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Highly dispersed Pt catalysts were prepared by deposition of Pt4 and Pt6 clusters, initially formed in
unprotected and poly(vinyl alcohol) (PVA)-protected colloidal Pt suspensions, onto a γ -Al2O3 surface.
These catalysts were characterized by extended X-ray absorption fine structure (EXAFS) and Fourier
transform infrared (FTIR) spectroscopies. The EXAFS results indicate that the supported Pt species formed
were very similar in structure to those of the original clusters in the corresponding colloidal suspensions.
The FTIR results further indicate that the γ -Al2O3-supported Pt4 clusters have significantly lower
chemisorptive properties compared with larger supported Pt nanoparticles; nevertheless, the Pt4/γ -Al2O3
sample was active for the oxidation of CO with no need for additional activation treatment. In fact,
treatment of this sample with H2 at 150–200 ◦C led to the formation of Pt aggregates with sizes of
1.0–1.6 nm, demonstrating that the surface Pt4 species readily sintered in this temperature range under
reducing conditions.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Conventional methods used for the preparation of supported
metal catalysts involve the deposition of mostly inorganic metal
precursors from solutions on the surfaces of metal oxide supports
via incipient-wetness or wet-impregnation methods [1]. Subse-
quent decomposition of such precursors at elevated temperatures
is needed to obtain catalytically active supported metal particles.
In general, these conventional methods provide a very limited abil-
ity to control the structure of the resulting supported metal par-
ticles, and in many cases, the catalysts formed are nonuniform,
with wide metal particle size distributions. In recent years, alter-
native synthetic routes based on the use of preformed clusters or
templating agents (e.g., PAMAM dendrimers) have been proposed
to obtain more uniform catalytic materials [2–5]. The primary fo-
cus in these preparation techniques is on precisely controlling the
formation of metal bonds or metal particles in solution and then
delivering them to the support surface in a way that preserves the
morphology of the metal particles [6]. The application of such an
approach remains problematic, however, at least in the case of Pt,
because the removal of ligands or the templating agent leads to
substantial Pt sintering [4,7].

We have previously demonstrated that stable and nearly uni-
form Pt4 clusters can be formed in solution without the use of
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templating or protective agents [8]. Successful delivery of these Pt
clusters to a support could potentially eliminate the need for fur-
ther thermal treatments and thus decrease the likelihood of Pt sin-
tering. To the best of our knowledge, no such attempts have been
described in the literature to date, and the approach described
in this paper represents the first time that γ -Al2O3-supported Pt
catalysts have been prepared using an unprotected colloidal Pt sus-
pension. The goal of this work was to evaluate how colloids of
highly dispersed metal clusters can be used for the preparation of
supported metal catalysts. We used UV–vis spectroscopy to inves-
tigate the deposition of Pt clusters from solution onto the γ -Al2O3
surface, and EXAFS and FTIR spectroscopies to characterize the sur-
face species formed after the deposition of Pt onto the γ -Al2O3
surface. Finally, we evaluated the catalytic activity of the γ -Al2O3-
supported Pt species for the gas-phase oxidation of CO.

2. Experimental

2.1. Reagents and materials

The γ -Al2O3 support (BASF), with a BET surface area of
100 m2/g and a pore volume of 0.6 ml/g, was calcined in air
at 500 ◦C for 4 h before use. H2, He, and 1% CO/He (all UHP
grade, Airstar) were purified before use via passage through oxy-
gen/moisture traps (Agilent) capable of removing traces of O2 to
15 ppb and traces of H2O to 25 ppb. The 1% CO/air mixture (Na-
tional Specialty Gases) was purified from traces of moisture via
passage through a moisture trap (Agilent). H2PtCl6·6H2O (99.95%
purity, Alfa Aesar), sodium borohydride (98% purity, Alfa Aesar),
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and low molecular weight polyvinyl alcohol (PVA) (Alfa Aesar)
were used as supplied, while 18 M� cm Milli-Q deionized water
was used for the preparation of all aqueous solutions.

