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The electrocatalytic oxidation of several saturated oxygenated organic compounds (ethanol, 
ethylene glycol, acetaldehyde, glycolaldehyde, glyoxal, acetic acid, glycolic acid, glyoxylic acid, 
oxalic acid, glycerol, and the four butanol isomers) was investigated on gold electrodes both in acid 
and alkaline medium using cyclic voltammetry. For all the compounds investigated in this work, 
gold behaves as a poor electrocatalyst in acid medium, except for the oxidation of glyoxylic acid 
and oxalic acid. In alkaline medium, conversely, gold is an excellent electrocatalyst (even much 
better than platinum), particularly for the oxidation of the aldehyde functional group and the 
alcohol group. 0 1987 Academic Press, Inc. 

INTRODUCTION 

Electrocatalysis can be defined as hetero- 
geneous catalysis by the electrode material 
of electrochemical reactions, such as those 
occurring in fuel cells or in organic electro- 
synthesis. The electrocatalytic activity of a 
given electrode for a certain reaction may 
be characterized by the current density at a 
chosen potential, which is proportional to 
the specific activity, when referred to the 
effective active surface, as has been done in 
this work. 

According to several studies undertaken 
in recent years, gold is generally considered 
as a poor electrocatalyst. It is true that 
when looking into its electrocatalytic prop- 
erties toward a test reaction such as the 
electrochemical oxidation of formic acid in 
aqueous solution, a gold electrode appears 
comparatively inactive with respect to a 
platinum electrode or even to palladium 
and rhodium electrodes, either in acid (I) 
or in neutral medium (2). Even when in- 
creasing the temperature at which the elec- 
trooxidation of formic acid is carried out, 

1 Part of this work was presented at the “Gold in 
Catalysis Symposium” (8th North American Meeting 
of the Catalysis Society) held in Philadelphia, Pa., in 
May 1983. 

its activity still remains lower than that of 
platinum (3). Furthermore, gold electrodes 
are practically inactive for the oxidation of 
methanol, an important fuel for fuel cell 
technology. On the other hand, it is clear 
from the literature that the activity of gold 
is inhibited by foreign metal adatoms for all 
the systems so far investigated. This behav- 
ior contrasts strongly with that of the other 
noble metals, Pt, Rh, Ir, and Pd, for which 
the activity is usually enhanced by under- 
potential deposition of submonolayers of 
Pb, Bi, Tl, or Cd (4, 5). 

However, it must be emphasized that 
most of these studies were carried out in 
acid electrolytes. The situation is different 
if the electrooxidation is carried out in alka- 
line solutions. It was shown earlier, for ex- 
ample, that the current densities obtained 
during the electrochemical oxidation of eth- 
ylene glycol were about four times higher 
with gold than with platinum (6). This 
result suggests that gold might be a good 
catalyst for the electrochemical oxidation 
of alcohols in alkaline medium and we have 
therefore undertaken a systematic survey 
of the oxidation of aliphatic alcohols and 
related compounds on gold electrodes. 

In the present work the behavior of a 
gold electrode is illustrated with respect to 
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FIG. I. Cyclic voltammograms of a noble metal elec- 
trode in an acid supporting electrolyte (0.5 A4 HzS04, 
25”C, 50 mV . s-l): (a) platinum electrode, (b) gold 
electrode. 

several reactions: oxidation of formate, 
comparative oxidation of Cz saturated or- 
ganic compounds, oxidation of glycerol, 
and oxidation of the butanol isomers. 

Comparison of the Electrocatalytic 
Behavior of Gold and Platinum 
Electrodes 

By way of further introduction, it is use- 
ful to recall the behavior in cyclic voltam- 
metry of a gold electrode in the supporting 
electrolyte alone and also to compare it 
with that of a platinum electrode, which, 
being widely used by most electrochemists, 
can be considered as a model electrode for 
electrocatalysis. 

1. Cyclic voltammetry and characteris- 
tics ofthe electrode surface. Cyclic voltam- 
metry is a widely used electrochemical 
technique which allows one to investigate 

the transient reactions occurring on the 
electrode surface when the potential ap- 
plied to the electrode is varied linearly and 
repetitively at a constant sweep rate be- 
tween two given suitable limits. The 
steady-state current-potential curves (the 
so-called “voltammograms”) recorded pro- 
vide direct information on the adsorption- 
desorption processes and allow one to 
estimate the catalytic properties of the 
electrode surface (7, 8). 

