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Abstract

Methanol was decomposed to carbon monoxide and hydrogen on supported precious metals. Among the precious metals
examined the performance of Pt was found to be the best, and ceria was the best support. Pt/CeO, decomposed methanol
completely at 230°C with 99.2% and 94.6% of selectivities to H, and CO, respectively. TEM, ESCA, and XAFS analyses
showed that Pt interacted very strongly with ceria, indicating the possibility of the formation of Pt—-O—Ce bond and the
penetration of Pt into the bulk ceria. The reaction mechanism was discussed on the basis of the kinetic analysis. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

The decomposition of methanol to CO and H,
(methanol reforming) is an important reaction because
of its potential application in the technologies
expected in the future. Methanol reforming can be
applied in the fuel cell and used as an on-board
reforming process for vehicle fuel. Advantage con-
cerning energy transportation is also its merit: as
liquids are more convenient for long-distance trans-
portation than gases, methanol is conveyed to process
sites, where it is converted into CO and H, and utilized
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for various purposes. Many catalysts for methanol
decomposition have been developed [1-16]. Among
them Ni and precious metals such as Pt or Pd seem to
be effective, and the supports used are mainly Al,O3
and SiO,. Although other supports such as TiO, and
71O, are used, there does not seem to be so much data
on CeO,-supported catalysts. Li et al. investigated the
action of CeO, in the decomposition of methanol;
however, they only identified the adsorbed species of
methanol on CeO, and no metal was supported on it
[17]. On the other hand, CeO, is an inevitable com-
ponent in the automobile catalysts; it stabilizes sup-
port alumina and keeps high surface area [18,19],
prevents the sintering of precious metals, and thus,
stabilizes their dispersed state [20,21], promotes CO
oxidation [22-24] and water—gas shift reaction [25-
27], and acts as an oxygen reservoir [28-37]. It can

0920-5861/99/$ — see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S0920-5861(98)00516-1



370 S. Imamura et al. / Catalysis Today 50 (1999) 369-380

also be used as a support for precious metals in the
reactions other than the detoxification of vehicle
exhaust gas: e.g. Pt—ceria for carbon monoxide hydro-
genation [38], Rh—ceria for the decomposition of N,O
[39], and Ru—ceria for aqueous-phase or vapor-phase
oxidation of formaldehyde [40,41]. As the superior
action of ceria is often exclusively derived through the
combination with precious metals, the knowledge on
the interaction between ceria and precious metals is
important to fully utilize the performance of both the
elements in designing efficient catalysts. There seem
to be discrepancies among the literature concerning
the state of precious metals supported on ceria; that is,
whether precious metals aggregate on the surface of
ceria or interact with it and penetrate inside its bulk.
Cook et al. reported that sintering of Pt on alumina is
retarded by an addition of ceria at 600°C and 800°C
and assume the strong interaction of Pt with Ce;
however, Pt particles were observed by TEM [20].
Zafiris and Gorte [37] suggested the migration of
Rh into ceria. Brogan et al. [42] reported the forma-
tion of a PtCeO complex on the basis of the analysis
using Raman spectroscopy. Kalakkad et al. [38]
observed the TEM image of Pt particles on any ceria
supports which were used in the CO hydrogenation
reaction. Zhou et al. suggested the migration of Rh
into ceria to form a strong interaction with Ce*"
species. However, the extent of the interaction
depends on the oxidation state of Ce, and Rh retains
its metallic state on the surface when ceria is fully
oxidized [43]. Bernal et al. [44] obtained clear TEM
images of Rh metal particles on ceria. However, the
recent fine review by Trovarelli [45] summarizes a
considerable amount of data which demonstrates the
strong interaction between precious metals with ceria
with an atomic level.

In this work we first investigated the performance of
Pt-loaded CeO, catalyst in the decomposition of
methanol, and then, tried to clarify the state of Pt
on CeO, by the combined use of XRD, TEM, ESCA,
and XAFS techniques.

