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Extended X-ray absorption fine structure (EXAFS) and UV-visible (UV-vis) spectroscopies were used to
monitor the various steps involved in the synthesis of unprotected and poly(vinyl alcohol) (PVA)-protected
aqueous colloidal Pt suspensions. The results indicate that on hydrolysis of the H,PtCls precursor,
the ClI~ ligands were partially replaced by aquo ligands in the first coordination shell of Pt to form
[PtCly(H20)4]2t. Treatment of these species with NaBH; under controlled pH conditions led to the
formation of nearly uniform Pt4 and Ptg clusters in the absence and presence of PVA, respectively. These

Keywords:
Colloidal platinum highly dispersed colloidal Pt suspensions were stable for several months. The addition of 2-propanol
Pt clusters (IPA) to both types of Pt suspensions led to some sintering of the Pt clusters, although both suspensions

PVA retained their colloidal nature. Less sintering was evident in the PVA-protected Pt suspension. Both the
EXAFS o unprotected and the PVA-protected colloidal Pt suspensions were catalytically active for the liquid-phase
Propanol oxidation selective oxidation of 2-propanol to acetone, with the unprotected suspension exhibiting the highest

activity.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Colloidal suspensions of different metals have found applica-
tions in various fields, including nanoelectronics and optics [1].
Such colloidal suspensions also are used in the field of catalysis,
because a large fraction of the catalytically active metal sites in
this case is exposed to the reactants. Interest in these materials
is significant because they are used in reactions of industrial rele-
vance, such as the selective hydrogenation and oxidation of various
organic compounds [1].

Conventional methods used for the preparation of colloidal
metal suspensions require the chemical reduction of transition
metal salts in an aqueous or organic medium, typically performed
in the presence of surfactants, which act as protective agents [1-3].
The use of protective agents is necessary to preserve the colloidal
nature of the solution, because the metal nanoparticles formed
are usually unstable and tend to form larger aggregates, which
can precipitate from the solution. Several chemical compounds,
including poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol) (PVA),
polyoxoanions, and other organic molecules containing phosphine
or amine groups, have been used in this role [1-3]. However, it
has been reported that such protective agents can act as poisons
by strongly interacting with the metal nanoparticles, thereby re-
ducing their catalytic efficiency [4].
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The goal of the present work was to develop a novel syn-
thetic approach for the preparation of nearly uniform Pt clusters in
aqueous solutions without the use of any surfactants or protective
agents. The advantage of such an approach is that it eliminates the
potential poisoning of active metal sites by the protective agents.
UV-vis and EXAFS spectroscopies were used to characterize the
local coordination environment of Pt in the colloidal solutions. Fi-
nally, the catalytic activity of the colloidal Pt was evaluated for the
liquid-phase selective oxidation of 2-propanol to acetone.

2. Experimental
2.1. Reagents and materials

H,PtClg-6H,0 (99.95% purity, Alfa Aesar), sodium borohydride
(98% purity, Alfa Aesar), 2-propanol (99.8% purity, Sigma-Aldrich),
and low molecular weight PVA (Alfa Aesar) were used as supplied.
18 M cm Milli-Q deionized water was used for the preparation of
all aqueous solutions.

2.2. Preparation of unprotected colloidal Pt suspensions

Appropriate amounts of HPtClg-6H,0 were dissolved in deion-
ized water to obtain solutions with a platinum concentration of
2.6 - 10~% M. The resulting solutions, characterized by a yellow
color and a pH of approximately 3.3 after aging, were subsequently
reduced under vigorous stirring with freshly prepared aqueous so-
lutions of sodium borohydride (NaBH4). The NaBH4/Pt weight ratio
was fixed to 3. After the reduction step was completed, the aque-
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ous solutions had a brown color and were characterized by a neu-
tral pH. The resulting platinum colloids were found to be stable
with no signs of Pt precipitation or color change over a period of
more than 24 months.

2.3. Preparation of PVA-protected colloidal Pt suspensions

Appropriate amounts of PVA were dissolved in deionized water
to obtain solutions containing 10 mg/ml of PVA. These solutions
were subsequently mixed with aqueous solutions of H,PtClg-6H,0
containing 2.6 - 104 M of platinum, yielding final solutions with
a PVA/Pt weight ratio of 1. A similar procedure was also used to
prepare solutions with a PVA/Pt weight ratio of 2. Both types of
solutions were further treated with freshly prepared solutions of
NaBH,4 (NaBHg4/Pt weight ratio of 3) under vigorous stirring. The
colloidal platinum suspensions thus obtained had a brown color,
a neutral pH, and were stable with no signs of Pt precipitation or
color change over a period of more than 24 months.

2.4. UV-vis spectroscopy

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

2.5. 2-Propanol oxidation

The oxidation of 2-propanol (IPA) in air was conducted in a
batch reactor at 14°C under atmospheric pressure. The concen-
tration of Pt in the reactor was 2.6 - 10~* M, and the initial con-
centration of IPA was varied in the range of 0.05-0.2 M. The
appearance of acetone in the solution was characterized by UV-
vis spectroscopy, monitoring the intensity of the acetone band at
265 nm.

2.6. 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 aqueous solutions were recorded at
room temperature in the fluorescence mode with a 13th-element
Ge detector. Liquid samples were loaded into in situ EXAFS cells
designed to allow handling of samples without air exposure. The
total count rate for the Ge detector was in the range of 30,000-
40,000 counts/s. It has been established experimentally that the
detector readings are linear within this range and that no correc-
tions 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 harmonics in the X-ray beam.

