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Abstract: The oxidative energy storage behaviors of a designed novel system comprising a nickel hydroxide film electrode and an
oxygen-reducing platinum cathode were investigated by various electrochemical techniques. The structure and morphology of
samples were characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis. It is found that the
oxidative energy storage in the Ni(OH), electrodes can be obviously enhanced in the coupling system containing the cathode
electrolytes with higher oxygen content or lower pH value. The results of the oxidation—discharge cycle tests show that the Ni(OH),
film electrode oxidized in the coupling system with 1.0 mol/L Na,SO,4 (pH=2) as cathode electrolyte for 600 s presents discharge
capacities of 79.0 mC/ecm® at the first cycle and 97.9 mC/em?® at the 12th cycle, suggesting the excellent reversibility of the

investigated oxidative energy storage and conversion system.
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1 Introduction

The searching for high-efficient, low cost, and
friendly  electrochemical energy
conversion and storage systems has been attracted a great
deal of attention [I-3]. Nickel hydroxide/nickel
oxyhydroxide electrodes have aroused increasing
attention in decades because of their extensive
applications in various fields such as nickel-based
alkaline batteries [4, 5], electrochemical capacitors [6],
electrocatalysis in organic synthesis [7], sensors [8], and
electrochromic devices [9]. Ni(OH),/NiOOH has been
identified as one of the most important redox couples due
to its distinctive electrochemical properties [10]. The
transition from Ni(OH), to NiOOH (oxidation of
Ni(OH),) implies the oxidative energy storage in nickel
hydroxide [11, 12]. Generally, the oxidation of Ni(OH),
may be achieved by an electrochemical charging process
[13—15] or a chemical oxidation process [16, 17].
However, these processes need the supply of electrical
energy or the oxidizing agents with detrimentally
environmental consequences.

Oxygen is a very attractive oxidation agent for

environmentally

oxidative energy storage because of its strong oxidative
nature, environmentally benign characteristics and
almost unlimited reserves [18]. Nickel hydroxide only
exists in alkaline or neutral medium. However, the
relatively low oxidative ability of oxygen in the above
media results in failure in the oxidation of Ni(OH),.
Although oxygen has much higher oxidative nature in
acidic medium, the dissoluble characteristic of Ni(OH),
limits its direct oxidation using oxygen. To the best of
our knowledge, the oxidation of Ni(OH), utilizing a
naturally green oxidizing agent (oxygen) has not been
reported.

In this work, we investigate the oxidative energy
storage in Ni(OH), films by a designed novel system
comprising a nickel hydroxide film electrode and an
oxygen-reducing platinum cathode, and the oxidative
energy stored in the Ni(OH), electrodes is evaluated by
galvanostatic discharge tests. The effects of some key
factors on the oxidative energy storage are also discussed.

2 Experimental

2.1 Electrode preparation
Nickel hydroxide films were prepared by a cathodic
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electrodeposition from a 0.02 mol/L nickel nitrate
aqueous solution [19]. The substrates used for deposition
were an indium—tin oxide (ITO)-coated glass plate or
nickel foil with a working area of 1.0 cm”. Prior to use,

the ITO substrates were ultrasonically cleaned for 30 min.

The nickel foils were first etched in 1.0 mol/L HCI
solution for 10 min, and then they were successively
rinsed in acetone and deionized water. After cleaning, the
substrate was placed opposite a platinum foil
counterelectrode in a rectangular acrylic vessel
containing 0.02 mol/L nickel nitrate solution. Nickel
hydroxide films were deposited by applying a cathodic
current density of 1 mA/cm? for 20 min at room
temperature.

2.2 Energy storage device

The energy storage setup consisted of two cells: one
for nickel hydroxide electrode and the other for an
oxygen-reducing platinum cathode, as shown in Fig. 1.
The two electrodes were galvanically coupled through an
external circuit, and the two cells were connected by a
salt bridge (glass tubing containing saturated KCl agar)
to complete the circuit [20]. The anode cell included the
Ni(OH), electrode, a Hg/HgO reference electrode, and

1.0 mol/L NaOH aqueous electrolyte with 1.0 mol/L NaF.

The cathode cell was composed of a platinum foil
(2 emx2 cm) or a Pt-black coated Pt plate (1 cmx1 cm)
and various aqueous electrolytes. The Pt-black coated Pt
plate cathode was prepared from a Pt plate coated with Pt
black by electrodeposition in a H,PtCls aqueous solution
[21]. The coupling potentials were measured by a
potentiostat (EG&G model 273A) controlled by a
microcomputer. The coupling currents were recorded by
an amperemeter.

8 5 9 2

Fig. 1 Schematic diagram of energy storage system: 1—Anode
cell; 2—Cathode cell; 3—Salt bridge; 4— Amperemeter;
5—Anode; 6—Cathode; 7—Reference electrode; 8—Anode
electrolyte; 9—Cathode electrolyte

2.3 Electrochemical measurements

Electrochemical measurements were performed in a
typical three-electrode glass cell. The oxidized nickel
hydroxide films were used as the working electrode. The

counter electrode was a platinum foil and the reference is
a Hg/HgO electrode. The aqueous solution with 1.0
mol/L NaOH and 1.0 mol/L NaF was employed as
electrolyte. Galvanostatic discharge tests were performed
by a potentiostat (EG&G model 273A).

