
Electrooxidation of benzyl alcohol and benzaldehyde on a nickel oxy-hydroxide

electrode in a filter-press type cell

A.J. MOTHEO1, G. TREMILIOSI-FILHO1, E.R. GONZALEZ1, K.B KOKOH2,*, J.-M. LÉGER2
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Abstract

The electrooxidation of benzyl alcohol and benzaldehyde in alkaline medium was carried out in a filter-press type
cell on a nickel oxy-hydroxide electrode under different experimental conditions. An overpotential occurs in the
presence of organic molecules in the solution shifting oxygen evolution towards higher potentials. The results
obtained were conclusive that benzyl alcohol and benzaldehyde electrooxidation on NiOOH layers yielded benzoic
acid as the main final reaction product. Chromatographic analysis of the bulk solution showed that the electro-
catalytic oxidation of harmful molecules was carried out until the formation of acid compounds (benzoic acid) as an
ultimate stage, suggesting that a Ni anode can be used successfully for waste remediation.

1. Introduction

In relation to environment protection, the complete
oxidation of organic molecules contained in pollutants
becomes a crucial problem. The degradation of such
organic pollutants, aldehydes, phenols and alcohols, has
attracted considerable attention due to their high toxic-
ity. The treatment at reasonable costs of hazardous
wastewaters containing such pollutants is a difficult
challenge. Among various techniques proposed, electro-
chemical oxidation is a possible alternative for eliminat-
ing organic compounds contained in water [1]. It is a
clean, attractive and one of the most environmentally
friendly methods of treating industrial effluents [2–6].
However, due to the fact that organic pollutants are
generally present in low concentrations in industrial
effluents, their complete oxidation to carbon dioxide is
difficult [7]. Among the molecules which need to be
eliminated, aromatic compounds are the most difficult to
oxidize due to their stability [7]. In this study we consider
benzyl alcohol and benzaldehyde as model molecules.
Such compounds are harmful to aquatic organisms [2, 8],
and authorized emission levels are limited. Thus, it is
crucial to reduce such emissions from industrial effluents.
Among possible electrode materials able to oxidize

benzyl alcohol only NiOOH electrocatalysts will be
considered in this work. Nickel oxides are, among

others, one of the most used electrocatalysts for the
oxidation of alcohols and aldehydes. It is well known
that the mechanism of oxidation of alcohols on Ni/
NiOOH depends on the position of the hydroxyl group
in the molecule [3]. The oxidation of primary alcohols at
a Ni/NiOOH electrode in alkaline medium leads to the
formation of organic acids. In the oxidation of second-
ary alcohols ketones are formed while tertiary alcohols
are not oxidized [9–13].
A general mechanism for the oxidation of primary

alcohols was proposed by Fleischmann et al. [9, 10]:

Ni(OH)2 þOH� ! NiOOHþH2Oþ e� ð1Þ

NiOOHþRCH2OH! Ni(OH)2 þRC�HOH ð2Þ

RC�HOHþ 3OH� ! RCOOHþ 2H2Oþ 3e� ð3Þ

where, step 1 corresponds to the oxidation of the surface
of Ni(OH)2 to NiOOH. Step 2 is the surface chemical
reaction that involves the adsorption of alcohol on
NiOOH and subsequent hydrogen removal from the
alcohol by NiOOH. The Ni(OH)2 layer formed in this
same step is promptly re-oxidized to the oxy-hydroxide
due to the high anodic potential, regenerating NiOOH
(step 1) allowing again the oxidation process. Finally,
step 3 illustrates the subsequent fast oxidation of the
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adsorbed intermediate forming the corresponding car-
boxylic acid. Step 2 was proposed as the rate-determin-
ing step in the oxidation of allyl and benzyl alcohols [9,
10, 14–17] where NiOOH participates as a reagent.
The oxidation of a variety of alcohols has been