2.7. EXAFS data analysis

The EXAFS data were analyzed with experimentally determined
reference files obtained from EXAFS data characterizing materials
of known structure. More specifically, the Pt-Pt, Pt-Cl, and Pt-O
interactions were analyzed with phase shifts and backscattering
amplitudes obtained from EXAFS data characterizing platinum foil,
K,PtCly, and NayPt(OH)g, respectively. The crystallographic first-
shell coordination parameters for these reference compounds, the
weighting of the Fourier transform, and the ranges in k and r
space used to extract the reference functions from the experimen-
tal EXAFS data are reported in Table 1. The EXAFS parameters were

Table 1
Crystallographic data and Fourier filtering ranges used for reference compounds

Sample Crystallographic data Fourier transform

Shell N R (A) Ak (A1) Ar (A) n
Pt foil Pt-Pt first 12 2.77 1.9-16.5 1.9-3.0 3
NayPt(OH)g Pt-0 6 2.05 1.4-16.5 0.5-2.0 3
Ky PtCly Pt-Cl 4 231 1.9-15.9 1.0-2.7 3

Note. N, coordination number for absorber-backscatterer pair; R, distance; Ak, lim-
its used for forward Fourier transform (k is the wave vector); Ar, limits used for
the shell isolation (r is the distance); n, power of k used for Fourier transformation.

extracted from the raw data with the aid of the XDAP software [5].
The methods used to extract the EXAFS function from the raw data
are essentially the same as those reported elsewhere [6]. 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 AT (where k
is the wave vector) and 1.00 <r < 3.50 A (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 [7,8]: n = (2AkAr/m) + 1, where Ak
and Ar 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 k! and k® weighting in the
Fourier transformations [6]. The fit was optimized using a differ-
ence file technique with phase- and amplitude-corrected Fourier
transformations of the data [9,10]. Comparisons of the data and
fits for key samples in r-space are shown in Figs. 1 and 2, and
the results are summarized in various tables presented later in the
paper. Standard deviations reported in these tables for the vari-
ous parameters were calculated from the covariance matrix, taking
into account the statistical noise of the EXAFS data, as well as the
correlations among the different coordination parameters, as de-
scribed elsewhere [11]. Systematic errors were not included in the
calculation of the standard deviations. The values of the goodness
of fit (85) were calculated as outlined in the Reports on Standards
and Criteria in XAFS Spectroscopy [12]. The variances in both the
imaginary and absolute parts were used to evaluate the quality of
the fit [13].

2.8. XANES measurements and analysis

X-ray absorption near-edge (XANES) spectra of each sample
were also obtained during the X-ray absorption measurements de-
scribed above. Normalized XANES spectra were obtained by sub-
tracting the pre-edge background from the raw data using a mod-
ified Victoreen equation, and dividing 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,” indicates absorption threshold resonances associated with
the likelihood of excitations of 2p3,, electrons to unoccupied d
states [14]. It is generally assumed 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 [14,15].

3. Results and discussion
3.1. Synthesis of unprotected Pt colloids

The interaction of HPtClg with H,O leads to a series of hydrol-
ysis reactions, during which the octahedral coordination of Pt(IV)

remains intact [16-18]. In this process, some Cl~ ligands from the
coordination shell of Pt are replaced by water molecules. This step
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Fig. 1. EXAFS spectrum collected at the Pt L3 edge and corresponding fits for an unprotected colloidal Pt suspension formed following the treatment of a 2.6 - 1074 M
H,PtClg aqueous solution with NaBH,4 at room temperature: (A) imaginary part and magnitude of uncorrected Fourier transform (k®-weighted, Ak = 3.5-15.0 Afl) of
experimental EXAFS (solid line) and sum of the calculated contributions as stated in Table 2 (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 (k! weighted (C) and k* weighted (D)) of the raw data minus Pt-O contributions (solid line) and the calculated first-shell Pt-Pt contributions (dashed line).

is followed by a slow H,O-OH™ exchange, leading to the formation
of [PtClg_x(OH);(HZO)x_y]*”"*y species. The degree of hydrol-
ysis strongly depends on the solution pH, the concentration of
H,PtClg, and the presence of other anions [16]. We previously used
EXAFS to characterize an aqueous solution containing 1.2-10~3 M
of HyPtClg [19,20]. The results indicated that the first coordination
shell of Pt consists, on average, of three chlorine atoms at a Pt-Cl
distance of 2.31 A and three oxygen atoms at a Pt-O distance of
2.01 A, suggesting the formation of [PtCl3(H,0)3]* species.

When a substantially lower concentration of H,PtClg is used,
a higher degree of hydrolysis is expected [12,18]. Indeed, the EXAFS
data summarized in Table 2 for an aqueous solution of H,PtClg
with a Pt concentration of 2.6 - 10~% M indicate the presence of
approximately 1.5 chlorine atoms and 4.3 oxygen atoms in the
first coordination shell of Pt at average Pt-Cl and Pt-O; distances
of 2.33 and 2.05 A, respectively. Overall, the EXAFS data suggest
that the hydrolysis of H,PtClg on average led to the formation of

[PtCly(H20)4]%t species, in which the Pt** cations retain their oc-
tahedral coordination, consistent with previous literature reports
[16-20]. In addition to the first-shell Pt-01 contributions, Pt-0,
contributions with an average coordination number of 7.5 at an
average distance of approximately 2.99 A were also observed in
the EXAFS spectra (Table 2). These contributions represent interac-
tions between water molecules of the second solvation shell with
the [PtCly(H20)4]%" units [19-21].

