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Abstract

Carbon-supported Au particles with mean sizes ranging from 5 to 42 nm and unsupported Au powder were evaluated as catalysts in the aqueous-
phase oxidation of CO and glycerol. For the aqueous-phase oxidation of CO at pH 14 and 300 K, the turnover frequency (TOF) for the 5-nm Au
particles was 5 s−1, whereas the TOF for large supported Au (42 nm) and bulk Au were only 0.5 and 0.4 s−1, respectively. The observed rate of
peroxide formation during CO oxidation also was much higher on the small Au particles. Oxidation of glycerol in the aqueous phase at 333 K and
elevated pH over the same catalysts revealed a similar influence of particle size, with the 5-nm Au particles giving a TOF of 17 s−1 at pH 13.8 and
the larger particles and bulk Au nearly an order of magnitude less active. However, large Au particles (>20 nm) were more selective to glyceric
acid. The lower selectivity of small Au particles is attributed to a higher formation rate of H2O2 during glycerol oxidation, because peroxide
promotes C–C cleavage reaction.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Catalysis by gold remains an area of intense interest as de-
scribed in the recent review by Hashmi and Hutchings [1] and
in the book by Bond et al. [2]. Although Au is quite a versatile
catalyst, many unanswered questions remain concerning the ac-
tive Au species during reaction. For example, there is still not
a generally accepted mechanism for the low-temperature oxi-
dation of CO. Nevertheless, the consensus regarding the vapor-
phase oxidation of CO is that oxide-supported Au particles in
the 2–4 nm size range are the most active [2]. Addition of wa-
ter vapor to the CO oxidation reaction sometimes can increase
the rate substantially, presumably due to the presence of hy-
droxyl groups on the surface [3–6]. Much less work has been
performed on CO oxidation in the liquid phase. The Dumesic
group studied the oxidation of CO by polyoxometalates and O2

* Corresponding author. Fax: +1 434 982 2658
E-mail address: rjd4f@virginia.edu (R.J. Davis).
0021-9517/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2007.06.001
in the aqueous phase over Au nanotubes and found that increas-
ing the hydroxyl concentration from pH 7 to 13 increased the
oxidation rate by a factor of five [7–10]. Our research group
observed that carbon-supported Au catalysts, which were inac-
tive for the vapor-phase oxidation of CO up to 373 K, showed
excellent CO oxidation rates in the aqueous phase at 300 K.
Moreover, a 50-fold increase in rate was observed on going
from acidic to basic pH [11]. The Au nanotubes and carbon-
supported Au particles used in those aqueous-phase studies
were larger than 4 nm [7–11].

During the aqueous-phase oxidation of diols, Prati and Rossi
found that supported Au catalysts were active and selective for
oxidation of the primary alcohol [12]. Subsequently, a number
of researchers began investigating the oxidation of glycerol over
Au catalysts in the aqueous phase [11,13–15]. This reaction is
of interest because glycerol is a byproduct of biodiesel synthe-
sis from triglyceride feedstocks. Biodiesel production rates in
the US alone have grown from approximately 1/2 million gal-
lons in 1999 to 250 million gallons in 2006, with continued
growth expected [16]. Because every 10 pounds of biodiesel
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produces about 1 pound of glycerol, the glycerol market is ex-
periencing a surplus [17].

Investigations of glycerol oxidation over Au catalysts in the
aqueous phase have reported a wide range of activities and se-
lectivities, with most of the variations attributed to the influence
of Au particle size [14,15,18,19]. The highest reported selec-
tivity to the product glyceric acid was found over a 1 wt%
Au/graphite catalyst with Au particle sizes of 5–50 nm, with
most about 25 nm [18]. Others also have confirmed that larger
Au particles (∼20 nm) result in increased selectivity to glyc-
eric acid during glycerol oxidation [14,19]. However, smaller
Au particle sizes apparently exhibited higher rates per surface
Au atom compared with the larger particles [19]. In contrast to
the studies mentioned above, Demirel-Gulen et al. observed that
3.7-nm Au particles were more selective to glyceric acid than
both larger (23 and 42 nm) and smaller (2.7 nm) particles [15].
Evidently, there is no general consensus regarding the influence
of Au particle size on glycerol oxidation catalysis.

