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The performance of indium as cathodic material for the electroreduction of small organic molecules is
considered. The cathodic reduction of formaldehyde (FA) is an ideal model reaction for this purpose
since indium has a very large overpotential for the hydrogen evolution reaction with and without FA.
Kinetic sets of the reaction pathways, with respect to the Tafel slope and reaction order, are considered
on the basis of quasi-potentiostatic measurements and cyclic voltammetry. The value of the Tafel
slope b, ~60mV dec™ ' indicates that the protonation of the adsorbed radical is the rate determining
step in the proposed CECE mechanism. The reaction order with respect to FA is close to one in the
limiting current regions but smaller in the Tafel region. The existence and kinetics of the radicals
adsorbed during FA reduction are evidenced by very fast potentiodynamic experiments, with scan
rates between 40 and 80 Vs '. Electrochemical measurements are carried out on freshlyin situ pre-

pared In-electrodes. During cathodic polarization, the surface oxide film is reduced to In-metal via
a solid-state mechanism. The crystallization kinetics of indium in the oxide matrix is also discussed.

List of symbols

A electrode surface area (m’)

¢ concentration (M)

E electrode potential (V)

F Faraday’s constant (96 500 A smol ™)
I current (A)

j current density (Am™?)

M molecular weight (kg mol™")

n charge of metal cations

R resistance of external circuit (§2)
¢ anion vacancy

v scan rate (V s’l)

Greek letters
6 film thickness (m)

1. Introduction

There are many problems associated with the elec-
troreduction of organic compounds on solid elec-
trodes, especially in finding a good cathodic
material that can catalyse the reactions and lead to
the final product with the highest efficiency and low-
est undesirable intermediate product formation. The
electrochemical reduction of nitrobenzene is perhaps
the most studied reaction in electroorganic chemistry
[1, 2]. The reason for this is twofold: the complexity
of the reduction and its importance in organic synth-
esis. The reduction of the nitrogroup, as well as
many other organic molecules, is extremely sensitive
to the effect of medium pH, nature of the medium,
temperature, and the nature and structure of the
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specific conductivity of the solution inside the
film pores (Sm™")

overpotential (V)

film density (kg m™>)

roughness factor

fraction coverage of the electrode surface

=

9 T3

Subscripts and superscripts

A anodic

C cathodic

CN metal nucleation
p peak

rev reversible

electrode (cathode) material, particularly with
respect to high overpotential for the hydrogen evolu-
tion reaction and the absence of the stable bridge-
type complexes on the surface that can catalyse the
hydrogen evolution reaction [3].

Among the organic fuels of technical interest,
methanol offers the very attractive advantages of
low cost and high energy efficiency. Prior to 1980,
investigations were directed toward the development
of methods for cheaper methanol production. One
possible approach for methanol production from
non-fossil sources was the electrochemical reduction
of carbon dioxide [4]. A number of 5p metals (Zn,
Pb, Sn, Cd and In) have been tested as cathodes for
the electrocatalytic production of methanol from car-
bon dioxide with formic acid and/or formaldehyde as
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the intermediate [5, 6], but the results showed that the
conditions under which methanol can be prepared are
limited. The highest faradaic efficiency (95%) in for-
mic acid production from CO, electroreduction was
obtained using an In electrode in an 0.5m Li,CO;
electrolyte and the highest efficiency for formaldehyde
production was obtained in acidic solutions using a
zinc amalgam cathode [7]. Ni, Cd, Pb, Cu, Ag, Al,
Hg, Zn and Sn cathodes have been tested as electroca-
talysts for the electroreduction of aliphatic aldehydes
[8]. Dialcohols were found to be the principal products
at solid and amalgamated electrodes as well as at mer-
cury. For the reduction of propionaldehyde, Sn was
found to be a more effective cathode than the other
cathodic materials studied but the formation of Sn-
organic surface complexes resulted in catalyst loss.

The reduction of formaldehyde has been studied on
Sn, Pb and, extensively, in classical polarography [5,
9—12]. The results obtained on Sn and Pb electrodes
showed that these metals are not suitable catalytic
materials for FA reduction due to their tendency to
form stable complexes with FA [13, 14] which act as
a bridge between reactants in solution and the elec-
trode surface, providing an alternative reaction path-
way for the hydrogen evolution reaction (h.e.r.). This
effect is specific in that only the rate of the hydrogen
evolution reaction is increased, but not the rate of
FA reduction [15]. In addition, both Sn and Pb cata-
lyse the condensation of formaldehyde to form carbo-
hydrates and similar polyalcohols [16] which block the
electrode surface.