2.2. Sample preparation

Unprotected and PVA-protected colloidal Pt suspensions were
prepared as reported elsewhere [8]. Supported Pt/γ -Al2O3 sam-
ples were prepared by deposition of Pt from the unprotected col-
loidal solution onto the γ -Al2O3 surface. The γ -Al2O3 powder was
added to the colloidal Pt solution, and the pH was decreased to
approximately 2.0 with the addition of a 0.1 M hydrochloric acid
solution. The resulting mixture was stirred vigorously for 30 min
to allow complete deposition of Pt on the γ -Al2O3 surface. This
process was monitored by UV–vis. After completion of the deposi-
tion step, any excess water was removed by filtration, the solid was
washed with pure water until no chloride ions could be detected
in the filtrate, and the resulting powder was dried under vacuum
at room temperature. Additional Pt/γ -Al2O3 samples were pre-
pared for comparison by a similar procedure using PVA-protected
colloidal Pt suspensions. In both cases, a 0.4 wt% total Pt load-
ing was chosen for the resulting Pt/γ -Al2O3 materials, confirmed
by inductively coupled plasma-mass spectroscopy (ICP-MS) analy-
sis (Galbraith Laboratories Inc.). The synthesis and handling of all
Pt/γ -Al2O3 samples were carried out with standard air exclusion
techniques using a Schlenk vacuum line and a N2-filled dry box.

2.3. UV–vis spectroscopy

UV–vis spectra were obtained using a Shimadzu UV-2101PC
spectrophotometer. The scan range was 800–190 nm, in 0.5-nm
steps. Unless stated otherwise, 18 M� cm water (Milli-Q grade)
was used as a reference for all measurements.

2.4. FTIR spectroscopy

FTIR spectra were collected with a Nicolet Nexus 470 spectrom-
eter equipped with a MCTB detector cooled with liquid nitrogen.
Powder samples were pressed into self-supported wafers with a
density of 20 mg/cm2 under approximately 5000 psi pressure and
mounted in the FTIR cell connected to a gas distribution system.
Each sample was pretreated in situ as described further in the text.
When a reduction pretreatment was used, the temperature was
ramped in H2 at a rate of 5 ◦C/min to the desired value and then
held there for 2 h. After the treatment was completed, the FTIR cell
was flushed with He at the reduction temperature and then cooled
to room temperature under He flow. FTIR spectra were recorded at
a spectral resolution of 2 cm−1, with 64 scans accumulated for
each spectrum.

2.5. EXAFS spectroscopy

EXAFS spectra were collected at X-ray beamline 2–3 at the
Stanford Synchrotron Radiation Laboratory (SSRL), Stanford Lin-
ear Accelerator Center, Menlo Park, CA. The storage ring electron
energy was 3 GeV, and the ring current was in the range of 80–
100 mA. The EXAFS data for Pt/γ -Al2O3 samples were recorded at
room temperature in the fluorescence mode with a 13th element
Ge detector. When a reduction pretreatment was used, the Pt/
γ -Al2O3 powder samples were placed in a glass reactor and heated
in H2 as the temperature was ramped at 5 ◦C/min to the desired
value and then maintained there for 2 h. Once the desired treat-
ment was completed, the reactor was sealed and transferred into a
dry box. Samples were loaded into in situ EXAFS fluorescence cells
designed to allow handling of samples without air exposure. The
total count rate for the Ge detector was 30,000–40,000 counts/s.
It has been established experimentally that the detector readings
are linear within this range, and that no corrections for dead-time
are required. Samples were scanned at the Pt L3 edge (11564 eV).
Data were collected with a Si(220) double-crystal monochromator,
which was detuned by 30% to minimize the effects of higher har-
monics in the X-ray beam.

2.6. EXAFS data analysis

The EXAFS data were analyzed with experimentally determined
reference files obtained from EXAFS data characterizing materials
of known structure. The Pt–Pt and Pt–O interactions were ana-
lyzed with phase shifts and backscattering amplitudes obtained
from EXAFS data characterizing platinum foil and Na2Pt(OH)6, re-
spectively. The crystallographic first-shell coordination parameters
for these reference compounds, the weighting of the Fourier trans-
form, and the ranges in k and r space used to extract the reference
functions from the experimental EXAFS data have been reported
elsewhere [8]. The EXAFS parameters were extracted from the raw
data using the XDAP software, developed by XAFS Services Inter-
national [9]. The methods used to extract the EXAFS function from
the raw data were essentially the same as reported elsewhere [10].
The data used for each sample were the averages of six scans.

