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The oxidation of platinum by gaseous oxygen has been studied for a series of silica and alumina-
supported Pt catalysts of widely varying mean particle size. Correlation of the oxidation extent (as
measured by temperature-programmed reduction) with mean particle radius (as determined from
chemisorption measurements) shows that platinum oxidation is highly passivating, i.e., essentially
limited to the surface layer of Pt atoms. Thus the oxidizable fraction of Pt in a catalyst sample is
simply proportional to the fraction of surface Pt atoms, which explains why highly dispersed
supported Pt samples oxidize more thoroughly than bulk Pt. The passivating nature of Pt oxidation
is independent of both the Pt particle size (for bulk Pt down to 0.75-nm-radius particles) and the
type of support (no support, silica, or alumina). The detailed structure and chemical identity of the
passivating layer could not be identified; in particular, no clear distinction could be made between
oxidic and chemisorbed oxygen, especially for particles with radii greater than 2 nm. Highly
dispersed samples were more difficult to reduce than low-dispersion samples, possibly owing to

an absence of metallic sites for H, dissociation in the highly dispersed samples.

Press, Inc.

INTRODUCTION

The oxidation of platinum has been of
catalytic interest since 1922, when Adams
and Voorhees first employed bulk Pt oxides
for the reduction of organic compounds (/).
Although characterized by Adams and
Voorhees as PtO, -+ H,O, the detailed com-
position and structure of the so-called ‘*Ad-
ams’’ catalyst have not been resolved (2—
4). A similar situation exists for the other
reported oxides of Pt, namely PtO and
Pt;0, (5-10). The difficulties encountered
in characterizing Pt oxides can be attributed
primarily to a combination of poor crystal-
linity and the presence of impurities (2, 10,
11). In particular, Pt forms a wide range of
ternary oxides, including the well-known Pt
bronzes (M, Pt;04 compounds, where M is
generally a Group I or II cation and where 0
<x<1)(2, 12). Adams’ catalyst, for exam-
ple, contains considerable Na,Pt;0, owing
to its synthesis by reaction of NaNO; with
H,PtCls (2).

In addition to the synthesis of bulk Pt
oxides, experiments examining the oxi-
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dation characteristics of Pt metal have
been carried out. Such experiments have
included electrochemical studies, high-
temperature (>1100 K) oxidation studies,
ultrahigh vacuum (UHYV) studies of single-
crystal surfaces, and studies of small sup-
ported Pt crystallites. Research in these ar-
eas is briefly reviewed in the following four
paragraphs.

Two recent studies have shown that
Pt(OH), films are formed during the electro-
chemical oxidation of Pt in acid electrolyte
(13, 14). In both studies, compositions of
the electrochemical films were compared to
the compositions of adsorbed layers ob-
tained by exposing the same single-crystal
samples to H;O and O, in UHV. Significant
differences were noted, indicating that dif-
ferent processes occur in electrochemical
and gas-phase Pt oxidation. For this rea-
son, we confine our attention to the oxida-
tion of Pt by O, gas in this paper.

Studies of high-temperature Pt oxidation
have focused on the formation of volatile
PtO, (15-18). The PtO, molecules thus
formed are highly unstable, but can lead to
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significant transport of Pt away from metal
surfaces given sufficient time. Thus high-
temperature oxidation can be of importance
in Pt catalysis as a transport path for cata-
lyst sintering and restructuring (/9-21).
However, this issue will not be addressed
in the present paper where we confine our
experiments to the temperature range be-
low 875 K where stable Pt oxide phases are
formed.

Since 1974, a number of oxidation studies
have been carried out on Pt single crystals
in UHV. As with bulk PtO, chemistry,
characterization of oxide films on single-
crystal surfaces has been clouded by prob-
lems with impurity species and phase iden-
tification. For example, a number of early
UHYV studies reported the formation of a
‘‘high-temperature’’ oxide phase upon ex-
posing Pt crystals to O, at temperatures ca.,
1000 K (22-26). Subsequent studies attrib-
uted the high-temperature oxide to impuri-
ties (particularly Si) that segregate to the
surface and become oxidized during high-
temperature O, exposure (27-29). Another
issue raised by single-crystal studies is the
distinction between surface Pt oxide phases
and chemisorbed O atoms (/4, 30-33), with
some groups reporting Pt oxide formation
(14) and others chemisorbed oxygen phases
(33) for experiments carried out with the
same crystal faces under similar experi-
mental conditions. In addition to the UHV
studies, Pt oxidation has been examined
near atmospheric pressure using wire (34)
and powder (35, 36) samples.

The oxidation of supported Pt crystallites
has received considerable attention in re-
cent years given the broad use of supported
Pt catalysts in hydrocarbon reforming and
catalytic combustion. Although only a few
studies have focused exclusively on the ox-
idation behavior of supported Pt (37-40),
many more have touched on Pt oxidation as
it relates to Pt sintering and redispersion
(39, 40-55), morphology and size distribu-
tion of Pt crystallites (43, 45-49, 56-71),
interactions of Pt with various supports (37,
38, 4548, 72), preparative techniques
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(chloride effects, etc.) (39, 49, 65, 71, 73~
75), and activity and selectivity (35, 36, 76~
9I).