Unlike Sn and Pb, In and Hg do not form organic
complexes with FA. This, and the fact that these
metals have very large overpotentials for the h.e.r.,
with and without FA, made them potentially good
catalytic materials for formaldehyde electroreduction
reaction (i.e., methanol production). Investigations
performed on indium electrodes showed almost
100% efficiency in methanol (production) and no
mass loss of indium occurred during this process [5].

Previous studies on the electrochemical reduction
of formaldehyde have shown that formaldehyde is
predominantly in its electroinactive hydrated form,
methylene glycol [5, 9—12]. In addition, there are small
amounts of polyoxymethylene glycols, the concentra-
tion of which depends on formaldehyde concentration
[16]. It is known that the limiting reduction current is
governed by the reaction rate of methylene glycol
dehydration to formaldehyde, which is the electro-
active species. The overall reaction involves two
electrons and the limiting current is controlled by a
preceding reaction:

CHQ(OH)z > CHQO + Hzo

This dehydration appears to be a reaction catalysed
by both base and acid. It was established [9, 12] that
the mechanism of formaldehyde reduction is different
in the pH ranges between 3 and 9 and above 9. The
present paper is focused on the mechanism in the first
range (Fig. 1).
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Fig. 1. Proposed CECE mechanism for the reduction of formal-
dehyde in solution pH 9 and expected values of the Tafel slopes
b, for each rate determining step under Langmuir adsorption
conditions.

The purpose of this work was to study electro-
chemical reduction of FA onin situ prepared indium
cathodes. Kinetic sets of the reaction pathway with
respect to the Tafel slope and reaction order were
considered. Formaldehyde reduction follows an
electrochemically ideal type of model reaction,
with electron and proton transfer, to form methanol
with excellent yield [6].

2. Experimental details

All solutions were prepared from reagent grade che-
micals and ‘“‘conductivity water” (resistivity > 6 X
10° Q2cm). Solutions were deaerated by continuous
bubbling with purified nitrogen. The buffer solution
pHY9 contained 0.Im H3BO; + NaOH and 0.9m
KCl as the supporting electrolyte. The stock formal-
dehyde solution was prepared by diluting the concen-
trated (ca. 13m) reagent with the buffer solution to
I M. Actual formaldehyde concentrations were not
checked by u.v. analysis or any other method. Work-
ing solutions were prepared by mixing the required
amount of stock formaldehyde and buffer solution.
In some experiments, formaldehyde solution was
added to the electrolytic cell while the electrode was
being polarized. Rapid mixing was achieved by vigor-
ous nitrogen bubbling.

A standard three-electrode cell was utilized: the
counter electrode was a platinum electrode and the
reference electrode was a saturated calomel electrode
(SCE) to which all potentials were referred. The working
electrodes were prepared from spectroscopically pure
indium foil, 0.5mm thick (Aldrich), and sealed into a
glass tube with epoxy resin. The exposed faces of the
electrodes were 0.5cn’. In some experiments, the
electrodes were chemically etched in a nitric acid—
methanol bath. All measurements were performed at
23+ 1°C.

Electrochemical measurements were carried out on
freshly prepared electrodes that were first cathodically
polarized at —1.8 V in the working solution to remove
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Fig. 2. Cyclic voltammogram of an indium electrode
L in (——) Na-borate+ KCI buffer solution pH9 and
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any surface film. An EG&G PAR model 273 potentio-
stat/galvanostat controlled by a PC was used.

3. Results and discussion

3.1. Kinetics of oxide film reduction and In-metal
crystallization

Figure 2 shows typical cyclic voltammograms
obtained when freshly polished indium electrodes
were introduced, under cathodic polarization at
—1.8V, into solutions with and without formalde-
hyde. In both cases, three characteristic potential
regions could be distinguished during the anodic
scan. In the first region, hydrogen evolution took
place on the bare metal surface. At—1.0V, the current
showed a sharp maximum, which corresponded to the
formation of an In(ir)-oxide [17]. At more positive
potentials, a low intensity steady current plateau
was formed. In this region, the current was almost
constant, indicating thickening of the passive oxide
film with a constant electric field during linear
polarization [18]. An abrupt current increase at

0.6 (— — —) with the addition of 0.1m formaldehyde to
basic solution. Scan rate: v = 10mVs™".

—0.6'V corresponded to oxide film breakdown, due
to the presence of chloride ions in the electrolyte
solution. A distinct cathodic peak, observed in the
returning scan, represented the reduction of the
anodically formed In()-oxide layer directly to
metallic indium. In the presence of FA (dashed line),
the obtained curve was S-shaped with a limiting
plateau after the cathodic peak. The appearance of a
limiting current indicated that the process of formal-
dehyde reduction was under mixed activation-
diffusion control. This will be discussed later.
Figure 2 shows that the presence of FA in the basic
solution increased the overpotential of the h.e.r. by
about 800 mV.

