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Selective oxidation of glycerol over carbon-supported AuPd catalysts
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Abstract

Carbon-supported AuPd bimetallic nanoparticles were synthesized, characterized, and evaluated as catalysts in the aqueous-phase selective
oxidation of glycerol. The bimetallic catalysts were synthesized by two different methods. The first method involved the deposition of Au onto
the surface of 3-nm supported Pd particles by catalytic reduction of HAuCl4 in aqueous solution by H2. The second method used the formation
of a AuPd sol that was subsequently deposited onto a carbon support. Characterization of the catalysts using analytical transmission electron
microscopy, H2 titration, and X-ray absorption spectroscopy at the Au LIII and Pd K-edges confirmed that the first synthesis method successfully
deposited Au onto the Pd particles. Results from the AuPd sol catalyst also revealed that Au was preferentially located on the surface. Measurement
of glycerol oxidation rates (0.3 M glycerol, 0.6 M NaOH, 10 atm O2, 333 K) in a semibatch reactor gave a turnover frequency (TOF) of 17 s−1 for
monometallic Au and 1 s−1 for monometallic Pd, with Pd exhibiting a higher selectivity to glyceric acid. Although the activity of the bimetallic
AuPd catalysts depended on the amount of Au present, none of them had a TOF greater than that of the monometallic Au catalyst. However, the
AuPd catalysts had higher selectivity to glyceric acid compared with the monometallic Au. Because a physical mixture of monometallic Au and
Pd catalysts also gave higher selectivity to glyceric acid, the Pd is proposed to catalyze the decomposition of the side product H2O2 that is also
formed over the Au but is detrimental to the selectivity toward glyceric acid.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Interest in gold catalysis continues to grow, with the recently
published review by Hashmi et al. [1] and the book by Bond et
al. [2] summarizing the major findings in this area. The low-
temperature oxidation of CO over supported Au is the focus of
many previous investigations and the general consensus is that
Au particles in the range of 2–4 nm are the most active [2].
In many cases, adding water vapor to the feed increases the
CO oxidation rates over Au catalysts [3–6]. Furthermore, the
use of supported Au catalysts with large particles in the aque-
ous phase gives high activity in CO oxidation, even though the
catalysts are essentially inactive for CO oxidation in the vapor
phase [7–9]. The rate of CO oxidation over Au metal particles
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in aqueous solution depends strongly on pH, with high rates fa-
vored at high pH. Interestingly, peroxide formation also occurs
during CO oxidation in liquid water [7,8]. Indeed, Au catalysts
are also active in the direct synthesis of H2O2 from H2 and O2

[10,11].
Gold catalysts operating in the aqueous phase also have

been shown to be highly active for the oxidation of various
alcohols [12–14] and, in particular, glycerol [7,15–17]. Con-
version of glycerol is of interest because it is a byproduct of
biodiesel production from plant and animal oils [18]. A ma-
jor surplus of glycerol has resulted from rapid expansion of
biodiesel production capacity around the world [19]. The ox-
idation of glycerol over Au catalysts is one possible route for
using this bio-renewable feedstock.

It is well known that bimetallic catalysts can have markedly
different activity and selectivity compared with the monometal-
lic analogues [20]. Recently, bimetallic catalysts of Au and Pd
exhibited very high alcohol oxidation rates and selectivities in
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both solvent-free [21] and aqueous-phase reactions [22–26].
For the solvent-free oxidation of a range of primary alcohols
over a titania-supported AuPd bimetallic catalyst, a turnover
frequency (TOF) as high as 269,000 h−1 at 433 K has been re-
ported [21]. Moreover, the aqueous-phase oxidation of glycerol
over AuPd particles supported on activated carbon gave a TOF
of 6435 h−1 at 323 K, which was 7 times more active and 9%
more selective than the monometallic Au catalyst investigated
in that study [26].

In the present work, we prepared carbon-supported AuPd
bimetallic catalysts synthesized by two different methods; char-
acterized the samples by analytical transmission electron mi-
croscopy, H2 titration, and X-ray absorption spectroscopy; and
evaluated their activity and selectivity in the aqueous-phase ox-
idation of glycerol.