The UV-vis absorption spectrum characterizing the solution
containing [PtCl(H,0)4]*t species (Fig. 3, spectrum 1) consisted
of two strong bands at 210 and 260 nm, which can be assigned
to the Pt*t-0 and Pt**-Cl ligand-to-metal charge transfer, respec-
tively [22]. When this solution was further treated with NaBHy, its
color changed from yellow to dark brown and the UV-vis spec-
trum showed the presence of a single band at 215 nm (Fig. 3,
spectrum 2). The position of this band is consistent with the re-
sults of calculations performed based on Mie’s theory for the in-
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Fig. 2. EXAFS spectrum collected at the Pt L3 edge and corresponding fits for a PVA-protected colloidal Pt suspension formed following the treatment of a 2.6 - 1074 M
H,PtClg aqueous solution in the presence of PVA with NaBH4 at room temperature: (A) imaginary part and magnitude of uncorrected Fourier transform (k°-weighted,
Ak =3.5-15.0 Afl) of experimental EXAFS (solid line) and sum of the calculated contributions as stated in Table 2 (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 (k! weighted (C) and k*> weighted (D)) of the raw data minus Pt-O contributions (solid line) and the calculated first-shell Pt-Pt

contributions (dashed line).

teractions of the conduction band electrons of Pt particles with
an electromagnetic radiation [2]. A similar absorption band was
previously observed in the UV-vis spectra of Pt colloids prepared
through radiolysis and hydrogen reduction treatments of aqueous
solutions of KpPtCly in the presence of stabilizing agents and was
associated with the presence of isolated Pt clusters [23]. Indeed,
reduction of Pt** to Pt? is expected on treatment of an aqueous
solution containing [PtCly(H,0)4]*t species with NaBH, [1]. Based
on the above, we propose that the absorption band observed in
the UV-vis spectrum at 215 nm is associated with the formation
of reduced Pt particles or clusters.

The EXAFS data summarized in Table 2 for the aqueous solution
of HyPtClg treated with NaBH4 are consistent with the UV-vis re-
sults discussed in the previous paragraph. The EXAFS results show
that the NaBH4 treatment removed all chlorine atoms from the
first coordination shell of Pt, as indicated by the lack of Pt-Cl con-

tribution in the EXAFS spectra. Instead, approximately 3.1 platinum
atoms at an average Pt-Pt distance of 2.72 A were observed in the
first coordination shell of Pt. Because no higher Pt-Pt shells were
detected, these results suggest the formation of nearly uniform Pt
clusters that are largely isolated from one another and incorporate
approximately four metal atoms. The presence of Pt-0; and Pt-0,
contributions at average distances of 2.06 and 2.84 A, respectively,
is indicative of interactions of these small Pt clusters with the aquo
species in the solution. Furthermore, the analysis of the XANES re-
gion of the spectra provides valuable information regarding the
electronic structure of Pt, as described previously [14,15]. Fig. 4
provides a direct comparison of the XANES regions for the unpro-
tected colloidal Pt solution, a Pt foil, and Pt2* cations. Integration
of the white line areas, summarized in Table 3, indicate that the
relatively high white line area observed for the H,PtClg solution
containing Pt*t cations decreased from 11 to approximately 4 af-



A. Siani et al. / Journal of Catalysis 257 (2008) 5-15 9

Table 2
Structural parameters characterizing various Pt-containing aqueous solutions

Sample Shell N R Ac? AEg &2 k!-variances (%) Suggested model for
(A) (A?) (eV) h the species formed
H,PtClg/H,0 Pt-Pt - - - - 3.7 1.6 3.7 Pt** cations in
Pt-Cl 1.5 233 0.00139 -9.9 octahedral
Pt-04 43 2.05 0.00310 2.7 environment
Pt-0; 75 2.99 0.01000 7.5
H,PtClg/H,0 Pt-Pt 31 2.72 0.00325 —6.9 3.0 24 3.9 Pty clusters
treated with Pt-Cl - - - -
NaBH4 at 25°C Pt-04 1.9 2.02 0.01000 6.9
Pt-0; 7.3 2.84 0.01000 —10.0
H,PtClg/H20 Pt-Pt 4.1 2.73 0.00581 —6.1 4.6 1.2 2.0 Pt clusters
treated with Pt-Cl - - - -
NaBH4 at 25°C Pt-04 0.4 2.01 —0.00160 0.15
in the presence Pt-0; 6.0 2.25 0.00659 —-8.9
of PVA Pt-03 8.7 2.45 0.00895 7.0

Note. N, coordination number; R, distance between absorber and backscatterer atoms; Ao?, difference in Debye-Waller factors between the sample and the reference
compound; AEj, inner potential correction accounting for the difference in the inner potential between the sample and the reference compound; 55, goodness of fit.

Standard deviations in fits: N & 20%, R 1%, Ac2 & 5%, AEg + 10%.
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Fig. 3. UV-vis absorption spectra of aqueous solutions of: (1) HoPtClg (2.6-10~% M),
(2) unprotected colloidal Pt suspension (2.6 -10~* M).

ter the treatment with NaBH4. This value is substantially smaller
than a corresponding value of 7 observed for the K;PtCly solution
containing Pt*t cations and is very close to the value obtained
with Pt foil (i.e., 3.8), suggesting that the Pt clusters formed in the
solution are in a metallic state.

Previous literature reports indicate that attempts to form Pt
colloids without the use of stabilizing agents usually lead to the
precipitation of Pt from the solution. Nearly featureless UV-vis
spectra with a weak maximum at 260 nm were obtained in this
case [23]. In contrast, our unprotected colloidal solution with a Pt
concentration of approximately 2.6 - 10~* M was characterized by
an absorption band at 215 nm and remained unchanged for ap-
proximately 24 months with no Pt precipitate detected, despite
exposure to light and air. This surprising result can be attributed
to both the low concentration of HyPtClg in the solution and to the
use of NaBH4 as the reducing agent. In fact, when the concentra-
tion of HyPtClg in this unprotected solution was doubled (i.e., to
5.10~* M), a Pt precipitate was formed after the treatment with
NaBH4. In addition, when H, was used as the reducing agent, a Pt
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Fig. 4. Pt L3 absorption edge of (1) unprotected colloidal Pt solution, (2) Pt foil, and
(3) [Pt(NH3)4]Cl,.