2. Experimental
2.1. Catalyst preparation

The supports (y-Al,O3, ZrO,, MgO, SiO,/Al,03,
Ca0), H,PtCls-6H,0O, RhCl3, and PdCl, were used as

obtained commercially. CeO, was prepared by pre-
cipitation from aqueous cerium(IIl) nitrate. One N
NaOH was added to the solution until the pH became
about 11. The resultant precipitate was washed with
deionized water several times, and it was dried at 80°C
overnight, followed by calcination at 500°C in air for
3h. The BET surface areas of the supports were
81.0m%g (Ce0,), 14.6m%g (ZrO,), 16.5m’/g
(Ca0), 198.2 m%/g (y-Al,03), 46.3 m*/g (MgO), and
188.0 m2/g (S8i0,/Al,03). Precious metals were
loaded on the supports according to the two following
methods. The first method employed the reduction of
precious metals with formaldehyde. The supports
were dispersed in an aqueous solution of precious
metals maintained at 90°C, and aqueous formaldehyde
(5 molar ratio to precious metal) was added to the
solution. Then the pH of the solution was adjusted to
about 9, and after the solution was stirred for 1 h, it
was evaporated to dryness with an evaporator. The
catalyst was dried at 80°C overnight and calcined at
500°C in air for 3 h. The second method employed the
reduction with hydrogen. After an aqueous solution of
precious metals dispersed with the supports was stir-
red for 1 h, it was evaporated to dryness. The catalysts
thus obtained were reduced with hydrogen at 300°C
for 1 h, followed by calcination at 500°C in air for 3 h.
The catalysts prepared by the above two methods were
pressed into a disk under a pressure of 30 MPa and was
cut into 8—14 mesh size.

2.2.  Apparatus and procedure

The decomposition of methanol was carried out
with an ordinary tubular flow reactor under an atmo-
spheric pressure. One milliliter of the catalyst was
charged in the reactor and was reduced with hydrogen
at 300°C for 1 h before the reaction. Argon containing
3.8 vol% of methanol was introduced into the reactor
at a space velocity of 4200 h™'. It was confirmed that
the reactions were not affected by any mass transfer
limitation inside the bulk catalyst because the conver-
sion of methanol was independent of the catalyst
particle size.

2.3. Analyses

Methanol was determined with a Shimadzu 4B gas
chromatograph on a Porapack T column (2 m) at
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140°C, and methane, CO, CO,, and H, with a Shi-
madzu 3BT gas chromatograph on an activated char-
coal column (1 m) at 60°C. The lattice constant of
ceria was measured by an asymmetric photographing
method using a Rigaku Denki Geigerflex D-3F
equipped with a Debye—Scherrer camera. The radius
of the camera was determined by the use of a silicon
crystal powder as a standard. The 16 diffraction peaks
of ceria observed by this method gave the averaged
value of the lattice constant to a precision down to the
third decimal place in A unit. TEM and ESCA (XPS)
analyses were carried out with a Hitachi H-800 trans-
mission electron microscope and a Shimadzu ESCA
750 spectrophotometer, respectively. The binding
energy (BE) of the ESCA peaks was calibrated on
the basis of the BE of C;; (285.0 eV) peak of the
contaminated carbon species from the vacuum pump.
The X-ray absorption spectra were obtained by a
transmission mode at the beam line 10B station of
the Photon Factory in the High Energy Accelerator
Research Organization (Tsukuba) with a ring energy
of 2.5GeV and a ring current of 280-390 mA. A
Si(3 1 1) double crystal was used to monochromatize
the X-rays.

