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The state of platinum in the zirconium oxide promoted by plat-
inum and sulfate ions (Pt/SO2−

4 –ZrO2) has been investigated by
means of Pt L-edge XAFS (X-ray absorption near edge structure
(XANES)/extended X-ray absorption fine structure (EXAFS)). The
XANES shows that Pt is electron-deficient even after reduction with
hydrogen. Fourier transforms of k1 and k3-weighted EXAFS results
indicate the presence of Pt–O and Pt–Pt pairs in the Pt/SO2−

4 –ZrO2.
On the basis of XAFS, the reported contradictory results that Pt
is metallic by XRD analysis and Pt is in a cationic state by XPS
are explained by the model that oxidized platinum particles with a
metallic core are present in the Pt/SO2−

4 –ZrO2 even after the reduc-
tion. c© 1997 Academic Press
INTRODUCTION

It has been reported by several groups that the addi-
tion of platinum to zirconium oxide promoted by sulfate
ions (SO2−

4 –ZrO2) enhances catalytic activity in the skele-
tal isomerization of alkanes without deactivation when the
reaction is carried out in the presence of hydrogen (1–3).
The high catalytic activity and small deactivation can be
explained by both the elimination of the coke by hydro-
genation and/or hydrogenolysis (1) and the generation of
protonic acid sites from molecular hydrogen on the catalysts
(2, 3). The platinum species in the Pt/SO2−

4 –ZrO2 exhibit a
unique catalytic property different from that of metallic
platinum; the platinum species neither show appreciable
activities for hydrogenation and hydrogenolysis (2, 4), nor
adsorb CO (5). These results suggest that the state of plat-
inum is different from the metallic state as observed for a
usual supported platinum. The state of platinum, however,
has been left unclear and is still a matter of controversy
(6). Ebitani et al. reported that Pt is mainly in an oxidized
state with some metallic phase inside on the basis of X-ray
photoelectron spectroscopy (XPS), IR of adsorbed CO and
temperature-programmed reduction (TPR) techniques (5,
7–9). Paál et al. reported that Pt is sulfided in the activated
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catalysts (10). Iglesia et al. proposed that the platinum is
present as a metal sulfide; thus, the platinum sulfide pro-
vides hydrogenation/dehydrogenation activity as well as a
site for spillover hydrogen (11). On the basis of XPS, XRD
(12), and TPR (13), Sayari and Dicko proposed that Pt is
metallic, even after calcination in air.

X-ray absorption near edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) can pro-
vide us with information about the electronic structure and
local environment in the immediate vicinity of the absorb-
ing atom without the stringent requirement of long-range
structural order (14). Thus, these spectroscopic techniques
are useful for characterization of highly dispersed sup-
ported metals (15–18). The sharp and narrow absorption
bands at both L3 and L2 X-ray absorption edges, which are
called white lines (19), correspond to the electronic tran-
sition from 2p3/2 and 2p1/2 core level states, respectively.
The final vacant d states for L3 edge are both d3/2 and d5/2

levels of the absorption atom, and that for L2 edge is d3/2

level (19, 20). Lytle et al. have reported that the magnitude
(intensity) of the platinum L3 X-ray absorption spectra is
concerned to the d-electron valences (21) and the chemi-
cal environment (22). Mansour et al. (23) have developed
a quantitative evaluation of the number of holes in the d
bands of the dispersed platinum particles by using both L3

and L2 X-ray absorption edges. According to the Mansour’s
method, the total number of unoccupied d states (hT) can
be expressed by combination of the normalized areas of the
L3 and L2 edges X-ray absorption, in principle. This method
has been applied to elucidation of the electronic states of the
platinum supported on TiO2 (15), Al2O3 (24), and SiO2 (24).

In the present study, we carried out XAFS experiments
for Pt L-edge absorption to elucidate the state of platinum
supported on SO2−

4 –ZrO2.