studied on Ni oxide electrodes and in all cases the
selective formation of aldehydes and/or carboxylic acids
is observed [18–21]. In an earlier paper [17] it was
reported that at a nickel anode in aqueous hydroxide
solution, benzyl alcohol was oxidized to benzoic acid
and/or benzaldehyde depending on the solution pH. In
1 M hydroxide the main product is benzoic acid, but in
0.01 M the amount of aldehyde exceeds that of the acid
by a factor of 26 and in neutral medium no benzoic acid
was isolated.
Recently, the electrochemical reactivity of benzyl

alcohol was studied on platinum and palladium elec-
trodes [22–26]. Oxidation of the adsorbates formed from
the alcohol adsorption led to CO2 on both metals, but
some reduction forming benzene was also observed at
palladium. Benzyl alcohol and benzaldehyde were cho-
sen as model molecules in order to follow their possible
electrooxidation in a filter-press type cell in alkaline
medium and at low concentrations of the organic
species, typically in a concentration range corresponding
to wastewater conditions (<<100 mM). The main
purpose was to identify the main products formed and
to investigate the effect of the variation of some
parameters, such as duration and potential of electrol-
ysis. For the type of reactions considered, it is important
to investigate the influence of such parameters in
relation to reaction mechanism. The nickel oxy-hydrox-
ide electrode was chosen under potential conditions
corresponding to oxygen evolution. The oxidation of the
electrode surface was carried out under strictly con-
trolled conditions prior to the experiment with organic
molecules, so that it could be done in a more controlled
way.
The products formed during the electrooxidation

process were followed by HPLC. This technique enables
direct chemical identification of the reaction products.

This allows an assessment of the selectivity of the
NiOOH electrocatalyst towards the formation of oxi-
dation products from benzyl alcohol.
Nickel anodes have been used industrially in alkaline

medium to produce hydrogen by water electrolysis. This
material is very attractive for long-term use in alkaline
medium. In addition, the possibility of electrodepositing
a thin metallic nickel layer on a cheap substrate is of
economic interest.

2. Experimental

All the electrolyses were carried out in a filter-press type
cell, model AB (ElectroCell Systems), which contained
two compartments separated by an ionic membrane
(IONAC 3470) (Figure 1). The working electrode had a
geometric surface area of 14 cm2, while the counter
electrode was a platinized titanium plate. In the filter-
press type cell, the electrolyte was circulated through the
two compartments using a peristaltic pump with a flow
rate of 5 cm3 s)1. The anolyte was a solution of benzyl
alcohol or benzaldehyde (pro analysi grade – Merck) in
0.01 M NaOH (Merck Suprapur), and the catholyte was
an aqueous solution of NaOH. Alkaline solutions were
used to maintain the stability of the oxide electrode. All
the solutions were prepared with ultrapure water pro-
vided by a Milli-Q Millipore system. In order to carry
out the experiments potentiostatically, a reference Hg/
Hg2SO4/SO4 = (MSE) electrode was used. This elec-
trode was ionically connected through the IONAC
membrane, part of which was immersed in a saturated
solution of potassium sulphate. Some electrolyses were
also conducted at a constant current using the same
experimental set-up.
In order to observe the state of the electrode surface, a

voltammogram was recorded before applying the elec-
trolysis potential. Voltammetric experiments were
carried out in a one-compartment conventional three-
electrode Pyrex cell (V = 10 cm3). The working
electrode consisted of a disc of nickel with a geometric
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Fig. 1. Scheme of the filter-press cell used to perform long-term electrolyses.
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surface area of 0.07 cm2. The current densities are given
based on the geometric surface area. A glassy carbon
and a Hg/Hg2SO4/K2SO4sat. (MSE) (EREF = 0.65 V
vs. RHE at pH = 0) served as counter and reference
electrodes, respectively. This electrode was separated
from the solution by a Luggin–Haber capillary tip. All
the electrochemical experiments were carried out at
room temperature (21±1 �C).
During electrolyses samples of the solution were taken

