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In recent years, there has been an immense interest in the use
of gold as a catalyst for oxidation reactions.[1, 2] It is well estab-
lished that in the gas phase, gold is an active oxidation catalyst
for certain reactions if it is present as nanoparticles on a suita-
ble oxidic support. It has also been reported that water often
has a beneficial effect on the catalytic activity of gold, both as
water vapor in the gas phase and under aqueous-phase condi-
tions.[3, 4] The enhancing role of water in the catalytic oxidation
activity of gold is still vigorously debated. It has been suggest-
ed in the literature that oxygen, which is used as an oxidizing
agent, is reduced at the gold-water interface to peroxide, and
peroxide could act as the enhancing agent for the oxidation
reaction under study.[4–6]

In this communication, we probe the potential role of perox-
ide in the oxidation catalysis of gold in the aqueous phase by
electrochemical techniques. The use of electrochemistry is
highly suitable because it was recently established that the
aqueous-phase oxidation of alcohols by gold follows an elec-
trochemical mechanism, in the sense that oxygen is not an
oxygen donor for the oxidation reaction but rather an electron
acceptor.[4] Gold acts as a galvanic cell very similar to the way
a redox protein functions: the alcohol donates electrons,
oxygen accepts electrons, and water, rather than oxygen, acts
as the oxygen donor. Alkaline media are attractive for oxida-
tion reactions as the electrocatalysis of alcohol oxidation pre-
fers an alkaline environment, owing to the enhanced deproto-
nation of the alcoholic group in alkaline solution.[7, 8] An oxidic
support does not play a role under these alkaline aqueous-
phase conditions. However, this mechanism does not exclude

the role of peroxide. In fact, hydrogen peroxide is the main
product of oxygen reduction on gold,[9–11] and a reactive spe-
cies such as hydrogen peroxide could, therefore, significantly
influence the overall mechanism of gold catalysis.

To study the role of hydrogen peroxide on gold catalysis, we
have studied the electrocatalytic oxidation of a model alcohol,
that is, glycerol, on a gold electrode in alkaline solution,[12, 13] in
absence and presence of oxygen and hydrogen peroxide in so-
lution. If there would be any enhancing effect of hydrogen
peroxide, there should be a clear effect of the presence of hy-
drogen peroxide or oxygen on the electrocatalytic activity, as
well as on the formation of the various products of glycerol
oxidation.

Shown in Figure 1 are the linear sweep voltammetry curves
of 0.1 m glycerol and oxygen (saturated solution concentration)
on gold in 0.1 m NaOH, in each other’s absence and presence,
that is, 0.1 m glycerol in an oxygen-saturated 0.1 m NaOH. As
can be seen from the comparison of the three voltammo-
grams, the presence of oxygen in solution has no significant
effect on the oxidation current of glycerol, other than a small

Figure 1. Linear sweep voltammograms of glycerol (GLY, 0.1 m) and oxygen
saturated solution on gold in 0.1 m NaOH in each other’s absence and pres-
ence, with a scan rate of 50 mV s�1.

It has been suggested that peroxide could act as an enhancing
agent for gold-catalyzed oxidation reactions in the aqueous
phase. Here, we probe the potential role of peroxide in the
catalytic oxidation of glycerol on gold in the aqueous phase by
electrochemical techniques and find that neither the presence
of oxygen nor peroxide leads to a significant enhancement of

the overall oxidation activity or product selectivity at low tem-
perature. In alkaline media, there appears to be a small sup-
pression of the formation of glyceraldehyde in the presence of
hydrogen peroxide but there is no major influence on the
overall oxidation pathway. In neutral and acidic media, glycerol
oxidation on gold has low activity.
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decrease in oxidation current at high potentials. This suggests
that the presence of oxygen itself, or one of its reduction prod-
ucts, has no strong effect on the electrocatalytic oxidation of
glycerol, and certainly does not enhance it.

To test whether high concentrations of peroxide in solution
affect the glycerol oxidation, we show in Figure 2 the linear
sweep voltammetry of 0.1 m glycerol and various concentra-
tions (5, 30 and 60 mm) of hydrogen peroxide in solution, both
in each other’s absence and presence. Again there is no strong
evidence for any (positive) interaction between hydrogen per-
oxide and glycerol. During the reduction of hydrogen perox-
ide, current oscillations are observed between 0.3 and
0.5 VRHE

[14, 15] and, interestingly, these current oscillations are
suppressed by the presence of glycerol (more details are
shown in Figure S1 in the Supporting Information), though the
average current for hydrogen peroxide reduction remains
quite similar.

