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Nanocrystalline Ce,TixO, (0 = x < 0.4) and Ce -y TiPtO,-s (x = 0.15,y = 0.01, 0.02) solid solutions

crystallizing in fluorite structure have been prepared by a single step solution combustion method. Temperature

programmed reduction and XPS study of,G&iO. (x = 0.0—-04) show complete reduction of “Tito Ti3"
and reduction 0f~20% Cé" to Ce* state compared to 8% ¢eto CE" in the case of pure Ceelow 675
°C. The substitution of Ti ions in Cenhances the reducibility of CeQCe) g4Tio.1P %0105 Crystallizes
in fluorite structure and Pt is ionically substituted with 2nd 4+ oxidation states. The H/Pt atomic ratio at
30 °C over Cggalip1Ph.0102-5 is 5 and that over Gadh.0:0.- is 4 against just 0.078 for 8 nm Pt metal
particles. Carbon monoxide and hydrocarbon oxidation activity are much higher over TePt0, (x =

0.15,y = 0.01, 0.02) compared to €gPt0,

(x = 0.01, 0.02). Synergistic involvement of?PiPt> and

Ti*"/Ti®* redox couples in addition to €¢Ce** due to the overlap of Pt(5d), Ti(3d), and Ce(4f) bands near
Er is shown to be responsible for improved redox property and higher catalytic activity.

Introduction

are created. Enhanced catalytic activity toward CO oxidation,
hydrocarbon oxidation, and hydrogen adsorption were observed

Precious metals Pt, Pd, Rh, and Ru are dispersed over aompared to that of PY/AD; or PE (metal particles) over CeO

oxide support generally by impregnation, drying, and reduction
in hydrogen at~400-500 °C. The commonly used oxide
supports arex-Al,0s, y-Al203,%2 and SiQ,® which are not

itself. Synergistic involvement of Pt/Pt° and Cé/Ce*" redox
couples mediated by oxide ion vacancy is shown to be
responsible for higher catalytic activi€y Therefore, if Pt" ions

reducible by hydrogen, and the precious metals disperse as fing.gn pe substituted for @eor Ti** in Cev_TiyO,, PEH/PE along

metal particles on these supports. On the other hand,, J&Qy,
and SnQ are reducible oxide suppors!d and therefore, metals

with Ce*/Ce** and Ti/Ti3* redox couples from the support
can enhance the redox-catalytic activity further compared to

supported on these oxides can become oxidized. Nang-CeO o ptO,_,.

can be partially reduced by hydrogen -a#00-500 °C to
CeO-;s (0 ~ 0.1) and to CgD3 above 900°C. Oxygen storage

capacity (OSC) was introduced on a quantitative basis, which
is the capacity of ceria based support to release oxygen underb

reducing condition and to uptake oxygen under oxidizing
condition* While ZrO, cannot be reduced by hydrogen,
reducibility of CeQ is enhanced in the GgZrO, solid
solution, thereby increasing OS€Y7 Only the Cé" ion

is known to be reduced to a greater extent in the presence of

Zr ions. If Ca_4TixO, solid solution can be prepared, both

Here we report the redox property of CglixO, (x = 0.1—
0.4) in H, and a systematic study of the effect of?Pt
substitution in CeTixO, forming Ca—y—yTixPtO.—s prepared
y a single step solution combustion method. Just as the
reducibility of Ca_xZrO- is higher than that of CeQCe _«TixO2
shows higher reducibility than Ce®r TiO,. Further, Ce y—yTix-
Pt0.-s showed higher rates of CO,,8,, CHs, and GHs
oxidation activity compared to GePtO,—s.

Ce and Ti can be reduced and therefore large OSC is expectedE=XPerimental Section

Indeed, the formation of GesTiyO, (x = 0.4) oxides has

TiCl4 (10 cn?) was added to ice cold (&) acidified water

been reported to be promising toward oxygen storage (1 mL of concentrated HCI in 200 mL of #) slowly with

capacity!8

In an attempt to understand noble met@keG, interaction,
Pt, CT, PEF, and RR* ions were substituted for Gein
Ce( forming a Ce_xMO,—; solid solution for small values
of x = 0.01-0.021°-22 For charge compensation, on lower
valent ionic substitution for Ce in CeQ, oxide ion vacancies
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continuous stirring forming TiOGI Dilute ammonium hydrox-
ide was added to this solution giving a white precipitate of TiO-
(OH),. The precipitate was filtered and washed thoroughly to
remove chloride ion. Then, TiO(Okl)was dissolved in a
minimum amount of concentrated nitric acid to obtain the nitrate
precursor TIO(N@).. The Ti ion concentration in the solution
was estimated by the colorimetric methid.

Ce«TixO2 (x = 0.1-0.4) were prepared by taking stoichio-
metric amounts of (Ni2Ce(NQG)s-6H,0 (E. Mark India Ltd.),
TiO(NOs),, and glycene and heating at 480 to give a flaming
combustior?>-26
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Reducibility of Ce_4TixO, Compared to That of CeO

Chemical reactions occurring in the combustion process can
be written as follows:

3(NH,),Ce(NQ), + 8C,HNO, —
3CeQ + 10N, + 16CQ, + 32H,0 (1)

9TIO(NO,), + 10CHNO, —
9TiO, + 14N, + 20CO, + 25H,0 (2)

9(1 — X)(NH,),Ce(NQ), + 9XTIO(NO,), + 10CHNO, +
14(1- X) C,H,NO,— 9Ce,_,Ti,O, + 20CQ, +
28(1— X)CO, + 14N, + 34(1— XN, + 25H,0 +

71(1— Y)H,0 (3)

Pt/CegsTio.150, (1 atom %) was prepared by the solution
combustion method taking (NjpCe(NG;)g-6H,0, Pt(NH)4-
(NOs), (ABCR, France), TIO(N@),, and glycene in the mole
ratio of 0.8415:0.01:0.1485:2.42. In a typical preparation, 3 g
of (NH4)2Ce(NG;)6:6H,0, 0.0252 g of Pt(NKE)4(NOs),, 0.1823
g of TIO(NO3), (in solution), and 1.1814 g of glycine were taken
in a 300 mL Pyrex dish. Similarly, 2 atom % Pt€eTi0.1:02
was also prepared. To compare the catalytic activity of 1 atom
% Pt impregnated over combustion, synthesizeglggléy 150
was prepared by reducing,PitCk dispersed over the oxide
support by hydrazine.

X-ray diffraction (XRD) data of all the mixed oxides and

the Pt-substituted oxides were recorded on a SIEMENS D5005

diffractometer at a scan rate of 0.min™! in the 2 range
between 20 and 100. For the structural refinement by the
Rietveld method, the XRD data were recorded in a Philips
X'Pert diffractometer at a scan rate of 0.Hin~! with a 0.02
step size in therange between 2Gand 100. The refinement
was done with the FullProf-fp2k progréfvarying 17 param-
eters simultaneously.