3. Results and discussion

3.1. Decomposition of methanol on Pt/CeO, and
other catalysts

Table 1 shows the results of the decomposition of
methanol on various catalysts. The temperature of the
catalyst bed was increased at a rate of 2°C/min and the
selectivities to CO and H, were obtained at a tem-
perature of 100% methanol conversion. First, the
activity of precious metals supported on a common
support, CeO,, was investigated. Among the catalysts
in which precious metals were loaded on CeO; in the
presence of formaldehyde, Rh/CeO, and Pt/CeO, had
high activity as estimated by the temperatures of 50%
and 100% methanol conversions (Tsy and Tjqg)
although the selectivity to CO was low on Rbh/
CeO,. In the case of the catalysts prepared by the
reduction with hydrogen, Pd/CeO,, which showed the
lowest activity when prepared by the formaldehyde
method, exhibited high activity and comparatively
high selectivity to H, and CO. Thus the performance
of the catalysts remarkably depends on the method of
preparation. Although the details of the effect of the

Table 1
Decomposition of methanol®
Catalyst® Preparation method® Tso (°C)¢ T (CO)° Selectivity (%)

H, CO
Rh/CeO, A 183 230 92.6 63.7
Pt/CeO, A 192 230 99.2 94.6
Ru/CeO, A 221 270 89.0 41.6
Pd/CeO, A 223 280 87.1 67.9
Pd/CeO, B 174 220 100 86.6
Pt/CeO, B 158 240 100 91.1
Rh/CeO, B 193 270 88.3 68.5
Ru/CeO, B 217 280 88.2 74.0
Pt/ZrO, A 212 260 95.2 90.1
Pt/y-Al,058 A 182 290 93.9 88.5
Pt/Si0,/Al,052 A 218 320 94.0 88.7
Pt/CaO A 253 320 100 75.3
Pt/MgO A 290 380 39.2 69.9

“The reaction condition is shown in Section 2.
"Precious metal: 3 wt% loading.

“The catalysts were prepared by reduction with formaldehyde (A) and hydrogen (B) (see Section 2).

dTemperature of 50% methanol conversion.
“Temperature of complete methanol conversion.
tAt Tl()().

€A large amount of dimethyl ether was formed at low temperature region (around 190°C for Pt/y-Al,O3 and 220°C for Pt/SiO,/Al,03).
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catalyst preparation methods were unknown, we did
not investigate this point further. As the activity and
the selectivity were satisfactorily high for Pt/CeO,
irrespective of the method of preparation, Pt was
loaded on other supports by formaldehyde method
in order to see the best support for Pt (see also
Table 1). However, the performance of Pt loaded on
other supports was far inferior to that of the Pt loaded
on CeO,; especially the temperatures of complete
methanol decomposition were much higher except
for Pt/ZrO,. Pt/y-Al,03 and Pt/SiO,/Al,03 produced
a large amount of dimethyl ether at a low temperature
region probably due to the presence of acid sites [1].
As Pt/CeO, exhibited the highest performance with
regard to both activity and selectivity, we investigate
its action hereafter; the formaldehyde method was
employed.

It was found that the activity of the catalyst
increased linearly with an increase in the amount of
Pt until 3 wt% of loading and thereafter became
almost constant up to 5 wt% of Pt; the rate of methanol
decomposition at 200°C was 1.5x107> mol/h g-cat
for 0.5wt% of Pt and 4.1x107 > mol/h g-cat for
3 wt% loading. Fig. 1 shows the effect of the reaction
temperature on the product distribution in the reaction
over the catalyst with 1 wt% of Pt. The rate of
methanol decomposition above 250°C (with complete
methanol conversion) was 4.7 x 10~ mol/h g-cat. The
selectivities to CO and H, decreased with the tem-
perature increase and methanation began to occur and
CO, was formed simultaneously. CO, was probably
formed by the reaction (shift reaction: Eq. (2)) of CO

100F T T _a—e—a o] 100
R o &8
> s0f 50 §
3 &

O 1 I I L L L L 1
200 300 400 500
Temp/C

Fig. 1. Effect of the reaction temperature: (@) MeOH conversion;
(O) Hy; (A) CO; ([O) CO,; () CHy. MeOH=3.8 vol% in Ar, Pt
loading=1 wt%, SV=4200 h~".

with H,O which was formed through the methanation
(Eq. (1)).

