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Abstract

Controlled growth of cobalt hydroxide coatings (1±2 lm thick) on stainless steel electrodes was achieved by
electrogeneration of base by cathodic reduction of aqueous cobalt nitrate solutions. These coatings catalyse the
oxygen evolution reaction in alkaline medium (1 M KOH) by as much as 100 mV, making cobalt hydroxide a
candidate catalyst for these applications.

1. Introduction

The electrochemical evolution of oxygen from alkaline
solutions is impeded by very high overpotentials. This
reduces the operational e�ciency of a number of electro-
chemical devices whose functions include the oxygen
evolution reaction (OER). A number of oxide [1±5] and
hydroxide [6] catalysts have been used in conjunctionwith
nickel or stainless steel anodes to reduce the overpotential
of the OER in alkaline solutions. Among these, pure [7]
and doped [8, 9] nickel hydroxides have been found to be
especially e�ective in catalysing the OER. For this
application, the electrocatalyst has to be obtained in the
form of a thin coating on the electrode substrate. While
oxide coatings are normally prepared by pulsed laser
deposition [10], r.f. sputtering [11], electron beam etching
[12] or MOCVD [13], these techniques cannot be used in
the case of hydroxide-electrocatalysts, as these are low
temperature phases and decompose on irradiation by
lasers, ion/electron beams and on heating.
Nickel hydroxide catalysts have been electrochemi-

cally prepared by electrogeneration of base, a one step
method, by the cathodic reduction of an aqueous nickel
nitrate solution [14, 15]. In this paper we report the
controlled electrodeposition of cobalt hydroxide coat-
ings on stainless steel electrodes. Stainless steel elec-
trodes were chosen for this study as they are
inexpensive, corrosion resistant, exhibit low oxygen
evolution overpotentials and are widely employed for
electrolysis of water [6].

2. Experimental details

Cobalt hydroxide was electrodeposited by the cathodic
reduction of an aqueous cobalt nitrate solution (con-

centration, 0.1 M; pH 4.5) on a preweighed stainless
steel 316 (surface area 6 cm2) electrode in an undivided
cell using a cylindrical Pt mesh (geometric area 28 cm2)
as the counter electrode. The electrodeposition was
carried out galvanostatically (current densities 2±
15 mA cm)2) for di�erent times (1±10 min). Within a
few seconds of electrolysis, a blue coloured ®lm of
Co(OH)2 began to form on the working electrode. After
deposition for a ®xed time, the working electrode was
removed from the electrolyte, rinsed with distilled water
and dried to constant weight at 65 °C. The electrode was
weighed again to monitor the coating growth. Coating
growth characteristics were measured as a function of
deposition time, current density and electrolyte concen-
tration. The experiments were carried out at ambient
temperature (26±28 °C). The Co(OH)2 coatings were
uniform and adherent.
Prior to electrodeposition, the working electrode was

cleaned in detergent and electrochemically polished as
described elsewhere [16]. The working electrode looses
0.17 mg cm)2 weight during electrochemical polishing.
It was observed that electrochemical polishing improves
the uniformity and adherence of Co(OH)2 on the
stainless steel 316 substrate. On continued electrodepo-
sition (20±25 min) the Co(OH)2 coating starts ¯aking o�
and collects at the bottom of the cell. It was recovered
by ®ltration, washed with water and dried at 65 °C. The
powder sample was analyzed by powder X-ray di�rac-
tometry (Jeol JDX8P powder di�ractometer), TG (lab.
built system, heating rate, 5 °C min)1), IR spectroscopy
(Nicolet model Impact 400D FTIR spectrometer, KBr
pellets, resolution 4 cm)1) and scanning electron mi-
croscopy (Jeol JSM 840A scanning electron micro-
scope).
Electrochemical measurements were performed using

a Versastat model II A (EG&G PARC) scanning
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potentiostat driven by model M270 electrochemistry
software. Stainless steel (area 6 cm2) ¯ags with and
without cobalt hydroxide coatings were immersed in a
tank containing 1 M KOH (volume 70 ml) and polarized
anodically. For elecrochemical measurements the cobalt
hydroxide coatings were synthesized at a current density
of 2 mA cm)2 for 2 min. Chronopotentiometric and
chronoamperometric measurements were done for
t � 30 min at di�erent current densities/applied poten-
tials. All potentials were measured with respect to a Hg/
HgO (1 M KOH) electrode as reference.
In separate experiments, the coatings were found

intact after prolonged electrolysis (15 h) under high pH
and potential stress.