2. Experimental

2.1. Catalyst synthesis

A 3 wt% Pd on activated carbon (Aldrich, lot. 04602PI) was
used as received for glycerol oxidation and is designated the
Pd catalyst. The Pd catalyst was also used as the precursor for
preparing a series of Au on Pd bimetallic catalysts via a re-
dox method [27]. First, 6 g of the Pd catalyst was placed in
a glass reactor with 100 cm3 of distilled deionized water and
stirred. The reactor was then purged with N2 (all gases ultra-
high purity [99.999%], provided by Messer Gas) for 30 min.
A dihydrogen flow at 100 cm3 min−1 was bubbled through the
slurry while heating to 353 K and holding at that temperature
for 1 h. With H2 continuing to bubble, the reactor was cooled
to 298 K, and the pH of the solution was adjusted to 10 by
the addition of 1 M NaOH. Next, the appropriate amount of
Au, in the form of HAuCl4·3H2O (Aldrich), was dissolved in
5 cm3 of distilled deionized water. The gold chloride solution
was then added dropwise to the slurry together with the addi-
tion of 1 M NaOH to maintain the pH of the slurry near 10.
After the addition of gold, the slurry was stirred for 1 h, after
which the H2 flow was stopped and N2 was used to purge the
reactor. The catalyst was filtered and washed twice with 1 L
of distilled deionized water to remove residual chlorine. The
final filtrate tested negative for Cl− using a 0.1 M AgNO3 so-
lution. Four catalysts with increasing Au loadings, designated
AuPd-A, AuPd-B, AuPd-C, and AuPd-D, were prepared in this
manner.

Another AuPd catalyst supported on carbon was prepared
through the formation of a gold and palladium bimetallic sol
and subsequent deposition of the sol onto the catalyst support.
First, 0.091 g of PdCl2 (Aldrich) was added to 0.5 L of distilled
deionized water, to which 0.206 g of HAuCl4·3H2O was then
added. Next, 0.154 g of polyvinyl alcohol (PVA; Acros) was
added to the solution under vigorous stirring. The AuPd colloid
was subsequently reduced by the dropwise addition of 0.1 M
NaBH4 (Aldrich), at a NaBH4:metal molar ratio of 4:1. The re-
sulting sol was purple-brown in color. Then 5 g of the catalyst
support, activated carbon (Calgon, type ADP), was suspended
in 100 cm3 of distilled deionized water and sonicated for 1 h
before being added to the AuPd sol. The sol–carbon slurry was
stirred for 1 h and then filtered. The filtrate was clear, indicat-
ing that most of the sol had deposited onto the carbon support.
The catalyst was then washed twice with 1 L of distilled deion-
ized water to remove residual chlorine. The final filtrate tested
negative for Cl− using a 0.1 M AgNO3 solution. This catalyst
is designated AuPd(sol).

A monometallic Au catalyst supported on activated carbon
catalyst has been prepared via the gold sol method [28] and
fully characterized [7]. First, 0.15 g of HAuCl4·3H2O (Aldrich)
was added to 3 L of distilled deionized water, followed by the
addition of 0.075 g of polyvinyl alcohol (PVA; Acros). The gold
colloid was subsequently reduced by the dropwise addition of
0.1 M NaBH4 (Aldrich), at a NaBH4:Au molar ratio of 4:1. The
resulting sol was ruby-red in color. Then 10 g of activated car-
bon (Calgon, type ADP) was suspended in 100 cm3 of distilled
deionized water and sonicated for 1 h before being added to the
Au sol. The sol–carbon slurry was stirred for 1 h, after which
the catalyst was filtered. The filtrate had a slight red tint, indi-
cating that some of the Au sol remained in solution. The catalyst
was then washed twice with 1 L of distilled deionized water to
remove residual chlorine. The final filtrate tested negative for
Cl− using a 0.1 M AgNO3 solution. The catalyst is designated
the Au catalyst.

After preparation, the catalysts were dried overnight in air
at 403 K, then reduced in N2 and H2 (90:10) flowing at
150 cm3 min−1 by heating to 573 K at a rate of 4 K min−1

and holding at 573 K for 6 h. The catalysts were then cooled
to room temperature, exposed to air, and stored in a refrigerator
at 278 K. The Au and Pd weight loadings were determined by
ICP analysis (Galbraith Laboratories, Knoxville, TN).

2.2. Transmission electron microscopy

Samples that were characterized by transmission electron
microscopy (TEM) were first suspended in ethanol and agitated
in an ultrasonic bath for 4 h. A drop of the suspended catalyst
was applied to a copper mesh grid with lacy carbon film, and the
ethanol was allowed to evaporate. Microscopy was performed
on a JEOL 2010F transmission electron microscope operating
at 200 kV and equipped with a Gatan imaging filter (GIF). All
images were recorded using a slow-scan CCD camera and an-
alyzed with the Gatan Digital Micrograph software package.
Energy-dispersive X-ray spectroscopy (EDS) was done using
an Oxford Instruments model 6498 detector and NIST Desk-
top Spectrum Analyzer software [29]. For analysis of individual
particles, the electron beam was focused to a diameter slightly
smaller than the diameter of the particle under investigation.