CO + 3H,=2CH,4 + H,0 (1)
CO + H,0=2CO0, + H, 2)

The yields of CO, and CH,4 took maxima at 400°C
and decreased above that temperature, and H, and CO
again increased. As the shift reaction is slightly
exothermic [46], high temperature runs reaction (2)
backward, producing H,0O. Consequently, steam
reforming of CHy (reverse reaction of Eq. (1)) would
have occurred; steam reforming is endothermic and
favors also high temperature [46]. It was found that a
100% conversion of methanol was maintained for 5 h
at 250°C over the catalyst with 1 wt% of Pt, and
selectivities to CO and H, did not change during that
timescale. The change in the temperature (300-
700°C) of the pretreatment of the catalyst (Pt:
1 wt%) with hydrogen did not affect its activity.

3.2.  Kinetics of the decomposition of methanol

Kinetic study was performed to clarify the mechan-
ism of methanol decomposition in the temperature
region of 190-230°C. The conversion of methanol was
maintained below 12% in order to satisfy the condition
of a differential reactor. Methanol and hydrogen are
dissociatively adsorbed on Pt easily [47-50], and CO
is also chemisorbed on it [51,52]. Taking these adsorp-
tions into consideration, following equilibria are
obtained:

CH;O0H + 2PteCH;0—Pt + H—Pt, Ky, 3)
H, + 2Pt=2H—-Pt, K, “4)
CO + Pt2CO-Pt, K. (5)

The rate-determining step of methanol decomposi-
tion is assumed to be the abstraction of hydrogen atom
from the methyl group since the reaction rate on Pt/
Si0, decreases by substituting hydrogen atoms in the
methyl group with deuteriums [53]. Thus we assume
following reactions as the rate-determining steps:

CH;0—Pt+H—Pt—H,CO—Pt+H, +Pt, k;, (6)
CH;0—Pt+ Pt — H,CO—Pt+ H-Pt, k, (7)
2CH30—Pt — HCOOCH; + H, + 2Pt, k3,  (8)
CH;0—Pt — HyCO—Pt + 1Hy, k. 9)
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Under the assumption that the partial pressures of
CO and H, are small and that the species other than
CH;0-Pt are rapidly decomposed, we obtain rate
expressions for each possible rate-determining step
(Egs. (6)—(9)) as follows, in which r represents the rate
of methanol decomposition (see Appendix A for the
example of the derivation of Eq. (10)).

For Eq. (6):
Py = k;l/zKrL/zK}:l/ZPMeOHP;;ﬂ
+k;1/2K;1/2- (10)
For Eq. (7):
PPl = 1 PR Prcon Py
+ky PRPK (11)
For Eq. (8):
PyiconPi) 1 =k P PyconPy !+ K KL
(12)
For Eq. (9):
PueonPy*r = K PuconPy.” + k'K KL
(13)
Fig. 2 shows the plot of PMGOHPI;Z1 2ys. Pll\,{jm_lr‘l/2
(Eq. (10))  and  Fig.3  PweonPy’> Vs,

PMeOHP;Izl/ 2p=1/2 plot (Eq. (12)). Both plots show a
fairly linear relationship. However, the plot for
PryeonPy/? vs. P2 P12 (Eq. (11)) or that
MeOH!H, MeOH! H,
for PMeOHPﬁz1 VS. PMeoHPﬁzl e (Eq. (13)) was not
linear (not shown in the figure). Thus either Eq. (6) or
Eq. (8) seems to be the rate-determining step. The
slope of the straight line shown in Fig. 2 gave the
value of kfl/zKIyzK;m, the value of kfl/zKr;m was
obtained from the intercept on the ordinate. The
Arrhenius plots of these values (190-230°C) gave a
value of 53.4kJ/mol for E, + QOmeon — Qu, and
67.8 kJ/mol for E,—Qwmeon, Where E, is the activation
energy for Eq. (6), and Oneon and Oy, are the heats of
dissociative adsorption of MeOH and H,, respectively.
Substitution of the reported value of Qy, (60-130 kJ/
mol) on Pt gives the value of 91-126 kJ/mol for E, and
23-58 kJ/mol for Qpeon [50]. The result is in accord
with the fact that the heat of adsorption of methanol is
considerably lower than that of hydrogen [54,55]. The
same treatment for the data shown in Fig. 3 gives the
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Fig. 2. Kinetic analysis — I. The reaction condition is the same as
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values for ks '/2 (slope) and ky 1/ 2K1\7[3:0HKA/ ? (inter-
cept on ordinate), and the Arrhenius plots for these
values give E,=41.7kJ/mol and Oy, — 20mecon=
79.5 kJ/mol. Thus we obtain —10 to 25 kJ/mol for
Omeon- The reported values for the heat of methanol
adsorption on Pt(1 0 0) is ca. 50 kJ/mol [55]. Compar-
ing this value with the values of Q.o Obtained in this
work (23-58 kJ/mol for Eq. (6) and —10 to 25 kJ/mol
for Eq. (8)), the plausible rate-limiting step is Eq. (6).
The fact that the formation of methyl formate (Eq. (8))
was not observed during the reaction supports the
above deduction.