Table 3

XANES data for various Pt samples in solution and on a y-Al;03 support

Experi- Sample White line Reference

ment area (eV)

S0 Pt foil 3.8 [17]

S1 H,PtClg/H,0 1.2 This work

S2 K»PtCls/H,0 7.0 [17]

S3 S1 treated with NaBH4 at 25°C 4.3 This work

S4 S1 treated with NaBH4 at 25°C 4.6 This work
in the presence of PVA

S5 S3 exposed to 2-propanol/O; 4.32 This work
for 4 h

S6 S4 exposed to 2-propanol/O; 4.22 This work
for 4 h

2 Average values of the white line area under reaction conditions.

precipitate was formed even when the concentration of H,PtClg
was maintained at 1.3-1074 M.

It is possible that the absence of Pt precipitation from the
2.6-10~* M solution treated with NaBH4 can be attributed to the
very low ionic strength of the solution (approximately 4.8-10~3 M)
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under our experimental conditions, consistent with literature re-
ports indicating that the precipitation of Pt from Pt colloids be-
gins when the value of ionic strength exceeds 1072 M [24,25]. In
general, an increase in ionic strength leads to a lowering of the
coagulation barrier and consequently to metal precipitation [1].
Another possible explanation is related to the electrostatic stabi-
lization of the Pt clusters, arising from their interactions with ionic
compounds present in the solution. As reported previously, aggre-
gation and precipitation of metal colloids occurs due to van der
Waals forces, which attract metal particles to one another in so-
lution [1-3]. The adsorption of ionic compounds and their related
counterions on the surface of metal particles generates an elec-
trical double layer around the particles, resulting in Coulombic
repulsions [1]. With a sufficiently high electric potential in such
a double layer, the electrostatic repulsion counterbalances the van
der Waals forces, possibly preventing the aggregation of metal par-
ticles [1]. The nature and origin of the ions responsible for this
double layer are not immediately apparent; we explored several
possibilities.

The formation of metal clusters from isolated zero-valent metal
atoms is not thermodynamically favored in solutions [26,27] and
can be ruled out as a growth mechanism for Pt and other noble
metals. Instead, it has been suggested that for these metals, the
formation of clusters in solutions occurs through a surface-growth
mechanism in which metal ions are adsorbed on the cluster sur-
face and reduced in situ [26]. Therefore, in our case, the formation
of Pt clusters can be rationalized by the stepwise reduction of
PtClé_ to PtCli_ and Pt® atoms on the surface of some Pt nucle-
ation sites formed during the initial stages of the reduction [26,28].
Any chlorine ligands not released during this process also could
provide some electrostatic repulsion and thus be responsible, at
least in part, for the electrostatic stabilization of the Pt clusters
formed. But our EXAFS data characterizing the HyPtClg solution
treated with NaBHy4 clearly indicate the absence of any chlorine lig-
ands in the first coordination shell of Pt (Table 2). Moreover, theo-
retical calculations suggest that the presence of water and chlorine
ligands is not sufficient to stabilize noble metal cores into a stable
geometry in solution [26]. Therefore, in our case, we need to ex-
plore other options for the electrostatic stabilization of Pt clusters.

Literature reports indicate that the stability of Pt colloids pre-
pared by the citrate reduction of HyPtClg is influenced signifi-
cantly by the nature of cations present in the solution (e.g., Na¥,
Mg?t, ABT), whereas the effect of the valence and the nature
of anions present (e.g., Cl~, carbonate, sulfate) is relatively small
[24,25]. Among monovalent, divalent, and trivalent cations, the
monovalent ones were found to improve the stability of Pt col-
loids significantly [24]. Moreover, among different combinations of
various cations and anions, relatively high concentrations of NaCl
(ie., >1.2-1072 M) were required to destabilize the Pt colloid and
induce Pt precipitation [24,25]. Both Nat and CI~ species were
present in the solution during our experiments; therefore, it is
likely that the combination of these species could be responsible
for the electrostatic stabilization of the Pt clusters formed. More-
over, the maximum concentration of these species did not exceed
7.9 -10~3 M under our experimental conditions, which is below
the limit required to destabilize the Pt colloid [24,25]. Finally, we
should not ignore the presence of borate species in the solution
under our experimental conditions. To the best of our knowledge,
the effect of these species on the stability of metal colloids has
not been evaluated previously. Our data lead us to conclude that
concentrations of these species at up to 7.9 - 10~3 M are not af-
fecting the stability of the Pt colloids formed in any negative way;
whether their presence has a stabilizing effect remains an open
question.

210

4 - 260
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0 T T T T
200 250 300 350 400
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Fig. 5. UV-vis absorption spectra of aqueous solutions of: (1) HyPtClg (2.6-10~* M)
in the presence of PVA (10 mg/ml), (2) following treatment with NaBH4 at room
temperature.

3.2. Synthesis of Pt colloids stabilized by PVA

The various steps involved in the preparation of Pt colloids
stabilized by PVA were also characterized by UV-vis and EXAFS
spectroscopy. When a 10-mg/ml solution of PVA was added to an
aqueous solution containing 2.6 - 1074 M of H,PtClg and the so-
lution was further treated with NaBHy4, the color of the solution
changed from yellow to dark brown, and the UV-vis spectrum con-
sisted of a single peak at 215 nm (Fig. 5). Similar to the case of the
Pt colloidal solution prepared in the absence of PVA, the presence
of this peak may indicate the formation of isolated Pt clusters, in
agreement with previous reports [23].