2.3. H2 titration

Dihydrogen titration of Pd [30] was performed using a Mi-
cromeritics ASAP 2020 automated adsorption system. Samples
had been stored in atmospheric conditions before H2 titration
of the Pd surface according to the reaction PdsO + 3/2H2 →
PdsH + H2O. The catalysts were evacuated, heated from room
temperature to 473 K at a rate of 4 K min−1, and then held in
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vacuum at 473 K for 2 h. H2 titration was done at 373 K in
a pressure range of 0.06–0.6 atm to avoid formation of the β-
phase hydride [30]. The surface Pd was evaluated by the total
amount of H2 adsorbed at 373 K extrapolated to zero pressure
and dividing by 3 (see stoichiometry above).

2.4. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) was performed at the
National Synchrotron Light Source, Brookhaven National Lab-
oratory. The storage ring operated at 2.8 GeV with a ring cur-
rent of 150–300 mA. Data were collected on beamlines X-10C
and X-18B operating in transmission mode at the Pd K-edge
(24.350 keV) with a beam spot size of 0.5 mm × 10 mm
and at the Au LIII-edge (11.919 keV) with a spot size of
1 mm × 10 mm.

Samples were initially pressed into a copper holder and ana-
lyzed at ambient conditions. The monometallic Pd sample was
also characterized in a sample cell that allowed for heating to
473 K at 4 K min−1 under flowing H2 (g). After 2 h at 473 K,
the Pd sample was cooled to 298 K under flowing H2 (g). For all
of the samples, a minimum of 3 scans were collected at 298 K
over the appropriate energy range. A second in situ sample cell
with its attached flow system (described in Ref. [31]) was also
used to analyze various catalysts during aqueous treatment. The
samples were placed into a 1.5 mm × 20 mm × 6 mm (X-ray
path length) sample holder that was then sealed with poly-ether-
ether-ketone (PEEK) disk windows on both sides to allow for
the transmission of photons. The cell allowed for data collec-
tion while an aqueous solution saturated with 10 atm O2 was
pumped through a packed catalyst bed while heating to 333 K.
The flow system consisted of a vessel filled with 60 cm3 of
0.3 M glycerol and 0.6 M NaOH aqueous solution that was first
purged by N2. Either the N2 or O2 saturated solution (10 atm)
was then pumped through the packed bed of catalyst at a rate
of 1.0 cm3 min−1 while heating to 333 K. The X-ray scans
were collected while the solution flowed through the sample
at 333 K.

Analysis of the extended X-ray absorption fine structure
(EXAFS) was performed using the WinXAS software pack-
age [32]. Between 3 and 6 scans were energy-referenced to
either a Pd or Au foil, placed between the transmission and
reference ion chambers, then averaged before analysis. The
first-shell Pd–Pd amplitude function and phase shift were ex-
tracted from a 12.5-µm Pd foil (Goodfellow, 99.95%). The Pd
foil was assumed to have the bulk crystallographic values of the
Pd fcc structure with a first-shell coordination number (CN) of
12 and nearest-neighbor distance of 2.75 Å. The experimen-
tal data were used to optimize the theoretical photoelectron
scattering amplitude and phase-shift functions calculated us-
ing FEFF8.2 [33]. For analysis of the EXAFS above the Au
LIII-edge, the energy reference and the first-shell Au–Au am-
plitude function and phase shift were extracted from a 5-µm
Au foil (Goodfellow, 99.9%). The foil was assumed to have the
bulk crystallographic values of the Au fcc structure with a first-
shell CN of 12 and a nearest-neighbor distance of 2.88 Å, and
was used to optimize the theoretically determined amplitude
and phase-shift functions calculated by FEFF8.2. The ampli-
tude and phase-shift functions for the heterogeneous absorber–
scatterer pairs (Pd–Au and Au–Pd) were also generated using
FEFF8.2. For samples evaluated at 298 K, data in the k-range
of 3–15 Å−1 were used for analysis, whereas for the samples
examined under aqueous conditions at 333 K, data in the k-
range of 3–14 Å−1 were used. Curve fitting was performed in
both R-space and k-space with k1 and k3 weighting, and the
average of these four values is reported herein. The fitting pro-
cedure resulted in an estimated accuracy of ±10% for the first-
shell CN, ±0.01 Å for interatomic distances, and ±10% for the
Debye–Waller factor [34]. The physical constraints necessary
for bimetallic fitting set forth by Via et al. [35] were maintained
during the fitting process.