X-ray photoelectron spectra (XPS) of the prepared samples, i -2 vl
and a few hydrogen reduced materials were recorded in an

ESCA-3 Mark Il spectrometer (VG Scientific Ltd., England),
using Al Ka radiation (1486.6 eV). Binding energies were
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Figure 1. (a) Percent CO conversion as a function of temperature over
CeayssTio1602, and Pt, Ti substituted oxides under the following reaction
conditions: CO= 2 vol %, O, = 2 vol %, F; = 100 sccm, GHS\=
43000 ht, W= 25 mg.

cm x 0.4 cm) at atmospheric pressure. Typically, 50 mg of the
catalyst (40/80 mesh size) diluted with Si(30/60 mesh size)
was loaded in the reactor to obtain a column length of 1.1 cm
and the ends were plugged with ceramic wool. For all the
reactions, the total flow was kept fixed at 100 sccm to achieve
a gas hourly space velocity (GHSV) of 43 000thActual rates

of the reactions were obtained following the percent conversion
as a function ofMF, whereW is the weight of the catalyst and

F is the gas flow rate in moles/second. Before the catalytic test,
the as-prepared catalyst was heated irfl@w at 200°C for 1

h followed by degassing in He flow to the experimental
temperature. The reactions were carried out as a function of
temperature with a linear heating rate of 10 deg Thin

Results

Catalytic Test. CO oxidation over the catalysts are carried
out with 25 mg of each catalyst at space velocity of 43 000 h
% of CO and @ The heating rate was also kept
constant at 10 deg/min. In Figure 1, CO conversion vs
temperature plots are shown. As can be seen from the figure,
Cep.galio18Ph.0102-5 catalyst has a much lower light-off tem-

calibrated with respect to C(1s) at 285 eV with a precision of perature withTso = 170°C compared to GadPl 0:0s—s With
+0.2 eV. For XPS analysis the powder samples were made into_ — 260°C. Further Ty, of 2 atom % Pt in Ce@or Ce g5

0.5 mm thick, 8 mm diameter pallets and placed into an ultrahigh
vacuum (UHV) chamber at 18 Torr housing the analyzer. The
obtained spectra were curve fitted with Gaussian peaks afte
subtracting a linear background.

Hydrogen Uptake Measurement and Catalytic Reactions

Tio.180, are lower compared to the corresponding 1 atom % Pt
oxides A 1 atom % Pt metal impregnated catalyst ovep £se
"Tio140, shows Tsp of 260 °C compared to 170C in the
combustion synthesized catalyst. Having observed higher cata-
lytic activity from the light-off curves for Pt in GexTixO,
compared to Pt in CeQactual rates were estimated by running

Hydrogen uptake measurements were performed in a continu-the reactor under differential condition: rateFcox/W, where
ous flow microreactor of length 30 and 0.4 cm internal diameter Fco in the molar flow rate (moles/second) is the weight of
with 5.49% H/Ar (certified calibration gas mixture from the catalyst (grams), ands the fractional conversion. A series
Bhuruka Gases Ltd., Bangalore) flowing at 30 sccm at a linear of reactions were carried out by varyig keeping the CO:@
heating rate of 10 deg mid up to 700°C. For Pt-substituted  ratio of 2:6 vol % constant. Total gas flow was kept constant at
samples, the low temperature was achieved through liquid 100 sccm made up with He. Space velocity was kept constant
nitrogen cooling. Hydrogen concentration was monitored by a at 43 000 h. In Figure 2a, fractional CO conversion W/F
thermal conductivity detector (TCD). The volume of hydrogen plots is shown at various temparatures. From the figure it can
consumed was calibrated against the reduction of a knownbe noted that even up to 40% conversigrys W/F is linear.
amount of CuO. The gas flow was monitored with a mass flow Accordingly, from the slopes, rates were estimated. CO oxida-
sensor (AWM3100V) calibrated with a standard bubble flow tion experiments were carried out overgggt 0:0,-5 under
meter. Hydrogen uptake over Pt-substituted samples also haghe same experimental conditions, and here also up to 40%
been carried out under isothermal condition. conversion, conversion was linear wittfF. In Figure 2b rates

The catalytic test was done in a temperature programmedof CO conversiongmol-gm~1-s~1) vs temperature are plotted.
reaction (TPR) system equipped with a quadrupole mass Clearly, there is a huge difference in the CO oxidation rates
spectrometer SX200 (VG Scientific Ltd., England) for product between Pt in Ce4TixO, and Pt in Ce@ At 155 °C, the rate
analysis in a packed bed tubular quartz reactor (dimensions 250f CO conversion over Gg4Tio.15P%.0102-s is 45 times higher
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Figure 2. (a) x vs W/Feo plot of CegTio1Ph.0102-s. (b) Rate vs 10°/T (K™)
temperature from 8/Fco plot and the light-off curve for GedPt.0102-5 Figure 3. (a) Arhenious plot [In(TOF) vs T] for CO oxidation over
and C@aTio.15P%.0102-5. CeyoP.0102-5 and CggsTio 1Pb.0102-s. (b) Rate vs Qpartial pressure

dependence over GgTio15Pt.0102-5.

than that over CGgdPh.0102-5. In the same plot, rates derived
from light-off curves taking conversion up to 25% are plotted mg of catalysts and in Figure 5, the percent NO conversion vs
for the two catalysts. The rates obtained from the light-off curve temperature is given. NO reduction activity overoGfio 15
below 15% conversion are in good agreement with the rates Pf 01025 and C@ ot 0102—5 is similar. The rate of conversion
obtained under differential condition. Further, the conversion at 135°C (at 15% conversion) is % 107 mol gnm! s,
up to 15% is linear withW up to 150 mg of catalyst. Therefore, Activation energies are 23 and 24 kcal midior Cey 9Pt 0102-s
rates of CO oxidation as a function B§,, rates of hydrocarbon and Ce g4l 15P%.0102-6, respectively.
oxidation, and NO reduction reported here are taken for  Hydrogen Uptake Studies.Figure 6a shows the temperature
conversions less than 15% by running the reaction with-100  programmed reduction profiles of €gTi,O, (x = 0.0-0.4)
150 mg of the catalyst with GHSV of 43 000h along with pure TiQ. Notice theY-scales are different in the

In Figure 3a, activation energy of CO oxidation is given plots for different compositions. Pure Ce®&hows H uptake
taking rates from\/F plots and activation energy is 13.2 kcal/  from 350°C with a low-temperature peak at500 °C, which
mol with CeygaTio.151.0102-5, and it is much lower than that  has been attributed to surface cerium reduéfidollowed by
over Ceodh.0i02-5 with a value of 19.6 kcal/mol. Thus, bulk cerium reduction beyond 55C. The area under the peak
Ce«TixO; is a better oxide support for Pt than pure GeO up to 675°C corresponds to 5.2 chof H, per g of CeQ. Upon