The voltammogram of a platinum elec- 
trode recorded at 25°C in 0.5 M H2S04 at a 
sweep rate of 50 mV . s-l between a lower 
limit (EC = 0.0 V/RHE) and an upper limit 
(E, = 1.5 V/RHE), where RHE (reversible 
hydrogen electrode) is the reference elec- 
trode, displays three regions according to 
the applied potential (Fig. la). Region I at 
lower potentials is associated with the ad- 
sorption (reduction peaks)-desorption (oxi- 
dation peaks) of hydrogen, whereas region 
III at higher potentials reveals the adsorp- 
tion (oxidation peaks)-desorption (reduc- 
tion peak) of oxygenated species at the 
electrode surface (9, 10). Between them is 
the double-layer region II, where no net 
electrochemical reaction occurs, and which 
is characterized by small currents associ- 
ated with the charge and discharge of the 
double-layer capacity. 

Considering now a gold electrode, the 
voltammogram recorded under the same 
experimental conditions (0.5 A4 H2S04, 50 
mV * s-l, 25°C) is relatively much simpler, 
the hydrogen region having disappeared 
(Fig. lb). The double-layer region is re- 
markably spread out in potential (from 0.0 
to 1.3 V/RHE). The oxygen region is again 
characterized by the occurrence of several 
adsorption peaks and usually of a single de- 
sorption peak at about 1.1 V/RHE. 

When the same experiments are per- 
formed in alkaline medium, 0.1 M NaOH, 
instead of acid electrolyte, the main fea- 
tures of both voltammograms remain un- 
changed (Fig. 2a for platinum and Fig. 2b 
for gold). However, there is an interesting 
point to note, namely, the existence of 
greater currents in the double-layer region 
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FIG. 2. Cyclic voltammograms of a noble metal elec- 
trode in alkaline supporting electrolyte (0.1 M NaOH, 
25”C, 50 mV . s-l): (a) platinum electrode, (b) gold 
electrode. 

for both electrodes. These currents arise 
from Faradaic processes associated with 
the oxygen region, which begin earlier in 
alkaline medium, particularly for the gold 
electrode, where the onset of the adsorp- 
tion of oxygenated species begins at 0.4 VI 
RHE (Fig. 2b). Although the voltammetric 
investigation does not allow one to identify 
this kind of adsorbed species, it is reason- 
able to think that this current is related to 
earlier OH adsorption, as far as this process 
is supposed to be favored in alkaline me- 
dium. Therefore this layer will necessarily 
affect the catalytic properties of a gold sur- 
face in alkaline medium (as compared with 
its behavior in acid medium), and may ex- 
plain part of the results which will be given 
below. 

The effective electroactive surface may 
be determined directly with the voltammo- 
gram by evaluating the quantity of electric- 
ity involved in the adsorption-desorption 
of hydrogen (region I) or oxygen (region 
III). The quantity of electricity is obtained 
by integration of the current-potential 

curves, because the potential varies lin- 
early with time. The active surface area is 
then calculated by assuming the formation 
of a complete monolayer of adsorbed hy- 
drogen at the reversible potential of a hy- 
drogen electrode (which needs 210 PC . 
cmm2 in the case of Pt), or the formation of a 
known part of a monolayer of adsorbed ox- 
ygen at a given potential (case of Pt and 
Au). The current densities are then ob- 
tained by dividing the measured current in- 
tensities by the effective surface in order to 
compare the electrocatalytic activity inde- 
pendently of the geometric surface. 

2. Exumple of electrocatalytic oxidation 
on gold. The first example which can be 
chosen to illustrate the catalytic activity of 
a gold electrode is the oxidation of formic 
acid. When HCOOH is added to a 0.5 M 
HzS04 solution at room temperature, al- 
most no oxidation current is seen and the 
voltammogram is practically identical to 
the one recorded in the supporting electro- 
lyte alone. However, when the temperature 
is increased, a slight oxidation current be- 
comes noticeable and reaches about 0.3 mA 

cme2 with 10m2 M HCOOH at 80°C (Fig. 
3a). It is clear from this figure that the ad- 
sorbed oxygen atoms act as inhibitors for 
the organic oxidation and that the electrode 
surface recovers its catalytic properties 
during the backward sweep, which be- 
comes superimposed on the forward 
sweep, as soon as this adsorbed oxygen is 
reduced. This rather simple behavior is 
characteristic of a quasi-stationary single 
oxidation process. A much more complex 
situation is found when formic acid is oxi- 
dized on platinum (Fig. 3b). The various 
peaks, which do not display any coinciding 
part during the forward and backward 
sweeps, can be related to different potential 
dependent oxidation processes, including 
the formation of strongly bonded intermedi- 
ates, which poison the electrode surface. 