The role of CeO, in the decomposition of methanol
is not considered in the above discussion. Methanol is
adsorbed on CeO, to produce methoxy and formate
species, from which CO, H, or CO, may be produced
[17]. This possibility cannot be neglected. However,
the separate experiment showed that the rate of the
methanol decomposition on pure CeO, was
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Fig. 4. TEM image of Pt(3 wt%)/y-Al,O5. Arrows show the localized Pt.

3.3%x 10 * mol/h g-cat at 200°C. This value is one
order of magnitude smaller than those with Pt/CeO,
catalysts. Thus the above discussion on the reaction
mechanism, in which Pt plays as the main catalytic
species, would be valid.

3.3. State of Pt on CeO,

TEM observation was carried out for the catalysts
which were prepared by formaldehyde method. The
catalysts were pre-reduced in hydrogen at 400°C for
1 h (Pt: 3 wt%) in order to obtain a clear Pt image.
Although Pt particles with a mean size of 100 A were
clearly observed on y-Al,O3 (Fig. 4), no image of Pt
was obtained on CeO, which was prepared by calci-
nation at 500°C (Fig. 5). This situation is very much
the same as that in the case of Rh supported on CeO,,
for which only the image of CeO, was observed [39].
When 1% of Pt was loaded on CeO, which was
calcined at 950°C (BET surface area: 0.8 mzlg), Pt
particles were observed on very large CeO, crystals
(Fig. 6). As the surface area of CeO, calcined at
500°C is large (81.0 m*/g), one possibility is that Pt
was too finely distributed to be detected by TEM. The
other possibility is that Pt penetrated inside the CeO,.

XRD patterns of Pt could not be obtained below
7 wt% Pt loading on CeO,. Table 2 shows the change

in the lattice constant (ag) of CeO, on loading Pt by
formaldehyde method. It was found that the CeO,
calcined at 950°C had a value of ag of 5.412 Awhichis
in accordance with the literature value [56]; this CeO,
seems to have a stoichiometric cubic structure. The ag
of CeO, calcined at 500°C without Pt was
5.414(£0.002) A, showing that crystallite formation
is inadequate. On addition of Pt (1 and 3 wt%) and
subsequent treatment with oxygen and hydrogen, the
lattice constant increased to 5.421 A. More rigorous
treatment with 7 wt% of Pt and repeated oxidation—
reduction cycles, aq further increased to 5.423 A. This
may indicate that Pt penetrated inside the CeO, and
enlarged its lattice separation. However, the state of
CeO, may be different in the presence and in the
absence of Pt. In the presence of Pt, reduction of CeO,
would be more remarkable, especially when treated
with H,, which would result in the lattice expansion
because Ce®* (1.03 A) is larger than Ce** (0.92 A).
On the other hand, the loss of more lattice oxygen
assisted by Pt would lead to the diminished lattice
separation. In this respect, the change of the lattice
constant would depend on the balance between these
two factors. Therefore, the penetration of Pt into CeO,
cannot be concluded on the basis of these XRD data.

The amount of Pt present in the surface layer of
CeO, was measured with an ESCA spectrophotometer
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Fig. 6. TEM image of Pt(1 wt%)/CeO,. CeO, was calcined at 950°C. Arrows show the localized Pt.