The data at the Pt L3 edge were analyzed with a maximum of
16 free parameters over the ranges 3.50 < k < 15.00 Å

−1
(where k

is the wave vector) and 1.00 < r < 3.50 Å (where r is the distance
from the absorbing Pt atom). The statistically justified number of
free parameters, n, was found to be 19, as estimated on the ba-
sis of the Nyquist theorem [11,12]: n = (2�k�r/π) + 1, where �k
and �r are the k and r ranges used to fit the data. The parameters
characterizing both the high-Z (Pt–Pt) and low-Z (Pt–O) contribu-
tions for the samples examined were determined by multiple-shell
fitting in r-space with application of k1 and k3 weighting in the
Fourier transformations [10]. The fit was optimized using a differ-
ence file technique with phase- and amplitude-corrected Fourier
transformations of the data [13,14]. Some comparisons of the data
and fits in r-space for a fresh Pt/γ -Al2O3 catalyst prepared from an
unprotected colloidal Pt suspension are shown in Fig. 1, and the re-
sults for various supported samples are summarized in Table 1. The
standard deviations reported in Table 1 for the various parameters
were calculated from the covariance matrix, taking into account
the statistical noise of the EXAFS data, as well as the correlations
between the different coordination parameters, as described else-
where [15]. Systematic errors were not included in calculation of
the standard deviations. The goodness-of-fit values (ε2

v ) were cal-
culated as outlined in the Reports on Standards and Criteria in
XAFS Spectroscopy [16]. The variances in both the imaginary and
absolute parts were used to determine the quality of the fit [17].

2.7. XANES measurements and analysis

XANES spectra of each sample were also obtained during the X-
ray absorption measurements described above. Normalized XANES
spectra were obtained by subtracting the pre-edge background
from the raw data using a modified Victoreen equation, and divid-
ing the absorption intensity by the height of the absorption edge.
The band structure curves were numerically integrated using the
XDAP software [5]. The observed band structure for the Pt L3 edge,
commonly called the “white line,” is indicative of the absorption
threshold resonances associated with the likelihood of excitation
of 2p3/2 electrons to unoccupied d states [18]. It is generally as-
sumed that the white line correlates with the electron density of
metal atoms, with a decrease in the white line area indicating a
decrease in the electron density of these atoms [18,19].
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Fig. 1. EXAFS spectrum collected at the Pt L3 edge and corresponding fits for a fresh Pt/γ -Al2O3 sample prepared from an unprotected colloidal Pt suspension: (A) imaginary

part and magnitude of uncorrected Fourier transform (k0-weighted, �k = 3.5–15.0 Å
−1

) of experimental EXAFS (solid line) and sum of the calculated contributions as stated
in Table 1 (dashed line); (B) k3-weighted Fourier transform of (A) plotted with Pt–Pt phase and amplitude correction; (C) and (D) residual spectra illustrating the Pt–Pt
contributions: the imaginary part and magnitude of phase- and amplitude-corrected Fourier transforms (k1 weighted (C) and k3 weighted (D)) of the raw data minus Pt–O
contributions (solid line) and the calculated first-shell Pt–Pt contributions (dashed line).
2.8. CO oxidation

Catalytic activity measurements for the oxidation of CO in air
were performed in a quartz single-pass fixed-bed reactor at atmo-
spheric pressure and temperatures of 25–300 ◦C. The temperature
inside the reactor was monitored by a thermocouple extended into
the catalyst bed. Samples in a powder form (0.077 g) were diluted
90 times by weight with quartz particles (60–80 mesh) to keep the
catalyst bed isothermal. The total volumetric flow rate of the reac-
tant mixture (1% CO balanced with air) was held at 154 ml/min
(1 atm; 25 ◦C) yielding a corresponding gas hourly space velocity
(GHSV) of approximately 120,000 ml/(g h). The feed and the re-
action products were analyzed with an online single-beam NDIR
CO analyzer (Ultramat 23, Siemens) capable of detecting CO in the
0–500 ppm and 0–5% ranges and CO2 in the 0–5% range.