Despite the attention Pt oxidation has re-
ceived, a number of fundamental questions
remain: (i) What is the stoichiometry and
chemical nature of the oxide phase (i.e., is
it PtO, Pt;0,4, PtO,, or simply chemisorbed
oxygen)? (ii) Can thick films of Pt oxide be
produced? (iii) Does the support play a sig-
nificant role in the oxidation of small Pt
crystallites? (iv) Do small Pt particles oxi-
dize and reduce more rapidly and more ¢x-
tensively than large particles? (v) What is
the role of impurity species in Pt oxidation?
This study addresses the questions above
by examining the oxidation characteristics
of both bulk Pt samples (powders) and sup-
ported Pt catalysts (alumina and silica sup-
ports). Through a combination of tempera-
ture-programmed reduction, chemisorption
measurements, and qualitative X-ray scat-
tering and EXAFS experiments, we show
that the oxidation of Pt is highly passivating
and essentially limited to the surface layer
of Pt atoms regardless of the size and na-
ture (bulk or supported) of the Pt particles.
We also provide evidence that the oxide
phase formed in particles with radii less
than =0.75 nm is PtO,, whereas for parti-
cles with radii greater than =2 nm, no clear
distinction can be made between chemi-
sorbed and oxidic oxygen.

EXPERIMENTAL
Catalysts

Three supported catalysts were em-
ployed: (i) 0.7% Pt on SiO,, (ii) 5.2% Pt on
Si0,, and 1% Pt on y-AlLO;. The 0.7 and
5.2% Pt on SiO, catalysts were prepared by
ion exchange of Pt(NH),Cl, - H,O with
Davison 923 silica suspended in an excess
of aqueous ammonium hydroxide. The syn-
thesis closely followed the method of Uchi-
jima et al. (65). The catalysts were then
washed with distilled water, dried overnight
at 373 K, calcined for 1 h at 393 K in air,
and reduced at 573 K for 2 h in flowing 5%
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H,/N,. The 1% Pt/y-Al,O; catalyst was
prepared by impregnating Grace y-Al,O;
pellets (3 mm diameter, 145 m?/g BET area)
with a minimum-volume solution of a
Pt;»,(CO),, cluster in tetrahydrofuran. The
catalyzed pellets were dried for 24 h at 383
K and then crushed to 100-200 mesh prior
to use.

Some experiments were also conducted
with Pt and PtO, powders obtained from
Aldrich Chemicals. Two PtO, powders
were employed, respectively designated
““amorphous’’ and ‘‘crystalline’” in the Al-
drich catalog (92).

Reduction/Oxidation Experiments

Reduction/oxidation experiments were
carried out in a temperature-programmed
reduction/oxidation (TPR/TPO) apparatus
that has been described previously (93).
The TPR/TPO cell was loaded with 50-200
mg of catalyst powder sandwiched between
retaining plugs of quartz wool. Reductions
were carried out in 5% H,/Ar mixtures and
oxidations in 5% O,/He mixtures (premixed
gas cylinders from Scott Specialty chemi-
cals; 99.999% Ar and He purity). The 5%
H,/Ar was passed through an Oxysorb trap
prior to use and the 5% O./He was passed
through a Drierite trap. Flow rates were 10
cm?3/min in both cases. The heating rate was
7 K/min in all experiments.

The TPR/TPO cell was used both for the
preparation of the oxidized Pt samples and
for the subsequent titration of the oxygen
content of the oxidized samples. The proce-
dure was as follows:

® The fresh catalyst was first reduced for
2 h at 773 K in the H,/Ar feed to ensure that
precursor species would be decomposed.

® The catalyst was then treated for 2 h in
flowing O,/He at one of three temperatures
(573, 723, or 873 K) to effect different Pt
dispersions. These oxidizing pretreatments
are called ‘‘sintering’’ treatments through-
out this report.

@ The catalyst was subsequently ramped
to 773 K in flowing H,/Ar (this ensured
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complete reduction since TPR showed no
H, uptake for any of the samples above
500 K).

® The catalyst was then exposed to flow-
ing O,/He at 573 K for 2 h (this is desig-
nated the ‘‘standard’ oxidation treatment
throughout this report).

@ A TPR trace was then obtained starting
from 123 K. The amount of oxide was de-
termined from the area under the TPR trace
after subtracting the background associated
with H, uptake on the blank support.

The integrated H, uptakes in the TPR ex-
periments were calibrated from TPR pro-
files of CuO and PtO, standards.

In addition to the 2-h oxidations carried
out in the TPR/TPO apparatus, some long-
term oxidations were carried out in a tube
furnace. The catalyst samples were loaded
in an alumina boat and placed in the tube
furnace where they were heated for periods
up to 260 h in a flowing stream of pure O,.
A bed of Pt/Al,O3 catalyst was positioned
upstream from the samples to oxidize any
reducing agents that might be present as im-
purities in the O, stream,

Chemisorption Measurements

Pt dispersions were calculated from
static CO chemisorption measurements
made with a Micromeritics ChemiSorb 2800
automated chemisorption analyzer. The
chemisorption measurements were per-
formed on the samples after they had been
sintered and analyzed by TPR. Each sam-
ple was then loaded into the chemisorption
analyzer and conditioned as follows prior to
the chemisorption measurements: (i) air at
573 K for 1 h, (ii) 5% H, at 573 K for 1 h,
and (iii) 2-h evacuation at 1073 mm Hg at
573 K (this conditioning procedure was suf-
ficiently mild that it did not change the oxi-
dation characteristics of the samples). The
irreversible CO uptake was then obtained
by the standard method of first measuring
the total uptake at 308 K, then pumping out
the cell, and redosing with CO to obtain the
reversible component. The irreversible CO
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uptake was then obtained as the difference
between the total and the reversible up-
takes.