We reported in a previous study that H2O2 is also formed
during glycerol oxidation over gold catalysts and that the ob-
served C–C cleavage that leads to glycolic acid formation is
correlated with the presence of H2O2 [11]. Okumura et al. [20]
observed that during the direct production of H2O2 from H2
and O2, large (30 nm) Au particles were inactive for H2O2 for-
mation. We suspect that the selectivity patterns reported in the
literature for glycerol oxidation over Au catalysts are directly
the result of the H2O2 that is also produced in the reaction.
In this work, a series of Au catalysts with a range of particle
sizes was investigated in the oxidation of glycerol to glyceric
and glycolic acid in the aqueous phase, with attention given to
the production of peroxide. In addition, the aqueous-phase ox-
idation of CO was measured over the same Au catalysts in an
attempt to generalize the oxidation results.

2. Experimental

2.1. Catalyst synthesis

A gold on carbon catalyst with a mean Au particle size of
about 5 nm was prepared via the formation of a gold sol and
subsequent deposition of the sol onto the catalyst support [21].
First, 0.15 g of HAuCl4·3H2O (∼50 wt% Au, Aldrich) was
added to 3 L of distilled deionized water, followed by the ad-
dition of 0.075 g polyvinyl alcohol (PVA) (Acros). The gold
colloid was subsequently reduced by the dropwise addition of
0.1 M NaBH4 (Aldrich), using a 4:1 molar ratio of NaBH4:Au.
The resulting sol was ruby-red in color. Then 10 g of 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 Au sol. The sol–carbon slurry was
stirred for 1 h, at which point the catalyst was filtered. The
filtrate had a slight red tint, indicating that not all of the Au
sol had deposited onto the carbon support. The catalyst was
then washed twice with 1 L of distilled deionized water to re-
move residual chlorine. The final filtrate tested negative for Cl−
using a 0.1 M AgNO3 solution. The catalyst was then dried
overnight in air at 403 K, reduced in N2 and H2 (90:10) flow-
ing at 150 cm3 min−1 by heating to 573 K at 4 K min−1, held at
573 K for 6 h, and cooled to room temperature before being ex-
posed to air. The catalyst was stored in a refrigerator at 278 K
and used without any further pretreatment. The Au weight load-
ing was determined by ICP (Galbraith Laboratories, Knoxville,
TN). We designate this catalyst Au/Calgon.

Gold nanoparticles with a nominal diameter of 20 nm were
synthesized by the citrate reduction method [22,23]. First,
2 cm3 of a 25.4 mM HAuCl4 solution (AuCl3 99.99%, Sigma–
Aldrich) was diluted in 200 g of deionized water. The solution
was stirred vigorously and heated until boiling. Next, 12 cm3 of
34.5 mM trisodium citrate (>99.5%, Fisher) was added, and the
solution was boiled for 30 min before cooling to room tempera-
ture. The final gold nanoparticle suspension had a reddish color.

Gold nanoparticles having a nominal diameter of 45 nm
were synthesized by a two-step citrate reduction method in
which 13-nm gold nanoparticles were first prepared and then
used as seeds for the growth of 45-nm gold nanoparticles
[24,25]. The 13-nm gold nanoparticles were synthesized by a
method similar to that used to produce the 20-nm nanoparti-
cles [26]. First, 2 cm3 of 25.4 mM HAuCl4 was diluted in 48 g
of deionized water. The solution was stirred vigorously and
heated until boiling. Then 5 cm3 of 38.8 mM trisodium citrate
was added, and the solution was boiled for 15 min before being
removed from the heat source. Next, 125 cm3 of a 0.296 mM
HAuCl4 solution was stirred vigorously and heated until boil-
ing, at which time 1.125 cm3 of the 13-nm gold nanoparti-
cle suspension was added, followed by 0.56 ml of 38.8 mM
trisodium citrate. The final solution was boiled for 30 min be-
fore cooling to room temperature. The 45-nm gold nanoparticle
suspension had a dark-red color.