2.5. Glycerol oxidation

The aqueous-phase oxidation of glycerol was performed in
a 50-cm3 Parr 4592 batch reactor. The glycerol (Acros) and
NaOH (Mallinckrodt) were first dissolved in 30 cm3 of dis-
tilled deionized water and then degassed with He before adding
the catalyst. The reactor was then sealed, purged with He, and
heated to the desired reaction temperature before pressurizing
with O2. The pressure was maintained at a constant value by
continually feeding O2. Samples were periodically removed us-
ing a sample dip tube. The samples from the reaction were
filtered (0.2 µm) and then analyzed using a Thermo Separation
Products (TSP) Spectra Systems AS1000 high-performance
liquid chromatograph (HPLC) equipped with a TSP Spectra
Systems P2000 pump and Waters Differential Refractometer
model R401. An Aminex HPX-87H column (Bio-Rad) oper-
ating at 328 K and a 5 mM H2SO4 mobile phase flowing at
0.6 cm3 min−1 were used for product separation. The retention
times and calibration curves for observed products were deter-
mined by injecting known concentrations. Any CO2 that was
produced would be converted to Na2CO3 in the basic solutions
and was quantified by HPLC.

Hydrogen peroxide formed in the reaction mixture was eval-
uated by a colorimetric method [36]. First, 1 cm3 of a fil-
tered reaction sample was immediately acidified with 1 cm3 of
0.5 M H2SO4, to which 0.1 cm3 of TiO(SO4) (15 wt% in dilute
H2SO4, Aldrich) was added. Absorbance was then measured at
405 nm on a Varian Cary 3E UV–vis spectrometer. A calibration
curve of absorption versus H2O2 concentration was prepared by
diluting a standard mixture of 30 wt% H2O2 (Fisher). The lower
limit of H2O2 detection is ∼0.005 mM.

3. Results and discussion

Table 1 summarizes the elemental composition, particle size,
and hydrogen adsorption capacity of the various catalysts. The
particle size determined by TEM was obtained by measuring
at least 200 particles over multiple areas for each catalyst. For
the series of bimetallic catalysts prepared by Au reduction onto
Pd, the average particle size increased with Au loading, which
could result from either Au deposition on the surface of the Pd
or deposition and growth of monometallic Au particles on the
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carbon support. For the AuPd-A, AuPd-B, and AuPd-C sam-
ples, the EDS spectra of individual particles revealed particles
usually containing both Au and Pd. Fig. 1 shows a represen-
tative micrograph along with the EDS spectra for five individ-
ual particles of AuPd-B, all of which indicate the presence of
both Au and Pd. Although the percentage of monometallic Au
particles determined by EDS is low for each of the bimetal-
lic samples prepared by Au deposition onto Pd, the number of
monometallic Au particles does in fact increase with Au load-
ing. This is a reasonable observation, because the ability of the
Pd to reduce Au with hydrogen will decrease as the Pd is cov-
ered with Au.

Dihydrogen titration (PdsO+3/2H2 → PdsH + H2O) of the
monometallic Pd sample gave a palladium dispersion of 0.33,
which is in good agreement with the TEM results indicating a
particle size near 3 nm. Interestingly, H2 titration of the AuPd
catalysts prepared by Au deposition revealed Pd dispersions

Table 1
Metal weight loadings determined by ICP analysis, particle sizes determined
by TEM, and Pd dispersion determined by H2 titration

Catalyst Pd
(wt%)

Au
(wt%)

Atomic
ratio
Au:Pd

Mean
diameter
(nm)

Surface
average
diameterb

(nm)

H/Pd

Pd 2.9a – – 2.9 3.3 0.33
Au − 0.5 – 5.0 7.3 –
AuPd-A 2.9a 0.8 0.15 3.2 3.8 0.17
AuPd-B 2.9 1.5 0.28 3.6 4.4 0.19
AuPd-C 2.8a 2.2 0.42 3.9 4.4 0.18
AuPd-D 2.8a 2.9 0.56 – – 0.19
AuPd(sol) 0.8 1.1 0.77 3.7 4.8 0.01

a Nominal weight loading from the supplier for the monometallic Pd catalyst
is 3 wt% Pd, the Pd weight loadings listed are adjusted for the additional Au
loading to the parent Pd catalyst based on the Pd ICP results for AuPd-B.

b (
∑

d3)/(
∑

d2).
between 0.17 and 0.19 for all four samples. This result is in-
triguing, because the Au loading on the Pd should significantly
depress its H2 adsorption capacity if the Au were uniformly
covering the Pd surface. It is possible that AuPd has a higher
hydrogen adsorption capacity than Pd alone [37]. Nevertheless,
for all samples prepared by Au deposition onto Pd, some of the
Pd appears to be exposed to the surface. In contrast, the sample
prepared by the sol method had a Pd dispersion of only 0.01.
Because the micrograph of the AuPd(sol) sample (Fig. 2) indi-
cates that the particles are highly dispersed, the Pd appears to
be covered by Au. Therefore, the low dispersion value does not
appear to be a result of the formation of large Pd crystallites,
but rather seems to be due to Au nearly completely covering
the Pd surface.

