can be ascribed to the outstand-
ing dispersion and sub-nanometer size Pt crystallites over CeO,
supports, when the Pt/CeO, nanocomposite is prepared via EGR
method. Very small size of Pt crystallites possess higher numbers of
defects due to numerous steps and edges, which are energetically
active to facilitate adsorption of higher number of CO molecules
for oxidation [59]. Further, the sub-nanometer size crystallites of
Pt offer higher interfacial area to the CeO, support [60]. Since the
highly dispersed smaller sized crystals possess numerous active Pt
site clusters, according to the Blyholder model [20], the M— C
back donation becomes more significant and as a result consid-
erable weakening of the CO bond occurs. This effectively promotes
the facile oxidation of CO with lower activation energy needed. This
is corroborated by the room temperature oxidation of CO over the
Pt/Ce0,-EGR samples.

The presence of different oxidation states of Pt may have some
effect on the CO oxidation behavior. Since in the present study,
the metal loading in the samples is very low (~0.5 wt%), the precise

identification of oxidation states of Pt through spectroscopic means
is always troublesome and prone to error. The well established X-
ray photoelectron spectroscopy (XPS) method is also found to be
not so precise when analyzing very small Pt crystallites (large peak
shifts due to final-state effects) on a non-conducting CeO, support
(charging effects). Furthermore, the contrast between Pt and CeO,
happens to be poor during XPS analysis due to large difference in
the atomic number between Ce and Pt [61].

From the oxidation results, it is observed that the difference
in light-off temperatures for oxidation of CO over Pt loaded CeO,
samples prepared using impregnation and EGR methods is enor-
mous. In addition, the trend in the efficiency of CO oxidation on
the microstructurally different CeO, supports with same amount
of Pt is similar. Hence, it can be authenticated that the difference
in catalytic CO oxidation behavior on the Pt loaded CeO, samples
prepared using impregnation and EGR methods is due to difference
in size, dispersion and degree of aggregation of metallic Pt crystal-
lites over CeO, supports and not due to differences in the oxidation
states of Pt. Our assumption is supported by a recent report by
Hinokuma et al. [19], where it has been proposed that the steady-
state catalytic CO oxidation at low temperatures always requires
metallic Pt species on the surface of CeO,. Further, the similar trend
in the CO oxidation efficiency on microstructurally different CeO,
substantiates the dominating affect of microstructure in providing
different degrees of active sites as well as oxygen vacancy for the
characteristic catalytic behavior.

It is known that the presence of chlorine ion have a negative
effect on the CO oxidation efficiency of Pt/CeO, [62]. However, in
the present study, we find that the CeO, sample prepared from
chloride source of cerium shows improved catalytic performance
as compared to the CeO, sample prepared from nitrate source. In
this context, the results presented here are quite interesting which
cannot be explained on the basis of chloride ion effect. Further,
studies show that the residual chlorine from the Pt precursors does
not bring much affect in the catalytic (CO oxidation) performance
of Pt/CeO, based composites [62]. In the present study, the load-
ings of Pt on the CeO, supports are very small (only 0.5 wt%). On
the other hand, we see a significant decrease (~150-170°) in the
light-off temperature for CO oxidation on the Pt/CeO, samples pre-
pared via EGR method as compared to the samples prepared via
IMP method. So, we do not expect such a huge change in the CO
oxidation efficiency due to the presence of only trivial amount
of more chloride ion in the Pt/CeO, samples prepared via IMP
method. Hence it is obvious that the improved CO oxidation effi-
ciencies of Pt/CeO, samples prepared via EGR method are mostly
due to the smaller size and exceptionally finer dispersion of Pt
crystallites.
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4. Conclusions

In the present study, we have demonstrated the anion (Cl~
and NO3 ™) induced selective micro-structurization of CeO, under
hydrothermal mediated homogeneous precipitation conditions.
The H,-TPR and oxygen pulse chemisorptions measurements
reveal low temperature reducibility and higher OSC of the CeO,
sample synthesized via Cl~ as the counter anion. These results along
with the Raman spectral studies demonstrate that ClI~ induces
higher lattice defects and oxygen vacancy in the resultant CeO,
sample. Further, 0.5wt% of Pt was supported on the CeO, sam-
ples via impregnation and ethylene glycol mediated reduction of
H,PtClg-6H;0. The TEM analyses show that unlike in impregnated
samples where the Pt particles are heavily agglomerated, the Pt
crystallites are highly dispersed on the CeO, support when pre-
pared via ethylene glycol mediated reduction method. This is due
to kinetically slower growth of Pt crystallites during the reduction
of H,PtClg-6H,0 by ethylene glycol. Further, in H,-TPR study, the
Pt/CeO, sample prepared by ethylene glycol mediated reduction
method show low temperature surface reducibility as compared
to the Pt/CeO, sample prepared by impregnation method. The Hy-
TPR study also shows better Pt dispersion and promoting activity
of CeO, sample synthesized in the presence of Cl~ ion. The Hy-
chemisorption results further validate the smaller size and better
dispersion of Pt crystallites when synthesized by ethylene gly-
col mediated reduction method. The CO oxidation studies in the
presence of O, demonstrate exceptionally lower temperature CO
oxidation activity (100% conversion in <100 °C) of Pt/CeO, hetero-
nanocomposites prepared by ethylene glycol mediated reduction
method as compared to the sample prepared by impregnation
method (100% conversion at ~300°C). Further, irrespective of the
method used for Pt dispersion, the Pt/CeO, hetero-nanocomposites
based on the CeO, synthesized in the presence of Cl~ ions show
lower temperature CO oxidation as compared to the nanocom-
posites based on the CeO, synthesized in the presence of NO3~
ions. The exceptionally finer dispersion of Pt crystallites during
ethylene glycol mediated reduction of H,PtClg-6H,0, and higher
number of oxygen vacancies as well as active surface sites of
CeO, synthesized in the presence of Cl~ ions altogether provide
large number of active Pt/CeO, interfaces for facile oxidation of
CO at very low temperature. Although the mechanistic aspects of
the enhanced CO oxidation activity on suitable Pt/CeO, hetero-
nanocomposites are still to be understood fully, the overall finding
reveals adequate promise in terms of developing novel metal
supported nanocomposites for applications in heterogeneous catal-
ysis.
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