The information on the kinetics of in situ electro-
deposition of In-metal during oxide reductive decom-
position, that is, the kinetics of In-metal nucleation
(crystallization) in the oxide matrix, was obtained by
studying the influence of the scan ratev on the cathodic
current profile (Fig. 3), and cathodic potential limit
variation E| ¢ on the anodic current profile (Fig. 4).

The anodic and cathodic peaks (Fig. 2) were char-
acteristic of the processes of anodic indium oxide film

05
0.0 -
£
= — 15
05 110 §
-1 0.5
‘ 0.0 . . o
-0 X 0.3 0.4 Fig. 3. Cyclic voltammograms of an indium electrode
VI2pg12g12 in Na-borate + KCl buffer solution pH 9 at different
! ! ! ! 1 L scan rates: v = 10, 30, 50, 70 and 100 mV s Inset:
-1.2 -1.1 -1.0 -0.8 -0.8 0.7 Dependence of the (A) cathodic peak current and
EN vs SCE . (O) peak potential on the square root of a scan rate.
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formation and its reduction to metal, according to the
equation:

2In(s) + 60H(aq)” < InyOs(s) + 3H,0(aq) + 6e~ (1)
The reversible potential for reaction (1) [19] is
E., = —0.431 —0.0591 pH; for pHY,

E.ey = —0.962Vvs SCE (2)

The anodic and cathodic peak potentials, as well as
the corresponding peak currents, changed with the
scan rate. An increase in scan rate shifted the anodic
peak to more positive potentials and the cathodic
peak in the negative direction (Fig. 3).

The dependence of the cathodic peak current and
potential on the square root of the scan rate 0!/ s
shown as the inset in Fig. 3. Under potentiodynamic
conditions, the following equations described the
scan rate dependence of the peak maximum [20, 21]:

nFor\ /2
Ip = ( Alp ) Ao(l —Gp)vl/2 (3)
nFpk 12r7s
g ot (M) [ () + moet -]
(4)

The cathodic peak current varied linearly with the
square root of the potential scan rate, v'/? (Fig. 3).
A linear dependence was also found between the
peak potential £, and v'/2, which, when extrapolated
to a zero scan rate, gave a spontaneous film reduction-
potential E, that is, the potential of metal nucleation
Ecn. With no polarization, this potential value is most
suitable for comparison with thermodynamic data.
The experimental value of £y = —1.011V is in very
good agreement with the equilibrium potential £,
calculated from Equation 2. The difference between
the experimental value £, and the theoretical value
E,., gave a cathodic overpotential: = 49 mV.

The relation between the cathodic peak potentials
and peak currents of the voltammograms presented
in Fig. 3 was found to be linear, with a slope expressed
as a resistance, R =dE,/dl, =27€. The former
showed that the reduction of In-oxide film was a solid

Fig. 4. Cyclic voltammograms of indium electrode in

0.7 Na-borate + KCI buffer solution pH9. The cathodic

limit is variable. Scan rate: v = 10mVs™".

state decomposition process leading to the In-metal
crystallization (nucleation) and the spreading of In-
metal nuclei to the covering of the whole electrode
surface which was limited by resistance in the pores
between the deposited metal sites [22].

Surface coverage with the newly formed metallic
indium, 6, determined according to Equation 3,
was 0.9999. The following values were used to
calculate the surface coverage after the cathodic
peak(s): p= 7.3gcm73, kkcr = 0.1 12Sem™, M=
114.82gmol™!, 4y =0.5cm? and o = 2.