The EXAFS data collected for this sample at the Pt L3 edge (Ta-
ble 2) support such a conclusion. More specifically, the presence
of only first-shell Pt-Pt contributions with an average coordination
number of 4.1 at a bond distance of 2.73 A is consistent with the
formation of isolated and nearly uniform Pt clusters incorporating
on average approximately 6 metal atoms. These results also sug-
gest that slightly larger Pt clusters were formed in the presence
of PVA, and thus, PVA may promote the nucleation of Pt atoms to
some degree. Multiple Pt-O contributions observed in the spectra
with average coordination numbers of 0.4, 6.0, and 8.7 at bonding
distances of 2.01, 2.25, and 2.45 A, respectively, may indicate the
presence of aquo ligands around Pt; however, some of these con-
tributions also can be attributed to interactions between Pt atoms
and hydroxyl groups of the PVA macromolecules, creating a protec-
tive layer around the Pt clusters [1]. At this point, it is not possible
to distinguish these contributions from those of aquo ligands.

Similar to the case of the unprotected colloidal Pt solution, the
analysis of the XANES region yields a value of 4.6 for the white line
area (Table 3), which is substantially smaller than the correspond-
ing values for Pt** and Pt2* cations in aqueous solutions and close
to that of Pt foil. Once again, this result suggests the formation of
reduced Pt species.

3.3. Aggregation of Pt clusters in solution

The stability of highly dispersed Pt colloids was subsequently
evaluated in the presence of IPA, in preparation for conducting cat-
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Fig. 6. UV-vis absorption spectra of an unprotected colloidal Pt suspension collected
at: (1) 0, (2) 5, (3) 10, (4) 20, and (5) 30 min after the addition of IPA.

alytic experiments of the oxidation of IPA. When 0.2 M of IPA was
added at room temperature to a freshly prepared unprotected col-
loidal Pt suspension containing Pts clusters, the dark-brown color
of the solution became more intense. This change was accompa-
nied by a gradual decrease in the intensity of the 215-nm band
in the UV-vis spectra over a period of 30 min (Fig. 6). After this
period, the 215-nm band nearly disappeared from the spectrum,
which remained unchanged thereafter, indicating that the solution
was stabilized.

EXAFS results obtained with this sample are summarized in Ta-
ble 4 and indicate that substantial aggregation of the Pt4 clusters
occurred after the addition of IPA to the solution. More specifically,

Table 4

the first-shell Pt-Pt coordination number increased from approxi-
mately 3.1 to 7.4 on introduction of IPA, indicating the formation
of Pt nanoparticles with an average diameter of approximately
1.4 nm [29].

IPA can have two main effects on the dispersion of Pt in the
colloidal solution. If electrostatic stabilization by ionic species ad-
sorbed on the surface of Pt clusters was the main mechanism as-
sisting the colloidal dispersion of Pt as discussed previously, then
the addition of IPA could influence the surface charge of the Pt
clusters by displacing some of these ionic species, thereby in-
ducing the aggregation of Pt. This suggestion agrees well with
literature reports indicating that the presence of various organic
molecules can affect the electrostatic repulsion between Pt clus-
ters by modifying the electric double layer [30]. But the observed
aggregation of Pt clusters in the presence of IPA did not lead to
any precipitation, suggesting that any modification of the electric
double layer was not strong enough to completely eliminate the
electrostatic repulsion between the larger Pt aggregates formed.
Conversely, taking into account the large excess of IPA in the solu-
tion (i.e., IPA/Pt = 1000/1 molar ratio) and its tendency to adsorb
strongly on Pt particles [31], we can suggest that IPA also acted
as a stabilizing agent, preventing precipitation of Pt. Here its role
was somewhat similar to that of PVP or PVA-type compounds. This
suggestion concurs with previous reports indicating that Ti and Ru
nanoparticles can be stabilized simply by solvent molecules, such
as tetrahydrofuran or thioethers [1]; however, the mechanism of
such stabilization remains unclear.

When a colloidal suspension containing Ptg clusters stabilized
by PVA was brought in contact with IPA (0.2 M), the UV-vis
spectra revealed a pattern of behavior similar to that observed
for the unprotected colloidal Pt suspension. These results suggest
that the PVA-protected Ptg clusters also underwent some structural
changes. Some differences also were observed, however; for exam-
ple, the absorption band at 215 nm observed in the UV-vis spec-
trum of the freshly prepared PVA-protected colloidal Pt suspension
gradually declined in intensity after the addition of IPA during the
first 50 min, and the spectrum remained unchanged thereafter

Structural parameters characterizing the Pt species formed in aqueous solutions during 2-propanol (0.2 M) oxidation over an unprotected colloidal Pt suspension

Experiment Sample Shell N Ac? AEg &2 k!-variances (%)

(A) (A?) (eV) Abs Im

S3 H,PtClg/H2 0 treated Pt-Pt 31 2.72 0.00325 —6.9 3.0 24 3.9
with NaBH,4 at 25°C Pt-04 1.9 2.02 0.01000 6.9
Pt-0; 7.3 2.84 0.01000 —10.0

S3-1 (S3) + IPA Pt-Pt 74 2.74 0.00502 —-5.8 1.5 15 3.0
Pt-04 0.2 2.02 —0.00992 —3.7
Pt-0; 11 2.66 —0.00369 -1.9
Pt-03 11 3.17 —0.00244 —11.8

S3-2 (S3-1) 4+ 02 30 min Pt-Pt 7.7 2.74 0.00466 —8.7 1.7 1.5 23
Pt-0, 0.6 2.02 0.00500 2.6
Pt-0; 24 2.67 0.01000 1.6
Pt-03 0.8 3.15 —0.00741 —10.1

S3-3 (S3-1)+02 1 h Pt-Pt 8.9 2.75 0.00568 —6.4 3.5 1.2 1.7
Pt-04 1.2 2.02 0.00477 4.6
Pt-0; 24 2.67 0.01000 1.6
Pt-03 0.8 3.15 —0.00741 —10.1

S3-4 (S3-1)4+02 2 h Pt-Pt 8.7 2.75 0.00520 —5.4 21 1.0 11
Pt-0, 0.9 2.02 0.01000 —3.6
Pt-0; 0.2 2.37 —0.01000 —10.0
Pt-03 0.3 3.22 —0.00613 —10.1

S3-5 (S3-1)+02 4 h Pt-Pt 8.8 2.75 0.00543 —5.4 2.8 1.8 1.7
Pt-0, 21 2.02 0.00500 2.5
Pt-0; 0.1 241 —0.01000 10.0
Pt-03 2.0 3.37 —0.00322 14.4

Note. Notation as in Table 2.
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Fig. 7. UV-vis absorption spectra of a PVA-protected colloidal Pt suspension col-
lected at: (1) 0, (2) 10, (3) 20, (4) 30, and (5) 50 min after the addition of IPA.