EXPERIMENTAL METHODS

Catalyst Preparation

The sulfate ion-treated Zr(OH)4 (SO2−
4 –Zr(OH)4) was

prepared by the impregnation of Zr(OH)4 with 1N H2SO4
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aqueous solution followed by filtration and drying at 383 K.
The Zr(OH)4 was obtained by hydrolysis of ZrOCl2 8H2O
(Wako Pure Chemical) with 25% NH4OH aqueous solu-
tion followed by filtration. The final value of pH was ca
8.0. The obtained gel was washed with distilled water until
no Cl− ions could be detected. The SO2−

4 –ZrO2 was ob-
tained by calcination of the SO2−

4 –Zr(OH)4 at 873 K. The
Pt/SO2−

4 –ZrO2 sample (Pt 0.5 wt%) was prepared by im-
pregnation of the SO2−

4 –Zr(OH)4 with H2PtCl6 aqueous so-
lution followed by drying at 383 K and calcination at 873 K
in air.

XANES/EXAFS

X-ray absorption experiments were carried out at Pho-
ton Factory in National Laboratory for High Energy Physics
(KEK-PF), Tsukuba, Japan, on BL7C station with appara-
tus operated in the fluorescence and transmission modes
with double-crystal Si(111) monochrometer. Ring energy
was 2.5 GeV. X-ray beam height is 1.0 mm at 25 m from
X-ray source. Energy was calibrated with Cu K-edge ab-
sorption (8981.0 eV). Energy step of measurement in
XANES region was 0.3 eV.

To obtain the degree of uncertainty in the determination
of the structural parameters from EXAFS data, the exper-
iment was performed on platinum foil (thickness 10 µm)
and PtO2 as reference materials of known structure. The
oxidized sample was obtained by calcination in air at 873 K
for 3 h. The reduced sample was obtained by heating in a
hydrogen flow at 623 K for 2 h and cooled to room temper-
ature in the presence of hydrogen followed by evacuation
for 15 min. The reduced sample was handled under an inert
condition during the X-ray experiment to avoid oxidation.

Analysis of EXAFS Data

The oscillatory part of the absorption coefficient as a
function of the X-ray photon energy (E) was extracted as
described elsewhere (25). Normalization of EXAFS oscil-
lation was performed by fitting the background absorption
coefficient (µ0) around the energy region 35–50 eV higher
than the absorption edge with the smoothed absorption of
an isolated atom (McMaster type function, CE−2.75 (26)).
This normalization method has been previously reported in
detail (27).

Fourier transformation (FT) of normalized EXAFS os-
cillation was performed over the range 3.5 < k < 13.5 Å−1

for k3-weighted EXAFS and the range 4.0 < k < 12.0 Å−1

for k1-weighted EXAFS in order to obtain the radial struc-
ture function (22, 28). Both k1 and k3 weighting analysis is a
prerequisite, since the k-dependence of the backscattering
amplitude of low Z elements (e.g., O) is different from that
of high Z elements (e.g., Pt). The backscattering amplitude

˚ −1
of the low Z elements becomes very small above k= 10 A ,
in comparison with the amplitude of high Z scatters, which
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is still significant at higher k values (29). Application of
only k3-weighting analysis in systems containing both high
and low Z scatters leads to an underestimation of the con-
tribution of the low Z elements and overestimation of the
contribution of the high Z elements.

The coordination number of scatters (N), the distance
between an absorbing atom and scatters (R), and the
Debye–Waller factor were estimated by curve-fitting analy-
sis with the inverse FT, assuming single scattering (14). The
ranges of R with the inverse FT were 1.2–3.4 Å for FT of
k3-weighted EXAFS and 1.0–3.3 Å for FT of k1-weighted
EXAFS. The reference parameters (phase shift and back
scattering amplitude) for Pt–Pt shell and Pt–O shell were
taken from those for Pt foil and PtO2, respectively.

Data reductions were carried out with the FACOM
M-780 computer system of the Data Processing Center of
Kyoto University.