Partial pressure dependence of oxygen over CO oxidation isTi substitution, the reduction starts at300 °C. The total
shown in Figure 3b where 2 vol % of CO is kept constant and reduction up to 673C has been evaluated for all the composi-
the volume percent of oxygen was varied from 0.2 to 10. tions and the data are given in Table 1. Clearly, the extent of
Reaction was carried out with 50 mg of €6Ti0.1P%.0102—s reduction increases with increase in Ti content. The samples
catalyst. From the log(rate) vs Idg4,), we find that when the ~ were reoxidized by passing oxygen at 380 for 1 h. The
partial pressure of oxygen is lower than the of CO, the order is hydrogen uptake of the reoxidized sample in the subsequent
0.78 and in excess oxygen condition, the order is 0.28. cycle was about the same as that in the first cycle. From the

In Figure 4a light-off curves of &, CoHs, and GHg volume of hydrogen taken up by €€i0.4O2 up to 675°C, the
oxidation over 100 mg of the two catalysts are given. In each stoichiometry of the reduced oxide is¢a€™*Ce 14"Tio 40173
of the reactions, 1 vol % of “HC” was taken and the “HC” to  on the basis of 100% reduction of“Tito the TP" state. That

oxygen ratio was 1:5 with a total flow of 100 sccm. In Figure the T ion is fully reduced to T in the TPR is substantiated
4b, Arrhenius plots are given for all the reactions with the two by XPS studies presented later. While only 16% Ti is reduced
catalysts taking the rates estimated below 15% conversion.from Ti*" to Ti®* up to 675°C in TiO,, 100% Ti from T#* is
Clearly, Ceg4Tio1P1.0102—6 Shows higher catalytic activity ~ reduced to 3 in the solid solution. Only about 8% Ce is
compared to GgdPh.0102-s. The activation energies are lower reduced in pure CeQup to 675°C but over 20% C¥ is
for the Ce g4Tio.19P1.0102—s compared to GeodPl.0102—5 for reduced in Ce4TiO,. Thus, reducibility of both C& and T+
oxidation of all the hydrocarbons studied here. is enhanced in GexTixOz.

NO reduction by CO was carried out taking 0.25 vol % of Figure 6b shows the TPR profiles of-2 atom % Pt/Cggs
NO and 0.25 vol % of CO with a 40 sccm total flow over 150 Tip 160, from —100 to 650°C. There are three regions of
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Figure 4. (a) Percent C@formation as a function of temperature for
different hydrocarbon oxidation over &Pt 0i10.-s and C@g4lio1s
Pt.0102-5. Reaction conditions: “HC*= 1 vol %, G, = 5 vol %, F; =
100 sccm, GHS\= 43 000 h, W= 100 mg. (b) Arrhenius plot [In-
(rate) vs 1T] for corresponding hydrocarbon oxidation as in part a.
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hydrogen uptake: first one extends fronb0 to 120°C; the
second region extends frowil 20 to 300°C; and the third region

is above 300°C. The low-temperature region corresponds to
hydrogen uptake related to Pt species in the compé&tifitie
second and the third regions of the tptake can be attributed
to the reduction of the Ti and the C&" state, respectively.
Reduction of both Ti* and Cé" ions occurs at a lower

J. Phys. Chem. B, Vol. 110, No. 11, 200&265
2
(@ (b)
1 F 24
o .
34 E 0
> >
S 2 [
~ - =~ 2
£ o) ﬂ 2
8 g c
g o So
c
g 3 /‘/\c g
o S 2
B0 hd
T z B
2 0
//\_B 4
0
| 2+
1 N L A
0 T T T T 0 T T T T
50 180 310 440 570 700 -100 50 200 350 500 650
Temperature / °C Temperature / °C

Figure 6. (a) TPR profiles of pure CeJcurve A), CeTixO; (X =
01-0.4) (curves B, C, D, E) solid solutions, and pure T{@Curve F);
(b) TPR profile of CegdPt 0105 (curve A), Cegalio15P%.0102-5 (Curve
B), Céyaslio1sPl.002-4 (curve C), and Cesalio.1sPl.0O2- (curve C,
cycle-2). Notice the difference in théscale for different samples.

TABLE 1: Rietveld Refined Parameters for CeO,,
Ce«TixO; (x = 0.0-0.4) Compounds

compd Reragg Re Re x? a (A)
CeOs 117 090 6.00 1.02 5.4131(6)
Ceyglio.10; 1.58 0.98 5.16 1.10 5.4061(6)
Ceyslio 02 2.45 1.81 7.06 1.04 5.3989(2)
Ce7Ti040> 177 125 525 109  5.3892(5)
Ceyslio.d0; 1.98 1.32 5.65 1.11 5.3720(3)

material is oxidized when exposed to air even at room
temperature, as observed from the amount of hydrogen taken
up by the reduced sample exposed to air. After the first cycle,
O, was passed at 30 for 1 h followed by purging with pure

Ar and a second TPR run was carried out. Thauptake curves

in the second cycle were similar to those in the first cycle
[compare curves C and’ ©f Figure 6b].

The H, uptake experiment was also carried out under
isothermal condition at 30C as a function of time. The
experiment was repeated for reductieoxidation cycles at 30
°C to check for the reversibility of Huptake. First, H uptake
was measured at 3@ over 1 atom % Pt/Ggslip 1502. When
O, was passed at 30C over the H adsorbed catalysts,
temperature increased to 38 indicating H + O, to H,O
reaction. The reactor was purged with pure Ar and agaiH
was passed. Adsorption obHbllowed by the H + O, reaction
cycle was repeated over 50 times and each time the volume of
H, adsorbed was the same (Figure S1, Supporting Information).
However, the H adsorbed sample was purged with Ar and a
repeat H/Ar run did not show any kluptake. The /Pt molar
ratios were 2.5 and 1.5 for 1 and 2 atom % Pt i §5€io.1=0,.