(Fig. 7). The samples were prepared in the same way
as in the case of the TEM and XRD experiments. The
Pt/Ce molar ratio was calculated on the basis of the
ratio of the peak intensity of 4fs/, plus 4f;/, electrons
for Pt to that of 4d3,, plus 4ds, electrons for Ce. The
surface Pt increased linearly with an increase in Pt

loading; however, the surface Pt/Ce ratio was almost
the same as that initially loaded. If the loaded Pt is
present only on the surface, the surface Pt/Ce ratio
should be higher than the loaded Pt/Ce ratio. When
1 wt% of Pt (Pt/Ce molar ratio of 0.009) was sup-
ported on CeO, which was calcined at 950°C, the
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Table 2

Change in the lattice constant (ag) of CeO,

Sample Treatment ap (A)?
CeO, 500°C, 3 h, O, 5.41440.002
1 wt%Pt/CeO, 500°C, 3 h, 0,+300°C, 1 h, H, 5.42140.001
3 wt%Pt/CeO, 500°C, 3 h, 0,+300°C, 1 h, H, 5.42140.001
7 wt%Pt/CeO, 500°C, 3 h, O,+400°C, 1 h, H,+400°C, 1 h, O,+400°C, 1 h, H, 5.42340.001

“Average value obtained from 16 diffraction peaks of CeO,.
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Fig. 7. ESCA analysis of the surface Pt concentration. Calcination
temperature of CeO,: (@) 500°C, (O) 950°C.

observed surface Pt/Ce ratio was much higher (0.058).
Thus the result indicates the possibility of penetration
of Pt into CeO, which has a large surface area due to
the low calcination temperature of 500°C. Table 3
shows the result of Ar etching of Pt/CeO, (calcination
temperature of CeO,: 500°C, Pt loading: 3 wt%). The
Pt/Ce molar ratio first decreased on 1 min Ar etching
(estimated spattering depth of about 20 A), and there-
after remains almost constant for 10 min. This also
seems to indicate the dissolution of Pt into CeO,. The

Table 3
ESCA analysis of Pt/CeO,"

Ar etching (min) Pt/Ce (molar ratio) BE of Pt4f7’,2 V)

0 0.0027 72.7
1 0.0021 74.5
3 0.0023 74.6
6 0.0027 74.5
10 0.0023 74.6

iCe0, was calcined at 500°C, and Pt was loaded by a
formaldehyde method followed by reduction with hydrogen at
400°C. The amount of Pt loaded was 3 wt%, which corresponds to
Pt/Ce molar ratio of 0.0026.

binding energy (BE) of the 4f;, electron of Pt was
72.65 eV before Ar etching and it increased to 74.5—
74.64 eV after etching, which corresponds to the value
for oxidized states of Pt such as PtO or PtO, [57]. The
surface Pt was more reduced than its counterpart in the
bulk; however, it was in more oxidized state than
metallic Pt (71.2 eV).

The state of Pt was further investigated by an XAFS
spectroscopy. Because of the large gradient of the
background slope due to the existence of high con-
centration of CeO,, Pt LIII-edge absorption could not
be resolved clearly. Therefore, the samples with CeO,
(5 wt%) and Pt (1 wt%) supported on y-Al,O3 or SiO,
were used for the XAFS measurement. After
Ce(NO;); was impregnated on SiO, or Al,O3 and
was calcined at 500°C, Pt was loaded on this CeO,-
supported SiO, or y-Al,O3 by the usual formaldehyde
method, followed by calcination at 500°C in air for
3h. In the case of Pt—CeO, supported on Al,Os,
incorporation of CeO, did not result in the activity
increase of Pt; Pt seemed to contact mainly with Al,O3
although details are not known. On the other hand,
CeO, on Pt/SiO, exhibited a promoting effect. The
rate of methanol decomposition was 1.3x10> mol/
h g-cat at 182°C over Pt(1 wt%)/CeO,(5 wt%)/SiO,,
which can be compared with the reaction temperature
of 263°C for the same rate over Pt(1 wt%)/SiO,,
suggesting the presence of an interaction between
Pt and CeO,. Thus, we analyzed the structure of Pt/
Ce0,/Si0, sample by means of Pt LIII-edge XAFS.
The XANES spectra of Pt(1 wt%)/SiO, and
Pt(1 wt%)/CeO,(5 wt%)/SiO, are shown in Fig. §,
together with those of the reference samples, PtO,
(Pt4+) and Pt foil (Pto). Because of the poor resolution
in those spectra, the absorption-edge energy of PtO,
was almost the same as that of Pt foil. The difference is
that the sharp and intense white line is observed in
PtO, compared with Pt foil. The intensity of this white
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2.0 .B
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Energy/keV