Fig. 2. TEM of AuPd(sol) revealing highly dispersed metal particles.
Fig. 1. TEM of sample AuPd-B with EDS spectra of individual particles (numbers correspond to the particle directly to the right of the number). Spectra are offset
for clarity.
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Fig. 3. XANES of the (A) Pd K-edge and (B) Au LIII-edge for the samples at ambient conditions, (a) Pd, (b) Au, (c) AuPd-A, (d) AuPd-B, (e) AuPd-C, (f) AuPd-D,
(g) AuPd(sol), (h) Pd foil, (i) Au foil. Samples a–g were previously reduced in H2 at 573 K for 6 h. Spectra are offset for clarity.
Fig. 4. Fourier transforms (not corrected for phase shifts) of k3-weighted
EXAFS associated with monometallic Pd under various treatments: (a) ambient
condition (previously reduced in H2 at 573 K for 6 h), (b) 1 atm H2 at 298 K
(following 2 h H2 reduction at 473 K), (c) aqueous treatment for 3 h (0.3 M
glycerol, 0.6 M NaOH, N2 purged, 333 K), (d) aqueous oxidation treatment for
6 h (0.3 M glycerol, 0. 6 M NaOH, 10 atm O2, 333 K). Spectra are offset for
clarity.

Results from X-ray absorption spectroscopy at the Pd K-
edge, illustrated in Figs. 3A(a) and 4a, show that the Pd catalyst
(which was previously reduced in H2 at 573 K for 6 h) is highly
oxidized on exposure to air. The in situ treatment of Pd in 1 atm
H2 at 473 for 2 h reduces the oxide to Pd metal (Fig. 4b)
with EXAFS fitting, indicating an elongation of the first-shell
Pd–Pd interatomic distance (Table 2), characteristic of β-phase
Pd hydride formation [38]. The oxidized Pd catalyst was also
reduced by an aqueous solution of glycerol (0.3 M glycerol,
0.6 M NaOH, 10 atm N2, 333 K) (Fig. 4c). After the addition of
10 atm O2 to the glycerol solution and subsequent 6 h treatment
(Fig. 4d) at the oxidation reaction conditions, the Pd appeared
to remain in the metallic state. Evidently, glycerol is an ade-
quate reductant for maintaining Pd in the metallic state, even
under high dioxygen pressure.

The X-ray absorption near-edge structure (XANES) at the
Pd K-edge of the AuPd catalysts confirmed that the bimetal-
lic catalysts were in the metallic state even after exposure to
air (Fig. 3a). This observation for the series of AuPd catalysts
prepared by the redox method is in contrast with that for the
parent Pd catalyst, which was readily oxidized by ambient air.
The suppression of Pd oxidation by Au is further evidence of
the Au–Pd interaction. The XANES at the Au LIII-edge for all
of the gold-containing catalysts (Fig. 3b) indicated that Au was
always present in the metallic state.

Representative χ data with k3 weighting and Fourier-
transformed k3-weighted χ functions for a bimetallic AuPd
sample are presented in Figs. 5 and 6, respectively. The curve
fits in R-space are also shown in Fig. 6. The EXAFS fitting
results for all of the samples are summarized in Table 2. The
first-shell Pd–Pd CN for the Pd catalyst was approximately 9 for
both a sample reduced via H2 (g) and a sample treated under
aqueous oxidation conditions, indicating that the Pd particles
were stable during aqueous phase conditions. For the series of
AuPd(A–D) catalysts prepared from the same parent Pd cata-
lyst, the first-shell Pd–Pd CN was relatively unchanged. How-
ever, the spectra revealed small contributions arising from Pd–
Au interactions. These results demonstrate that the Pd particles
were relatively unaltered by the addition of the Au. The EXAFS
analysis of the Au edge clearly shows significant interactions
with Pd. The Fourier transform shown in Fig. 6b illustrates the
modification of the Au environment in the bimetallic catalyst
compared with Au foil. The characterization of AuPd-B un-
der glycerol oxidation conditions revealed little change in the
CNs for the various absorber–scatterer pairs compared with the
as-prepared catalyst, indicating good stability of the bimetallic
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Table 2
Results from EXAFS fitting

Catalyst Treatment Absorber–
scatterer

1st shell CN Interatomic

distance (Å)
�σ 2

(Å2)

�E0
(eV)

Pd A Pd–Pd 9.3 2.81 0.0076 −2.6
Pd B Pd–Pd 8.7 2.74 0.0069 −3.5
Au C Au–Au 10.2 2.84 0.0091 −2.6
AuPd-A C Pd–Pd 9.0 2.74 0.0071 2.3

Pd–Au 0.5 2.77 0.0082 2.3
Au–Pd 3.5 2.77 0.0082 0.7
Au–Au 7.7 2.83 0.0085 0.7

AuPd-B C Pd–Pd 9.1 2.74 0.0071 −3.2
Pd–Au 0.7 2.77 0.0066 −3.2
Au–Pd 2.6 2.77 0.0066 −2.1
Au–Au 8.3 2.83 0.0088 −2.1