The Hy/Pt molar ratio at 30C for Cey 9dPl.0102-5 was 2. This
means for 1 atom % Pt/GesTip 150, the number of H atoms
per Pt atom adsorbed at 3C is 5. The H adsorption was
carried out at 30C over~80 A Pt metal particles (prepared
by the polyol reduction method) in a separate experiment. The
H./Pt molar ratio was 0.078. Thus, at 3G, there is 25 times

temperature upon Pt substitution and the extent of reduction of enhancement of #Pt over Cg.odPt.0:0-—5 and 32 times over

Cé*t is increased. The Huptake curve for CgydPly 0102-s IS
also given for comparison in the figure. The/Pt molar ratio
in the first region of 1 atom % Pt/GgsTio.150, is 12.0, which
is 3 times higher than that observed over 1 atom % PtjCé&O
For 2 atom % Pt/CgssTio.140,, the ratio is 7.5 under region 1.
Total H, uptake up to 650C is also much higher than that of
the corresponding Ge,TixO, oxides without Pt. The reduced

Ceysalio1Ph.0102-5 compared to Pt metal particles. The number
of H atoms per surface Pt atom (estimated fro80 A Pt metal
particles) turnes out to be 0.97, which is close to 1. This is
what is expected for Pt metal particles. To confirm whether the
adsorbed K reacts with @ at 30°C, O, was passed over the
H, adsorbed catalyst in the catalytic reactor equipped with QMS.
First Hy/He was passed over 1 atom % P#§gdio 150, the
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Figure 7. (a) XRD patterns of (A) Ce®) (B) CeoTi0.102 (C) CesTio202, (D) Ce 7Tiod02 (E) CeeliosO2 and (F) CesliosO.. The asterisk
indicates the anatase TiQ00% peak. (b) Rietveld refined observed),calculated ), and difference XRD patterns of §&di0.40.

sample was purged with He, and theg/l@e was passed over fluorite structure. Peaks due to Ti@h anatase or rutile phases
the catalyst. Formation of i is detected by the mass are not detectable up t®8 = 0.4 even when the pattern is
spectrometer. When #He and Q/He are passed simulta- expanded in thé-scale. Fox = 0.5, the TiQ (110) peak is
neously, HO is formed at 30C, but the temperature increased yjsible. There is a systematic increase in tifevalues of the
rapidly due to the exothermic nature of the reaction‘HO, diffraction lines with the increase in Ti indicative of solid
— H20. This clearly suggests that the; lddsorbed is either o) ion formation. The background is flat fof 2= 2090,
dissociated or a precursor for dissocigtion. Thus, the iSOtr.'ermalindicating the material is crystalline. The line width increased
H. uptake experiment also shows highe; tiptake for Pt in with increasing T for x = 0.2, which further supports the idea

Cén gsTio.160 than Pt in Ce@ Enhanced reducibility of CeO of solid solution. To confirm further, Rietveld refinements were

due to Ti ion substitution by hydrogen in both the presence X S .
and the absence of Pt and enhanced catalytic activity of carried out while simultaneously varying 17 parameters such

CerxyTixPtO,—s compared to Ce PO, is to be attributed @S overall scale factor and background parameter. Observed,
to the structure of Ge,TiyO, and Pt/Ce_.Ti,O,. Therefore, a calculated, and difference plots are given forxhe 0.4 sample
detailed study of the structure of the oxides was undertaken.in Figure 7b (see Figure S2, Supporting Information, o

XRD Studies.Figure 7a shows the XRD pattern of C¢li,O- 0.1 composition). The structural parameters are given in Table
for x = 0.0-0.5. All the XRD patterns can be indexed to the 2. Lattice parameterd” decreased from 5.4131(6) A for CeO
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TABLE 2: Composition of CeO,, Ce_4TiO,, and
Cer «yTixPt,0O,-s Compounds Reduced by Hydrogen up to PH111)
675°C |
H, uptake % CéeHt c
up to 675°C, formula of the reduced

compd mol/g (x10™%)  reduced species to Ce*
CeQ 2.3 CeQuos 8 s | w
TiO2 10.0 TiOvLe2 s
Ceyglio.102 7.4 Ceoli0101 88 155 F
Ceygslio. 02 8.8 Ce.sTi0.1501.86 15 g b
Cepglio. 02 11.1 Ceelio.O1s3 175 =
Cey.7Ti0.40:2 15.9 C@.7Tio.s0177 22 -
CQ],eTiOAOZ 20.0 C@,eTio,40l‘73 23.5
Cey.oP1.0102-5 2.9 Ce.oP1.0101.95 10 |
Ceygalio1sP%.0102-5 15.7 Ceaalio1Ph0i0175 36
Cengallio 18P1.002-5 23.2 Cesalio1PloO1e3 60 a
to 5.3720(3) forx = 0.4. A systematic decrease in the lattice : : . :

20 29 38 47 56 65

parameter confirms Ge,TixO, solid solution formation. 2 theta ()

.In Figure 8a-c, XRD pattems of 1 atom % Pt in @@3—0 Figure 8. XRD patterns of () CssTio1602, (b) CésiTio.18Pt.0:0-o,
Tio1§0, made by the combustion method and 1 atom % Pt anq (c) 1 atom % Pt impregnated dGeTio1O- (all the curves were