Catalytic measurements were performed with freshly prepared
samples, as well as samples treated in H2 at 150 and 200 ◦C.
When a reduction pretreatment was conducted, the temperature
was ramped in H2 at 5 ◦C/min to the desired value and maintained
there for 2 h. After the treatment was completed, the reactor was
purged with N2 at the reduction temperature and cooled to room
temperature. The reaction mixture was introduced at that point,
and data were collected at different times as the temperature was
increased in 10–20 ◦C increments every 2 h. In the absence of
a catalyst, no measurable conversion of CO was observed during
background tests.

3. Results and discussion

3.1. Preparation of Pt/γ -Al2O3 catalysts from an unprotected Pt
suspension

The impregnation of H2PtCl6 from aqueous solutions onto γ -
Al2O3 has been extensively investigated [20–23]. Two major mech-
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Table 1
Structural parameters characterizing Pt/γ -Al2O3 samples prepared from unprotected and PVA-protected colloidal Pt suspensions

Sample Treatment
conditions

Shell N R

(Å)
�σ 2

(Å2)

�E0

(eV)
ε2

v k1-variances (%) Suggested model
of surface speciesAbs Im

Pt/Al2O3 prepared
from an unprotected
colloidal Pt
suspension

None Pt–Pt 2.8 2.75 0.00586 −6.0 3.3 2.5 4.1 Pt4 clusters
Pt–O1 1.6 2.04 0.00210 −0.2
Pt–O2 4.1 2.23 0.00790 −4.7
Pt–O3 5.3 2.50 0.00880 4.3

Pt/Al2O3 prepared
from an unprotected
colloidal Pt
suspension

H2 at 150 ◦C Pt–Pt 6.1 2.74 0.00731 −4.8 3.3 2.6 3.4 Pt nanoparticles
with average
size of 1.0 nm

Pt–O1 2.0 2.05 0.01000 3.2
Pt–O2 0.2 2.20 −0.00720 −5.0
Pt–O3 0.4 2.53 −0.00701 2.0

Pt/Al2O3 prepared
from an unprotected
colloidal Pt
suspension

H2 at 200 ◦C Pt–Pt 7.9 2.74 0.00713 −6.4 3.6 2.1 4.7 Pt nanoparticles
with average
size of 1.6 nm

Pt–O1 0.8 2.02 0.01000 3.7
Pt–O2 0.3 2.20 0.01000 4.2
Pt–O3 0.6 2.53 −0.00066 −3.8

Pt/Al2O3 prepared
from a PVA-protected
colloidal Pt
suspension

None Pt–Pt 4.0 2.74 0.00773 −5.1 3.2 2.2 3.4 Pt6 clusters
Pt–O1 1.3 2.05 0.00120 −2.3
Pt–O2 2.3 2.23 0.00090 −5.6
Pt–O3 3.4 2.51 0.00570 2.7

Note. N , coordination number; R , distance between absorber and backscatterer atoms; �σ 2, difference in Debye–Waller factor between the sample and the reference
compound; �E0, inner potential correction accounting for the difference in the inner potential between the sample and the reference compound; ε2

v , goodness of fit.
Standard deviations in fits: N ± 20%, R ± 1%, �σ 2 ± 5%, �E0 ± 10%.
anisms have been proposed to describe the attachment of this
precursor to the surface. The first mechanism suggests that ligand
exchange reactions occur between the anionic metal complex and
the surface hydroxyl groups of γ -Al2O3 [22,23],

Al–OH + [PtCl6]2− ↔ Al–[(OH)PtCl5]− + Cl−, (1)

whereas the second mechanism involves only electrostatic inter-
actions between the metal complex and the charged hydroxyls on
the Al2O3 surface [21],

Al–OH+
2 + [PtCl6]2− ↔ Al–OH+

2 –[PtCl6]2−. (2)

The latter mechanism is based on experimental results indicat-
ing that the uptake of Pt by the support is increased as the pH
of the impregnating solution is decreased. This effect has been
attributed to an increase in the columbic attraction between the
precursor and the support surface [21]. We have used this con-
cept to develop a procedure that allows for the deposition of Pt4
clusters from an aqueous solution onto the γ -Al2O3 surface.