The 20-nm and 45-nm gold nanoparticles were then de-
posited onto carbon black (Fisher). This carbon support is dif-
ferent than the activated carbon described above. The amount
of carbon black that would result in a 1 wt% Au catalyst was
sonicated in 100 cm3 of distilled deionized water and added
to a Au nanoparticle suspension under vigorous stirring. The
carbon-Au suspension was stirred for 1 h. The catalysts were
then filtered and washed twice with 1 L of distilled deionized
water. The final filtrates tested negative for Cl− using a 0.1 M
AgNO3 solution. The samples were dried overnight in air at
403 K, reduced in N2 and H2 (90:10) flowing at 150 cm3 min−1

by heating to 573 K at 4 K min−1, held at 573 K for 6 h,
and cooled to room temperature before being exposed to air.
The catalysts were stored in a refrigerator at 278 K and used
without any further pretreatment. The Au weight loading was
determined by ICP (Galbraith Laboratories). The two catalysts
prepared by this method are designated 20-nm Au and 45-nm
Au, respectively.

A World Gold Council (WGC) reference catalyst, Au/C
(type D, sample #20), was used as received. A data sheet ac-
companying the catalyst indicated that the Au/C was prepared
by a gold sol method [27], and is designated Au/C. Gold pow-
der spheres (>99.96%, Alfa Aesar) ranging in size from 500 to
800 nm were used as received and are designated Au powder.
Silver powder spheres (99.9%, Alfa Aesar) ranging from 500 to
1000 nm were used as received and are designated Ag powder.
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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 lacey carbon film, and
the ethanol was allowed to evaporate. TEM was performed on
a JEOL 2010F transmission electron microscope operating at
200 kV and equipped with a Gatan imaging filter. All of the
images were recorded using a slow-scan CCD camera and ana-
lyzed with the Gatan Digital Micrograph software package.

2.3. N2 isotherms

N2 physisorption was performed on a Micromeritics ASAP
2020 automated adsorption system. Before N2 physisorption at
77 K, the samples were degassed at 573 K for 12 h. The BET
method was used to evaluate the total surface area of the cata-
lysts.

2.4. Oxidation reactions

The aqueous-phase CO oxidation reactions were performed
in a 50-cm3 batch reactor (Parr Instrument Company 4592).
In the standard reaction, an appropriate amount of gold cat-
alyst was added to 30 cm3 of distilled deionized water. The
reactor was then sealed and purged with He before the intro-
duction of reactant gases (He 99.999%, CO 99.997%, and O2
99.994%; Messer Gas). The feed gases were introduced to the
reactor through a dip tube fitted with a 10-µm stainless steel
frit. A stir bar and stir plate combination operating nominally
at 1200 rpm was used for agitation. Gases were fed to the re-
actor via mass flow controllers, and the pressure (10 atm) was
adjusted by a back-pressure regulator located on the exit line
of the reactor. The total volumetric flowrate of CO, O2, and He
was 75 cm3 min−1. Helium was used as an inert gas to keep the
CO–O2 mixture below the explosion limit. The effluent gases
(CO, O2, and CO2) were analyzed by gas chomatography. For
CO oxidation reactions operating at elevated pH, the product
CO2 was captured in the reaction solution as Na2CO3 and an-
alyzed by liquid chomatography. Conversion of the limiting
reactant was kept below 10% in all reactions.

The aqueous-phase oxidation of glycerol was performed in
the same 50-cm3 batch reactor. The glycerol (Acros) and NaOH
(Mallinckrodt) were first dissolved in 30 cm3 of distilled deion-
ized water and then degassed with He before addition of the cat-
alyst. 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 via a sample
diptube (without a frit). The samples from the reaction were
filtered (0.2 µm) and then analyzed by 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 in the reaction was converted to Na2CO3 in the basic
solutions and also was quantified by HPLC.

Hydrogen peroxide formed in the reaction mixture was eval-
uated by a colorimetric method [28]. First, 1 cm3 of a filtered
reaction sample was 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 dilut-
ing a standard mixture of 30 wt% H2O2 (Fisher). The lower
limit of H2O2 detection was ∼0.005 mM.

3. Results and discussion

3.1. Catalyst characterization

The catalyst weight loadings and particle sizes are presented
in Table 1. A bright-field TEM image of Au/Calgon (Fig. 1)
shows that most of the particles are 2–10 nm in diameter. Mea-
surement of 533 particles gave a mean diameter of 5.0 nm, with
a surface average diameter (

∑
d3/

∑
d2) of 7.3 nm. The Au/C,

provided by the WGC, had a broad particle size distribution, 4–
40 nm in diameter (Fig. 2). Measurement of 265 particles of the
Au/C sample produced a mean diameter of 12.2 nm, with a sur-
face average diameter of 18.8 nm. Dispersion estimates for the
Au/Calgon and Au/C were calculated by inverting the surface
average diameter in nm. The resulting dispersions were used
to normalize the observed rates to the number of Au surface
atoms.