impregnated over combustion synthesizec 4gEi0.150, are magnified by 25 times in th¥-scale).
shown by expanding thé-scale 25 times after normalizing the
intensities with respect to the (111) peak. The position of the high-resolution image confirm Pt ion substitution in the
100% peak expected due to anatase, Gt¥) = 25.3 [marked combustion synthesized Pt/§gTio.1:0.
arrow in Figure 8a] is absent in the pattern even at an expansion XpsS Studies.To gain confidence in the XPS of Pt metal
of 25 times in the¥-scale. The Pt(111) peak is to be observed peaks vs oxidized Pt in CeQPt(4f) of Pt metal foil in metallic
at 20 = 39.8 and expansion of the curve in Figure 8b shows contact with the XPS probe, a Pt metal foil insulated from the
that the intensity in the Pt(111) peak region is negligibly small; xpS probe by the Zr@pallet were recorded. In addition, Pt
itis in the noise level. But a good Pt(111) peak is observed for metal particles made into a pallet in contact with the probe, Pt
the Pt/CegsTio.150, impregnated sample (Figure 8c). Ptig-H  metal impregnated over GgTip1802, (NH3)4Pt!'(NOs),, and
Pth taken in the combustion SyntheSiS is converted Info Pt PtO, (|n the form of Compact 1 mm thick pa”ets), were also
PtO, or PtQ; at least 100% intensity peak due to these oxides recorded. Pt metal foil and Pt metal particles did not show any
should be of detectable intensity as in the Pg/sEio.1502 charging. Pt(4f) peaks from Pt metal foil that was insulated over
(impregnated) sample, but no such peak could be detectedthe 7rQ, pallet showed a charging shift of 2.6 eV. Pt metal
Therefore, Pt is finely dispersed as either atoms or ions. As is impregnated over GesTio.150, showed a charging shift of 6.4
shown later, Ptis dispersed as ions from XPS studies. Thereforegy. The CegodPl0:0.-5 pallet showed charging of 6.3 eV.
the natural position for the Pt ions in Ce® the Cé* site. Correction for the shift due to charging was done taking C(1s)
The structure of GgdPh.0102-5 by EXAFS indeed showed Pt at 285 eV; since compact pallets are used for powder samples,
ion substitution for C& in CeQ where a unique PiCe there is no differential charging. In Figure 10a, Pt(4f) of the
distance is obtained at 3.28?ARietveld refinement of XRD  above samples are shown. Pif) peaks due to Pt metal foil
profiles of Ce gsTio.1§02 and C@ saTio.1sP%.0102- Was done (see  with no charging shift and with a charging shift after correction
Figure S3a,b, Supporting Information, for 1% and 2% Pt in overlap fully with binding energies at 71.1 and 74.2 eV. There
CepgsTio150,) and lattice parameter” is 5.4032(2) and 5.4052-  js no measurable increase in the width of the Pt(4f) peaks due
(3) A, respectively. The increase in the lattice parameter is to charging. Pt(4f) peaks from the Pt metal impregnated sample
significant, which indicates Pt ionic substitution in,Cei,O.. show an indication of surface oxidation from the decrease in
High-Resolution TEM Study. The high-resolution TEM 4f,, 52peak resolution, even though the main peaks are due to
image and the electron diffraction pattern of combustion Ptinthe metallic state. The binding energy of'®4f;/, 5,) from
synthesized GgsaTio1Ph.0102-5 are shown in Figure 9, parts  (NH3)4Pt'(NO3); is at 72.4 and 75.6 eV (curve D, Figure 10).
aand b, respectively. The fringes spaced-at20 A correspond Thus, filling up the valley between (445 peaks in Pt metal
to CeQ(111) layers. Fringes due to Pt metal particles separatedimpregnated over Ggslip 150, (curve C, Figure 10) is due to
at 2.30 A are absent. The electron diffraction pattern clearly surface oxidation of Ptto the P#* state. In curve E in Figure
shows the fluorite structure of the compound. No spot or ring 10, the Pt(4f) peak frona-PtO; is plotted where Pt is in the
due to Pt metal is detectable. The average particle sizd 50 4+ state. In this compound, there was no charging shift because
A, which agrees well with that calculated from X-ray diffraction it is a conducting oxide. Binding energies of P{4é) are at
with use of the Scherrer formula. EDAX analysis on these 75.0 and 78.2 eV, respectively. The Pt(4f) spectrum from
images showed a Pt:Ti:Ce ratio close to 76:23:1 as shown in Cey 9P 0102 is distinctly different and indicative of oxidized
Figure 9c, which is close to the bulk composition within the Pt with more than one oxidation state as seen from Figure 10b.
experimental error. In Figure 9d the high-resolution TEM image Under such condition, it is common to resolve the sginbit
of Pt metal impregnated over €gTio.150, is shown. Clearly, doublets into components due to different oxidation states.
Pt metal particles with Pt(111) fringes at 2.30 A are observed Accordingly, the CgodPh.010-—5 iS deconvoluted into sets of
and are marked in the figure. The lattice fringes with 3.20 A Pt(4f2,51) spin—orbit doublets taking into account fwhm from
are due to Cggslip 1502 Thus, the HRTEM study confirmed Pt metal 4§, 5, states, spirorbit splitting of 3.2 eV, and
the presence of Pt metal particles in the Pt impregnated overrelative intensity of’/, and®/, states. The Pt(4f) spectrum of
CeygsTio.1502. Therefore, the absence of Pt metal particles in Cey odP%.0102—s deconvoluted into three sets of spiarbit states
the TEM image and the presence of Pt X-ray emission on the is shown in Figure 10b. The Pt@) peaks at 71.1, 72.4, and
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Figure 9. (2) HRTEM image, (b) the corresponding ED pattern, (c) EDAX of £&B0.15P%.0:102, and (d) HRTEM image of 1 atom % Pt impregnated
over Cggslig.160o.

75 eV coincide with model compounds with Pt in Of 2and presented. In GgaTio.15P%.0102—5, 63% Pt is in the 2 state

4+ oxidation states. If the peak due to°R$ not taken into and 37% in the 4 state. For 2 atom % Pt-substituted sample,

account, fwhm becomes too high for?Ptand Pt+, which is about 7% Pt is found in the Pstate and 65% Pt in the Pt

not realistic. state. In the Breduced sample, the peak intensity at 71.1 eV
In the XPS study of the Pt(4f) core level spectrum in due to Ptis 49% and that of Pt is 45%. There is a decrease

CepgaTio18P%.0102-5, the Pt(4f) was deconvoluted into two sets  in the Pt peak intensity and an increase in thé &tate upon

of spin—orbit doublets, since intensity due td B not observed. H, reduction in the reduced sample. Peaks due to thed®te

Accordingly, the Pt(4f. s peaks at 72.6, 75.8 and 75.0, 78.2 persist. Cgsgslio.15 Pl.o02-5 upon hydrogen reduction turns

eV are due to Pt in2 and 4+ oxidation states, respectively  black. The sample upon exposure to air even at room temper-

(Figure 11a). In Cgsalio1Ph.02-s (Figure 11b), the Pt(4k,5r) ature changes to gray, which is the same color as the “as-

region was deconvoluted into three sets of sfrbit doublets prepared” sample. Thus, in combustion synthesized 1 and 2 atom

since the intensity due to Pwas significant. Accordingly, % Pt/Ce.gsTio.150,, Pt is present mainly in the2 state.

Pt(4f;,) peaks at 71.1, 72.7, and 74.9 eV are assigned?o Pt  The surface concentration of Pt in all the as-prepared samples

P+, and Pt oxidation states, respectively. The dselio.1s was calculated employing the following equatin:
Pty.0£02- was reduced in a tubular furnace in & 675°C for

6 h and the XPS of the reduced sample showed a much higher Xy _ lp{0cdce + Oidy) 4
intensity of the Pt state (Figure 11c). The same sample upon Xceri) a (lcet 1) 0pdpt )

air oxidation at 500°C shows peak positions and intensities
due to Pt, P£*, and Pt" as in the “as-prepared” sample (Figure whereX, |, o, 4, andDg are the surface concentration, intensity,