Further information about In-metal cyrstallization
kinetics was obtained from the experiment presented
in Fig. 4. The dependence of the anodic current profile
on the cathodic potential limit £; ¢ for an electrode
passivated at —0.7V is shown. The cathodic sweep
was reversed at various phases of the partial oxide
reduction, marked as £y ¢ (1,2, ..., 5). Onsubsequent
reanodization, the curve shape remained unchanged,
but the anodic current was increased by the amount
proportional to the area of the new metal surface sur-
rounded by the unreduced oxide film. The results indi-
cated that the cathodic current contribution at the
potential positive and potential negative to the catho-
dic peak was related to the partial and complete InO;
transformation into indium metal, (Equation 1). The
newly reduced indium metal should therefore be on
the outer surface of the oxide film (i.e., at the oxide/
electrolyte interface) [23—25]. From the in situ impe-
dance spectroscopy measurements [23], it was con-
cluded that the mechanism of the InO; film
reduction occurs through the electronic transport
from the underlying metal to the film/solution inter-
face: ey — t/(surface). Freshly produced metallic
indium would initially appear at the surface in anion
vacancies ¢, where electrons were likely to be trapped.
These centres act as the nucleation sites which the
indium atoms, diffusing across the surface collect.
The reduction of the In,O; film leads to a porous
In-metal surface layer, because In,O; occupies a
greater volume than In metal. This increase of the
surface roughness (surface area) increases the
catalytic activity on In metal. The result is a decrease
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Fig. 5. Plots of current densities against potential for the reduction
of formaldehyde on an indium electrode in Na-borate+ KCI buffer
solution pH9. Scan rate: » = 1 mVs~'. Formaldehyde concentra-
tion: (1) 1x1072m; (2) 5x1072m; (3) 1.5x107"'m; (4)
3% 107 m; (5) 4 x 107 m.

in overpotential (at a given apparent current density),
an improvement in the operational characteristics of
the In cathode for FA reduction.

3.2. Formaldehyde reduction: quasipotentiostatic
measurements

A complex mechanism of formaldehyde reduction
(Fig. 1) was investigated on the freshlyin situ prepared
In-electrode. The kinetic parameters, Tafel constant
and reaction order were obtained.

Figure 5 shows polarization curves obtained with
indium electrode in solutions containing various for-
maldehyde concentrations. Two characteristic
regions can be observed at all the formaldehyde con-
centrations studied; a linear E—log j dependence, that
is, Tafel region and a diffusion-controlled limiting
current region. A linear E-log j relationship gave
very reproducible Tafel slopes, the value of which
depended on the formaldehyde concentration; with
increase in formaldehyde concentration. Tafel slopes
increase slightly from 60 mV decade™' to 85mV dec-
ade™!. Considering the CECE mechanism proposed
in Fig. 1, it seems likely that step 3 (i.e., protonation
of the adsorbed radical) determines the reduction
rate. The change in the Tafel slope was small enough
to assume that the reaction mechanism and the r.d.s.
do not change with the concentration. Larger values
of the Tafel slopes obtained at higher formaldehyde
concentrations could be attributed to the adsorption
effects. Small amounts of polyoxymethylene glycols
adsorbed on the electrode surface could influence
the adsorption process and hence the Tafel slope
through interactions with formaldehyde and/or its
intermediates. As the rate constant for step 3 is
coverage-dependent, a symmetry factora in the Tafel
relation has to be introduced [26] due to the change
in adsorption energy with coverage. The symmetry
factor depends on the electrolyte concentration in a

A

| |
-1.0 -0.5 0
log (c/M) -

Fig. 6. (d log j/d log ¢)g-reaction order for the formaldehyde reduc-
tion in the Tafel and limiting current regions obtained from the
potentiodynamic polarization curves presented in Fig. 5. at poten-
tials: (O) E=—-1.6V; (A) E=—-13V;(0) E=—-125V.
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progressive way as polyoxymethylene glycol replaces
H,O at the interface.

In comparison with the results obtained on In elec-
trodes, the Tafel slopes on Hg electrodes were gener-
ally lower and were affected by pH changes [5, 12].
This was explained as a change in the r.d.s. of the reac-
tion at higher pH values, from step 3 to 4 (Fig. 1). The
change in the adsorption energy of the intermediate
on its way from Hg to In probably increased the
rate of step 4.

The reaction order with respect to formaldehyde
was determined at a constant electrode potential
from the slopes of log j against log ¢ lines presented
in Fig. 6. In the limiting current region, the calculated
value of the reaction order was close to one over the
whole concentration range studied. The values of
the reaction order calculated in the Tafel region
were between 0.98 and 0.78. This fractional reaction
order indicated that the coverage of the electrode sur-
face by formaldehyde or the intermediate species fol-
lowed Langmuir—Temkin adsorption isotherm [27—
29]. A similar but greater effect was observed on Hg
electrodes [5, 12] and was attributed to the potential
dependence of the coverage by intermediate electroac-
tive or polymeric species.