RESULTS

XANES

Figure 1 shows the normalized Pt L3 and L2-edge
XANES for Pt/SO2−

4 –ZrO2 calcined at 873 K in air for 3 h
(oxidized Pt/SO2−

4 –ZrO2) and that subsequently reduced
with hydrogen at 623 K for 1.5 h (reduced Pt/SO2−

4 –ZrO2).
The XANES of Pt foil and PtO2 are also included. The ab-
sorption edges shown in Fig. 1 have been already normal-
ized as described in the experimental section. The energy
offset was taken to be the position of each edge by subtrac-
tion of 11560 eV for Pt L3 edge and 13270 eV for Pt L2 edge.
Large areas of both L3 and L2 absorption edges for PtO2 are
due to the vacancy in the 5d orbital of Pt atoms. The areas of
L3 and L2 absorption edges for the calcined Pt/SO2−

4 –ZrO2

is larger than those for Pt foil, showing that the Pt in the cal-
cined Pt/SO2−

4 –ZrO2 is electron deficient. The areas of L3

and L2 absorption edges decreased on hydrogen treatment,
suggesting that a part of platinum is reduced. However, the
areas for the reduced Pt/SO2−

4 –ZrO2 is larger than those of
Pt foil. The areas of L3 and L2 absorption edges indicate
that the order of electron deficiency is PtO2 > the oxidized
Pt/SO2−

4 –ZrO2 > the reduced Pt/SO2−
4 –ZrO2>Pt foil. The

oscillation by XANES which appears at high energy side
(above ca 15 eV from the absorption edge) is observable for
both oxidized Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2.

The oscillations of both oxidized Pt/SO2−
4 –ZrO2 and re-

duced Pt/SO2−
4 –ZrO2 are similar to that of Pt foil, but in-

tensities are much weaker than that of Pt foil.
Reproduced Pt L3-edge XANES obtained by fitting Pt

L3-edge XANES of Pt foil and PtO2 are shown in Fig. 2.
In the case of the oxidized Pt/SO2−

4 –ZrO2, XANES is well
reproduced by the sum of that of Pt foil× 0.6 and that of

PtO2× 0.4. This result indicates that about 60% of the plat-
inum has been reduced already to Pt metal by calcination
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FIG. 1. Normalized Pt L3 and L2-edge XANES of (a) oxidized
IG. 2. Reproduction of Pt L3-edge XANES from PtO2 and Pt foil.
/SO2−
4

–ZrO2, (b) reduced Pt/SO2−
4

–ZrO2, (c) PtO2, and (d) Pt foil.

at 873 K. On the other hand, XANES is reproduced by the
sum of that of Pt foil× 0.8 and that of PtO2× 0.2 in the case
of the reduced Pt/SO2−

4 –ZrO2. This result indicates about
80% of the platinum was metallic. These results suggest that
a part of the platinum was converted to the metallic state
by the hydrogen treatment at 623 K for 2 h. The informa-
tion from XANES is not sufficient to identify the state of Pt
because we cannot assert whether Pt is present as electron-
deficient metal particles or as a mixture of Pt cation and Pt
metal.

EXAFS

Pt L3-edge k3-weighted EXAFS (k versus k3χ(k)) and
k1-weighted EXAFS (k versus k1χ(k)) are shown in Figs. 3
and 4, respectively, for oxidized Pt/SO2−

4 –ZrO2, reduced
Pt/SO2−

4 –ZrO2, Pt foil, and PtO2. The k value is the photo-
electron wave vector and theχ(k) value is the experimental
Pt L3-edge EXAFS function. The EXAFS oscillations of
both oxidized Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2

are similar to that of Pt foil. The EXAFS spectra suggest
that most of the platinum atoms on the SO2−

4 –ZrO2 are in
the metallic state.

Figure 5 shows the Fourier transforms of Pt L3-edge k3-
weighted (emphasizing the Pt–Pt contributions) EXAFS

2−
of the Pt/SO4 –ZrO2, Pt foil, and PtO2. The Fourier trans-
form of Pt L3-edge k3-weighted EXAFS for Pt foil exhibits
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FIG. 3. Pt L3-edge k -weighted EXAFS of (a) oxidized Pt/SO

the peaks at 2.2 and 2.6 Å due to the scattering by neigh-
boring Pt atoms. The peak at 2.2 Å is caused by nonlinear
parameters (phase shift, back-scattering amplitude) of plat-
inum and called a lobe. The Fourier transform of Pt L3 edge
k3-weighted EXAFS for PtO2 exhibits the peaks at 1.7 and
3.0 Å. The peaks at 1.7 and 3.0 Å are due to the Pt–O shell
and Pt–O–Pt shell, respectively.