Fig. 8. Pt-LIII edge XANES: (A) Pt foil, (B) PtO,, (C) Pt(1 wt%)/
Si0,, and (D) Pt(1 wt%)/CeO,(5 wt%)/SiO,.

line reflects unoccupancy of Pt 5d orbitals, because Pt
L-edge XANES is mainly caused by the electron
transition from 2p to 5d orbitals of the Pt atom. Thus
its intensity is related to the oxidation state of Pt atom
[58-60]. The intensity of the white line is higher for
Pt(1 wt%)/SiO, than for Pt foil, indicating that some
part of Pt atom exists in oxidized states. For
Pt(1 wt%)/CeO,(5 wt%)/SiO,, the white line is even
higher. Thus, the Pt atom is present in a more oxidized
state in the presence of CeO, on SiO,-support.

Fig. 9 shows the Fourier transform (k’-weighted)
EXAFS of Pt foil and PtO, without any phase-shift
correction. Pt—O scattering on PtO, appears at the
position of 1.6 A, and Pt—Pt scattering at 2.9 A. For Pt
foil, a peak due to Pt—Pt is seen at 2.6 A. In addition, a
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Fig. 9. Fourier transformed EXAFS of Pt foil (A) and PtO, (B).

8
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Fig. 10. Fourier transformed EXAFS of (A) Pt(1 wt%)/SiO, and
(B) Pt(1 wt%)/CeOy(5 wt%)/SiO,.

peak at 2.1 A can be seen, which is caused both by the
k-dependent behavior of back-scattering amplitude
and non-linearity in the phase-shift function [61].
Fig. 10 shows the FT results for Pt(1 wt%)/SiO,
and Pt(1 wt%)/CeO,(5 wt%)/SiO,. In the case of
Pt(1 wt%)/Si0,, two peaks appeared due to Pt-O
(at 1.6 A) and metallic Pt-Pt (2.6 A) scatterings. This
result, together with the result of the XANES analysis,
suggests that the Pt is present as a mixture of Pt° and
oxidized Pt ion. Relative FT magnitude of Pt—O peak
increased when CeO, was introduced. This implies the
increase in the oxidized state of Pt, which is in
accordance with the result of the XANES analysis.
Although a slight change is seen in the second shell
region, this difference is within an analytical error. In
order to clarify the difference in the local structure,
curve-fitting analysis was introduced and the result is
shown in Table 4. The method of data analysis is
described elsewhere [62—-64]. Back-scattering ampli-
tudes for oxygen and platinum atoms were extracted
from FTs of PtO, and Pt foil. For Pt(1 wt%)/SiO,,
metallic Pt—Pt scattering can be fitted by one-shell
model, where R=2.77 A and coordination number
(CN)=8.5; metallic Pt cluster exists as a micro-par-
ticle because the CN is lower than that of Pt metal
(R=2.77 A and CN=12). In the case of Pt(I1 wt%)/
CeO,(5 wt%)/Si0,, two-shell fitting of Pt—Pt shells
was the best method to estimate the parameters, R and
CN. In this case, one shell had R=2.70 A and CN=2.3,
and the other R=2.81 A and CN=3.2. It should be
noted that the total CN of Pt(1 wt%)/CeO,(5 wt%)/
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Table 4

Structural parameters for Pt(1 wt%)/CeO, and Pt(1 wt%)/CeO,(5 wt%)/SiO,

R (A) CN?* Debye—Waller (pm?)
Pt(1 wt%)/Si0, Pt-O 1.98 2.7 32
Pt-Pt 2.77 8.5 34
Pt(1 wt%)CeO,(5 wt%)/SiO, Pt-O 1.97 3.1 36
Pt—Pt 2.70 2.3 21
Pt-Pt 2.81 3.2 —-20

#Coordination number.