Shown in Figure 3 are the products formed during glycerol
oxidation in 0.1 m NaOH, as detected by online HPLC,[12, 13] both
in the absence and presence of 10 mm H2O2. We chose a rela-
tively low concentration of H2O2 as this would mimic more
closely the conditions of aqueous-phase oxidation of glycerol
by oxygen, even though 10 mm is still very much higher than
the concentration expected under those conditions. Figure 3
shows that there are no strong effects of H2O2 on the product
distribution of glycerol oxidation. The only really significant dif-
ference is that in the presence of H2O2 we were not able to
detect glyceraldehyde as oxidation product at low potential,
whereas glyceraldehyde is observed in low concentrations in
the absence of H2O2. This could suggest that a reaction be-
tween H2O2 and glyceraldehyde. However, the other products
of glycerol oxidation on gold (glyceric acid, glycolic acid,
formic acid) are not significantly influenced by the presence of
H2O2.

We have also studied the oxidation of glycerol in neutral
and acidic media in the absence and presence of H2O2. At
these pH values, glycerol oxidation on gold is very slow.[13] The
presence of H2O2 has no significant effect on this oxidation ac-

tivity. We did observe that at higher concentrations of H2O2,
however, glyceraldehyde can be observed as an oxidation
product of glycerol in the potential region in which H2O2 is oxi-
dized, as shown in Figure S2 in the Supporting Information.
The most likely explanation for this effect is the formation of
OHC radicals during the H2O2 oxidation. As we have recently
shown,[16] the presence of OHC radicals leads to the oxidation
of organic molecules, such as polyols. However, the effect
under the conditions considered here appears to be small,
there is no clear evidence for the effect of OHC radicals under
alkaline conditions, and it is unlikely that OHC radicals would
play a role during the aqueous phase oxidation of glycerol on
gold by oxygen.

In conclusion, the presence of H2O2 during the gold-cata-
lyzed electrochemical oxidation of a model alcohol, such as
glycerol, has no significant effect on the overall glycerol oxida-
tion activity or selectivity, at least at the low (room) tempera-
ture of the experiments conducted here. This would also sug-
gest that the low-temperature aqueous-phase reforming of
glycerol (and other alcohols) by gold, which follows an electro-

Figure 2. Linear sweep voltammograms of glycerol (GLY, 0.1 m) and various
concentrations (5, 30 and 60 mm) of hydrogen peroxide in solution on gold
in 0.1 m NaOH, both in each other’s absence and presence, with a scan rate
of 50 mV s�1.

Figure 3. Glycerol (GLY, 0.1 m) oxidation in the absence and presence of H2O2

(10 mm) on gold electrode in 0.1 m NaOH: a) current density profile during
linear sweep voltammetry with a scan rate of 1 mVs�1, concentration
changes of reaction products from glycerol oxidation b) in the absence of
H2O2 and c) in the presence of H2O2.
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chemical mechanism,[4] is not likely influenced significantly by
the presence of the reduction product of oxygen, that is, hy-
drogen peroxide. In alkaline media, there appears to be a small
suppression of the formation of glyceraldehyde in the pres-
ence of hydrogen peroxide, but there is no major influence on
the overall oxidation pathway. In neutral and acidic media, in
which glycerol oxidation on gold has low activity, the forma-
tion of OHC radicals during hydrogen peroxide oxidation at
high potential may enhance glycerol oxidation, but this is not
expected to play a role during heterogeneously catalyzed
gold-oxidized aqueous-phase reforming of glycerol, as under
such conditions such high surface potentials seem unlikely to
be reached.

Experimental Section

Electrochemical characterization was carried out in a standard
three-electrode cell, which was cleaned by employing a standard
procedure[17] to remove all traces of organic contaminations, con-
trolled by a potentiostat/galvanostat (m-Autolab Type III). Glycerol
(0.1 m) and various concentrations of H2O2 were dissolved into sol-
utions of different pH values (0.1 m NaOH, 0.1 m Na2SO4, 0.1 m