11d). In Table 3 the binding energies of P#4fin the model photoionization cross-section, mean escape depth, and geometric
compounds and the catalysts, full width at half-maximum factors, respectively. The integrated area under the respective
(fwhm) of the 4f,, peak, and relative intensities of PPE", core level peak after subtracting a linear background was taken

and Pt" states calculated from the respective areas are asthe measure of observed intensity. The photoionization cross-
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TABLE 3: Binding Energies of Pt(4f7;), Relative Intensity,
and fwhms of Different Pt-Substituted Samples
binding energy rel intensity fwhm
catalyst species of Pt4fy, (eV) (%) (eV)
- Pt metal Pt 71.1 2.2
= (NH3)4Pt'(NO3), pet 72.4 2.4
z a-PtG, Pt 75 2.4
o Ce.sP.0102-5 Pr 71.0 7 2.4
b= pt* 72.3 71 2.8
§ Pt 74.5 22 2.9
- Cey.salio18P0.0102-6 Pt
%‘ pPe* 72.6 62.7 2.7
S Pt 75 37.3 3.0
= Ceygalio18P0.002-5 Pt 711 7.6 2.2
pt* 72.7 67.1 2.7
Pt 74.9 25.3 2.9
CQ)_g3Tio_1d3bozozfa Pt 71.1 49.0 2.2
(reduced at 678C P 72.6 45.0 2.7
elg 7|2 7|5 7I8 BI’] for 6 h) pt 74.8 7.0 2.9
Binding Energy / eV CeysgslioisPl.002-5 Pgr 71.0 12.4 2.2
Figure 10. (a) XPS of the Pt(4f) core level in (A) Pt metal foil in gggfgjlfzoidllg)alrat Pt ;ig ggé %Z;

contact with the XPS probe, (B) Pt metal foil over the insulating ZrO
pallet, (C) 1 atom % Pt impregnated overq@dio 1502, (D) (NH3)4-
P{'(NOs),, and (E) PtQ. (b) XPS of the Pt(4f) spectrum of 6&&Pb 00—
deconvoluted into Pt P+, and Pt" states.

to 675°C) are shown in Figure 124. The binding energy of
Ti(2psi2,19 at 459.0 and 464.8 eV in Tixorresponds to Ti in
the 4+ state (Figure 12a). Ti(2p,12) peaks are observed at
sections and mean escape depth were taken from the litera459.0 and 464.8 eV showing Ti in thet4state in CgeTio0.402
ture2930 The surface concentrations of Pt in the as-prepared 1 (Figure 12b). The Ti" ion in Ce-4TixO,, upon hydrogen
and 2 atom % Pt/GgsTio.10; are 3.5% and 4.0%, respectively. reduction in the TPR up to 675, is fully reduced to the -8
Thus, the surface concentration of Pt is higher than that in the state as can be seen from the peaks at 458.2 and 464.0 eV
bulk, indicating significant surface segregation of platinum in (Figure 12c}! The Ti(2py2,12) peaks in as-prepared 1 and 2
the as-prepared samples. Surface concentration of Tihin T, atom % Pt/CggsTio.150, are observed at 458.8 and 464.7 eV
was close to the bulk composition within experimental error of (Figure 12d,e) and Ti is essentially in theé-4tate. In the TPR
+3% and no surface segregation of Ti is observed. reduced 2 atom % Pt/GesTio 160, sample, Ti(2p2,12) peaks
The Ti(2p) spectra of pure TEDCe 6Ti0.402, CeyeTio 40173 are observed at 458.2 and 464.0 eV (Figure 12f) corresponding
(reduced up to 675C in the TPR), as-prepared 1 to 2 atom % to Ti in the 3+ state. This shows that all the“Tiare reduced
Pt/CegsTio.1502, and 2 atom % Pt/Ggslio 150, (reduced up to the 3t state.
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Figure 11. XPS of the Pt(4f) core level in (a) G&Tio.15P%.0102-5, (0) C&.83Ti0.15P%.0002-s, (C) C& g3Ti0.15Ph.000,-s (reduced up to 675C in Hy),
and (d) Cesslio1Ph.002-5 (reoxidized in air at 500C).
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_ ) Figure 14. Valence band spectra of (a) pure Ge@®) CeeTi0.4O2

F!gure 13. XPS _Of the Ce(3d) core level of (a) 6481040z, (b) Cee (reduced up to 675C), () Ce g3Tio15Pb.002-s, (d) Ce g3Tio 1P h.002-5

Tio.40; (reduced in Hup to 675°C), (c) Ce saTi0.15Pb 0405 (reduced (reduced up to 675C), (e) PtQ, and (f) Pt metal.

up to 675°C), and (d) Cesslio.1sPh.0£02-5 (reoxidized in air at 500

°C). . .

) a plus sign). However, TPR reducedo@d io.15P%.002-5 sShow

The Ce(3d) core level regions of £810.402, CeyeTio.401.73 Ce mostly in the 4 state (compare curves a and c in Figure
(Hz reduced up to 6753C), 2 atom % Pt/CgssTio.140, (reduced 13c). The same sample upon air oxidation shows Ce in the 4
in H, up to 675°C), and the same sample air oxidized at 500 state. Significant reduction of Geto Ce* in the TPR reduced
°C are given in Figure 13, curves—d, respectively. Ce is  Ceygslio15Ph.002-5 is not observed. The TPR reduced sample
present in the 4 state in Ce 4TixO,. The Ce(3d) spectrumis  was black, but upon exposure to air while transferring to the
similar to that of Ce@with 3ds/, peaks at 882.9 and 901.3 eV XPS chamber the sample turned gray and, therefore, the Ce
and the corresponding satellites are at 889 and 899 eV {pr*3d ion seems to become oxidized even at room temperature to the
After TPR up to 675C, Ce in the 3 as well as the 4 states 4+ state.
are observed as can be seen from the satellites due totthe 3  In Figure 14, valence band spectra of GeQe gTio.402
state (marked with an asterisk) and the dtate (marked with reduced up to 673C, Ce g3lio.1h.002-s, and the H-reduced



Reducibility of Cg_4TixO, Compared to That of CeQO

Cepgalio1dPh002-5 are given. VB of Pt metal and PiGire
also given in the figure. In Cethe valence band consists of
O(2p) peaked at 6.5 eV and no electron density up-8eV
from Eg. Pure TiQ also shows a similar valence band due to
O(2p)32 On hydrogen reduction, the i state with the Ti-
(3dYH band with measurable electron density belvand above

J. Phys. Chem. B, Vol. 110, No. 11, 2008271

Therefore, we can write the formula of the compound as
Cey.ss-xPkTio.1502-9. The exact composition of oxide ions is
difficult to ascertain. However, this compound can be reduced
to a greater extent than €&Tio.1502. While Ce gsTip 150, can

be reduced to Ged¢*""Cey 1587 Tio.15"O1.86 Cen.8aTi0.1P%.0102-5

can be reduced to G&MCey 35 3Tig.15 3Pty 02201 75up to 675

the O(2p) band edge is observed as can be seen by curve B irfC. This means, more ¢e can be reduced with Pt ionic
Figure 14. In the Pt ion substituted sample and the reducedsubstitution in Ce_xTixOx.
sample (curves C and D in Figure 14) also, an increase in the The Ce(4f) band lies about 2 eV below tke as observed

electron density belo\k is visible. Very high electron density

from the valence band spectrum of0g.32In CeQ it is empty.

at Er is seen in Pt metal and the valence band extends up to 6Pt metal has a high electron densitygat(Figure 14). Even in

eV. PtQ also shows high electron density just belBwdue to
the Pt(5d) band. Since the extent of‘Ceeduction is small,
the Ce(4f) peak at~2 eV is not discernible in the VB region.