Both oxidized Pt/SO2−
4 –ZrO2 and reduced Pt/SO2−

4 –
ZrO2 exhibit the peaks at 2.2 and 2.6 Å. The peak posi-
tions are the same as those observed for Pt foil. However,
the peak heights for oxidized Pt/SO2−

4 –ZrO2 and reduced
2−

4 –ZrO2 are less than half that for Pt foil. Small Pt–Pt
ring peaks for both oxidized Pt/SO2−

4 –ZrO2 and re-
–ZrO2, (b) reduced Pt/SO4
–ZrO2, (c) PtO2, and (d) Pt foil.

duced Pt/SO2−
4 –ZrO2 indicates that the size of metallic Pt

is small.
In addition to the Pt–Pt scattering peaks at 2.2 and 2.6 Å,

a peak is observed in the range of 1–2 Å for both oxidized
Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2, although the

peak is not distinctive. The peak position is the same as that
found for PtO2. Unlike PtO2, no peak appeared at 3.0 Å. To
clarify as to whether the peak ascribed to Pt–O shell exists
or not, the Fourier transforms of Pt L3-edge k3-weighted
EXAFS (real part and imaginary part) are shown in Fig. 6
in an expanded scale of R. By the curves for the imaginary

part shown in dotted line, it is clearly shown that the peak
at about 1.7 Å is observed not only for PtO2 but also for
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FIG. 4. Pt L -edge k1-weighted EXAFS of (a) oxidized Pt/SO2−
4

–ZrO , (b) reduced Pt/SO2−–ZrO , (c) PtO , and (d) Pt foil.
3

both oxidized Pt/SO2−
4 –ZrO2 and reduced Pt/SO2−

4 –ZrO2.
The order of the intensity of the peak at 1.7 Å is PtO2 >

oxidized Pt/SO2−
4 –ZrO2 > reduced Pt/SO2−

4 –ZrO2. Conse-
quently, it is indicated that Pt–O shells are present in oxi-
dized Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2 and that

the cation/metal ratio is lower for reduced Pt/SO2−
4 –ZrO2

than for oxidized Pt/SO2−
4 –ZrO2.

The presence of Pt–O shell (low Z contribution) in the
both oxidized Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2

can be further demonstrated by applying a Fourier trans-
form of k1-weighted EXAFS which is sensitive to the

1
Z elements. The Fourier transforms of Pt L3-edge k -
hted EXAFS of the Pt/SO2−

4 –ZrO2, Pt foil and PtO2
2 4 2 2

is shown in Fig. 7. The Fourier transforms of Pt L3-edge
k1-weighted EXAFS for both oxidized Pt/SO2−

4 –ZrO2 and
reduced Pt/SO2−

4 –ZrO2 exhibit the peaks at 1.7 Å. PtO2 also
exhibits the peaks at 1.7 Å, while Pt foil does not exhibit
this peak. This peak is due to Pt–O shell.

For quantitative analysis of these spectra, the main peak
of each transform was isolated, and the inverse Fourier
was transformed to k space. The best fit EXAFS pa-
rameters (N= coordination number, R= distance, Debye–
Waller factor) of the Pt–Pt shell and Pt–O shell for the
oxidized Pt/SO2−

4 –ZrO2, reduced Pt/SO2−
4 –ZrO2, Pt foil,
3
and PtO2 are summarized in Table 1 (k -weighting) and

Table 2 (k1-weighting). The Fourier fitted EXAFS spectra
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TABLE 1

EXAFS Parameters of Pt–Pt Shell and Pt–O Shell

Sample Coordination C. N. R/Å 1σ 2/Å2× 10−3

Reduced Pt–Pt 7.8± 1.4 2.78± 0.01 2.2± 0.8
Pt–O 2.2± 0.8 2.28± 0.03 8.4± 2.0

Oxidized Pt–Pt 6.5± 1.3 2.77± 0.02 2.2± 0.8
Pt–O 3.3± 1.1 2.25± 0.03 5.0± 2.5

Pt foil Pt–Pt 12 2.77 0

Note. All model fits used a k3-weighting in the range of R 1.2–3.4 Å.

reproduced by use of the EXAFS parameters in Tables 1
and 2 are shown in Figs. 8 and 9 for the oxidized
Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2. The presence

of the Pt–O shell indicates that a part of platinum on
the SO2−

4 –ZrO2 support is in the form of PtOx. The av-
erage coordination numbers of Pt–Pt shell of the oxidized
Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2 are smaller than

the value of 12 which is the average coordination number
for Pt foil. When the oxidized Pt/SO2−