AuPd-B B Pd–Pd 8.7 2.75 0.0071 −4.0
Pd–Au 0.8 2.79 0.0060 −4.0
Au–Pd 3.0 2.79 0.0060 0.9
Au–Au 8.2 2.85 0.0074 0.9

AuPd-C C Pd–Pd 8.8 2.74 0.0070 −2.0
Pd–Au 1.0 2.77 0.0074 −2.0
Au–Pd 2.4 2.77 0.0074 −1.5
Au–Au 8.7 2.83 0.0079 −1.5

AuPd-D C Pd–Pd 8.6 2.74 0.0073 −3.0
Pd–Au 1.0 2.77 0.0064 −3.0
Au–Pd 1.9 2.77 0.0064 −0.8
Au–Au 10.0 2.83 0.0088 −0.8

AuPd(sol) C Pd–Pd 6.0 2.75 0.0068 −4.2
Pd–Au 1.3 2.77 0.012 −4.2
Au–Pd 1.7 2.77 0.012 −1.3
Au–Au 10.0 2.83 0.0099 −1.3

Treatments: (A) 1 atm H2 (g) at 298 K, following reduction at 473 K; (B) aqueous oxidation conditions, 0.3 M glycerol, 0.6 M NaOH, 10 atm O2, at 333 K;
(C) as-prepared in air.
particles in the aqueous phase. However, all of the interatomic
distances increased slightly by 0.01–0.02 Å, which may corre-
spond to a relaxation of metal–metal bonds in solution.

Fitting of the Au edge for sample AuPd-A gave a Au–Au
first-shell CN of 7.7 and a Au–Pd CN of 3.5, indicating that
31% of all the Au nearest neighbors were Pd. In addition, the
Au–Au interatomic distance of 2.83 Å in the bimetallic catalyst
was contracted by 0.05 Å compared with that of the bulk, as
expected for highly dispersed Au particles [39]. An ideal mono-
layer of Au on the (111) surface of Pd would have CNs of 6 for
Au–Au and 3 for Au–Pd, not too different from our results for
AuPd-A. As the Au loading increased, the average Au–Au CN
increased while the Au–Pd CN decreased, suggesting that once
a maximum loading of Au is deposited onto the Pd, the Au be-
gins to form separate monometallic particles. Thus, results from
the Au and Pd EXAFS of the samples prepared by the surface
redox method are consistent with the Pd particles remaining in-
tact as Au was deposited onto the Pd. Although some alloying
of Au and Pd may have occurred at the Au–Pd interface, the
EXAFS results indicate that bulk alloying of the two metals did
not occur under our conditions.

The AuPd(sol) was prepared according to the procedure de-
scribed by Prati et al. [25]. Their catalyst characterization re-
sults suggested that both alloyed particles and monometallic Pd
particles were present. Results from our EXAFS characteriza-
tion of the AuPd(sol) catalyst suggest that Au and Pd were not
well alloyed. Although the CNs for Pd–M and Au–M interac-
tions indicate that the Pd was more highly dispersed than the
Au, the lack of significant H2 adsorption capacity revealed that
the Au was covering the surface of the Pd.

The well-characterized catalysts were then tested in the oxi-
dation of glycerol by O2. The reaction conditions were typical
of those used to study glycerol oxidation [15–17]. To ensure
that O2 mass transfer was not limiting, the maximum O2 trans-
fer rate for our reactor setup was determined by measuring the
oxidation rate of an aqueous solution of Na2SO3 to Na2SO4 by
O2 [40]. The rate-controlling step in the reaction was assumed
to be the mass transfer of O2 from the vapor phase into the
aqueous phase. The oxidation of sodium sulfite at our standard
agitation speed and 10 atm O2 resulted in a maximum transport
rate of 6×10−6 (mol O2) s−1. Therefore, catalyst loadings were
chosen to ensure that glycerol oxidation rates stayed below this
value. The rates of glycerol consumption and H2O2 production
were based on the first 30 min of reaction. The rate of H2O2

production was not corrected for the decomposition reaction;
that is, the rate was based on the observed amount of H2O2 at
30 min. Selectivity was defined as the total number of moles
of species i formed per total number of moles of glycerol con-
verted for the given reaction time. The molar sum of all C3 and
C2 species was always within 3% of the initial glycerol load-
ing in the reactor, which is within the expected error for HPLC
analysis. The C1 products consisted of carbon dioxide, trapped
in solution as Na2CO3, and formic acid. Acids were present in
their salt forms at the elevated pH.
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The two monometallic Pd and Au catalysts were first tested
for glycerol oxidation at 0.3 M glycerol, 0.6 M NaOH, 10 atm
O2, and T = 333 K. The rates per mol of metal were 0.3 s−1

for Pd and 2.4 s−1 for Au, corresponding to TOFs of 1 s−1 for
Pd and 17 s−1 for Au after accounting for particle size (Ta-
ble 3). Thus, Au was significantly more active for oxidation
than Pd under the reaction conditions investigated, whereas the

Fig. 5. Experimental χ data with k3 weighting for AuPd-B; (A) Pd K-edge and
(B) Au LIII-edge. Spectra were collected at ambient conditions.
Pd catalyst was more selective to glyceric acid than Au. It is
also important to note that the Pd catalyst demonstrated a sig-
nificant drop in activity as the reaction proceeded, reaching only
30% conversion after 5 h.