3. Results and discussion

Electrolysis of nitrate baths leads to electrogeneration of
base at the cathode [17, 18] by one or more of the
following reactions.
Nitrate reduction:

NOÿ3 � 7H2O� 8 eÿ ! NOÿ2 � 10OHÿ �1�

Electrolysis of water:

2H2O� 2 eÿ ! H2 � 2OHÿ E� � ÿ0:828V �2�

Dissolved oxygen reduction:

O2 � 2H2O� 4 eÿ ! 4OHÿ �3�

Consequently, in most nitrate baths, the metal ion is
deposited as its hydroxide. In the present study, cobalt
hydroxide was found to deposit as an adherent coating
on the cathode. Figure 1 shows the variation of the
coating weight as a function of time, current density and
bath concentration. In all cases, the coating weight
increases initially and then levels o�. The limiting weight
is much higher at low current densities (2 mA cm)2) and
low concentrations (0.1 M), than under other condi-
tions. At high current densities, and high concentra-
tions, rapid thickening and ¯aking of the deposit is
observed. Assuming a density of 3.6 mg cm)3 [19] for
Co(OH)2, the limiting thickness of the coatings is
estimated to be 1.7 to 2.3 lm. Under these conditions,
the coating was found to be uniform, adherent and
stable to handling and work up.
For the purpose of physical characterization the

deposition was continued for up to 25 min and the
¯akes were collected by ®ltration. The powder X-ray
di�raction pattern is shown in Figure 2.
Cobalt hydroxide is known to crystallize in two

polymorphic modi®cations, known as a and b [20]. The
latter, a stoichiometric compound of the composition
Co(OH)2 is thermodynamically the most stable phase
and is isostructural with brucite, [Mg(OH)2] (Space
group P�3m1, a = 315 pm; c = 477 pm). The a-modi-

®cation is a hydroxyl de®cient phase [21] with a
composition Co(OH)2)x(NO3)x á yH2O (x = 0.2; y =
0.67 ) 1.0) and has an increased interlayer spacing (a =
310 pm; c/3 = 776 pm). The hydroxide synthesized
here is a mixed phase showing re¯ections characteristic

Fig. 1. Weight of the electrodeposited coating of cobalt hydroxide

plotted as a function of (a) time (bath concentration 0.1 M; current

2 mA cm)2), (b) current density (bath concentration 0.1 M; time

2 min) and (c) bath concentration (current density 2 mA cm)2;

time 2 min).
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of both a and b modi®cations. The low angle peak at
778 pm is characteristic of the (0 0 3) re¯ection of the a-
phase while the peaks at 465 pm and 237 pm are
characteristic of the (0 0 1) and (1 0 1) re¯ections of
the b-phase. The broad `saw-tooth' band at 268 pm is
due to the two-dimensional (1 0) re¯ection of the
turbostratically disordered a-cobalt hydroxide [21].
The a-modi®cation is metastable and ages rapidly to

the b-form under the conditions adopted for the OER.
Therefore no attempts were made to synthesize single-
phase hydroxide coatings. The infrared spectrum also
shows vibrations characteristic of the a (hydrogen
bonded OH stretch, 3457 cm)1; vibrations due to
intercalated nitrate, 1465, 1387, 839 cm)1; hydrogen
bonded CoAOAH bending vibration, 640 cm)1) and the
b (nonhydrogen bonded OH stretch, 3640 cm)1 and
CoAOAH bending vibration, 513 cm)1) phases. The
TG data show that the material undergoes a single step
weight loss of 26% which is intermediate between that
expected for the a (29.6%) and b (13.4%) modi®cations
[20].
Figure 3 shows the cyclic voltammograms for the bare