EXPERIMENTAL 

All the voltammograms were recorded 
under standard conditions (except when 
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FIG. 3. Cyclic voltammograms for the electrooxida- 
tion of formic acid in acid medium (0.5 M H2S04, 8O”C, 
20 mV . SK’); (a) at a gold electrode, (b) at a platinum 
electrode. (-) Supporting electrolyte alone; (---) 
supporting electrolyte with 10m2 A4 HCOOH. 

specified in the text) for a 0.1 M concentra- 
tion in electroactive species, at 25 f O.l”C, 
and at a sweep rate of 50 mV * s-l. This 
sweep rate was chosen as a compromise 
between low values where the i(E) curves 
can be considered as stationary, and high 
values where they are transient. This al- 
lows us to compare the relative specific 
electrocatalytic activities of platinum and 
gold for different oxidation reactions, in a 
way which is relevant for applied problems 
(e.g., in fuel cell reactions). Ultrapure 
metals (99.999%) provided by Johnson- 
Matthey Corporation were used to prepare 
the electrodes (geometric area about 0.1 
cm*). The solutions were prepared from 
Merck Suprapur supporting electrolytes 

dissolved in pure water which was deion- 
ized, and then further one or two times dis- 
tilled. 

The experiments were performed with 
conventional equipment. A Wenking PGS 77 
potentiostat is driven by a PAR 175 wave- 
form generator in order to impose a po- 
tential difference E between the working 
electrode WE (gold or platinum) and a 
reference electrode RE. The potentials, al- 
though measured vs a mercurous sulfate 
electrode (MSE), are often given vs the re- 
versible hydrogen electrode (RHE) in the 
same solution. Under standard conditions 
(pH 0), the two scales differ by about 650 
mV, the MSE being more positive. The cur- 
rents flow between WE and a gold (or plati- 
num) counterelectrode CE. 

All the glassware was carefully washed 
before each experiment and the solutions 
were deaerated by bubbling very pure nitro- 
gen for at least 20 min (more in alkaline 
medium) in order to remove any dissolved 
oxygen, until a correct voltammogram for 
platinum was obtained. This procedure is 
very important, since the high activity of Pt 
allows one to detect impurity traces even in 
very low concentrations (as low as lo-* 
M, for example, in the case of Cl-). More- 
over any metallic surface impurity would 
be also detected unambiguously by 
some minor changes in the voltammogram 
features. 

RESULTS 

Comparative Oxidation of Various C2 
Satured Organic Compounds on Gold 
Electrodes (II) 

The electrochemical oxidation of 10 or- 
ganic compounds containing two carbon at- 
oms (ethane, ethanol, acetaldehyde, acetic 
acid, ethylene glycol, glycolaldehyde, gly- 
colic acid, glyoxal, glyoxylic acid, and ox- 
alic acid) was investigated on gold elec- 
trodes, both in acid and alkaline media, 
using cyclic voltammetry under the experi- 
mental conditions specified above. 

Such a survey is interesting in order to 
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FIG. 4. Oxidation of various C2 saturated organic 
compounds on a gold electrode in acid medium (0.1 M 
HC104, 0.1 M organic, 2s”C, 50 mV . s-l). 

deduce if there are any inductive effects 
(electronic and/or steric) coming from the 
functional groups. 

The voltammograms recorded in 0.1 M 
HC104 + 0.1 M organic are given in Fig. 4. 
The peak characteristics, i.e., the maxi- 
mum current densities iM and the corre- 
sponding peak potential EM are listed in 
Table 1. Similarly, the results obtained in 
alkaline solution (0.1 M NaOH) for the oxi- 
dation of 0.1 M organic are given in Fig. 5 
and are also listed in Table 1. 