4 –ZrO2 is treated with
hydrogen at 623 K, the average coordination number (k3-
weighting) of the Pt–Pt shell increased from 6.5 to 7.8, while
that of the Pt–O shell decreased from 3.3 to 2.2. The co-
ordination numbers of both the Pt–Pt shell and the Pt–O
shell for k1-weighting analysis are close to those obtained
by k3-weighting analysis. These results indicate that a part
of the Pt oxide species was reduced to Pt metal by hydro-
gen treatment. However, it should be noted that Pt–O shells
still remain, even after hydrogen treatment at 623 K. The
platinum particle size is estimated from the obtained co-
ordination number N for the Pt–Pt shell according to the
method proposed by Greegor and Lytle (30), assuming the
spherical particle of the face-centered cubic (fcc) packing.
For both samples, the diameters of the particle are esti-
mated to be 30–40 Å. This value is slightly smaller than the
mean particle size of platinum (50± 5 Å) on SO2−

4 –ZrO2

(Pt 5 wt%) determined by TEM (8).

DISCUSSION

The intensities of the white lines for both oxidized
Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2 are higher than

TABLE 2

EXAFS Parameters of Pt–Pt Shell and Pt–O Shell

Sample Coordination C. N. R/Å 1σ 2/Å2× 10−3

Reduced Pt–Pt 7.2± 1.5 2.78± 0.01 1.5± 1.1
Pt–O 2.4± 0.7 2.25± 0.03 6.3± 1.8

Oxidized Pt–Pt 7.0± 1.2 2.78± 0.02 2.1± 0.9
Pt–O 3.3± 0.7 2.26± 0.02 5.0± 2.1
Note. All model fits used a k1-weighting in the range of R 1.0–3.3 Å.
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FIG. 5. Fourier transform of EXAFS (k3, 1k= 3.5–13.5 Å−1) of
(a) oxidized Pt/SO2−

4
–ZrO2, (b) reduced Pt/SO2−

4
–ZrO2, (c) PtO2, and

(d) Pt foil.

that for Pt foil, but lower than that for PtO2 in both nor-
malized Pt L3 and L2-edge XANES. Therefore, the num-
bers of unoccupied 5d orbitals of platinum of both oxidized
Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2 are larger than

that of Pt foil, but smaller than that of PtO2. It is indicated
that the platinum in Pt/SO2−

4 –ZrO2 is electron deficient. The
electron deficiency of the supported platinum suggests the
coexistence of Pt metal with Pt cations and/or the electron
transfer from the platinum particles to support. The inten-
sity of the white line decreased on hydrogen treatment at
623 K, suggesting that a part of the platinum is reduced to
Pt metal.

The oscillations by XANES at high energy side of the
absorption edge for both oxidized Pt/SO2−

4 –ZrO2 and re-
duced Pt/SO2−

4 –ZrO2 are closer to that of Pt foil rather
than that of PtO2. This indicates that the state of most
platinum on the SO2−

4 –ZrO2 is metallic. The intensity of
oscillation is much lower for both oxidized Pt/SO2−

4 –ZrO2
2−
and reduced Pt/SO4 –ZrO2 than for Pt foil. Reduced os-

cillation can be seen in the XANES for small platinum
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FIG. 6. Fourier transform of EXAFS ((k3, 1k= 3.5–13.5 Å−1), expanded view of Fig. 5 between 1.0–4.0 Å) of (a) oxidized Pt/SO2−
4

–ZrO2,
(b) reduced Pt/SO2−–ZrO , (c) PtO , and (d) Pt foil; (solid line) real part; (dotted line) imaginary part.
4 2 2

particles as compared with Pt foil (15, 31). A low inten-
sity of oscillation is attributed to a smaller coordination
number of Pt for both oxidized Pt/SO2−

4 –ZrO2 and reduced
Pt/SO2−

4 –ZrO2 than for Pt foil (Tables 1 and 2). A low in-
tensity may also be caused by the superposition of the plat-
inum metallic phase and the oxide phase. Mixing a con-
siderable amount of the platinum oxide phase with the
Pt metallic phase would make the spectrum unclear. The
reproduction of XANES spectra (Fig. 2) obtained by fit-
ting XANES of both Pt foil and PtO2 indicates that about
60% of the platinum is metallic in oxidized Pt/SO2−