phosphate buffer (pH 7), and 0.5 m H2SO4) under deaerated condi-
tion by purging Ar or aerated condition by purging air. Working
electrode in the experiment was polycrystalline gold (diameter
2 mm) disk, which was mechanically polished with diamond paste
and alumina (up to 0.05 mm) and cleaned ultrasonically in ultra-
pure water before use. In all experiments, a gold coil was used as
a counter electrode while a reversible hydrogen electrode (RHE)
was employed as a reference electrode. Electrochemically active
surface area of a gold electrode is calculated based on the charge
transferred during mono-layer gold oxide reduction.
The reaction products during voltammetry were collected and ana-
lyzed with an online HPLC system as described in our previous
work.[7, 8, 12, 13, 16, 18–23] Residual H2O2 was quenched by stoichiometric
excess amount of Na2SO3 and pH of the collected samples was ad-
justed below 7 during sample collection with modified sampling
tip.[13] Sample volumes of 30 mL were injected into the columns in
series of Aminex HPX 87-H (Bio-Rad) and Sugar SH1011 (Shodex)
with diluted sulfuric acid (0.5 mm) as eluent. The selected tempera-
ture of column oven was 85 8C.

Acknowledgements

This research has been performed within the framework of the
CatchBio program. The authors gratefully acknowledge the sup-

port of the Smart Mix Program of the Netherlands Ministry of
Economic Affairs and the Netherlands Ministry of Education, Cul-
ture and Science.

Keywords: electrocatalysis · glycerol · gold · hydrogen
peroxide · online HPLC

[1] M. Haruta, Nature 2005, 437, 1098 – 1099.
[2] A. S. K. Hashmi, G. J. Hutchings, Angew. Chem. 2006, 118, 8064 – 8105;

Angew. Chem. Int. Ed. 2006, 45, 7896 – 7936.
[3] M. Dat�, M. Okumura, S. Tsubota, M. Haruta, Angew. Chem. 2004, 116,

2181 – 2184; Angew. Chem. Int. Ed. 2004, 43, 2129 – 2132.
[4] B. N. Zope, D. D. Hibbitts, M. Neurock, R. J. Davis, Science 2010, 330, 74 –

78.
[5] M. Comotti, C. Della Pina, E. Falletta, M. Rossi, Adv. Synth. Catal. 2006,

348, 313 – 316.
[6] T. A. Nijhuis, B. M. Weckhuysen, Catal. Today 2006, 117, 84 – 89.
[7] Y. Kwon, S. C. S. Lai, P. Rodriguez, M. T. M. Koper, J. Am. Chem. Soc. 2011,

133, 6914 – 6917.
[8] P. Rodriguez, Y. Kwon, M. T. M. Koper, Nat. Chem. 2012, 4, 177 – 182.
[9] X. Li, A. A. Gewirth, J. Am. Chem. Soc. 2005, 127, 5252 – 5260.

[10] A. Damjanovic, M. A. Genshaw, J. O. Bockris, J. Electroanal. Chem. 1967,
15, 173 – 180.

[11] M. A. Genshaw, A. Damjanov, J. O. Bockris, J. Electroanal. Chem. 1967,
15, 163 – 172.

[12] Y. Kwon, M. T. M. Koper, Anal. Chem. 2010, 82, 5420 – 5424.
[13] Y. Kwon, K. J. P. Schouten, M. T. M. Koper, ChemCatChem 2011, 3, 1176 –

1185.
[14] F. Matsumoto, S. Uesugi, N. Koura, T. Ohsaka, J. Electroanal. Chem. 2003,

549, 71 – 80.
[15] S. Uesugi, T. Katsumata, F. Matsumoto, N. Koura, T. Ohsaka, Electrochem-

istry 2001, 69, 681 – 685.
[16] Y. Kwon, S. E. F. Kleijn, K. J. P. Schouten, M. T. M. Koper, ChemSusChem

2012, 5, 1935 – 1943.
[17] S. C. S. Lai, M. T. M. Koper, Faraday Discuss. 2008, 140, 399 – 416.
[18] Y. Kwon, Y. Birdja, I. Spanos, P. Rodriguez, M. T. M. Koper, ACS Catal.

2012, 2, 759 – 764.
[19] Y. Kwon, M. T. M. Koper, ChemSusChem 2013, 6, 455 – 462.
[20] Y. Kwon, E. de Jong, S. Raoufmoghaddam, M. T. M. Koper, ChemSusChem

2013, DOI: 10.1002/cssc.201300443.
[21] A. Santasalo-Aarnio, Y. Kwon, E. Ahlberg, K. Kontturi, T. Kallio, M. T. M.