A CO-to-Pt ratio of 1 was assumed for
the dispersion calculations. Some chemi-
sorption measurements were also made
with H,. The calculated dispersions based
on H; chemisorption (assuming an H/Pt ra-
tio of 1) agreed well with the CO numbers
for the low-dispersion catalysts, but the H
uptakes were much greater than the CO up-
takes for the highly dispersed samples,
even providing H/Pt ratios approaching 1.5
for the most highly dispersed samples
(compared to a maximum CO/Pt of 0.83).
The high H/Pt ratios could result from mul-
tiple H atom adsorption per Pt atom or
spillover of H atoms onto the support. Such
complications were not present in the CO
chemisorption data.

X-Ray Diffraction and EXAFS
Experiments

Qualitative experiments were undertaken
with the 1% Pt/y-AL,O; catalyst at the
Brookhaven National Synchrotron Light
Source utilizing anomalous X-ray scatter-
ing (Station X-18a) and extended X-ray ab-
sorption fine structure (EXAFS) (Station
X-18b). In both cases, spectra were ob-
tained near the Pt Lyj-edge in air at room
temperature. The anomalous scattering ex-
periments involved scanning in 26 incre-
ments of 0.05° between 15° and 35° (26).
Sequential scans were obtained at photon
energies of 11,516 and 11,416 eV. EXAFS
data were obtained for Pt foil and PtO,
in addition to the 1% Pt/y-Al,O; powder
sample.

RESULTS
Sintering Pretreatments

As noted above, the catalysts were pre-
treated by heating in flowing 5% O,/He for
2 h at varying temperatures to effect a
broad range of mean particle sizes prior to
the TPR and CO chemisorption experi-
ments. The results of these sintering pre-
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TABLE 1

Effect of Sintering on
Fraction-Exposed (Dy)¢

Catalyst T Dy
0.7% Pt/SiO, 573 0.83
0.7% Pt/Si0, 723 0.82
0.7% Pt/Si0, 873 0.51
5.2% Pt/Si0O, 5§73 0.70
5.2% Pt/Si0O, 723 0.67
5.2% Pt/Si0O, 873 0.28
1.0% Pt/AlLL O, 573 0.46
1.0% Pt/Al O, 723 0.40
1.0% Pt/Al,O, 873 0.18

@ Samples heated in flowing 5% O,/
He for 2 h at indicated temperatures
(K).

treatments are given in Table 1. The frac-
tion of exposed Pt atoms (i.e., dispersion) is
shown to range from 0.18 to 0.83 for the
various samples. For all three catalyst for-
mulations, the dispersion decreased only
slightly by sintering at 723 K compared to
573 K, but significant decreases in disper-
sion were effected by sintering at 873 K.
The catalysts were thoroughly reduced and
reoxidized under the standard condition of
573 K prior to the TPR experiments pre-
sented below.

TPR Experiments

Figure 1 shows TPR profiles for the three
sintered samples of the 5.2% Pt/SiO, cata-
lyst after the standard 573 K oxidation
treatment. The maximum in the TPR profile
shifted to lower temperatures and the peaks
narrowed as the sintering temperature was
increased. The reduction profiles pro-
gressed from a single broad peak centered
near 330 K (for Ts = 573 K; Dy = 0.70) to
two poorly resolved peaks at 235 and 295 K
(for Ts = 723 K; Dy = 0.67) to a single low-
temperature peak near 200 K (for Ts = 873
K; Dy = 0.28).

The 0.7% Pt/SiO, and 1% Pt/Al,O; cata-
lysts showed TPR trends similar to those of
the 5.2% Pt/SiO, catalyst with increasing
sintering temperature. The reduction peaks
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F1G. 1. A series of TPR profiles for the 5.2% Pt/SiO,
catalyst after sintering in 5% O,/He for 2 h at 573, 723,
and 873 K. The TPR profiles were obtained after re-
ducing the sintered catalysts (by ramping to 773 K in
5% H,/Ar) and reoxidizing in 5% O,/He for 2 h at 573
K. The TPR profiles were obtained at 7 K/min heating
rate and 10 cm?/min of 5% H,/Ar. The curves are arbi-
trarily positioned on the y-axis but are scaled identi-
cally.

narrowed and shifted to lower tempera-
tures, and the H, uptake decreased as the
sintering temperature was increased. Rep-
resentative TPR profiles are shown in Fig. 2
for the 1% Pt/Al,O; catalyst after sintering
at 723 and 873 K (the profile after 573 K
sintering was similar to the 723 K profile).
Note that the 1% Pt/Al,O; catalyst showed
poorly resolved peaks near 250 and 350 K
after 723 K sintering, similar to those ob-
served for the 5.2% Pt/SiO; catalyst. Also,
sintering at 873 K resulted in a TPR profile
with only a single feature near 230 K, again
similar to the 5.2% Pt/SiO, catalyst.