at given times and analysed by High Performance
Liquid Chromatography (HPLC). This equipment com-
prised a Spectra-Physic SP P100 pump, with a Spectra-
Physic SP8490 UV Detector, set at 210 or 254 nm, and
an integrator-calculator (Spectra-Physic Chromjet). The
electrolysis products were separated using a RP18
Lichrospher 5 column, with an eluent composed of a
30/70 mixture of acetonitrile and water with 0.26% of
sulphuric acid in order to keep the pH = 1. This
composition of eluent, at a 1 cm3 min)1 flow rate, gave
the best results, mainly for the determination of the
concentration of benzoic acid. The products formed
during the bulk electrooxidation of benzaldehyde were
determined by comparing their retention times to those
of pure reference products under the same analysis
conditions. The mass balance was calculated by deter-
mining the relative quantity of each reaction product as

follows: ð%Þ ¼ Ci

C0�Ct

� 100 where C0 is the initial

concentration of the substrate, Ct is its concentration
at the end of electrolysis, and Ci is the concentration of
the considered compound.

3. Results and discussion

Before each electrolysis the nickel electrode was main-
tained at a potential of 1.9 V vs. MSE for 30 min in the
alkaline solution to renew the oxy-hydroxide layer. This
procedure allowed reproducible results, as seen in the
cyclic voltammogram of the Ni/NiOOH electrode taken
before each experiment; however good control of the
oxy-hydroxide layer thickness could be obtained by
cyclic oxidation–reduction procedures [13].
Figure 2 shows the voltammogram of a Ni electrode

in alkaline solution at a sweep rate (v) of 50 mV s)1. The
shape of the voltammogram in the supporting electro-
lyte (0.01 M NaOH) shows the expected behaviour for a
Ni/Ni(OH)2/NiOOH electrode, with the surface oxida-
tion peak at +0.21 V vs. MSE, during the positive
sweep, and the reduction peak at ) 0.1 V vs. MSE,
during the negative scan. The peak separation is
310 mV. This parameter depends on the electrolyte
concentration and slightly on the scan rate, and it is
described in the literature as having typical values
ranging from 50 mV to 120 mV [17, 27–29]. Thus, an
uncompensated IR drop of around 150 mV (R�3 W) is
influencing our data. This IR drop includes the electro-
lyte and the membrane resistivity, and the former
component has the highest contribution. The charges

under the oxidation and reduction peaks are approxi-
mately equal (�3.5 mC cm)2 of geometric surface area)
and indicate that, after the deep previous surface
oxidation to form the oxy-hydroxide, the roughness
factor is around 2.5, compared with the charge associ-
ated to a smooth surface prepared by polishing to a
mirror-like finishing [24]. Several papers [27–37] have
discussed the nature of the surface oxidation/reduction
processes as described in Eq. (1). For the specific case of
the electrode used in this work, where a nickel foil is
covered by a layer of NiOOH, formed at high anodic
potentials, in the lower potential region of the voltam-
mogram (between ) 0.6 and ) 0.1 V vs. MSE), nickel
hydroxide is expected to be formed as an overlayer on
the Ni/NiOOH electrode, by surface reduction of the
previously NiOOH anodically growth [24]. The Ni(OH)2
layer is non-conducting so that the Faradaic current
drops to zero. Further oxidation of Ni(II) to Ni(III)
occurs in the anodic peak, regenerating the original
NiOOH surface.

3.1. Oxidation of benzyl alcohol in alkaline medium

3.1.1. Cyclic voltammetry
The voltammograms of nickel were obtained with an
electrode of a small geometric surface area (0.16 cm2) in
order to avoid the consumption of reagent during the
study. In supporting electrolyte (Figure 3(a)), the vol-
tammogram was recorded with a potential limit of 0.4 V
vs. MSE just before oxygen evolution, i.e. after the
formation of NiOOH which is the electroactive material.
Figure 3(b) presents the voltammogram in the presence

of 17 mM benzyl alcohol in the same potential range as in
the supporting electrolyte alone. The oxidation of the
alcohol begins at 0.25 V vs. MSE i.e. at the NiOOH
surface. The voltammogram of Figure 3(c) was recorded
by setting the upper potential limit at 1.2 V in order to
show the behaviour of the electroreactive species. It canbe
seen that oxidation of benzyl alcohol involves an
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Fig. 2. Voltammogram of a nickel electrode (14 cm2) in a 0.01 M

NaOH alkaline medium recorded at 50 mV s)1 and at room temper-

ature in the filter-press cell.
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overpotential which shifts oxygen evolution to higher
potentials. This is usual for the electrooxidation of
alcohols at a nickel electrode [9–21].