Table 3 presents the observed rate and selectivity to glyceric
acid at 50% conversion for all of the catalysts, and Fig. 7 gives a
representative reaction plot of glycerol consumption and prod-
uct selectivity. For the series of AuPd catalysts prepared by Au
deposition, the TOF increased with increasing Au loading, but
never reached the maximum TOF observed over monometallic
Au. Moreover, the TOF observed on the AuPd(sol) catalyst was
very similar to that of the high-loaded AuPd catalysts prepared
by Au deposition onto Pd. Because the results from H2 titration
suggest that the surface of the AuPd(sol) catalyst was nearly all
Au, the measured TOF is consistent with a pure gold surface
and was within a factor of 2.5 of the monometallic Au catalyst.
Considering all of these results, it appears that one role of Pd is
to help keep Au in a highly dispersed form. However, because
the observed TOF never exceeded that of a pure Au catalyst, no
synergistic effect of Pd on the activity of Au was observed.

Fig. 7. Glycerol oxidation over AuPd-A. Reaction conditions: 30 cm3, 0.3 M
glycerol, 0.6 M NaOH, glycerol:Au = 50,000:1, T = 333 K, O2 = 10 atm.
Fig. 6. Magnitude of the Fourier transformed k3-weighted χ function from Fig. 5 (not corrected for phase shifts) with non-linear least squares fits for sample
AuPd-B; (A) Pd (Pd–Pd and Pd–Au shells) and (B) Au (Au–Au and Au–Pd shells). Data were collected at ambient conditions.
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Table 3
Initial (t = 30 min) glycerol oxidation rates, H2O2 formation rates, and selectivity to glyceric acida

Catalyst Oxidation rate [mol

glycerol (mol metal)−1 s−1]

Oxidation

TOFb (s−1)

Peroxide ratec [mol

H2O2 (mol metal)−1 s−1]

Peroxide

TOFb (s−1)

Sel. to glyceric
acid at 50% conv.

Pd 0.3 1.0 <0.0005 – 0.82d

Au 2.4 17 0.048 0.34 0.65
AuPd-A 1.2 4.6 0.002 0.008 0.84
AuPd-B 1.3 5.6 0.007 0.030 0.82
AuPd-C 1.6 7.0 0.012 0.052 0.80
AuPd-D 1.4 − 0.010 – 0.80
AuPd(sol) 1.3 6.2 0.042 0.20 0.64
Au & Pde 0.6 2.1 0.001 0.003 0.84
Au & Pdf 0.7 2.5 0.002 0.007 0.84

a Reaction conditions, 30 cm3, 0.3 M glycerol, 0.6 M NaOH, 10 atm O2, 333 K. Catalyst loadings were: glycerol:Pd = 3000 for Pd; glycerol:Au = 50,000:1 for
Au, AuPd-A, AuPd-B, AuPd-C, AuPd-D; glycerol:Au = 25,000 for AuPd(sol).

b Rates normalized for surface atoms using the inverse of the surface avg. diameter from Table 1.
c Rates of H2O2 formation have not been corrected for decomposition/consumption.
d Pd sample appeared to suffer from deactivation, selectivity given at 30% conversion (t = 5 h).
e Physical mixture of monometallic Au and Pd (glycerol:Au = 50,000:1 and glycerol:Pd = 3000:1).
f Physical mixture of monometallic Au and Pd (glycerol:Au = 50,000:1 and glycerol:Pd = 7000:1).
In contrast to our findings related to catalyst activity, the
presence of Pd appeared to improve the selectivity toward glyc-
eric acid. Table 3 shows a corresponding decrease in H2O2

production with the observed increase in selectivity over the
bimetallic catalysts prepared by Au deposition. In our previous
work [7] we proposed that H2O2 formed in situ over Au cata-
lysts is responsible for the observed C–C cleavage that led to
the major C2 product glycolic acid (Scheme 1). Therefore, our
results with the Au–Pd series are completely consistent with de-
creasing H2O2 concentration being related to higher selectivity
to glyceric acid.