An additional experiment was under-
taken to determine whether the oxygen
taken up by the catalysts during the stan-
dard oxidation at 573 K (prior to the TPR
runs) was present as oxide or chemisorbed
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oxygen. To produce a chemisorbed layer, a
0.7% Pt/SiO, catalyst was sintered at 573 K
and then reduced at 773 K, cooled to 173 K
in flowing Ar, and then exposed to 5% O,/
He for 1 h at 173 K (O, is known to chemi-
sorb dissociatively on Pt above 150 K (30,
94). A TPR run was made after the 173 K
O, exposure. The TPR profile showed only
a single peak near 200 K; it lacked the
higher temperature features observed for
the 573 and 723 K sintered catalysts after
the standard 573 K oxidation. However,
the 200 K TPR peak observed after the 173
K O, exposure was coincident with the
TPR peak observed for the 873 K sintered
catalysts, thereby raising the possibility
that the O, uptake by the 873 K sintered
catalysts during the standard 573 K oxida-
tion could be due to chemisorption.

For simplicity, we refer to the O, uptake
as oxidation throughout this paper, even
though it is possible that both oxidic and
chemisorbed oxygen species may form
over the broad range of particle sizes exam-
ined in this study. The distinction between

T 1% Pt/A|203

7 K/min
10 cm3/min 5% Hy/Ar

Sintering
Temperatures

|

Rate of Hp Uptake (arb. scale)

723 K

A1 1 ] l 1
100 200 300 400 500

Temperature (K)

FiG. 2. TPR profiles for the 1% Pt/Al,O; catalyst
after sintering at 723 and 873 K. The sintering and TPR
procedures were identical to those in Fig. 1. The
curves are arbitrarily positioned on the y-axis but are
scaled identically.
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FiG. 3. TPR profiles (from top to bottom) of (i) a 2.7-
mg sample of crystalline PtO, (dashed curve), (ii) a 3.7-
mg sample of amorphous PtO,, (iii) the same sample of
amorphous after complete reduction to Pt and reoxida-
tion in 5% O,/He for 2 h at 573 K, and (iv) a sample of
0.7% Pt/Si0, catalyst after sintering at 573 K. The
curves are arbitrarily positioned on the y-axis but are
scaled identically.

chemisorbed and oxidic oxygen will be con-
sidered in more detail under Discussion.
Figure 3 compares the TPR profile of the
0.7% Pt/SiO, catalyst (after sintering at 573
K) with TPR profiles of ‘‘crystalline’” and
*‘amorphous’’ PtO,. The PtO, profiles dif-
fer significantly, but both show appreciable
H, uptake only at temperatures above 290
K. The TPR peaks for the bulk PtO; sam-
ples occur over the temperature range
where the broad high-temperature feature
is observed in the 0.7% Pt/SiO, TPR pro-
file. Specifically, it can be seen from Fig. 3
that the 290 K peak in the crystailine PtO,
profile is coincident with the maximum in
the high-temperature TPR feature of the
0.7% Pt/Si0, sample. Figure 3 also shows a
TPR profile obtained after reducing the
amorphous PtO, and subsequently expos-
ing it to O, under our standard conditions
(10 cm3/min of 5% 0O,/He for 2 h at 573 K).
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A single weak TPR feature was observed
near 260 K, the integrated H, uptake of
which amounted to less than 4% of the ini-
tial uptake for the amorphous PtO, sample.

Figure 4 shows results of experiments
carried out to assess the effects of oxidation
temperature on the subsequent reduction
characteristics of the 5.29% Pt/SiO, catalyst.
For sintering temperatures of 723 and 873
K, TPR profiles were obtained directly af-
ter sintering (dashed curves) and after com-
plete reduction and reoxidation at 573 K
(solid curves). The dashed curves are
slightly displaced in the vertical direction
relative to the solid curves for clarity. At
both sintering temperatures, a downward
shift of about 15 K was observed in the
peak locations for the 573 K oxidized cata-
lyst compared to the catalyst oxidized at
the sintering temperature. Also, for the 723
K sintering temperature, the two TPR

5.20% PYSIOp

7 K/min
10 cm3fmin 5% Hy/Ar

— -~ after sintering at T,
—— after reoxidation at 573 K

Rate of Hy Uptake (arb. scale)

100 300 500 700
Temperature (K}

FiG. 4. TPR profiles for the 5.2% Pt/SiO, catalyst
after sintering at 723 and 873 K. Two TPR profiles are
shown for each sintering temperature: the dashed
curve is the TPR profile obtained directly after the
sintering treatment, and the solid curve is the TPR
profile obtained after reducing the sintered catalyst
and then reoxidizing for 2 h at 573 K. The curves are
arbitrarily positioned on the y-axis but are scaled iden-
tically.
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F1G. 5. A plot of percentage Pt oxidized (as deter-
mined by H, uptakes during TPR) vs Pt particle radius
(as determined by CO chemisorption) for the 0.7% Pt
and 5.2% Pt on silica catalysts and the 1% Pt on alu-
mina catalyst after various sintering treatments, The
catalysts were all oxidized at 573 K for 2 h prior to
TPR analysis with the exception of the sample desig-
nated with the triangle. It was oxidized for an addi-
tional 110 h in pure O, at 573 K prior to TPR analysis.

peaks were better resolved after reoxida-
tion at 573 K. Note, however, that the inte-
grated H, uptakes given by the areas under
the curves were virtually identical irrespec-
tive of whether the catalyst was exposed to
O, at the sintering temperature or at 573 K.
Thus the uptake of O, is not affected by
temperature over the 573-873 K range.