3.1.2. Electrolysis of benzyl alcohol
A common problem during the oxidation of organics at
anodic potentials close to the beginning of oxygen
evolution is the significant decrease in anodic current as
a consequence of surface poisoning by reaction inter-
mediates which can be oxidized only at very high anodic
potentials inside the oxygen evolution region. Then, the
application of high anodic potentials into the oxygen
evolution region, allows regeneration of the anode
surface during oxidation of the organic compound.
Thus, in this study the electrochemical oxidation of
benzyl alcohol was carried out under conditions of
simultaneous oxygen evolution.

Electrolyses of benzyl alcohol were carried out with a
concentration of 0.017 M benzyl alcohol in 0.01 M

NaOH. In order to investigate a possible effect of
oxidation potential, different electrolyses were per-
formed between the formation of NiOOH (0.25 V) and
0.5 V vs. MSE. This potential range is located inside
that of oxygen evolution. A rapid decrease of current
density was observed. Hundred ll samples were re-
moved directly from the cell anolyte output and
analysed by HPLC.
Two reaction products, benzaldehyde and benzoic

acid, were detected and identified by chromatographic
analysis. It clearly appears that there is some influence
of the oxidation potential. When the oxidation potential
increases, the formation of the aldehyde is favoured in
comparison to that of benzoic acid, which decreases
slowly. The mass balance, considering the three detected
components, reaches at least 86% of the total mass, in
the whole potential range studied.
During long-term electrolysis of a solution of benzyl

alcohol carried out at 0.5 V vs. MSE, it was possible to
follow the variation of the concentrations of the reactant
and products. After chromatographic analysis, the
concentrations of the remaining benzyl alcohol and of
the two products formed, benzaldehyde and benzoic
acid, were plotted as a function of the electrolysis time
as shown in Figure 4.
The concentration of benzyl alcohol decreases regu-

larly with time from 0.017 to 0.003 M in 330 min of
electrolysis. Up to now, there is no experimental
evidence for the formation of benzoic acid directly from
benzyl alcohol. The kinetics of formation of the alde-
hyde and of the acid are different. The concentration of
aldehyde increases much faster at the beginning of
electrolysis, passes through a maximum after 150 min
and then decreases slowly. Conversely, the concentra-
tion of benzoic acid increases slowly for times up to
about 200 min and then increases faster for longer

( ) pp g y ( )( )
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Fig. 3. Voltammograms of a nickel electrode in alkaline medium re-

corded at 50 mV s)1 (a) in the supporting electrolyte 0.01 M NaOH

(b) in the presence of 17 mM benzyl alcohol (c) as in (b) with an up-

per potential limit of 1.2 V.
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electrolysis times. This behaviour can be explained by a
partial competition of a direct conversion of benzyl
alcohol to the final reaction product.
From the general shape of the curves in Figure 4, it is

difficult to decide on a mechanism for the electrooxida-
tion of benzyl alcohol. However, it clearly appears that
benzaldehyde is the main primary product as it is
formed immediately. But after some time, benzaldehyde
is oxidized as can be seen in Figure 4. This decrease in
the concentration of benzaldehyde corresponds to the
faster increase in the rate of formation of benzoic acid
after 200 min of electrolysis.
The total amount of reactant consumed and products

formed decreases during electrolysis. After 330 min of
electrolysis, a difference of about 14% between the total
amount of both reactant and products, and the initial
concentration of benzyl alcohol was observed. The main
reason for this is that benzyl alcohol crosses over the
membrane separating the anolyte and catholyte solu-
tions. The consequence of this cross over is taken into
account in the calculated mass balance. It was difficult
to find a separator completely avoiding this phenome-
non. At the end of electrolysis the main part of the
missing amount of benzyl alcohol was detected in the
catholyte. Also, it is possible that small amounts of
gaseous products, or polymerized products remaining at
the electrode surface were formed and not detected in
the potential range where the oxygen evolution occurs.
Benzaldehyde in the presence of an alcohol (benzyl
alcohol in this case) can form a polymerized film at the
electrode surface [3].