From these experiments it appears that: 
(i) in acid medium, only glyoxylic acid 

and oxalic acid are significantly oxidized, 
involving the breaking of the C-C bond; 

(ii) gold has a much better activity in 
alkaline medium than in acid medium; 

(iii) in alkaline medium gold is strongly 
active for oxidation of the aldehyde group 
(with the exception of glyoxal which under- 

goes a Cannizzaro reaction leading to gly- 
colate) and reasonably active for oxidation 
of the alcohol group; 

(iv) the C-C bond is not easily broken 
in alkaline medium; as a result oxalate is 
not oxidized. 

The question that arises now is how to 
compare the activity of gold with that of 
platinum under similar conditions of con- 
centrations and of other experimental pa- 
rameters. Thus the same series of organics 
was also investigated with platinum in the 
laboratory and the results are discussed in 
detail elsewhere (22). In order to compare 
better the electrocatalytic activity of gold 
and platinum electrodes, the voltammo- 
grams during the positive sweep are given 
schematically as rectangular triangles 
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FIG. 5. Oxidation of various Cz saturated organic 
compounds on a gold electrode in alkaline medium (0.1 
M NaOH, 0.1 M organic, 25”C, 50 mV . s-l). 
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TABLE 1 

Maximum Current Densities (iu) and Maximum Peak Potentials (&) Observed during the Electrooxidation of 
Various C2 Organic Compounds 

Compound In 0.1 M HC104 

iM (mA . cm-*) Ehl (V/RHE) 

In 0.1 M NaOH 

iM (mA . cm-r) Ehl (V/RHE) 

CHr-CH, 
CH3-CHrOH 
CHJ-CHO 
CHr-COOH 
CHrOH-CH*OH 
CHO-CH*OH 
CH,OH-COOH 
CHO-CHO 
CHO-COOH 
COOH-COOH 

Ethane 
Ethanol 
Acetaldehyde 
Acetic Acid 
Ethylene glycol 
Glycoladehyde 
Glycolic acid 
Glyoxal 
Glyoxylic acid 
Oxalic acid 

No oxidation 
No oxidation 

0.7 1.35 
Nearly no oxidation 
Nearly no oxidation 
Nearly no oxidation 
Nearly no oxidation 
Nearly no oxidation 
a.2 1 so 

50.0 1.25 

No oxidation 
Nearly no oxidation 
16.0 1.30 

No oxidation 
10.5 1.25 
11.0 1.30 

Nearly no oxidation 
Nearly no oxidation 
107 1.25 

No oxidation 

ABC, where the base AB is drawn on the Solutions of 0.1 M glycerol, CH20H- 
potential axis between the onset of the or- CHOH-CHzOH, were oxidized on gold 
ganic electrooxidation (A) and the peak po- and platinum electrodes (24). The voltam- 
tential (B), and the height BC represents mograms obtained on the respective elec- 
the magnitude of the peak current densities trodes in alkaline medium are given in Figs. 
(Fig. 6a for acid medium and Fig. 6b for 7a and 7b, respectively, and the electroca- 
alkaline medium). From the comparison of talytic activity is summarized in Table 3 for 
the behavior of the two electrodes, it is no- acid and alkaline media. As can be seen 
ticeable that platinum shows a higher activ- from this table, current densities for glyc- 
ity in acid medium (especially because it is erol oxidation as large as I5 mA * cm-* can 
active for alcohol oxidation), but, remark- be obtained on gold electrodes in alkaline 
ably and conversely, gold is a much better medium, while a platinum electrode gives 
catalyst than platinum in alkaline medium, much smaller currents. Furthermore, the 
leading, for example, to nearly 100 mA * difference of the glycerol reactivity in acid 
cmm2 for glyoxylate oxidation, i.e., five and basic media is striking, gold electrodes 
times more than platinum. being totally inactive in acid medium. 

This comparison is summarized in Table 
2, where the absence of reactivity of a 
given functional group (-COOH, -CHO, 
-CH,OH, or -CH3) is denoted by the 
minus sign and the presence of reactivity 
by the plus sign, the number of the latter 
varying from I to 3, representing a low, 
medium, or high reactivity. 

TABLE 2 

Comparative Reactivities of Different Functional 
Groups in the Electrooxidation of C2 Saturated 

Organic Compounds 

-COOH or -CHO -CHzOH -CHI 
-coo- 

Electrooxidation of Glycerol (13) 

This example is to illustrate again the 
very good catalytic properties of gold to- 
ward electrooxidation of alcohols in alka- 
line medium, as compared to platinum. 