Comparison of TPR and CO
Chemisorption Data

The total H, uptakes associated with re-
duction of the oxidized Pt samples were de-
termined by integrating the areas under the
TPR traces after correcting for H, uptake
associated with the blank support. The oxi-
dized fraction of the Pt in each sample was
then calculated from the TPR H, uptakes,
assuming (i) each O atom reacts with one
H, molecule to produce one H,O molecule,
and (ii) the oxide stoichiometry is that of
PtO, (i.e., two O atoms per Pt atom). Fig-
ure 5 shows a plot of the oxidized fraction
of each catalyst vs mean particle radius.
The mean particle radius was determined
from the CO chemisorption measurements
on the fully reduced catalysts. The irrevers-
ible CO uptake was first divided by the total
number of Pt atoms to obtain the fraction of
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exposed Pt atoms (i.e., metal dispersion,
Dw). The volume—area mean particle radius
was then calculated from the following rela-
tionship for spherical particles,

Foa = EX =3 ((U"i)/;‘“) ),

where v, is the volume per bulk Pt atom,
and ay, is the area per surface Pt atom (95).

The solid curve in Fig. 5 is a plot of the
particle size—dispersion relation given in
Eq. (1). The close fit of Eq. (1) to the data of
Fig. S indicates that the extent of oxidation
tracks dispersion; i.e., only exposed Pt at-
oms are oxidized.

Most of the points in Fig. 5 lie below the
dispersion relation, indicating that, on aver-
age, less than a monolayer of Pt is oxidized
to PtO,. In fact, the samples in Fig. 5 with
mean particle radii greater than 2 nm
yielded O, uptakes corresponding to ap-
proximately a 1/1 ratio between O atoms
and exposed Pt atoms, which would corre-
spond to conversion of either one-half of
the exposed Pt atoms to PtO, or all of the
exposed atoms to a stoichiometric equiva-
lent of PtO. Samples with mean particle ra-
dii below 2 nm, however, gave O, uptakes
that corresponded closely to stoichiometric
conversion of the Pt surface atoms to PtO,.
The only exceptions were the two most
highly dispersed samples which showed ap-
parent oxidation exceeding 100% conver-
sion of all of the Pt atoms in the samples to
PtO, (see Fig. 5). The latter is physically
unrealistic and may indicate a problem with
H, spillover onto the SiO, support during
the TPR experiment. H, spillover has been
reported on Pt/SiO, catalysts in the temper-
ature range of the TPR experiments (96, 97)
and would be expected to be most signifi-
cant for highly dispersed catalysts. Addi-
tionally, the presence of a spillover effect in
TPR is also consistent with our observation
that H, chemisorption on the same samples
yielded apparent dispersions in excess of
100%. Note that any contribution due to H;
spillover during TPR only serves to in-
crease the apparent extent of oxidation; the

(1)
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. PtO and PtO.
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~ PtO2
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FiG. 6. Intensity vs scattering angle plots for anoma-
lous x-ray scattering experiments carried out with 873
K-sintered samples of 1% Pt/Al,O; prepared from (A)
Pt(NH;),Cl, and (B) Pt;,(CO),. The scattering angles
associated with major diffraction features of Pt and
various Pt oxides are indicated by the vertical lines.

presence or absence of spillover does not
modify our conclusion that oxidation is lim-
ited to a monolayer equivalent of Pt atoms
at most (at least for particles with radii
greater than =0.75 nm).

The effect of O, exposure time on extent
of oxidizability was examined for the 1%
Pt/ Al,Os catalyst. The catalyst was sintered
at 873 K, reduced, and reoxidized under
standard conditions to yield the data point
at 3.2 nm in Fig. 5. The same sample was
then exposed to pure O, at 573 K for an
additional 110 h and then reanalyzed by
TPR and chemisorption. The chemisorp-
tion analysis indicated a slight increase in
mean particle radius by about 0.2 nm, but
the TPR analysis showed no additional O,
uptake beyond that obtained during the first
2 h of oxidation at 573 K. Similar results
were obtained during long-term oxidation
experiments with bulk Pt samples. For ex-
ample, a sample of Pt black was initially
reduced and then exposed to pure O, at 823
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K for 120 h. Subsequent TPR analysis
showed only trace H, uptake thereby con-
firming that bulk oxidation of Pt cannot be
effected even at relatively high tempera-
tures in pure O, for many hours.