4 –ZrO2

and that about 80% of the platinum is metallic in reduced
Pt/SO2−

4 –ZrO2. Inconsistent with this result and the white
line height, the average coordination number of the Pt–Pt
shell for the reduced Pt/SO2−

4 –ZrO2 determined by curve-
fitting analysis increases on hydrogen treatment. However,
the coordination number of the Pt–Pt shell for the reduced
Pt/SO2−

4 –ZrO2 is smaller than that of Pt foil.
Zhao et al. reported that Pt is completely in a metallic

state following calcination of Pt/SO2−
4 –ZrO2 in air at 998 K

for 2 h and that the valence state of Pt does not change dur-

ing use as a catalyst for hydrocarbon conversion at 423 K
under hydrogen pressure (32). They claimed that the aver-
age coordination number of platinum is about 12. In our
present results, however, the average coordination num-
bers of Pt–Pt shell of both oxidized Pt/SO2−

4 –ZrO2 and re-
duced Pt/SO2−

4 –ZrO2 were about 7. The difference may be
caused by the following two reasons. First, since their sam-
ple was oxidized at a high temperature of 998 K in air, Pt
was reduced to the metallic state by means of decomposi-
tion of the sulfate ions and the diameter of platinum par-
ticles was increased as a result of aggregation (sintering).
Second, the magnitude of the white line of Pt foil reported
in their paper is larger than that of our results. This suggests
that their Pt foil might be oxidized to some extent and that
the EXAFS parameters were different from those for Pt
metal. Recently, Tabara and Davis reported that XANES
of Pt/SO2−

4 –ZrO2 (Pt 0.74 wt%, S 2.1 wt%) calcined at 873 K
for 2 h in air is similar to that of PtO2 (33). This result sug-
gests that state of platinum on SO2−

4 –ZrO2 is different from
the metallic state.

Sayari and Dicko proposed on the basis of XPS, TPR, and
XRD that Pt is metallic even after calcination in air (12, 13).
Paál et al. reported on the basis of XPS that a part of the

2−–
surface platinum on SO4 ZrO2 is sulfided (10). Iglesia
et al. (11) reported that Pt is sulfided in Pt/SO2−

4 –ZrO2 after
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FIG. 7. Fourier transform of EXAFS (k1, 1k= 4–12 Å−1) of (a) ox-
idized Pt/SO2−

4
–ZrO2, (b) reduced Pt/SO2−

4
–ZrO2, (c) PtO2, and (d) Pt

foil.

reduction with hydrogen at 473 K. We reported that most
of the surface platinum on the SO2−

4 –ZrO2 (5 wt% Pt)
is in a mainly cationic state, even after hydrogen treat-
ment at 673 K, on the basis of XPS and TPR and that
the activity of the Pt/SO2−

4 –ZrO2 catalyst for hydrogena-
tion is negligibly small as compared to that of Pt/ZrO2 (2,
4, 5). In addition, CO molecules are not adsorbed on the
Pt/SO2−

4 –ZrO2 reduced at 623 K (5). Our previous in situ
XPS investigation showed that most sulfur exist as S6+ af-
ter hydrogen treatment at 623 K (5). Therefore, the pos-
sibility of the PtS (the valence of the sulfur of PtS is con-
sidered to be 2−) formation on the surface platinum on
the SO2−

4 –ZrO2 after hydrogen treatment at 623 K is ex-
pected to be small. In addition, the previous TPR pro-
file indicates a low reduction rate for the Pt/SO2−

4 –ZrO2

as compared with Pt/ZrO2 (5). The TPR profile measured
on the present Pt/SO2−

4 –ZrO2 was essentially the same as
that reported previously on the Pt/SO2−

4 –ZrO2 containing
5 wt% Pt. The hydrogen consumption peak appeared at a

2−
higher temperature for Pt/SO4 –ZrO2 than for Pt/ZrO2.
The low reduction rate for the Pt/SO2−