3.3. Formaldehyde reduction. cyclic voltammetry
measurements

The existence of the radicals adsorbed during FA
reduction was demonstrated by fast potentiodynamic
experiments. Figure 7 shows the results of cyclic vol-
tammetry experiments performed in 0.2m formalde-
hyde solution at high sweep rates, 40 and 80 Vs .
Small anodic and cathodic peaks were observed in
each solution at sweep rates higher than the threshold
value (40 Vs™!). The results of these experiments are
in basic agreement with those of previous studies [5,
12, 30]. The cathodic and anodic peaks (Fig. 7) could



40

S. OMANOVIC AND M. METIKOS-HUKOVIC

Fig. 7. Cyclic voltammograms of an indium electrode
in 0.2Mm formaldehyde solution pH9 obtained with
fast scan rates: v = 40, 50, 60, 70 and 80 Vs! Inset:

'Ilj& Iag(u/\lls")

log-log plot of the (O) cathodic peak current, and (A)

1.6 -1.4

-2.0 -1.8 .
EN vs SCE

be attributed to the formation and oxidation of the
anion radical intermediate. This behaviour is charac-
teristic of an EC mechanism in which H' is involved
in the following chemical reaction.

The log I,~log v plot of the cathodic peak (inset in
Fig. 7) shows a straight line with a slope of 0.5. The reac-
tion of the radical intermediate formation is therefore
diffusion-controlled through the mass transfer of bulk
reactant under potentiodynamic conditions. Under qua-
sipotentiostatic conditions, the apparent limiting cur-
rents were observed in the same potential region. The
dehydration rate of methylene glycol is relatively slow
at pH9 and the amount of formaldehyde available for
reduction could be considered constant during the
time interval of the experiment carried out at fast sweep
rates (40-80 Vs !). The transfer of formaldehyde mole-
cules across the interface region to the electrode surface
thus results in a diffusion-controlled current.

For the anodic peak, the value of the log/,~log v
slope is about 1.0. The amount of intermediate avail-
able for oxidation appears to be no longer diffusion-
controlled. Due to very high scan rates used in this
experiment, it could be assumed that the reaction pro-
duct formed during cathodic scan (resulting from the
first electron transfer step) remains under the reaction
sphere. This assumption is in accordance with the fact
that step 3 (Fig. 1), is slow at pH 9 and anion radicals
formed through step 2 have a sufficiently long lifetime
for oxidation in the anodic sweep, during the time-
interval of the experiment. Accordingly, the anodic
scan exhibited only a kinetically controlled reaction.
At a lower pH, step 3 was accelerated to such an
extent that the anodic peak disappeared [12].

4. Conclusions

The performance of indium as the cathodic material
for the electroreduction of small organic molecules
was studied. The cathodic reduction of formalde-
hyde (FA) was an ideal reaction for that purpose
since indium has a very large overpotential for the

-1.2  anodic peak current against scan rate. (d log I5/

dlogv) = 0.5; (dlog I /d logv) ~ 1.0.

hydrogen evolution reaction with and without FA.
The investigations were performed using the linear
potential sweep technique (quasipotentiostatic mea-
surements) and the cyclic voltammetry technique
(potentiodynamic measurements).

The results indicated that formaldehyde was
reduced on In fairly easily by the CECE mechanism,
similar to that proposed for Hg. Kinetic sets of the
reaction pathways were examined with respect to
Tafel slope and reaction order. The value of the Tafel
slope b, ~ 60mV dec™' indicated that step 3 in the
proposed mechanism, that is, protonation of the
adsorbed radical, determined the reduction rate
(r.d.s.).

The calculated reaction order with respect to for-
maldehyde was close to one in the limiting current
region but less in the Tafel region. The fractional reac-
tion order indicated that the coverage of the electrode
surface by formaldehyde or the intermediate species
was controlled by the Langmuir—Temkin adsorption
isotherm.

Evidence for the existence of adsorbed radicals dur-
ing formaldehyde reduction was obtained from fast
potentiodynamic experiments. The observed cathodic
and anodic peaks were attributed to the formation
and oxidation of radical intermediates. The formation
of radical intermediates was found to be a diffusion-
controlled reaction, while their oxidation was kineti-
cally controlled.

The kinetics of the crystallization of metallic
indium in the oxide matrices was investigated in situ
using the cyclic voltammetry technique. A solid-state
mechanism for the reaction was proposed. The results
showed that the indium metal nucleation potential lies
close to the reversible potential for the reaction:

In,05(s) + 6H ' (aq) + 66" —2In(m)+3H,0(aq)

It was established that the electrcrystallization of
In-metal in the oxide matrices occurred through
electronic transport from the underlying metal to the
film/solution interface: €epay — tzmeta]). The newly
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produced indium metal should be, therefore, on the
outer surface of the oxide film (i.e., at the oxide/
electrolyte interface). The growth of the indium
metal nucleus and its spreading over the whole
electrode surface occurred under ohmic resistance

control.
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