Figs. 3 and 4 show bright-field images of the 20- and 45-nm
Au catalysts, respectively. Measurement of 111 particles for the
20-nm Au indicated a narrow particle size distribution with a
mean diameter of 18.1 nm and the surface average diameter of
18.8 nm. Measurement of 104 particles for the 45-nm Au re-
vealed that the most of the particles were around 45 nm, but a
few smaller particles were also present. We suspect that these
were seed particles that did not grow. The mean particle size
for the 45-nm Au catalyst was 41.8 nm, with a surface aver-

Table 1
Physical properties of the Au and Ag catalysts

Catalyst Metal
(wt%)

Mean
diametera

(nm)

Surface avg.
diameterb

(nm)

Metal surface area
per g metal
(m2 g−1

metal)

Au/Calgon 0.53 5.0 7.3 38c

Au/C 0.8 12.2 18.8 14c

20 nm Au 0.92 18.1 18.8 14d

45 nm Au 0.99 41.8 43.5 6.1d

Au powder >99.96 – – 0.75e

Ag powder 99.9 – – 2.1e

a Number-weighted mean diameter.
b Surface avg. diameter (

∑
d3/

∑
d2), used in calculating Au surface area.

c Surface areas calculated using 0.0875 nm2 (surface atom)−1, Ref. [29].
d Calculated by treating the Au particles as spheres having the surface avg.

diameter listed.
e Determined by N2 physisorption.
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Fig. 1. Micrograph of Au/Calgon (top), with particle size distribution (bottom).

age diameter of 43.5 nm. Surface areas for the 20- and 45-nm
Au samples were determined by treating the particles as per-
fect spheres with the surface average diameter and a density
of bulk Au. The number of exposed Au atoms was calculated
from the geometric area assuming that 1 Au atom has an area
of 0.0875 nm2 [29]. The amount of Au atoms present at the
surface was used to normalize the observed rate. Nitrogen ph-
ysisorption was used to estimate the surface area of the Au and
Ag powders. Assuming 0.0875 nm2 (surface Au or Ag atom)−1,
the number of exposed Au and Ag atoms per gram of pow-
der was determined. This calculation enabled us to estimate the
observed reaction rates per exposed metal atom for the bulk ma-
terials.

3.2. Oxidation of CO

The Au/Calgon and Au/C samples were investigated previ-
ously by our group in both the vapor-phase and aqueous-phase
oxidation of CO [11]. Although neither catalyst revealed activ-
ity in the vapor-phase oxidation of CO, both were quite active in
the aqueous-phase oxidation. Table 2 shows how increasing the
solution pH substantially increased the CO oxidation rate. Like-
wise, the rate of H2O2 production was enhanced by hydroxyl
Fig. 2. Micrograph of Au/C (top), with particle size distribution (bottom).

concentration. Both the Au/Calgon and Au/C samples had a sig-
nificant fraction of particles with diameters of 5 nm or less. The
45-nm Au and Au powder were also tested for CO oxidation in
the aqueous phase to determine whether large Au particles are
also active for CO oxidation. As reported in Table 2, both the
45-nm Au and Au powder were active in aqueous-phase CO
oxidation at neutral and basic pH. Although the TOFs of the
45-nm Au and Au powder were similar, they were an order of
magnitude less than those of Au/Calgon and Au/C at elevated
pH and two orders of magnitude less at neutral pH. These re-
sults support the idea that large Au particles are intrinsically
less active than small Au particles, and also that the activity
of large Au particles depends on pH to a greater extent than
that of small Au particles. A similar trend of decreasing TOF
with increasing particle size was observed by Kim et al. [9] over
1 wt% Au on carbon catalysts for the aqueous-phase oxidation
of CO by polyoxometalates; however, it should be emphasized
that bulk gold is active for oxidation reactions in the aqueous
phase at high pH.

Of note, the purity of Au powders has been a concern in
previous investigations of both CO oxidation and propylene
oxidation [30,31], with Ag mentioned as the most abundant im-
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Fig. 3. Micrograph of carbon-supported 20 nm Au (top) with high-resolution
micrograph (top, inset) and particle size distribution (bottom).

purity. Therefore, Ag powder was also tested for CO oxidation.
The results, given in Table 2, show that Ag powder was inactive
at both neutral and basic pH under our conditions of tempera-
ture and pressure. Therefore, if Ag was in fact an impurity on
the Au powder surface, it did not contribute to the observed CO
oxidation activity.