Discussion

Our interest in this study was to see how*Tiionic
substitution for C&" in CeQ influences redox properties of
CeQ and Ce_4PtO,-s. In our earlier studies, we had shown
that —Ce**—O—P#"—0O—Ce* — interaction in Ce_xPtOz—s
is responsible for dissociated hydrogen adsorption at low
temperature. Further, CO adsorption overRites and higher
dissociative chemisorption of oxygen over oxide ion vacancy
sites around Pt leading to higher CO oxidation activity were
shown. Here, formation of GeTixO, (x = 0.1-0.4) solid
solution by the combustion method is confirmed from XRD
studies. Pure Cefs reduced to Cetys in H, up to 675°C
and TiQ, to TiO; 92 However, Ce 4TixO, can be reduced to a
greater extent. That 1T in CeTixO> is reduced to the F1
state fully is shown by XPS. With 15% 4 ion substitution,
Cey gsTio.1502 could be reduced to GesTio.1501.86 This means
15% of Ti*" is reduced to the Fi state and 15% of C& can
be reduced to the Ce state compared with just 8% in pure
CeQ and 16% of Tt" in TiO2. CeygTio.4O2 could be reduced
to Ce 71" Cey 141 Tio 42Oy 73 retaining the gross fluorite struc-
ture that can be oxidized back to &€ip 4O,. Thus, reducibility
of Ce—«TixO; is higher than that of Cefor TiO..

The Ti*" ion is too small to occupy the 8-coordinated*Ce
site in the Ce@ structure. The CeO bond length is 2.34 A,
With the lattice parameter of 5.372 A for £&1i.40,, Ce—O
and Ti~O bond lengths should be 2.32 A. The*Tion with
size 0.74 A, being much smaller than“c¢0.98 A), prefers 6
coordination as in anatase or rutile phases.Qibond distances
are 1.96 and 1.93 A in the TiGanatase phase. The CgTi,O,

phase shows large line broadening in the XRD (see Figure 7)

PtO, where Pt is in the 4 state, Pt(5d) electrons have
sufficiently high electron density &r. Certainly, Pt in the 2
state should have electron density sufficiently high rigarn
TiO,, the Ti(3d) band lying below thEr is empty. The distinct
Ti3"(3d) band peak at 1.5 eV belowEr is well separated from
the O(2p) band in B03.3% Thus, Ti(3d), Pt(5d), and Ce(4f)
bands overlap belovEr and, therefore, any change in the
electron density due to reduction of?Ption to Pf should
populate Ti(3d) and Ce(4f) levels. Since thé @>+5c) band
has high electron density Bt and the Ti(3d) band lying below
is empty in the Tt" state, oxidation of Ptto P£* should occur,
simultaneously reducing Ti to the TPt state. Increased
reduction of T and Cé" ion in the Pt-substituted sample is
to be attributed to such an electronic interaction. Increase of
CO oxidation rate over Ggalip18P1.010,—s compared to
Ceay.oPh0102-5 should then be due to facile electron/hole
transfer from Pt to Ti and Ce sites. Accordingly, the CO
oxidation reaction can be written as follows:

0, +2Vy —2QF + 4k
2
2[Ce"-0-PE-[O}]-Ti*"] + 2CO,4—
2CQ, + 2[Ce""-0-Pr-O-Ti*] 4 2V,
2[Ce"-0-PP-O-Ti*"] + 2h' — 2[Ce**-0-PE*-O-Ti*"
2[Ce-0-PE -O-Ti*"] + 2 — [Ce*"-O-PE"-O-Ti*"]
2CO+ 0,=2CO,
From our XPS and hydrogen reduction studies, the reaction

O-Pe-O-Ti**-0 + h' — O-PE -O-Ti%*t-0

suggesting that oxide ion sublattice may be distorted leading to is more facile than Ce-O-Pf-0- + h* — Ce&*-O-P£"-O-. This

a change in the local coordination around thé*Tion. It is
possible that local coordination of Ti can b&-®. This means

6 O of the 8 oxide ions come closer from the mean of 2.32
A to ~2 A due to the smaller ¥t ion and the remaining two

should be expected because the Ti(3d) band is closer to the
Pt(5d) band and electron or hole transfer from Pt(5d) to Ti(3d)
is more facile. Thus, the reason for higher catalytic activity for
CO oxidation is due to energetically more favorable electron

oxide ions may move to longer distances. The oxide ions moving transfer from Pt(5d) to Ti(3d) than Pt(5d) to Ce(4f). If such a

away from the shorter HO distances must be easier to remove
by H, thus explaining the higher reduciablity of £gTiOs.
Since oxide ion is bonded to both*Tiand Cé" ions, both of
them are reduced. In @gCuO,s, for example, the extent of
Cé*t ion reduction was higher due to &uion substitutior?®

In Ce—xZrO,, 4+4 coordination for the Zt ion is suggested
to explain the high reducibility of the @& ion due to the Zt"
ionic substitutior?* A detailed local structure of the 4 ion

in CeG, by EXAFS is essential to understand higher chemical
reactivity. A more interesting point is its reducibility in the Pt
ion substituted CgssTip1502. XRD, TEM, and XPS studies

proposition is correct, TixP&O,—s should be much more active
for CO oxidation than the Pt-substituted {CdliO,. Indeed,
Tio.odPl.0102—5 was prepared by the solution combustion method
and the formation of BigdP%.0102-¢ in the anatase phase with
Pt in the 2+ and the 4 states has been well characterized.
The CO oxidation over BigdP1. 0102 under the same experi-
mental condition as in Figure 1 indeed shoWgg at 140°C
(see Figure 1). This confirms that the Pt(5€l)Ti(3d) interaction
is responsible for the enhanced catalytic behavior.

While TiO, (anatase) itself is a good reducible support, the
oxide transforms to Ti@ (rutile) above 650°C3¢ whereas

indicated clearly that Pt is in the ionic state. Since Pt is present Ce,_4TixO- is stable up to 750C without any TiQ separation.

mainly in the 2+ state, oxide ion vacancies need to be created.

Pt ion substitution in CexTixO, has been possible and the
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compound is stabe up to 78C. Further, restoration of metals
in the oxidized state, viz., Pt, Ti**, and Cé&*, as in the above
reaction scheme is essential for high TOF. Thé'Gen is more
easily oxidizable than ¥t to Ti*". Therefore, from the catalysis
consideration, Ge4TixO as a support is more important than
pure TiQ.