X-Ray Diffraction and EXAFS

Figure 6 shows anomalous X-ray scatter-
ing results obtained for two samples of
1% Pt/AlLO; catalyst—one prepared using
Pt(NH;),Cl, as a precursor (A) and the
other prepared with a Pt;»(CO),, complex
(B). Both catalysts were sintered at 8§73 K
prior to analysis. The difference patterns
were of low intensity, and only the most
prominent diffraction features, namely the
Pt[111] and Pt[200] lines, could be clearly
identified. Locations of major diffraction
features for various bulk Pt oxides are also
indicated in Fig. 6, but none can be readily
associated with the rather structureless pat-
terns obtained with either catalyst over the
15-35° 26 scattering range. The anomalous
scattering data simply confirm the conclu-
sion reached on the basis of the combined
TPR and chemisorption measurements;
i.e., metallic Pt is still present after 2 h ex-
posure to O, at 873 K.

Raw EXAFS data are shown in Fig. 7 for
the 873 K oxidized 1% Pt/Al,O; catalyst as
well as Pt foil and PtO,. The purpose of the
EXAFS experiments was to try to identify
the Pt phases present in the supported cata-
lyst. Thus we rely on qualitative fingerprint
comparisons between the supported cata-
lyst and reference spectra in the near-edge
and extended X-ray regions. In the near-
edge region, the white-line intensity of the
Pt foil is small relative to the absorption
background, whereas the white-line inten-
sity of the PtQ, sample is large relative to
the background. The ratio of white-line to
background intensities in the supported Pt
sample is between those of Pt and PtO,,
suggesting that the supported sample con-
tains a mixture of Pt and PtO, phases. In
the extended absorption region, weak fea-
tures are observed for the supported Pt that
are close to features present in both Pt and
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' Pt/AlgOg

Pt Foil

Absorption (Arbitrary Scale)

Energy x 102 eVv)

F1G. 7. X-ray absorption intensity vs incident X-ray
energy (referenced to the Pt Ly;-edge). Data are shown
for an 873 K-sintered 1% Pt/Al,O; catalyst, Pt foil, and
PtO,. The spectra are scaled differently, with the
height of an absorption unit given by the scale bar to
the left of each spectrum. The dashed vertical lines are
drawn through extended X-ray absorption features ob-
served in the Pt/AlLO; catalyst.

PtO,, again suggesting a combination of
metal and oxide.

DISCUSSION
TPR Data

The TPR data of this study are in good
general agreement with other TPR studies
of supported Pt catalysts (37-39, 60, 72, 74,
98). An exception is that other studies have
reported TPR peaks at temperatures be-
tween 530 and 570 K (37-39, 60, 72, 74,
98)—significantly higher than reported in
this study. Although such high-temperature
peaks were not observed in our study after
the standard pretreatment (which included
a 773 K reduction), they were observed for
the fresh 1% Pt/Al,O; catalyst when it was
not prereduced at 773 K prior to 573 K O,
exposure and subsequent TPR analysis.
Lieske et al. (39, 40) have clearly associ-
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ated these high-temperature peaks with the
reduction of Pt oxychloride compounds,
namely [Pt'Y(OH),CL] and [Pt!VO,Cl,],
produced either during the oxidative de-
composition of H,PtClg or by reaction of Pt
atoms with Cl ions in the alumina. Since
our Pt/Al,O; catalyst was prepared from a
nonchloride-containing Pt cluster com-
pound, the support would appear to be the
source of Clion in our study. Alternatively,
Park et al. (38) have proposed that high-
temperature TPR features arise from the in-
teraction of isolated Pt atoms with a variety
of strong acid sites (not just Lewis sites
produced by the interaction of Cl anions
with uncoordinated Al cations). In either
case, we attribute TPR features occurring
above 500 K to the reduction of inorganic
Pt complexes. Such complexes are decom-
posed when the samples are reduced at 773
K. Presumably the decomposition of the in-
organic Pt complexes is accompanied by
the nucleation of Pt particles since the com-
plexes cannot be reformed by subsequent
heating in either H, or O, (37-39). The fol-
lowing discussion is thus restricted to the
oxidation behavior of nucleated Pt, ranging
from bulk samples (powders, wire, foils,
etc.) to supported crystallites with mean ra-
dii down to =0.75 nm.

The TPR data of Figs. 1-3 argue against
an effect of either support on the oxidation
characteristics of Pt crystallites. TPR fea-
tures of the supported catalysts always oc-
curred at temperatures the same as, or
lower than, those of the bulk PtO, oxides,
thereby indicating no support-induced sta-
bilization of Pt oxide. Furthermore, the alu-
mina- and silica-supported catalysts dis-
played similar TPR profiles, in both the
shapes of the profiles and the shifts to lower
temperature with increasing sintering tem-
perature. Finally, quantitative O, uptakes
depended solely on Pt dispersion and not
on the type of support, as indicated by the
fact that the Pt/SiO, and Pt/AlL,O; data lie
on the same curve in Fig. S.