To test whether the decomposition of H2O2 in situ results
in increased selectivity to glyceric acid, a known peroxide de-
composer, MnO2 [41], was added to the reaction mixture. Ap-
proximately 0.3 g of MnO2 (Aldrich) with a surface area of
1.1 m2 g−1 was added to a standard glycerol oxidation reac-
tion (30 cm3, 0.3 M glycerol, 0.6 M NaOH, 333 K, 10 atm O2,
and monometallic Au at glycerol:Au = 16,000:1). Although the
initial concentration of H2O2 was 1.7 mM H2O2 in the absence
of MnO2, it was reduced to 0.12 mM with MnO2. Moreover,
the selectivity at 40% glycerol conversion increased from 64 to
78% with addition of MnO2. These results suggest that decom-
posing the peroxide formed on Au can significantly increase the
selectivity of oxidation reactions. Unfortunately, the addition
of MnO2 decreased the initial glycerol oxidation rate by 50%,
possibly indicating that some of the activity observed over Au
catalysts is due to the oxidizing ability of the peroxide or the
peroxide precursor, superoxide.

To determine whether the Pd decomposes the peroxide pro-
duced over Au or whether the formation of AuPd bimetallic
catalysts minimizes peroxide formation, a physical mixture of
Au and Pd monometallic catalysts was evaluated in glycerol ox-
idation. As shown in Table 3, the H2O2 was decreased on the
addition of Pd, resulting in a glyceric acid selectivity of 84% at
50% conversion compared with 64% over Au alone. Because
the carbon support of the commercial Pd catalyst is likely dif-
ferent from the Calgon carbon support used for the Au catalyst,
a Pd/Calgon carbon catalyst was synthesized in our laboratory
to determine whether the observed changes in selectivity can be
attributed to the Pd or to the commercial carbon support. The
Pd/Calgon catalyst was prepared by incipient wetness impreg-
nation of aqueous PdCl2, followed by washing with water and
reduction in flowing H2 at 573 K for 6 h. This procedure re-
sulted in 1.9 m2 surface Pd per gram of catalyst, as determined
by H2 titration. Glycerol oxidation with the physical mixture of
Au and Pd/Calgon (at the same reaction conditions and equal
loadings of surface Pd as in Table 3, entry 8) gave a glycerol
oxidation TOF of 1.9 s−1, a peroxide concentration that was
below detection at t = 30 min, and a selectivity to glyceric acid
at 50% conversion of 79%. The results suggest that Pd is re-
sponsible for the decomposition of peroxide and the increased
selectivity to glyceric acid.

Unlike with the addition of MnO2, addition of Pd did not
decrease the observed rate of glycerol conversion, because the
sum of the conversion for the two individual monometallic cata-
lysts (at equivalent loadings) was very similar to that of a phys-
ical mixture. The presence of Pd, even if physically separated
from the Au, significantly enhances the selectivity to glyceric
acid by decomposing the H2O2. Therefore, it appears that the
small amount of exposed Pd in the series of AuPd catalysts
prepared by deposition was responsible for the increased selec-
tivity to glyceric acid. Although both Au and Pd were present in
the AuPd(sol) catalyst, there was no observed increase in glyc-
eric acid selectivity compared with monometallic Au, because
the Pd was almost completely covered by Au.

4. Conclusion

Two different synthesis methods were used for the prepa-
ration of AuPd bimetallic catalysts. The direct deposition of
Au onto a parent Pd monometallic catalyst was successful for
preparing a series of Au on Pd catalysts. Catalyst characteri-
zation using TEM, H2 titration, and XAS indicated that there
may be a maximum Au coverage on the Pd after which ad-
ditional Au deposited as monometallic clusters on the catalyst
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Scheme 1. Proposed reaction network for the aqueous phase oxidation of glycerol over supported Au catalysts in the presence of a strong base. Species within boxes
are proposed intermediates that were never directly isolated.
support. Nevertheless, the parent Pd catalyst maintained the Au
in a highly dispersed state. In situ XAS characterization of the
Pd catalyst and a AuPd bimetallic catalyst revealed good parti-
cle stability during aqueous-phase oxidation. Moreover, the Pd
and Au appear to be metallic under reaction conditions. The
preparation of AuPd sol gave a catalyst in which the Au almost
completely covered the Pd.

Results from this study indicate there is not a significant
rate enhancement for the bimetallic catalysts compared with
monometallic Au after rates have been properly normalized to
the surface metal concentration. But there does appear to be
an important influence of Pd on the selectivity of the glycerol
oxidation reaction. Kinetic studies revealed that Pd in either
a bimetallic particle or a physical mixture with Au decreased
the amount of observed H2O2 in the reaction. Because H2O2
is correlated with the formation of C–C cleavage products, the
presence of Pd with Au increased the selectivity of the glycerol
oxidation reaction to the formation of glyceric acid.
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