4 –ZrO2 suggests
M IN Pt/SO2−
4

–ZrO2 31

the incomplete reduction of the platinum particles on the
SO2−

4 –ZrO2. Since it is expected that part of platinum par-
ticles are oxidized after calcination at 873 K and since hy-
drogen consumption could not be seen below 700 K in the
TPR profile, the unreduced platinum exists as platinum
oxide (PtOx) after hydrogen treatment at 623 K. The pres-
ence of the platinum cations was evidenced by the XPS mea-
surement on the Pt/SO2−

4 –ZrO2 after hydrogen treatment
(2, 4). The observed electron deficiency of the platinum on
the SO2−

4 –ZrO2 must be due to the coexistence of Pt metal
with unreduced platinum oxide rather than the electron
transfer from the metallic platinum particles to the support.

In the Fourier transforms of Pt L3-edge k3-weighted (em-
phasizing the Pt–Pt contribution) EXAFS of both oxidized

FIG. 8. Fourier-fitted EXAFS spectrum reproduced by use of the pa-
rameters in Table 1 (k3-weighting) of (a) oxidized Pt/SO2−

4
–ZrO2, (b) re-
duced Pt/SO2−
4

–ZrO2; (solid line) experimental EXAFS; (dotted line) fit-
ted model.
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Pt/SO2−
4 –ZrO2 and reduced Pt/SO2−

4 –ZrO2, two main peaks
are observed at 2.6 and 1.7 Å. Since the peak ascribed to
Pt–Pt scattering in Pt foil appears at 2.6 Å, the peak at 2.6 Å
is due to the scattering by neighboring Pt atoms. The pres-
ence of this peak indicates the presence of Pt metallic phase,
although the intensity of the peak is less than half that for Pt
foil. The low intensity of the peak indicates that small metal-
lic Pt particles are formed on SO2−

4 –ZrO2. The peak at 1.7 Å
is absent in Fourier transforms of both k1 and k3-weighted
EXAFS of Pt foil, but is observed in that of PtO2. In the
Fourier transforms of Pt L3-edge k1-weighted (emphasizing
low Z element contribution) EXAFS, the relative intensity
of the peak at 1.7 Å to the peak at 2.6 Å is emphasized,
however, it is de-emphasized in the Fourier transforms of Pt
L3-edge k3-weighted EXAFS. This peak is due to the Pt–O

FIG. 9. Fourier-fitted EXAFS spectrum reproduced by use of the pa-
rameters in Table 2 (k1-weighting) of (a) oxidized Pt/SO2−

4
–ZrO2, (b) re-

duced Pt/SO2−–ZrO2; (solid line) experimental EXAFS; (dotted line) fit-
4
ted model.
, AND HATTORI

FIG. 10. Proposed model of platinum over SO2−
4

–ZrO2.

shell (low Z element contribution). The peak at 1.7 Å in the
Fourier transforms of Pt L3-edge EXAFS of both oxidized
Pt/SO2−

4 –ZrO2 and reduced Pt/SO2−
4 –ZrO2 is caused by the

Pt–O shell. The presence of the Pt–O shell indicates that a
Pt oxide phase is present in both oxidized Pt/SO2−

4 –ZrO2

and reduced Pt/SO2−
4 –ZrO2. Despite the appearance of the

peak at 1.7 Å, the Pt–Pt scattering peak at 3.0 Å for the
configuration of Pt–O–Pt was not observed. This implies
that the Pt–O–Pt configuration is absent or that the con-
figuration is disordered. The absence of the Pt–O–Pt shell
suggests that the Pt oxide phase is not present as bulk Pt
oxide. One of the possible forms of the Pt oxide is a thin
layer of Pt oxide.

The proposed model for the Pt/SO2−
4 –ZrO2 after reduc-

tion with hydrogen at 623 K is illustrated in Fig. 10. Plat-
inum on the SO2−

4 –ZrO2 is in such a state that metallic Pt
particles are covered with the thin layer of platinum ox-
ide. XPS is a surface analysis technique and XRD is a bulk
analysis technique. The model can explain that Pt cations
are dominantly detected by XPS (5, 7) while metallic plat-
inum particles are detected by XRD (10, 11). The model
also explains that the Pt/SO2−

4 –ZrO2 does not absorb the
CO molecule and exhibits a low hydrogenation ability.
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