stainless steel and cobalt hydroxide covered stainless
steel electrodes. It is evident that oxygen evolution is
initiated at a much lower potential (580 mV) on the
cobalt hydroxide covered electrode compared to the
bare stainless steel electrode (670 mV). The strong

anodic peak seen in the former corresponds to the
oxidation of cobalt hydroxide [22].
For a more detailed study, the oxygen evolution

currents were measured for di�erent applied potentials
(chronoamperometry) and the oxygen evolution poten-
tials measured for di�erent currents (chronopotentiom-
etry). Typical measurements are shown in Figure 4. The
measured values of the current (potential) for di�erent
applied potentials (currents) are plotted in Figure 5. It is
clear that over a range of applied potentials and
currents, the cobalt hydroxide coated electrode catalyses
the OER. The catalysis is by as much as 100 mV in
galvanostatic experiments and by a twofold increase in
current in potentiostatic experiments. This compares
favourably with the performance of nickel hydroxide
coated electrodes [7].

Fig. 2. Powder X-ray di�raction pattern of electrosynthesized cobalt hydroxide. Features marked by the asterisk correspond to the b
modi®cation.

Fig. 3. Cyclic voltammograms of (a) bare stainless steel and (b) cobalt

hydroxide covered stainless steel electrodes (scan rate 20 mV s)1;

initial potential )100 mV; vertex potential 800 mV).

Fig. 4. (a) A typical chronoamperogram (660 mV) and (b) a typical

chronopotentiogram (50 mA cm)2) recorded for the OER at a bare

(dotted line) and a cobalt hydroxide covered (full line) stainless steel

electrode.
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As in the case of nickel hydroxide, oxygen evolution is
catalysed through the formation of the higher valent
hydroxide of Co [22]. This is indicated by the chrono-
potentiogram recorded at low current (Figure 6).
A clear plateau is seen after 900 s when the potential

Fig. 5. (a) Measured values of oxygen evolution currents at di�erent

applied potentials. (b) Measured values of oxygen evolution potentials

at di�erent applied currents (closed circles, bare stainless steel; open

circles, cobalt hydroxide covered stainless steel).

Fig. 6. Chronopotentiogram recorded at 0.16 mA cm)2 for the bare

(full line) and cobalt hydroxide covered (dotted line) stainless steel

electrode.

Fig. 7. Scanning electron micrographs of the cobalt hydroxide covered stainless steel electrode before (a, c) and after (b, d) oxidation.

b
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corresponding to the OER is attained. The initial
variation in potential corresponds to the oxidation of
Co(OH)2. The charge consumed by cobalt hydroxide as
estimated from the chronopotentiogram amounts to the
oxidation of Co from the +2 state to the +2.4 or 2.5
state depending on whether the hydroxide is of the b
(molecular weight 92.8) or the a (molecular weight, 116)
variety. The oxidation reaction can be approximately
shown as

Co(OH)2 �OHÿ ! CoO(OH)�H2O� eÿ

When the cobalt hydroxide is completely oxidized, the
excess oxygen is evolved.
Figure 7 shows the scanning electron micrographs of

the as-prepared and oxidized coatings. The low magni-
®cation micrographs clearly show that the coverage of
the substrate is uniform. Under high magni®cation, a
porous funnel shaped morphology comprising scales
growing perpendicular to the substrate can be seen in
the as-prepared coating. The porous morphology is
ideally suited for electrocatalysis. After oxygen evolu-
tion, there is no change in the nature of the coating
under low magni®cation, but under high magni®cation,
the edges of the funnels appear broken.
In conclusion, we have demonstrated the controlled

growth of cobalt hydroxide coatings on stainless steel
substrates by electrogeneration of base. The coatings
are good catalysts for oxygen evolution in alkaline
medium.
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