Si0; is smaller than that of Pt(1 wt%)/Si0,, suggest-
ing that the component of metallic Pt species is limited
and Pt exists as smaller particles such as oligomers.
This result together with the result of XANES analysis
shows that Pt atom in Pt(1 wt%)/CeQO,(5 wt%)/Si0,
exists partly as an extremely small metal particle,
whose local structure is different from the metallic
Pt on SiO, because of the coexistence of CeO,.
Oxidized state of Pt is also stabilized.

The TEM image of Pt could not be obtained on the
ceria with a large surface area (81.0 m2/g), while Pt
particle was clearly seen to exist when its surface area
of ceria was large (0.8 m?*/g). Thus Pt and ceria
strongly interact when the surface of ceria is active
(large surface area). The result of the surface Pt
concentration measurement (ESCA) indicates the pos-
sibility of the dissolution of Pt into the bulk ceria. If
dissolution of Pt into CeO, lattice occurs, Pt must be in
the oxidized state because Pt° is too large to replace
Ce** or Ce** (ionic radii: P+ 0.86 A, Pt** 0.70,
Ce’" 1.03 A, Ce** 0.92 A, and atomic radius of Pt
metal 1.38 A) [65]. XAFS analysis indicated that the
incorporation of ceria resulted in the particle size
decrease of Pt metal and simultaneous increase in
the oxidation state of Pt. Thus it is reasonably sup-
posed that Pt—-O—Ce interaction exists, which is in
accord with the observation by TEM and ESCA
analyses and may support the dissolution of Pt into
bulk ceria. The real state of Pt on the surface is difficult
to deduce. Pt would be present as very fine particles
(even as oligomers). In that case, oxidized state of Pt
exists in the interface region between Pt particles
(oligomers) and ceria in the form of Pt—O-Ce. The
result of methanol decomposition demonstrates that
the dispersed state of Pt is highly efficient in activating
CO or H,. The rate-determining step was assumed to
be the abstraction of methoxy hydrogen bound to Pt

(Eq. (6)). When Pt takes an oxidized state in the
presence of ceria, electron is withdrawn from the
methoxy group to Pt and C-H bond of the methoxy
group will be weakened, resulting in the acceleration
of the reaction. It is also reported that, in the decom-
position of methanol over Pd catalyst, the oxidized
state of Pd is more active than zero-valent Pd [66].
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Appendix A
The following equilibria are derived from Egs. (3)—
(6):
K = (Ocu,00u)/ (Pyeonts),
Kn = 05/ (Pu,03), K = 0co/(Pcobs),

where Ocn,0, 0u, fco, and O are the concentrations
of CH53-Pt, H-Pt, CO-Pt and the vacant sites of Pt,
respectively. From the above equations we obtain

O = Kd/zpll.[/f@& 0co = KcPcobs,

Octo = KmPreon62 /0 = KmPyieon6? /K> P20

CH;0 m{ MeOH S/ H m{ MeOH S/ h H, VS
= KK, "> PreonPy.*6s.
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Using the condition, 0s + Ocm,0 + 0 + 0co = 1, Osis
expressed as

1/2
2

1/2 5172

Os=1/(1+KnK, "*PreonPy
Then the rate of Eq. (6) is expressed by
r = kifcn,00n = ki KmPyeonts
= kiKmPwmeon/ (1 + Kngl/ZPMeOHPﬁ
+ KPP+ KePeo)™.

1/2
2

From the above equation, Eq. (10) was derived on the
assumption that Py, and P are negligibly small.

Preonr™ % =k PRYPK Y PrconPy)

+k PRS2 (10)
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