3.2. Oxidation of benzaldehyde

The voltammograms corresponding to the electrooxida-
tion of benzaldehyde at a Ni oxy-hydroxide electrode
are given in Figure 5. As described previously for benzyl
alcohol, it can be seen that benzaldehyde starts being
oxidized at the surface of NiOOH (0.25 V vs. MSE).
These changes in the voltammogram suggest that the
electrochemistry of the surface oxidation/reduction
processes is affected by the organic species, by interac-
tion with the NiOOH layer (Figure 5(a, b)). The
voltammogram in Figure 5(c) was recorded with an
upper potential limit set at 1.2 V vs. MSE to show that
benzaldehyde behaves as many organic compounds on
such electrodes by shifting the oxygen evolution to high
potentials [38].
Electrolyses of benzaldehyde were carried out with a

concentration of 0.014 M benzaldehyde in 0.01 M

NaOH. Initially possible effects of the oxidation
potential at values ranging from 0.4 to 1.1 V vs. MSE
were investigated. Under these operating conditions the
electrooxidation of benzaldehyde was carried out with
simultaneous oxygen evolution at 1.1 V vs. MSE.
Figure 6 displays the results of a long-term electrolysis

carried out at 0.9 V vs. MSE of a solution of 0.014 M

benzaldehyde in 0.01 M NaOH. The chromatographic
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Fig. 5. Voltammograms of a nickel electrode in a 0.01 M NaOH
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analysis of the bulk solution shows that benzoic acid is
the main product of the anodic transformation of
benzaldehyde at the NiOOH surface. Evaluation of the
two detected components gives a total mass balance

close to 94% and suggests the presence of small amounts
another reaction product.
From the results of the electrolyses presented above, it

is possible to infer the reaction mechanism of benzyl
alcohol and benzaldehyde electrooxidation. Under the
experimental conditions used with a nickel oxy-hydrox-
ide electrode in alkaline medium, benzoic acid is the
main final product of the oxidation of benzaldehyde.
Provided that NiOOH is the oxidation state of the
electrode surface when electrolysis is carried out at
potentials higher than 0.25 V vs. MSE, it can be
suggested that benzyl alcohol is oxidized as follows:
As HPLC was the main technique used to perform

product analysis in the bulk solution, it can also be
proposed that benzyl alcohol is transformed directly
into benzoic acid at the NiOOH electrocatalyst:
No evidence of the cleavage of the C–C bond was

observed. However, the conversion of benzyl alcohol
and benzaldehyde to benzoic acid indicates that Ni
anodes can be used successfully for wastewater remedi-
ation.

4. Conclusions

The electrooxidation of benzyl alcohol and its derivative
was carried out on NiOOH layers in 0.01 M NaOH in
order to minimize the Cannizzaro reaction that occurred
in the presence of the aldehyde in a strong alkaline
supporting electrolyte. As mentioned previously [17], a

dilute supporting electrolyte induces successive reac-
tions, which proceed by the oxidation of benzyl alcohol
to benzoic acid via the corresponding aldehyde. Benz-
aldehyde and benzoic acid are mainly formed during the

early stages of the reaction. However, in these experi-
ments the initial rate of formation of benzaldehyde,
7.7� 10)5 min)1, is much higher than the rate of
formation of benzoic acid, 1.9� 10)5 min)1. Addition-
ally, the rate of formation of the aldehyde decreases
regularly, while that of benzoic acid remains more or
less constant up to 150 min and then increases twofold
when the concentration of benzaldehyde starts dimin-
ishing. This confirms that Ni anodes can be used as
electrocatalysts for waste remediation.
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