(Fig. 7). By analogy with the data obtained with the unprotected
Pt colloids, these results clearly indicate that in the presence of
IPA, aggregation of the Ptg clusters occurred in the PVA-protected
solution. However, in contrast to what was observed with the un-
protected colloidal Pt solution, the aggregation process proceeded
at a substantially lower rate, suggesting that the final dispersion
of Pt and the degree of aggregation differ substantially from those
observed with the unprotected Pt species. In fact, the EXAFS data
characterizing the PVA-protected Pt suspension after the interac-
tion with IPA for 50 min indicate the presence of Pt-Pt contribu-
tions with an average coordination number of approximately 4.9
at a bond distance of 2.72 A (Table 5), which is consistent with

Table 5

the formation of colloidal Pt particles with an average diameter of
approximately 0.9 nm [29]. The relatively small aggregation of Pt
observed in this case can be attributed to the presence of PVA in
the solution acting as a steric stabilizing agent and hindering the
coagulation of the Ptg clusters in the presence of IPA. Therefore,
it appears that Pt colloids protected from aggregation by macro-
molecules, such as PVA, are less likely than unprotected Pt colloids
to be affected by the presence of reactants.

3.4. Catalytic oxidation of 2-propanol

The selective catalytic oxidation of alcohols over noble metals
has been the focus of numerous investigations due to the impor-
tance of this process for the synthesis of fine chemicals [32]. The
mechanism of this reaction remains under discussion in the litera-
ture despite extensive efforts in this field. It has been suggested
that the reaction proceeds via a dehydrogenation phase during
which 2-propanol adsorbs on the metal surface and is dehydro-
genated in two subsequent steps yielding acetone and hydrogen,
which remain on the metal surface [31]. In this mechanism, oxy-
gen plays the role of a scavenger, participating in the oxidation of
the adsorbed hydrogen to form water and thus regenerating the
metal sites [31]. Another suggested reaction route involves the di-
rect reaction between surface oxygen species and alkoxides formed
by dissociative adsorption of alcohols on the metal surface via the
abstraction of the hydroxyl hydrogen [31]. The uncertainties re-
garding the mechanism of this reaction are related primarily to
difficulties in identifying reaction intermediates by in situ spectro-
scopic techniques on the catalyst surface and the metal-liquid in-
terface. Nevertheless, some literature reports indicate an increased
turnover frequency with decreasing Pt dispersion on various sup-
ports (e.g., SiO2, y-Al;03, and carbon), suggesting that the reaction
is structure-sensitive and favored over larger Pt particles [31].

We used the selective oxidation of IPA to acetone as a test re-
action to evaluate the catalytic activity of Pt colloidal suspensions.
When both the unprotected and PVA-protected suspensions were
brought in contact with 2-propanol and O, was introduced to the

Structural parameters characterizing the Pt species formed in aqueous solutions during 2-propanol (0.2 M) oxidation over a PVA-protected colloidal Pt suspension

Experiment Sample Shell N R Ac? AEg &2 k!-variances (%)
A) (A%) (eV) Abs Im
S4 H,PtClg/H20 treated Pt-Pt 41 2.73 0.00581 —6.1 4.6 12 2.0
with NaBHg4 at 25°C Pt-04 0.4 2.01 —0.00160 0.15
in presence of PVA Pt-0, 6.0 2.25 0.00659 —8.9
Pt-03 8.7 245 0.00895 7.0
S4-1 S4 +1PA Pt-Pt 49 2.72 0.00697 —0.2 12 12 19
Pt-0q 1.1 2.05 —0.00303 —4.3
Pt-0, 6.4 2.26 0.00409 —10.0
Pt-03 9.6 242 0.00694 6.2
S4-2 (S4-1)4+021h Pt-Pt 8.3 2.73 0.00679 —4.7 1.8 3.0 4.6
Pt-0q 0.5 2.02 —0.00121 3.3
Pt-0, 0.4 2.37 0.00694 10.0
Pt-03 0.4 3.16 —0.00653 —7.6
S4-3 (S4-1)4+02 2 h Pt-Pt 8.5 2.73 0.00682 —3.7 2.8 24 48
Pt-04 0.9 2.02 0.00574 2.3
Pt-0, 0.7 2.50 0.01000 —0.6
Pt-03 0.4 3.12 —0.00648 —4.1
S4-4 (S4-1)4+02 3 h Pt-Pt 8.6 2.73 0.00705 3.6 1.6 34 4.0
Pt-04 0.6 2.02 —0.00028 2.3
Pt-0; 0.7 2.50 0.01000 0.5
Pt-03 0.6 3.12 —0.00654 —4.1
S4-5 (S4-1)4+02 4 h Pt-Pt 8.8 2.73 0.00699 —3.6 1.0 2.8 4.6
Pt-04 0.8 2.02 0.00056 4.5
Pt-0, 0.8 2.50 0.01000 0.5
Pt-03 0.6 3.19 —0.00243 —-9.5

Note. Notation as in Table 2.
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Fig. 8. UV-vis absorption spectra collected during the oxidation of IPA to acetone
over an unprotected Pt colloidal suspension at: (1) 30, (2) 60, (3) 90, (4) 120,
(5) 180, and (6) 240 min after the onset of the reaction.