As described previously, the high stability of the unprotected
colloidal Pt suspension used can be attributed to the very low
ionic strength of the solution and/or the electrostatic stabilization
of the Pt4 clusters formed, due to their interactions with ionic
compounds present in the solution [6,8]. The Pt4 clusters would be
expected to be negatively charged under this scenario, although we
have no experimental data to confirm such a claim. The behavior
of such negatively charged Pt clusters in solution in the presence of
the γ -Al2O3 support during pH changes would be somewhat simi-
lar to that of anionic Pt complexes. To test this hypothesis, γ -Al2O3
powder was added to a Pt4 colloidal solution and the pH was low-
ered to approximately 2.0 with the addition of a 0.1 M hydrochloric
acid solution. The resulting mixture was maintained under vigor-
ous stirring, and the deposition process was monitored via UV–vis
spectroscopy by filtering a portion of the solution at different times
and analyzing the filtrate. The UV–vis band at 215 nm observed in
the spectrum of the original solution and assigned previously to
the isolated Pt4 clusters [8,24], declined in intensity with time and
finally disappeared after 30 min (Fig. 2). Atomic absorption analysis
of the filtrate demonstrated a complete absence of Pt in the solu-
tion beyond that point, indicating that all of the Pt4 clusters were
deposited onto the γ -Al2O3 surface after approximately 30 min. It
appears that such a deposition protocol was effective in the unpro-
tected Pt4 colloidal suspensions, reinforcing the idea that the Pt4
Fig. 2. UV–vis absorption spectra of aqueous solutions: (1) unprotected colloidal
Pt suspension (2.6 · 10−4 M) and filtered solution following deposition of Pt onto
γ -Al2O3 for (2) 10 min, (3) 20 min, and (4) 30 min.

clusters may be at least partially negatively charged in the original
solution.

The resulting Pt/γ -Al2O3 sample was dried under vacuum
at room temperature and further characterized by EXAFS spec-
troscopy to probe the structure of the Pt surface species formed.
The EXAFS results obtained with the freshly prepared sample (Ta-
ble 1) indicate the presence of first-shell Pt–Pt contributions with
an average coordination number of 2.8 at a bond distance of
2.75 Å. This distance is similar to that reported in the literature for
larger γ -Al2O3-supported Pt clusters incorporating approximately
25 Pt atoms [25]. Moreover, the white line area characterizing
this sample was nearly the same as that characterizing the corre-
sponding Pt4 clusters in solution (Table 2), indicating that platinum
remained primarily in a reduced state after impregnation on the
support. The low Pt–Pt coordination number, combined with the
fact that no higher Pt–Pt shells were observed in the spectra, sug-
gest that Pt remained highly dispersed on the γ -Al2O3 surface in
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Table 2
XANES data for various Pt samples in solution and on a γ -Al2O3 support

Experi-
ment

Sample White line
area

Reference

S1 H2PtCl6/H2O treated with
NaBH4 at 25 ◦C

4.3 [8]

S2 H2PtCl6/H2O treated with NaBH4

at 25 ◦C in the presence of PVA
4.6 [8]

S3 Pt/γ -Al2O3 prepared from (S1) 4.7 This work
S4 S3 treated with H2 at 150 ◦C 4.5 This work
S5 S3 treated with H2 at 200 ◦C 4.3 This work
S6 Pt/γ -Al2O3 prepared from (S2) 4.8 This work

the form of isolated and nearly uniform Pt clusters consisting of
approximately four Pt atoms.

In addition to the Pt–Pt contributions, substantial Pt–O con-
tributions were also observed in the spectra at average distances
of 2.04, 2.23, and 2.50 Å (Table 1). None of these contributions
directly matched known Pt–O contributions for various platinum
oxides (i.e., Pt3O4, PtO2, and PtO), suggesting that no such species
were formed on the alumina surface after the deposition of Pt. In-
stead, the observed Pt–O contributions appear to represent the in-
teractions of the Pt clusters with the support. Such a conclusion is
consistent with previous reports indicating that Pt–Osupport contri-
butions with average distances in the range of 2.05–2.29 and 2.50–
2.80 Å are typical for Pt supported on various metal oxides [2]. The
nature of the Pt–Osupport contributions observed in the 2.50–2.80 Å
range has been extensively discussed in the literature [26–28]. In
contrast, the presence of two Pt–Osupport contributions in the first
coordination shell of Pt at average distances of 2.04 and 2.20 Å is
rather unusual for Pt/γ -Al2O3 catalysts. It is possible that these
contributions represent interactions of Pt with both the oxygen
atoms of the support and oxygen-containing species present on the
catalyst surface, because evacuation at room temperature did not
completely remove water from γ -Al2O3. Furthermore, the coordi-
nation number for the Pt–O contributions at approximately 2.20 Å
decreased significantly after subsequent treatment with H2 at el-
evated temperatures (Table 1), indicating that this contribution is
the most temperature-dependent. Consequently, one possible ex-
planation is that this contribution represents interactions of Pt
atoms with water molecules present on the catalyst surface and
located in close proximity to the Pt4 clusters.