Acid medium 
Pt +++ + + - 
Au ++ - - - 

Alkaline medium 
Pt - + + - 
Au +++ + - 
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FIG. 6. Schematic comparison of the electrooxidation of various Cz saturated compounds on a 
platinum electrode (-) and on a gold electrode (---). Only the positive sweep is given. (a) Acid 
medium (0.1 M HCIOJ, (b) alkaline medium (0.1 M NaOH). 

Electrooxidation of the Butanol Isomers structure and that the maximum current 
on Gold in Alkaline Medium (15) densities obtained during electrooxidation 

at a given electrode are not only related to 
This last example is chosen to illustrate the surface properties. 

the fact that the reactivity of an organic Four isomeric forms of butanol, namely, 
molecule may also depend on its molecular n-butanol, isobutanol (2-methyl-l-pro- 
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FIG. 7. Oxidation of 0.1 M glycerol in 0.1 M NaOH 
at 25°C and 50 mV . s-l: (a) on a gold electrode, (b) on 
a platinum electrode. 

panol), set-butanol, and t-butanol (2- 
methyl-2-propanol) were oxidized on gold 
in 0.1 M NaOH solutions, under the same 
experimental conditions as mentioned 
above (16). Typical voltammograms are 
given in Fig. 8. 

It is concluded that t-butanol is abso- 
lutely unreactive at room temperature, IZ- 
butanol and isobutanol are oxidized with 
approximately the same magnitude of cur- 
rent densities (3 to 4 mA * cm-*), while 
set-butanol is more strongly oxidized and 
gives current densities twice as great as the 
two preceding isomers. This is a clear indi- 
cation of molecular structural effects. How- 
ever, in the present state of our investiga- 
tions, it is too early to state definitively if 
this comes from steric effects, electronic ef- 
fects, or a contribution of both. 

DISCUSSION 

The results survey the general catalytic 
properties of gold for the electrochemical 
oxidation of small organic molecules. 
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It is confirmed that the activity of gold in 
acid medium is less interesting than that of 
platinum. However, conversely, to a gen- 
eral idea shared by most catalytic chemists 
and electrochemists, it is demonstrated that 
gold is a very good catalyst for the electro- 
chemical oxidation of aldehydes and alco- 
hols in alkaline solutions. In the particular 
cases of acetaldehyde, glycolaldehyde, gly- 
oxylate, ethylene glycol, glycerol, and sec- 
butanol, it is even much better than plati- 
num and high current densities can be 
obtained, which in principle is interesting 
for a possible use in fuel cells. However, 
the potentials at which the maximum cur- 
rent densities occur are too positive for 
practical applications in this field. These 
difficulties may be overcome using gold- 
platinum alloys, on which the oxidation 
takes place at much lower potentials with 
higher rates due to synergistic effects (17). 
On the other hand, if one considers the dif- 
ferences in behavior between gold and plat- 
inum, these electrodes could be used for 
selective oxidation in organic electrosyn- 
thesis. 

It is not the purpose of this paper to detail 
the various oxidation mechanisms which 
are involved in the examples given above. 
However, such a striking change in behav- 
ior between acid and alkaline media is most 
certainly related to the existence of a sub- 
monolayer of adsorbed hydroxyl groups, 
the formation of which is favored on gold in 
alkaline medium at rather lower potentials. 

TABLE 3 

Maximum Current Densities (iM) in Glycerol 
Electrooxidation 

iM (mA . cm-2) 

In acid medium 
On gold No activity 0 
On platinum Low activity 0.2 

In alkaline 
On gold 
On platinum 

Large activity 15.0 
Medium activity 2.2 
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FIG. 8. Comparative oxidation of the butanol isomers on a gold electrode in alkaline medium (0.1 M 
NaOH, 0.1 M butanol, 25”C, 50 mV s-r): (a) n-butanol, (b) isobutanol, (c) set-butanol, (d) t-butanol. 

A systematic study is needed to investi- 
gate totally the electrocatalytic properties 
of gold and one of the most important 
points in electrocatalysis remains the in situ 
identification of adsorbed species and inter- 
mediate products of the reactions. This 
might be done by the use of spectroscopic 
techniques, such aselectromodulated infra- 
red reflectance spectroscopy (EMIRS) (18, 
19), which looks very promising in the in- 
vestigation of electrocatalytic reactions (20, 
21). 
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