solution, acetone did not appear until after approximately 30 and
50 min, respectively. However, during this induction period, the
215-nm band in the UV-vis spectra decreased in intensity, accom-
panied by increased absorption intensity at higher wavelengths.
These changes are similar to those observed for both colloids dur-
ing aging in the presence of IPA, suggesting the formation of larger
Pt aggregates during the induction period in both cases. Indepen-
dent experiments performed with both colloids have demonstrated
that the addition of O, into solutions that had been already aged
in the presence of IPA leads to the immediate formation of acetone.
These results suggest that the selective oxidation of IPA to acetone
does not proceed over the small Pty and Ptg clusters present in the
original colloidal solutions, but instead, larger Pt aggregates are re-
quired, which are formed during the aging in the presence of IPA.
These results are in agreement with previously published theoret-
ical calculations [33] indicating that at least 3 metal atoms are re-
quired to accommodate the alkoxide molecule, presumably formed
as a result of the dissociative adsorption of IPA on Pt; therefore,
the Pty and Ptg clusters initially present in the unprotected and
PVA-protected colloidal Pt suspensions, respectively, would have an
insufficient number of free surface sites to simultaneously accom-
modate all surface species involved in this reaction scheme (i.e.,
alkoxide, hydrogen, and oxygen). Consequently, the induction pe-
riod observed during catalytic experiments, which coincides with
growth of Pt particles in the solution after the addition of IPA,
reconfirms the structure-sensitive nature of the reaction and in-
dicates that a critical metal particle size (approximately 1 nm) is
required for the selective oxidation of 2-propanol to proceed at any
significant extent.

UV-vis absorption spectra collected at different times during
the oxidation of IPA to acetone over an unprotected colloidal Pt
suspension are shown in Fig. 8. The absorption arising from the Pt
colloid has been subtracted from these spectra by referencing them
to an IPA-containing colloidal Pt solution that was not in contact
with O,. The plots illustrating the changes in the concentration
of acetone in the solution as a function of the reaction time are
shown in Fig. 9 for different initial IPA concentrations. The induc-
tion period has been removed from these plots, so that the zero
point of the reaction time corresponds to the end of the induction
period. These results demonstrate that nearly complete conversion
of IPA to acetone was achieved after 4 h for all concentrations
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Fig. 9. Acetone concentration profiles as functions of reaction time collected during
the oxidation of IPA over an unprotected colloidal Pt suspension at different initial
concentrations of IPA: (1) 0.2, (2) 0.15, (3) 0.1, and (4) 0.05 M.

Table 6
Rates for the oxidation of 2-propanol catalyzed by colloidal Pt suspensions

Sample Initial Reaction rate?
concentration (mmol acetone/
of IPA (mol/L) (mmol Pt min))

Unprotected colloidal 0.20 6.5

Pt suspension

Unprotected colloidal 0.15 4.5

Pt suspension

Unprotected colloidal 0.10 2.9

Pt suspension

Unprotected colloidal 0.05 1.9

Pt suspension

PVA-protected colloidal Pt 0.20 4.8

suspension (Pt/PVA =1/1)

PVA-protected colloidal Pt 0.20 0.8

suspension (Pt/PVA =1/2)

4 Rates obtained at 14°C, atmospheric pressure, and Pt concentration of 2.6 -
1074 M.

examined. The slopes of these curves can be used to obtain the
initial reactions rates given in Table 6. These rates suggest that the
IPA oxidation closely followed first-order kinetics with respect to
the IPA concentration. The reaction rates were found to be inde-
pendent of the stirring conditions, indicating the absence of mass
transfer limitations in our system.

Similar experiments were also performed with PVA-protected
colloidal Pt suspensions. Fig. 10 compares the catalytic perfor-
mance of the unprotected and PVA-protected suspensions under
identical experimental conditions. The PVA-protected suspensions
exhibited lower acetone formation rates (Table 6), which were
further influenced significantly by the Pt/PVA ratio used. At a
Pt/PVA ratio of approximately 1/1 by weight, a decrease of ap-
proximately 25% was observed in the reaction rate with respect
to the unprotected suspension. When the amount of PVA in so-
lution was doubled (Pt/PVA = 1/2), the reaction rate decreased by
sixfold. Not only the reaction rates, but also the final yield of ace-
tone, decreased accordingly, suggesting an overall poisoning effect
by PVA, which can be attributed to a “shielding” of the active Pt
sites by adsorbed PVA and/or acetone species.
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Fig. 10. Acetone concentration profiles as functions of reaction time collected during
the oxidation of IPA (0.20 M) over: (1) an unprotected colloidal Pt suspension, and
PVA-protected colloidal Pt suspensions with Pt/PVA weight ratios of (2) 1/1 and
(3)1/2.

Literature reports indicate that when SiO,-, y-Al;03-, and
carbon-supported Pt catalysts were used for the oxidation of IPA
to acetone in aqueous solutions, a substantial deactivation of these
catalysts was observed. This behavior was attributed primarily
to the irreversible oxidation of surface Pt atoms by the oxygen
present, leading to the formation of platinum oxide species that
are inactive for this reaction [31]. The XANES data reported in Ta-
ble 3 for unprotected and PVA-protected colloidal Pt suspensions
indicate that the white line areas characterizing these samples un-
der reaction conditions were almost the same as those character-
izing the same samples before they were exposed to the reactants.
These results suggest that oxidation of Pt apparently did not occur
under our reaction conditions.