In summary, the foregoing results demonstrate that our syn-
thetic approach allows the deposition of intact Pt4 clusters pre-
formed in an aqueous solution onto the surface of a γ -Al2O3
support. More importantly, these results provide the first evi-
dence that highly dispersed and nearly uniform Pt4 clusters can
be formed on the γ -Al2O3 surface without the use of surfactants
or templating agents.

3.2. Preparation of Pt/γ -Al2O3 catalysts from a PVA-protected Pt
suspension

PVA-protected Pt6 clusters formed in aqueous solution [8] were
also delivered onto γ -Al2O3 by adding the γ -Al2O3 support to the
solution under stirring at a pH of 2.0. After 30 min of adsorption
time, the slurry was filtered and the sample was washed with wa-
ter until the filtrate was free of Cl− ions. Finally, the sample was
dried under vacuum at room temperature and analyzed by EXAFS
spectroscopy. The results of the EXAFS data analysis reported in Ta-
ble 1 indicate the presence of Pt–Pt contributions with an average
coordination number of 4.0 at a bonding distance of 2.74 Å, as well
multiple Pt–Osupport contributions with average coordination num-
bers of 1.3, 2.3, and 3.4 at corresponding bonding distances of 2.05,
2.23, and 2.51 Å. These Pt–Osupport contributions are the same as
those observed for the sample prepared from the unprotected col-
loidal Pt suspension reported in the previous section. In the PVA-
protected suspension, however, some of the Pt-(Low-Z ) backscat-
terers may also represent the PVA macromolecules that were not
removed. The structural parameters characterizing the Pt–Pt con-
tributions in the Pt/γ -Al2O3 material (Table 1) are nearly the same
as those characterizing the Pt6 clusters in the PVA-protected so-
lution [8], suggesting that the Pt6 clusters were delivered intact
onto the γ -Al2O3 surface in this case as well. Moreover, analy-
sis of the XANES region indicates once again that the white line
area did not change substantially after the impregnation procedure
(Table 2), implying that the Pt6 clusters remained primarily in a
reduced state on the γ -Al2O3 surface.

Small clusters have been prepared on various supports in the
case of Ru, Ir, and Rh [2,29–31], but not yet for Pt, which is
widely used as a catalyst in large-scale industrial and environ-
mental applications [32]. Previous reports indicate that attempts
to synthesize supported Pt carbonyl clusters have been successful
only in the case of basic MgO, with [Pt6(CO)12]2−, [Pt9(CO)18]2−,
and [Pt15(CO)30]2− species formed [33,34]; however, successful de-
carbonylation with no loss of nuclearity has been reported only
for [Pt15(CO)30]2−/MgO [33,34]. In all other cases, Pt metallic ag-
gregates of various sizes were formed even under moderate decar-
bonylation conditions [33,34]. In this regard, the data reported in
this paper demonstrate for the first time that the immobilization
of both unprotected and PVA-protected colloidal Pt suspensions on
γ -Al2O3 represent synthetic routes for preparing highly dispersed
and nearly uniform supported Pt catalysts with the same mor-
phology of the Pt species as in the colloidal suspensions used as
precursors.