Conclusions

(a) Ca—TixO2 (x=0.1-0.4) solid solutions were synthesized
by the solution combustion method.
(b) Cea—x—yTixP0O> (x = 0.15;y = 0.01-0.02) crystallites

synthesized by a single step synthesis show that Pt is mainly in

the PE" state.

(c) H/Pt molar ratios are 5 and 4 overdgglio.1P.0102 and
CeyodPh.0102-5, respectively, and the ratio is just 0.078 over
about 8 nm Pt metal particles at 3G.

(d) Reducibility of CeQis enhanced by T ion substitution
in Ce—4TixO, (x = 0.0-0.4), and Pt ion substitution in
Ce«TixO2 enhances its reducibility further compared to that
of the Pt ion in Ce@

(e) The rate of CO conversion over §&&Ti0.15P%.0102—s iS
45 times higher than that over £&P1 010.—s at 155°C.

(f) Electronic interaction between Ee-Ce**, Ti4t—Ti3t,
and P#¥—Pt via overlap of Ce(4f), Pt(5d), and Ti(3d) states
in the valence band of Ge-TixPtO,-s is suggested to be
responsible for faster electron transfer for higher @00,
catalytic activity.
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Supporting Information Available: Hydrogen uptake as a
function of time at 30°C over C@g3Tip.1P%.0202 is given in
Figure S1, the Rietveld refined XRD profile of Ed1i0.10, in
Figure S2, and the Rierveld refined XRD profile for 1% and
2% Pt in Cegslip 150, in Figure S3a and S3b, respectively.
This material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) Ertl, G.; Kntinger, H.; Weitkamp, JHandbook of heterogeneous
catalysis VCH: Weinheim, Germany, 1998; Vol. 4, p 1939.

(2) Bethke, K. A.; Kung, H. HJ. Catal 1997 172 93.

(3) Shastri, A. G.; Schwank, J. Catal. 1985 95, 271.

(4) Trovarelli, A.Comments Inorg. Chemi999 20 (4—6), 263.

Baidya et al.

(5) Leitenburg, C. D.; Trovarelli, AJ. Catal.1995 156 171.
(6) Zhang, Z.; Andersson, S.; Muhammad, Mppl. Catal. B1995 6,
325.
(7) Dong, L.; Hu, Y.; Shen, M.; Jin, T.; Wang, J.; Ding, W.; Chen, Y.
Chem. Mater2001, 13, 4227.
(8) Shan, W.; Shen, W.; Li, GCChem. Mater2003 15, 4761.
(9) Meriaedeau, P.; Ellestad, O. H.; Dufaux, M.; Naccachd, Catal
1982 75, 243.

(10) Blasco, M. T.; Conesa, J. C.; Soria, J.; Gonzalez-Elipe, A. R;
Munuera, G.; Rojo, J. M.; Sanz, J. Phys. Chem1988 92, 4685.

(11) Datye, A. K.; Kolakkad, D. S.; Yao, M. H.; Smith, D. J. Catal
1995 155, 148.

(12) Tauster, S. J.; Fung, S. C.; Garten, RILAm. Chem. Sod978
100(1), 170.

(13) Arino, M. D.; Pinna, F.; Strukul, GAppl. Catal B 2004 53, 161.

(14) Yao, H. C,; Yao, Y. FJ. Catal 1984 86, 254.

(15) Fornasiero, P.; Balducci, G.; Monte, R. D;as, J.; Sergo, V.;
Gubitosa, G.; Ferrero, A.; Graziani, M. Catal 1996 164, 173.

(16) Fornasiero, P.; Kasr, J.; Graziani, MAppl. Catal. B 1999 22,
L11.

(17) Mamontov, E.; Egami, T.; Brezny, R.; Koranne, M.; TyagiJS.
Phys. ChemB 200Q 104, 11110.

(18) Luo, M.; Chen, J.; Chen, L.; Lu, J.; Feng, Z.; Li, Chem Mater.
2001, 13, 197.

(19) Priolkar, K. R.; Bera, P.; Sarode, P. R.; Hegde, M. S.; Emura, S.;
Kumashiro, R.; Lalla, N. PChem Mater. 2002 14, 2120.

(20) Bera, P.; Priolkar, K. R.; Sarode, P. R.; Hegde, M. S.; Emura, S.;
Kumashiro, R.; Jayaram, V.; Lalla, N. Ehem Mater. 2002 14, 3591.

(21) Bera, P.; Priolkar, K. R.; Gayen, A.; Sarode, P. R.; Hegde, M. S.;
Emura, S.; Kumashiro, R.; Jayaram, V.; Subbanna, GChem Mater.
2003 15, 2049.

(22) Gayen, A,; Priolkar, K. R.; Sarode, P. R.; Jayaram, V.; Hedge, M.
S.; Subbanna, G. N.; Emura, Shem Mater. 2004 16, 2317.

(23) Bera, P.; Gayen, A.; Hegde, M. S.; Lalla, N. P.; Spadaro, L.;
Frusteri, F.; Arena, RJ. Phys Chem B 2003 107, 6122.

(24) Vogel, A. I. A Textbook of Quantitate Inorganic Analysis5th
ed.; Longman: New York, Reprint 1997; p 696.

(25) Patil, K. C.; Aruna, S. T.; Mimani, TCurr. Opin. Solid State Mater
Sci 2002 6, 507.

(26) Aruna, S. T.; Patil, K. CNanoStructured Mater1998 10 (6), 955.

(27) Young, R. A.The Rieteld Method Oxford University Press:
Oxford, UK, 1995.

(28) Powell, C. J.; Larson, P. Bppl. Surf Sci 1978 1, 186.

(29) Scofield, J. HJ. Electron Spectrosdrelat Phenom1976 8, 129.

(30) Penn, D. RJ. Electron SpectrosdRelat Phenom 1976 9, 29.

(31) Rao, C. N. R.; Sarma, D. D.; Vasudevan, S.; Hegde, MRr8c.

R. Soc London A1979 367, 239.

(32) Sarma, D. D.; Hegde, M. S.; Rao, C. N.RChem. SocFaraday
Trans 1981, 77, 1509.

(33) Sen, P.; Hegde, M. Proc. Indian Natl. Sci. AcagdPart A 1981,

47, 731

(34) Nagai, Y.; Yamamoto, T.; Tanaka, T.; Yoshida, S.; Nonaka, T.;
Okamoto, T.; Suda, A.; Sugiura, Matal. Today2002 74, 225.

(35) Nagaveni, K.; Hegde, M. S.; Madras, &.Phys. Chem. B004
108 20204.

(36) Lopez, T.; Gomez, R.; Pecci, G.; Reyes, P.; Bokhimi; Novaro, O.
Mater. Lett.1999 40, 59.