The shift of the TPR peaks to lower tem-
peratures with increasing sintering temper-
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ature has been observed by other groups
(37-39, 60, 72, 98). Huizinga et al. (37) sug-
gested that large oxidized Pt particles re-
duce more readily because they contain a
greater density of sites capable of adsorbing
and dissociating H, than do small oxidized
particles. In a similar vein they proposed
that passivated samples (i.e., those covered
with a thin oxide film) reduce at low tem-
peratures because H, readily diffuses
through the oxide film and dissociates at
metal sites. Uchijima et al. (65) examined
the reduction kinetics of Pt/SiO, catalysts
that had been stored in air for long periods.
Removal of adsorbed oxygen by pulses of
H, at 298 K was much more rapid for low-
dispersion catalysts than for high-disper-
sion catalysts. They concluded that the
lower reactivity of the highly dispersed cat-
alysts was due to the presence of a more
continuous oxygen film in those samples
compared to the low-dispersion samples. In
our study, all samples with mean disper-
sions of 40% or greater showed a high-tem-
perature feature between 300 and 350 K;
most of those samples displayed a lower-
temperature peak as well. The dual peaks
observed in the highly dispersed samples
suggest a broad range of particle sizes.
Since the high-temperature feature occurs
in the same temperature range as reduction
of bulk PtO,, we assoctate it with the reduc-
tion of fully oxidized Pt particles. Note that
this association with bulk PtO, is made on
the basis of reduction kinetics rather than
particle size. In fact, the arguments for pas-
sivating oxidation that follow in the next
section indicate that only those particles
with radii less than ~0.75 nm will be com-
pletely oxidized; it is this common feature
of complete oxidation, rather than particle
size, that leads to similar reduction kinetics
for large, chemically prepared, bulk PtO,
particles on the one hand and small sup-
ported PtO, particles on the other hand.
Large supported Pt particles will contain a
core of metal atoms after oxidation that,
according to Huizinga et al. (37), will in-
crease the rate of reduction by promoting
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H, adsorption, dissociation, and reaction.
Note that we cannot determine the struc-
tural relationship between oxide and metal
sites in these larger particles. For example,
our experiments cannot distinguish be-
tween the possibilities that (i) reduction is
accelerated by defects in the oxide layer
that expose metallic sites, and (ii) the oxide
film is continuous over the surface of the
particles, but permeable enough to allow
rapid diffusion of H, to underlying metallic
sites where dissociation occurs readily.
The simultaneous presence of oxide and
metal sites is not the only possible explana-
tion for the more rapid reduction of large
particles than of small particles. As noted
previously, the high-temperature sintered,
low-dispersion catalysts showed reduction
peaks in the same temperature range as
chemisorbed oxygen, thus raising the possi-
bility that the oxygen surface film on large
Pt particles is chemisorbed oxygen rather
than Pt oxide. In that case, the shift of the
TPR reduction peaks to lower temperatures
with increasing particle size could simply
indicate a shift from oxidic to chemisorbed
oxygen, with the chemisorbed oxygen be-
ing more reactive with H, than the oxide.

Passivation

The data of Fig. 5 show that the fraction
of Pt that is oxidized decreases precipi-
tously with increasing particle size—rang-
ing from essentially complete oxidation for
particles with radii less than =0.75 nm to
less than 10% for particles with radii greater
than 3 nm. The decrease in oxidizability
with increasing particle size closely tracks
the decrease in the fraction of exposed Pt
atoms, as indicated by the close correspon-
dence between the data points and the theo-
retical dispersion curve in Fig. 5. On aver-
age, only exposed Pt atoms are oxidized, as
indicated by the fact that the data points lie
on or below the theoretical dispersion
curve. Thus the greater oxidizability of
small Pt particles is primarily due to their
larger fraction of exposed atoms.

The oxidation of Pt is highly passivating;
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oxidation proceeds rapidiy to at most a
monolayer equivalent of Pt atoms and
stops. Deeper oxidation could not be ef-
fected by varying the O, exposure time,
temperature, or O, pressure over the range
of conditions examined in this study. Thus
the 1% Pt/Al,O; catalyst showed the same
extent of oxidation after 110 h in pure O, at
573 K as after 2 h in 5% O, at 573 K (Fig. 5).
Similarly, the 5.2% Pt/SiO, catalyst
showed the same extent of oxidation re-
gardless of whether the O, uptake was mea-
sured by TPR directly after sintering treat-
ments in O, at 723 and 873 K or after a
subsequent reduction and reoxidation at
573 K (Fig. 4). The latter experiment indi-
cates that, although the temperature of O,
exposure affects the overall extent of oxi-
dation by changing the dispersion, the ror-
malized O, uptake (uptake per surface Pt
atom) is independent of temperature over
the 573-873 K range and is limited to at
most a monolayer equivalent of Pt atoms.