The similar TOF exhibited by Au/Calgon and Au/C for both
CO oxidation and H2O2 formation is rather surprising given
their different particle size distributions. Presumably, the Au/C
should have lower TOF compared with Au/Calgon if a signifi-
cant particle size effect exists, because Au/Calgon has smaller
particles on average. Nevertheless, both samples have a signifi-
cant number of particles smaller than 10 nm, with many smaller
than 5 nm. Without explicit knowledge of how CO oxidation ac-
tivity and H2O2 formation rate are affected by particle size, all
we can conclude is that the rates are higher over catalysts with
gold particles <10 nm in diameter. Larger particles exhibit rates
equivalent to those observed on bulk gold. It is also important
to note that different carbon supports were used for all three
supported Au catalysts in this work.

Results from this work are consistent with those determined
from the electrochemical oxidation of CO. Studies by Edens
et al. [32] and Blizanac et al. [33] demonstrated activity for
the electrochemical oxidation of CO over Au surfaces, with the
observed rate depending on the exposed Au surface. However,
both groups reported higher oxidation rates at elevated pH, with
the formation of a hydroxycarbonyl suggested as the intermedi-
Fig. 4. Micrograph of carbon-supported 45 nm Au (top) with high-resolution
micrograph (top, inset) and particle size distribution (bottom).

Table 2
Turnover frequency (TOF) for production of CO2 and H2O2 at various pH
valuesa

Catalyst Product TOF (s−1)
pH 0.3c

TOF (s−1)
pH 7

TOF (s−1)
pH 14e

Au/Calgon CO2 0.10 0.72 5.3
H2O2

b b.d.d 0.03 0.54

Au/C CO2 0.12 0.47 5.4
H2O2

b b.d.d 0.005 0.37

45 nm Au CO2 – 0.001 0.48
H2O2

b – b.d.d 0.01

Au powder CO2 b.d.d 0.003 0.36
H2O2

b b.d.d b.d.d 0.006

Ag powder CO2 – b.d.d b.d.d

a Reaction conditions, 10 atm, 300 K, 75 cm3 min−1; He:CO:O2 (85:10:5).
b H2O2 rates determined following 1.5–2 h of reaction, not corrected for rate

of decomposition.
c 0.5 M HNO3.
d Below detection limits.
e 1 M NaOH, CO2 measured by the formation of Na2CO3.

ate that leads to CO2 [32,33]. A similar mechanism has been
proposed by the Dumesic group for the oxidation of CO by
aqueous-phase polyoxometalates over Au catalysts in the ab-
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sence of an applied potential [10]. In their model, an adsorbed
water molecule heterolytically dissociates (OH− and H+) on
the gold surface. The adsorbed hydroxyl and adsorbed CO form
the hydroxycarbonyl intermediate, which then leads to CO2,
with the net release of two protons into solution and two elec-
trons transported though the metal to the polyoxometalate [10].
Similar TOFs were achieved when using O2 instead of poly-
oxometalate as the oxidant [7], suggesting that a similar redox
process was occurring. Thus, if hydroxycarbonyl is an interme-
diate during the aqueous-phase oxidation of CO by O2, then a
role of O2 is to act as an electron scavenger on the Au. Indeed,
the electrochemical reduction of O2 to O−

2 on Au surfaces is
enhanced at high pH [33–35]. After the formation of O−

2 , var-
ious routes can lead to the formation of hydrogen peroxide in
the aqueous phase [36]. The fact that the H2O2 and CO2 forma-
tion rates are influenced by pH, as reported in Table 2, supports
this idea. It should be mentioned that hydroxycarbonyl has been
proposed as a reaction intermediate in vapor-phase CO oxida-
tion on supported Au particles [4].