3.3. Sintering during H2 treatments

Pt/γ -Al2O3 samples prepared from unprotected colloidal Pt sus-
pensions were subsequently treated in H2 at elevated temperatures
and characterized by EXAFS spectroscopy to determine the struc-
ture of the surface species formed. When the H2 treatment was
conducted at 150 ◦C, first-shell Pt–Pt contributions with an aver-
age coordination number of 6.1 at a bonding distance of 2.74 Å
were observed in the spectra (Table 1). When the treatment tem-
perature was increased to 200 ◦C, the first-shell Pt–Pt coordination
number was further increased to 7.9, indicating that the Pt4 clus-
ters initially present on the γ -Al2O3 surface underwent substantial
sintering under these conditions. All Pt–O contributions initially
observed and attributed to the interactions of the Pt clusters with
the support became less significant with increasing temperature of
the H2 treatment, supporting the idea of Pt sintering. The dimen-
sions of the Pt surface species formed can be estimated from the
EXAFS data based on models correlating the average metal particle
size to the first-shell metal–metal coordination number [35,36]. It
was previously shown that such estimates are in good agreement
with those obtained from hydrogen chemisorption measurements
and HRTEM [37,38]. The EXAFS data indicate that the H2 treatment
at 150 and 200 ◦C led to the formation of Pt nanoparticles with av-
erage sizes of approximately 1.0 and 1.6 nm, respectively. Assuming
that these particles have a spherical shape, these sizes correspond
to platinum dispersions (i.e., fraction of metal atoms exposed) of
approximately 100% and 69%, respectively.

3.4. CO adsorption

The FTIR spectrum collected at room temperature following ex-
posure of a fresh Pt/γ -Al2O3 sample prepared from the unpro-
tected Pt suspension to a 1% CO/He mixture is shown in Fig. 3
(spectrum 1). This spectrum consists of a single band centered at
2068 cm−1, which can be assigned to terminal CO species ad-
sorbed on fully reduced Pt sites [39]. The absence of any bands
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Fig. 3. FTIR spectra of CO adsorbed at room temperature on the Pt/γ -Al2O3 sample
prepared from an unprotected colloidal Pt suspension: (1) as prepared and (2) fol-
lowing H2 treatment at 200 ◦C.

corresponding to bridging CO species in the 1700–1900 cm−1 re-
gion of the spectrum indicates the presence of Pt in a highly dis-
persed form on the γ -Al2O3 surface, consistent with the EXAFS
data suggesting the presence of Pt4 clusters. These Pt4 clusters
remained isolated on the γ -Al2O3 surface and (given the limited
number of Pt atoms per cluster) restricted the formation of bridge-
bonded CO species. Therefore, the FTIR data support the EXAFS
and XANES data reported above, and confirm that the Pt4 clus-
ters initially formed in the unprotected colloidal suspension were
delivered onto the γ -Al2O3 surface with no significant changes in
their electronic or structural properties.

When the Pt/γ -Al2O3 catalyst was further treated in H2 at
200 ◦C before being exposed to the 1% CO/He mixture at room
temperature, the band of the terminal CO species centered at
2068 cm−1 increased in intensity (Fig. 3, spectrum 2). A sec-
ond broad band also appeared in the spectrum at approximately
1800 cm−1, indicating the presence of bridging CO species [39].
This latter feature suggests that sintering of Pt occurred under
these treatment conditions, in agreement with the EXAFS results,
which also suggest that the H2 treatment at 200 ◦C led to the
formation of Pt nanoparticles with an average particle size of ap-
proximately 1.6 nm.

The spectra shown in Fig. 3 indicate that the freshly prepared
sample, containing primarily Pt4 species, chemisorbed approxi-
mately 2.4-fold less CO than the sample treated in H2 at 200 ◦C.
Because the dispersion of Pt in the freshly prepared sample was
nearly 100%, this result suggests that the supported Pt4 clusters
had significantly lower chemisorptive properties compared with
the larger supported Pt nanoparticles. It was previously shown
that the chemisorption of both H2 and CO on MgO- and γ -Al2O3-
supported iridium species strongly depends on the cluster or ag-
gregate size [40–42]; more specifically, a sharp increase in the H/Ir
and CO/Ir values was observed when the average size of the Ir
clusters or aggregates was increased from 6 Å to 12 Å [40–42].
The reason for this behavior is not clear; however, it has been sug-
gested that when supported metal clusters incorporate only a few
metal atoms, the support affects the reactivity of such clusters to
an extent similar to that for a multidentate ligand [43].