Qualitative support for the passivation
model of Pt oxidation is contained in the
anomalous X-ray scattering and EXAFS
data. Both techniques provided evidence
for metallic Pt after 19 Pt/ALO; catalysts
had been sintered at 873 K and cooled to
room temperature in air. In addition, the
EXAFS data showed features characteris-
tic of both metal and oxide phases. A num-
ber of other groups have examined air-ex-
posed catalysts by EXAFS (45, 68, 70, 75)
and X-ray diffraction (59, 62, 66, 75).
Results have been mixed, with some groups
reporting essentially complete oxidation of
Pt crystallites (68, 70) and others reporting
mixtures of metallic and oxidic phases (45,
75). The studies reporting complete oxida-
tion involved catalysts prepared and pre-
treated in such a way that inorganic Pt com-
plexes may have been present. A study by
Nandi et al. (75) closely parallels the
results of this study. They reported that air
exposure of a 63.5% exposed Pt catalyst
produced crystallites with oxide surfaces
and metal cores, while an 81% exposed cat-
alyst was nearly fully oxidized.
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The passivation model of Pt oxidation ap-
plies not only to supported Pt catalysts but
also to bulk Pt. Our attempts to reoxidize
reduced samples of Pt black and PtO, pow-
ders always yielded O, uptakes correspond-
ing to only monolayer involvement of the
Pt, even after times in excess of 250 h. Sim-
ilar conclusions have been reached by
Turner and Maple (36) for Pt powder and
by Peuckert and Bonzel (14) for a Pt[111]
single crystal. To our knowledge, the only
exception to the monolayer-type passivat-
ing oxidation of Pt is the study by Berry
(34), where thick (ca. 90-nm) films of PtO,
were reported after long-term oxidation of
Pt wires in 1 atm O,. Berry’s results could
have been influenced by impurities, how-
ever, since surface composition was not
monitored, and since the wires were ‘‘stabi-
lized’’ by pretreating in air at 1023-1173 K
for 10 h or more. Such pretreatments are
known to promote the surface segregation
of Ca, Si, P, and S impurities in bulk Pt
samples (28).

Nature of the Passive Oxygen Film

Although the concept of a passive oxy-
gen film, preventing bulk Pt oxidation, ap-
pears generally applicable for Pt particles
ranging in size from monolithic single crys-
tals to =~0.75-nm-radius crystallites, it is not
clear whether the chemical nature of the
film is identical over such a size range. In
particular, it is difficult to distinguish be-
tween a passive oxide film and a passivating
layer of chemisorbed oxygen. For the most
highly dispersed samples of this study, the
combination of the 2/1 O-to-Pt stoichiome-
try from TPR, together with the close cor-
respondence of the reduction temperature
to that of bulk PtO,, suggests that PtO, is
formed. For particles with radii greater
than about 2 nm, however, the lower O-to-
Pt stoichiometry (=1/1), together with the
downshift in the TPR peak to =200 K
(where a peak was also observed for chemi-
sorbed oxygen), raises the possibility that
the oxygen surface film may be chemi-
sorbed oxygen rather thai platinum oxide.
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In particular, the oxygen uptakes for the 2-
nm-radius and larger particles are close to
those observed by Derry and Ross (33) for
Pt[100] and Pt[111] single crystals after O,
exposure at 1073 Pa and 570 K. Despite the
relatively high oxygen coverages obtained
under their dosing conditions (estimated at
0.75-1.25 x 105 O atoms/cm? vs =0.25 X
10" O atoms/cm? under normal UHV dos-
ing conditions of 10~° Pa and 300 K), they
concluded from angle-resolved UPS data
that the oxygen was chemisorbed and not
oxidic. Moreover, they found no evidence
for significant penetration of oxygen into
the bulk and concluded that place-ex-
change-type restructuring of the surface, if
occurring at all, would be limited to the
first two atomic layers. The conclusions of
Derry and Ross would appear to apply
equally well to the observations of this
study, at least for Pt powders and sup-
ported crystallites with radii greater than 2
nm. Although we have shown the passivat-
ing nature of Pt oxidation to persist over a
broad range of particle sizes, the detailed
structure and chemical identity of the pas-
sive layer still remain to be determined.

CONCLUSIONS

The following conclusions are reached
for the oxidation of metallic Pt. In general,
different results obtain when Pt is in the
form of inorganic compounds (e.g., as Pt
oxychloride complexes on alumina, or as
ternary oxide phases).

® Pt oxidation is highly passivating; the
oxide film thickness is less than or equal to
one monolayer equivalent of Pt atoms, re-
gardless of O, pressure (0.05-1.0 atm), tem-
perature (573—-873 K), or length of O; expo-
sure (2-250 h).

® Since only exposed Pt atoms are oxi-
dized, the extent of oxidation closely tracks
the increase in dispersion that occurs with
decreasing particle size. This explains why
small supported Pt crystallites are more
thoroughly oxidized than either large crys-
tallites or bulk Pt samples (i.e., the small
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crystallites surface-to-bulk
atom ratios).

® The passivating (i.e., monolayer) oxi-
dation of Pt is independent of the type
of support (alumina, silica, unsupported).
This has been confirmed for bulk Pt powder
samples as well as alumina- and silica-sup-
ported Pt catalysts with mean particle radii
as small as 0.75 nm.

® Reduction kinetics of Pt oxide parti-
cles depend strongly on particle size; sam-
ples with mean particle radii of 2 nm or
greater reduce at temperatures 100-150 K
lower than particles with mean particle ra-
dii less than =0.75 nm.

® The detailed structure and chemical
nature of the oxide film could not be une-
quivocally identified. For particles with ra-
dii less than =~0.75 nm, the oxygen film ap-
pears to be PtO, based on TPR H, uptakes
and peak temperatures close to those of
bulk PtO,. For particles with radii greater
than 2 nm, the oxygen film could be chemi-
sorbed oxygen, as suggested by a decrease
in O-to-Pt stoichiometry to =1-to-1 and a
concomitant shift in the TPR peak to low
temperatures characteristic of chemisorbed
oxygen.

have larger
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