3.3. Glycerol oxidation

A summary of the glycerol oxidation results is presented
in Table 3 together with a representative reaction profile in
Fig. 5. The concentrations and temperature used in this work
(0.3 M glycerol, 0.6 M NaOH, 333 K) were typical of those
used in previous studies [13–15]; however, only the Claus group
used a dioxygen pressure of 10 atm. Because carbon-supported
Au catalysts are generally considered more active than oxide-
supported Au catalysts for glycerol oxidation [11,15,37], only
carbon-supported materials were investigated here. To ensure
that O2 mass transfer was not limiting, the maximum O2 trans-
fer rate for our reactor configuration was determined by mea-
suring the oxidation rate of an aqueous solution of Na2SO3 to
Na2SO4 by O2 [38]. 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
transfer rate of 6×10−6 (mol O2) s−1. Therefore, catalyst load-
Fig. 5. Glycerol oxidation over carbon-supported 45 nm Au. Reaction condi-
tions: 0.3 M glycerol, 0.6 M NaOH, glycerol:Aus = 60,000:1, 333 K, O2 =
10 atm.

ings were selected to ensure that glycerol oxidation rates were
below this value. The rates of glycerol consumption and H2O2

production given in Table 3 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 is defined as
the total number of mol of species i formed per total number
of mol of glycerol converted for the given reaction time. The
molar sum of all C3 and C2 species was always within 3% of
the initial glycerol loading 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 form at the elevated pH.
A proposed reaction network accounting for all of the observed
products has been presented previously [11].

The influence of O2 pressure was investigated over Au/
Calgon and bulk Au powder. In both cases, decreasing the O2

pressure from 10 to 5 atm decreased the glycerol oxidation rate
slightly but increased the peroxide formation rate. Although
small changes in the glycerol oxidation products were observed,
the lower O2 pressure gave lower glyceric acid selectivities,
presumably because of the higher peroxide levels.
Table 3
Rates of glycerol oxidation and H2O2 formation over Au and Ag catalystsa

Catalyst Glycerol:Aus
(mol:mol)

O2 press
(atm)

Glycerol oxidation
TOF (s−1)

H2O2
c TOF

(s−1)
S50 glyceric
acid

S50 glycolic
acid

S50 tartronic
acid

S50 oxalic
acid

S50 lactic
acid

Au/calgon 110,000:1 10 17 0.34 0.64 0.29 0.03 0.01 0.03
Au/calgon 110,000:1 5 14 0.70 0.62 0.28 0.03 0.01 0.06
Au/calgonb 110,000:1 10 7.7 0.02 0.78e 0.19e 0.02e 0.01e 0.00e

Au/C 160,000:1 10 17 0.20 0.69 0.22 0.03 0.01 0.05
20 nm Au/C 60,000:1 10 2.3 0.11 0.78 0.16 0.02 0.00 0.04
45 nm Au/C 60,000:1 10 2.2 0.14 0.83 0.11 0.02 0.00 0.04
Au powder 60,000:1 10 2.5 0.18 0.80 0.16 0.01 0.00 0.03
Au powder 60,000:1 5 2.3 0.25 0.74 0.20 0.01 0.00 0.05
Ag powder 30,000:1 10 0.15 b.d.d 0.11 0.88 0.00 0.01 0.00

a Reaction conditions (30 cm3, 0.3 M glycerol, 0.6 M NaOH, 333 K), product selectivity given at 50% conversion (S50) for all observed C3 and C2 products.
b Standard reaction with the addition of 0.3 g MnO2 (1.1 m2 g−1).
c H2O2 rates determined at t = 30 min, not corrected for rate of decomposition or consumption.
d Below detection limits.
e Selectivity given at 40% conversion.
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Similar to the oxidation of CO in the aqueous phase, the
TOFs for glycerol oxidation were about an order of magnitude
higher for the Au/Calgon and Au/C catalysts compared with the
samples with larger Au particles (Table 3). However, catalysts
with larger Au particles had a higher selectivity to glyceric acid
compared with Au/Calgon and Au/C. The 20-nm Au, 45-nm
Au, and Au powder samples demonstrated similar activity and
selectivity under the standard reaction conditions, suggesting
that once the Au particle size reaches 20 nm, the Au particles
function in the same manner as bulk Au. The observation that
larger Au particles (�20 nm) are the most selective for glyceric
acid formation agrees well with previous results [14,18].

To address the issue of the purity of Au powder during glyc-
erol oxidation, the Ag powder was also tested under the stan-
dard reaction conditions. Table 3 reveals that Ag was active for
glycerol oxidation but was an order of magnitude less active
than Au powder. Moreover, the selectivity of the Ag catalyst fa-
vored glycolic acid instead of glyceric acid, the opposite of the
Au catalysts. Therefore, any contribution of the observed rates
over Au powder that might result from the presence of Ag sur-
face impurities was neglected.