3.5. CO oxidation in air

In Pt/γ -Al2O3 catalysts prepared from polymer-protected Pt
suspensions, the catalytically active metal sites are shielded by the
polymer from access by potential reactants, and thus a polymer
removal step is needed to make such samples catalytically active
[44,45]. Therefore, for the Pt/γ -Al2O3 catalysts prepared from the
PVA-protected Pt suspensions, a procedure for PVA decomposition
and removal that minimizes any significant changes in the struc-
ture of the supported Pt6 clusters is needed. This task is beyond
the scope of the present work. In contrast, no such procedure is
needed (at least in principle) for the Pt/γ -Al2O3 materials pre-
pared from the unprotected colloidal Pt suspensions. Thus, the
oxidation of CO in air was used as a test reaction to determine
whether these materials indeed exhibit any significant catalytic ac-
tivity without the need for additional treatment. Fig. 4 shows the
CO conversions recorded at various reaction temperatures, along
Fig. 4. CO conversions observed at different temperatures under CO oxidation conditions for Pt/γ -Al2O3 catalysts prepared from an unprotected colloidal Pt suspension:
(A) initial and (B) steady-state conversions for a freshly prepared sample (1,2), as well as samples treated in H2 at 150 (") and 200 ◦C (Q). (Reaction conditions: 1% CO,
balance air, space velocity 120,000 ml/(g h).)
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with the catalytic behavior of samples subsequently treated in H2
at 150 and 200 ◦C for comparison. Both initial and “steady-state”
(i.e., after 2 h on stream) conversions were measured at each tem-
perature; these are reported in Figs. 4A and 4B, respectively. The
freshly prepared sample exhibited CO conversions similar to those
of the samples treated in H2 at 150 and 200 ◦C in the 50–200 ◦C
temperature range in which CO conversions remained <50%, in-
dicating that CO oxidation proceeded at approximately the same
rate over Pt4 clusters and Pt nanoparticles ranging in size from 1
to 1.6 nm. With further increases in reaction temperature, some
small differences were observed among the samples; for exam-
ple, although a comparison of the light-off curves collected un-
der initial and steady-state conditions (Figs. 4A and 4B) indicates
that some deactivation occurred in all cases, this deactivation was
more pronounced for the fresh sample. Furthermore, this sam-
ple was less active than the H2-treated samples at temperatures
above 210 ◦C, and complete conversion of CO was observed only
at approximately 260 ◦C. We previously reported that γ -Al2O3-
supported Pt particles can undergo structural changes under CO
oxidation conditions [38]. Such changes were attributed to high
surface coverage of Pt by oxygen at high CO conversion, induc-
ing partial disintegration of the Pt particles and leading to the
formation of Pt oxide-like species, which are less active for CO ox-
idation [38]. The highly dispersed and nearly uniform Pt4 clusters
present in the fresh sample would be expected to be the most
susceptible to such structural changes. Retesting of the fresh Pt/
γ -Al2O3 catalyst used for the CO oxidation measurements with no
additional treatment between tests yielded a light-off curve ex-
hibiting substantially lower activity at temperatures of 50–230 ◦C
(Fig. 4B) and activity similar to that of the original sample at tem-
peratures above 230 ◦C. Such a behavior indeed is consistent with
the occurrence of some restructuring during exposure to reaction
conditions at higher temperatures, leading to the unusual shape of
the light-off curve observed for the fresh sample. Nevertheless, the
CO oxidation results demonstrate that γ -Al2O3-supported Pt4 clus-
ters prepared from the unprotected colloidal Pt suspension were
active for the oxidation of CO with no additional activation. More-
over, the structure of these clusters and thus their activity in this
reaction could be altered in the presence of reactants at elevated
temperatures.

4. Conclusion

Unprotected and PVA-protected colloidal Pt suspensions con-
taining nearly uniform Pt4 and Pt6 clusters, respectively, can be
used as precursors for the preparation of supported Pt catalysts.
Our EXAFS findings indicate that the Pt4 and Pt6 clusters initially
formed in solution can be delivered nearly intact onto a γ -Al2O3
support. Pt4/γ -Al2O3 samples prepared from the unprotected col-
loidal Pt suspension were found to be active for the oxidation of
CO in air with no need for additional activation treatment; how-
ever, the structure of the highly dispersed γ -Al2O3-supported Pt4
clusters obtained can be substantially altered under CO oxidation
conditions at elevated temperatures.
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