Nevertheless, we performed the IPA oxidation twice over the
same unprotected colloidal Pt suspension; the results obtained for
these two consecutive runs are shown in Fig. 11. When the first
run was completed, 0.15 M of IPA was added to the reaction mix-
ture and the experiment was continued. Fig. 11 shows that acetone
was formed at nearly the same rate during the first 40 min of
the second run, but that its formation ceased abruptly thereafter.
This suggests that although no catalyst deactivation appeared to be
occurring initially, the reaction was poisoned by acetone once its
overall concentration in the solution exceeded 0.2 M. This finding
agrees with several previous reports indicating that acetone can
significantly slow the dehydrogenation of IPA over Ni surfaces [31].
Consequently, the oxidation of IPA over Pt also would be expected
to be inhibited by acetone, due to the competitive adsorption of
acetone and IPA on the same metal sites [31].

To determine whether the oxidation of IPA can induce any
changes in the structure of the colloidal Pt particles, we charac-
terized the local environment of Pt under reaction conditions by
in situ EXAFS, using an initial IPA concentration of 0.2 M. The re-
sults of the EXAFS data analysis are summarized in Tables 4 and 5.
When the reaction was performed with an unprotected colloidal
Pt suspension, the average first-shell Pt-Pt coordination number
increased progressively from 7.4 to 8.9 during the first 60 min of
the reaction and remained nearly unchanged thereafter (Table 4).
When similar experiments were performed with the PVA-protected
colloidal Pt suspension with a Pt/PVA weight ratio of 1, the average
first-shell Pt-Pt coordination number once again increased under
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Fig. 11. Acetone concentration profiles as functions of reaction time collected during
the oxidation of IPA (0.15 M) over an unprotected colloidal Pt suspension during
two subsequent runs.

reaction conditions from 4.9 to 8.3 during the first 60 min (Ta-
ble 5). In both cases, the observed increase in the Pt-Pt first-shell
coordination number indicates that some sintering of Pt occurred
in these solutions under the influence of reactants, intermediates,
and/or products. Such sintering occurred only during the early
stages of the reaction. The average particle size of Pt eventually
obtained, and subsequently maintained in the stabilized solution
under reaction conditions, was calculated [29] as 2.3 nm for the
unprotected suspensions and 1.8 nm for the PVA-protected sus-
pensions. Even though these results suggest that a slightly better
dispersion of Pt was maintained in the PVA-protected suspen-
sion, given experimental uncertainties it could be argued that both
types of suspensions exhibited roughly the same degree of sinter-
ing under reaction conditions.

In addition to the Pt-Pt contributions, Pt-O contributions at an
average distance of 2.02-2.05 A were also observed in the first co-
ordination shell of Pt under reaction conditions for both colloidal
suspensions (Tables 4 and 5). These contributions characterize the
interactions of Pt particles with aquo ligands, acetone, and/or oxy-
gen adsorbed on the Pt surface. It is interesting to note that when
the reaction was performed with the unprotected colloidal Pt sus-
pension, the average Pt-O coordination number increased gradu-
ally with reaction time, reaching a value of approximately 2.1 at
the completion of the reaction (Table 4). In contrast, when the oxi-
dation of IPA was performed with a PVA-protected suspension, the
average Pt-O coordination number remained nearly the same re-
gardless of the IPA conversion.

Since the various Pt-O contributions arising from different
oxygen-containing compounds present in the solution cannot be
distinguished by EXAFS, we can only speculate as to why such dif-
ferences were observed between the two suspensions investigated.
In the case of the unprotected suspension, both the addition of IPA
and its subsequent reaction with O led to a relatively rapid nu-
cleation of Pty clusters to nanoparticles with average dimensions
of 1.4 and 2.3 nm, respectively. More importantly, no precipitation
of Pt was observed during this time, and the solution (although
containing such relatively large Pt particles) was stable for several
months in the presence of the acetone formed. However, when
acetone was removed from the solution by purging with nitro-
gen, the precipitation of black Pt aggregates was observed. Con-
sequently, the high stability of Pt nanoparticles in the unprotected
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suspension can be attributed to acetone and its role as a steric-
stabilizing agent. Moreover, because the concentration of acetone
in the solution (and thus adsorbed on the Pt surface through the
carbonyl functional group) increased with reaction time, an in-
crease of the Pt-O contributions would be expected, consistent
with our experimental observations (Table 4). In contrast, in the
PVA-protected suspensions, the PVA macromolecules were already
strongly bonded to the Pt surface, and thus some fraction of the
Pt surface atoms was not available for reaction [1,4]. This property
is reflected in the lower overall activity of the PVA-protected col-
loidal Pt suspension for the IPA oxidation (Table 6). In this case,
estimating the fraction of Pt surface atoms blocked by PVA is not
possible, but we can assume that the fraction of available sites was
too small to allow detection of any significant changes in the Pt-O
contribution under reaction conditions by EXAFS.

Finally, the values of the white line area characterizing both
suspensions under reaction conditions were nearly the same as
those determined for the fresh suspensions before their exposure
to the reactants. Therefore, in contrast to what has been sug-
gested previously for supported Pt catalysts [31], the analysis of
the XANES region of the spectra indicates that Pt remained in
the reduced state in both the unprotected and PVA-protected sus-
pensions under reaction conditions and was not oxidized by the
molecular oxygen present in the solution.

4. Conclusion

Unprotected and PVA-protected colloidal Pt suspensions con-
taining nearly uniform Pt4 and Ptg clusters, respectively, were pre-
pared by treatment of an aqueous solution of H,PtClg with NaBHj.
Both suspensions were found to be stable for several months. The
interaction of 2-propanol with these colloidal Pt suspensions at
room temperature led to the aggregation of the Pt clusters into
larger nanoparticles; however, no signs of Pt precipitation were
observed in either case, indicating that 2-propanol acted as a sta-
bilizing agent under these conditions, especially in the unprotected
suspension. Both suspensions were active for the selective oxi-
dation of 2-propanol to acetone, following first-order kinetics in
2-propanol. The unprotected suspension exhibited greater catalytic
activity than the PVA-protected one, indicating that the presence
of PVA reduced the catalytic efficiency of the Pt nanoparticles for
this reaction.
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