In previous work [11], we proposed that the observed C–C
cleavage leading to the formation of glycolic acid can be at-
tributed to the H2O2 formed in situ during glycerol oxidation
over Au. To test this hypothesis, a known peroxide decomposer,
MnO2 [39], was added to the reaction mixture (see the third en-
try in Table 3). Approximately 0.3 g of MnO2 (Aldrich), with a
surface area of 1.1 m2 g−1, was added to a standard glycerol ox-
idation reaction (30 cm3, 0.3 M glycerol, 0.6 M NaOH, 333 K,
10 atm O2, and Au/Calgon at glycerol:Aus = 110,000:1). The
initial concentration of H2O2 decreased from 1.7 mM H2O2
without MnO2 to 0.12 mM with MnO2, and the corresponding
selectivity at 40% conversion increased from 64 to 78%. This
confirmed the concept that peroxide formation is detrimental to
glyceric acid formation over the Au/Calgon. However, addition
of the MnO2 decreased the initial glycerol oxidation activity of
Au/Calgon by half, suggesting that some of the observed activ-
ity over Au catalysts may be due to the oxidizing ability of the
peroxide or the peroxide precursor, superoxide.

From the previous test with MnO2, it is clear that decreas-
ing the concentration of H2O2 in solution will increase the
selectivity of glycerol oxidation to glyceric acid. Inspection of
Table 3 shows that the most active glycerol oxidation catalysts
(Au/Calgon and Au/C) also had the highest peroxide formation
rates. However, the glyceric acid selectivity over these cata-
lysts at standard conditions (64–69%) was lower than that over
the supported large particles or bulk gold (78–83%). Because a
comprehensive peroxide decomposition study has not yet been
performed over each catalyst, it is difficult to relate the observed
H2O2 TOF to the observed selectivity during glycerol oxida-
tion. Nevertheless, we observed peroxide formation over all of
the Au particle sizes investigated, including bulk gold. There-
fore, under the conditions investigated in this study, the forma-
tion of glycolic acid may be unavoidable over monometallic Au
particles of any size.

During the electrochemical oxidation of glycerol over Au
surfaces, Kahyaoglu et al. [40] and Avramov-Ivic et al. [41] ob-
served that the glycerol oxidation rates increase with hydroxyl
concentration, in agreement with our previously published re-
sults on supported Au catalysts [11]. For the catalytic oxidation
of glucose over Au in the aqueous phase, Comotti et al. also
reported an increase in the oxidation rate with hydroxyl con-
centration [42]. They also speculated that the hydrated glucose
anion transfers an electron though the Au, which then reduces
O2 to O−

2 and eventually forms H2O2 [42]. These previous ob-
servations, together with our results from CO oxidation and
glycerol oxidation, suggest that a complex redox process in-
volving the Au catalyst, a reducing species (CO or glycerol),
and an oxidizer (O2) can account for the catalytic activity in the
aqueous phase.

4. Conclusions

Investigation of carbon-supported Au catalysts for the aque-
ous-phase oxidation of CO revealed higher TOFs for catalysts
composed of highly dispersed particles compared with those
with large Au particles (�20 nm). Moreover, the reactivity of
the larger Au particles had a greater dependence on the hy-
droxyl concentration in solution. The results indicate that hy-
droxyl adsorption on the Au surface is important for making
Au catalysts that are inactive for the vapor-phase oxidation of
CO very active in the aqueous phase.

During the aqueous-phase oxidation of glycerol, the same
trend in activity with particle size was observed. The catalysts
that were characterized by the presence of highly dispersed
particles exhibited rates 7 times greater than catalysts contain-
ing particles of 20 nm or larger. Unsupported Au powder had
similar rates and selectivities as those associated with monodis-
persed 20- and 45-nm supported Au particles. Evidently, 20-nm
particles function the same as bulk Au.

The formation of peroxide during CO and glycerol oxidation
in water suggests that peroxide formation is a general character-
istic of Au-catalyzed oxidation. The formation of H2O2 during
the glycerol oxidation reaction was observed over all of the Au
catalysts, suggesting that the C–C cleavage product, glycolic
acid, may be unavoidable over monometallic gold catalysts.
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