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a b s t r a c t

An electrocatalytic cobalt oxide film for water oxidation was prepared on an indium tin oxide (ITO)-
coated substrate by anodic electrodeposition. Atomic force microscopy measurements revealed that
numerous particles with a diameter of 100–250 nm were uniformly dispersed on the ITO substrate
and the particle size increased when prepared at higher temperature. Cyclic voltammograms of the Co
oxide-coated ITO electrodes were measured in alkaline and neutral aqueous solutions to examine their
redox characteristics and ability to catalyze water oxidation. When Co oxide was electrodeposited from
solutions kept at 10, 25 and 50 �C, the amount of electroactive Co oxide per unit area (Cea) was
1.06 � 10�8, 1.72 � 10�8, and 2.31 � 10�8 mol cm�2, respectively. The increase in Cea accompanied the
increase in particle size observed with rising deposition temperature. Quantitative analyses of O2 gas pro-
duced by water electrolysis were carried out under potentiostatic conditions using these Co oxide-mod-
ified electrodes and a bare ITO electrode for comparison. For the Co oxide-coated electrode prepared at
10 �C, the amount of O2 evolved by electrolysis for 2 h at 1.3 V vs. Ag/AgCl was 1.3 � 10�5 mol cm�2 in
alkaline electrolyte solution and 1.52 � 10�5 mol cm�2 in neutral electrolyte solution containing phos-
phate ions. In addition, when the Co oxide-coated electrode treated at 450 �C was used, the amount of
O2 evolved by the electrolysis increased to 2.58 � 10�5 mol cm�2 in the neutral electrolyte solution con-
taining phosphate ions, resulting from a stable catalytic current.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Effective and cheap catalysts for O2 evolution by water oxida-
tion (Eq.: 2H2O ? O2 + 4H+ + 4e�) are needed for the development
of industrial electrochemical processes as well as artificial photo-
synthetic devices to provide a socially acceptable renewable
energy source. Converting water to O2 and H2 is a major subject
for developing energy conversion systems that store renewable
resources in the form of chemical fuels. Conductive metal oxides
have been used as water oxidation catalysts in electrolyzers for
many decades. It is well known that metal oxides such as RuO2,
IrO2 and Co3O4 have catalytic activities for water oxidation [1–4].
In our previous studies, we prepared IrO2 nanoparticle- and col-
loid-coated electrodes by electrodeposition and self-assembly
which revealed high catalytic-activity for water electrolysis
[5–7]. However, although RuO2 and IrO2 are the high-active catalyst,
their noble metals are rare materials on earth and are not suitable
for use on a very large scale. Therefore, it is important to develop

other oxide catalysts using more abundant transition metals.
Cobalt (Co) oxide catalysts have been attracting much attention
as a promising candidate for photo- [8,9] and electrocatalysis
[10–21] of water oxidation. Recently, Kanan and Nocera [22]
reported a cobalt–phosphate (Co–Pi) catalyst for water oxidation.
Their Co–Pi catalyst not only exhibited high activity but also a
self-healing feature that suppressed release of Co2+ ions into solu-
tion during water-splitting catalysis [23,24]. Herein we report the
characterization of Co oxide films prepared from a citrate-cobalt
complex by electrodeposition, and determine the electrocatalytic
activity of the Co oxide catalysts based on the amount of O2

evolved. It is found that the catalytic activity decreases with
increasing deposition temperature, possibly because of the
increased particle size.

2. Experimental section

2.1. Materials

Cobalt chloride hexahydrate (CoCl2�6H2O), sodium hydroxide
(NaOH), potassium nitrate (KNO3), sodium dihydrogen phosphate

http://dx.doi.org/10.1016/j.jelechem.2014.11.019
1572-6657/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding authors. Tel.: +81 76 234 4770; fax: +81 76 234 4800.
E-mail address: tkuwabar@se.kanazawa-u.ac.jp (T. Kuwabara).

Journal of Electroanalytical Chemistry 740 (2015) 14–20

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier .com/locate / je lechem

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2014.11.019&domain=pdf
http://dx.doi.org/10.1016/j.jelechem.2014.11.019
mailto:tkuwabar@se.kanazawa-u.ac.jp
http://dx.doi.org/10.1016/j.jelechem.2014.11.019
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem


(b ) 10°C

(c) 25 °C (d ) 50°C

(a) Bare ITO

Fig. 1. Surface AFM images of (a) bare ITO and Co oxide-modified electrodes deposited at temperatures of (b) 10 �C, (c) 25 �C, and (d) 50 �C.
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Fig. 2. (a) Cyclic voltammograms of Co oxide-modified electrodes prepared at various temperatures in 0.1 M KNO3 aqueous solution at pH 11.6 and a scan rate of 20 mV s�1.
The potential range was from �0.3 to 0.7 V vs. Ag/AgCl. (b) Dependence of the amount of electroactive Co oxide (Cea) on electrodeposition temperature.
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