Koper, Electrochem. Commun. 2011, 13, 466 – 469.
[22] K. J. P. Schouten, Y. Kwon, C. J. M. van der Ham, Z. Qin, M. T. M. Koper,

Chem. Sci. 2011, 2, 1902 – 1909.
[23] R. Kortlever, K. H. Tan, Y. Kwon, M. T. M. Koper, J. Solid State Electrochem.

2013, 17, 1843 – 1849.

Received: June 13, 2013
Published online on && &&, 0000

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 0000, 00, 1 – 3 &3&

These are not the final page numbers! ��

CHEMCATCHEM
COMMUNICATIONS www.chemcatchem.org

http://dx.doi.org/10.1038/4371098a
http://dx.doi.org/10.1038/4371098a
http://dx.doi.org/10.1038/4371098a
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/ange.200602454
http://dx.doi.org/10.1002/anie.200602454
http://dx.doi.org/10.1002/anie.200602454
http://dx.doi.org/10.1002/anie.200602454
http://dx.doi.org/10.1002/ange.200453796
http://dx.doi.org/10.1002/ange.200453796
http://dx.doi.org/10.1002/ange.200453796
http://dx.doi.org/10.1002/ange.200453796
http://dx.doi.org/10.1002/anie.200453796
http://dx.doi.org/10.1002/anie.200453796
http://dx.doi.org/10.1002/anie.200453796
http://dx.doi.org/10.1126/science.1195055
http://dx.doi.org/10.1126/science.1195055
http://dx.doi.org/10.1126/science.1195055
http://dx.doi.org/10.1002/adsc.200505389
http://dx.doi.org/10.1002/adsc.200505389
http://dx.doi.org/10.1002/adsc.200505389
http://dx.doi.org/10.1002/adsc.200505389
http://dx.doi.org/10.1016/j.cattod.2006.05.041
http://dx.doi.org/10.1016/j.cattod.2006.05.041
http://dx.doi.org/10.1016/j.cattod.2006.05.041
http://dx.doi.org/10.1021/ja200976j
http://dx.doi.org/10.1021/ja200976j
http://dx.doi.org/10.1021/ja200976j
http://dx.doi.org/10.1021/ja200976j
http://dx.doi.org/10.1021/ja043170a
http://dx.doi.org/10.1021/ja043170a
http://dx.doi.org/10.1021/ja043170a
http://dx.doi.org/10.1021/ac101058t
http://dx.doi.org/10.1021/ac101058t
http://dx.doi.org/10.1021/ac101058t
http://dx.doi.org/10.1002/cctc.201100023
http://dx.doi.org/10.1002/cctc.201100023
http://dx.doi.org/10.1002/cctc.201100023
http://dx.doi.org/10.1002/cssc.201200250
http://dx.doi.org/10.1002/cssc.201200250
http://dx.doi.org/10.1002/cssc.201200250
http://dx.doi.org/10.1002/cssc.201200250
http://dx.doi.org/10.1021/cs200599g
http://dx.doi.org/10.1021/cs200599g
http://dx.doi.org/10.1021/cs200599g
http://dx.doi.org/10.1021/cs200599g
http://dx.doi.org/10.1002/cssc.201200722
http://dx.doi.org/10.1002/cssc.201200722
http://dx.doi.org/10.1002/cssc.201200722
http://dx.doi.org/10.1016/j.elecom.2011.02.022
http://dx.doi.org/10.1016/j.elecom.2011.02.022
http://dx.doi.org/10.1016/j.elecom.2011.02.022
http://dx.doi.org/10.1039/c1sc00277e
http://dx.doi.org/10.1039/c1sc00277e
http://dx.doi.org/10.1039/c1sc00277e
http://dx.doi.org/10.1007/s10008-013-2100-9
http://dx.doi.org/10.1007/s10008-013-2100-9
http://dx.doi.org/10.1007/s10008-013-2100-9
http://dx.doi.org/10.1007/s10008-013-2100-9
www.chemcatchem.org


COMMUNICATIONS

Y. Kwon, S. J. Raaijman, M. T. M. Koper*

&& –&&

Role of Peroxide in the Catalytic
Activity of Gold for Oxidation
Reactions in Aqueous Media: An
Electrochemical Study

Going blonde? Think twice! The pres-
ence of peroxide has no significant
effect on the overall oxidation activity
or product selectivity during the gold-
catalyzed (electro-)catalytic oxidation of
glycerol at low temperature.
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