2.4 Physical characterization

The morphologies of thin film electrodes were
examined by a Philips model XL30 scanning electron
microscope (SEM). The XRD patterns of the film
electrodes were recorded using a Rigaku D/Max 2550
X-ray diffractometer with Cu K, radiation at 40 kV and
300 mA. A rate of 6 (°)/min over the scan range of
10°-80° (26) was used to detect the phase structure of
the films.

In the above experiments, the reagents were of A.R.
grade, and the solutions were prepared by deionized
water.

3 Results and discussion

3.1 Effect factors of oxidative energy storage

Figure 2 shows the SEM image of the as-prepared
Ni(OH), film on ITO substrate. Obviously, the film is
nano porous, with particle size of 50-200 nm. A porous
structure may provide easy access of the surfaces to
liquid electrolytes, thus increasing effective surface area
for electrochemical reactions. The nanostructured porous
nickel hydroxide film is very important for
electrochemical energy storage systems because it has
high specific surface area, fast redox reactions, and

shortened diffusion path in solid phase [22].

Fig. 2 SEM image of as-prepared Ni(OH), film on ITO
substrate

The open-circuit potentials of platinum foil in the
selected cathode electrolytes are listed in Table 1. Note
that the open-circuit potentials of the as-prepared
Ni(OH), films on ITO in the solution with 1.0 mol/L
NaOH and 1.0 mol/L NaF (-0.38 V to —0.25 V vs
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Table 1 Open-circuit potentials (¢,.) (vs Hg/HgO) of Pt foil in
various cathode electrolytes®

Electrolyte Do/ V

H,O 0.320 £ 0.008

1.0 mol/L Na,SO, (pH=6) solution 0.376 £ 0.004
1.0 mol/L Na,SO4 (pH=6

mol/L Na;S0, (pH=6) 0.194 £ 0.005
solution purged with N,
1.0 mol/L Na,SO, (pH=6

mol/L Na,SO, (pH=6) 0.410 £ 0.003
solution purged with O,

1.0 mol/L Na,SOy, solution (pH=10) 0.260 £ 0.004

1.0 mol/L Na,SOy, solution (pH=2) 0.460 = 0.003

* The pH values are initial ones of the corresponding solutions.

Hg/HgO) are much lower than those of Pt foil shown in
Table 1. It can be seen from Fig. 1 that when the Ni(OH),
film electrode is connected galvanically to the platinum
electrode, the electrons from the Ni(OH), film can be
transported to the cathode through the external circuit
due to the potential difference between the two
electrodes, and the Ni(OH), electrode and the platinum
electrode are anodically and cathodically polarized,
respectively. This finally results in the formation of the
identical potential for the Ni(OH),—platinum galvanic
coupling system. At the platinum cathode, a reduction
reaction occurs to consume the electrons from the
external circuit. Simultaneously, the following oxidation
reaction appears at the anode [9]:

Ni(OH),+OH =NiOOH+H,0+¢ (1)

The potential variations of the Ni(OH),—platinum
coupling systems with various cathode electrolytes
during the 1.0 h coupling and the galvanostatic discharge
curves of the corresponding oxidized Ni(OH), film
electrodes at a current density of 5.0 pA/cm? are depicted
in Fig. 3. As shown in Fig. 3(a), the potentials of the
Ni(OH),—platinum system first rise sharply, and then
increase slowly during the coupling. The coupling
potentials of the systems with various cathode
electrolytes are in the order: 1.0 mol/L Na,SO40,)>1.0
mol/L Na,SO,>H,0>1.0 mol/L Na,SO4 (N,). This is
completely consistent with the order in the discharge
potentials and discharge capacities of the corresponding
oxidized Ni(OH), film electrodes (Fig. 3(b)). The
Ni(OH), film electrode oxidized in the coupling system
with 1.0 mol/L Na,SO, as cathode electrolyte presents a
flat discharge plateau at relatively high potentials
(250-350 mV) and a large discharge capacity, implying
the effective oxidation of Ni(OH), [23]. As indicated by
the corresponding discharge curves in Fig. 3(b), the
oxidation of Ni(OH), is notably deteriorated by
substituting H,O for 1.0 mol/L Na,SO, as cathode
electrolyte, probably resulting from the very low

conductivity of water. The purge of oxygen in the
cathode electrolyte (1.0 mol/L Na,SO,) greatly improves
the oxidation of Ni(OH), by increasing the electrode
of Pt, which leads to the significant
enhancement in discharge performance of the oxidized
Ni(OH), film electrode. In comparison, the aeration of
the cathode electrolyte with nitrogen obviously decreases
the potentials of both the platinum electrode (Table 1)
and the coupling system, thus almost no charge is stored
in the Ni(OH), film as indicated by the corresponding
discharge curve. The above results suggest that the

potential

reduction reaction of oxygen at the platinum electrode
has large contribution to the energy storage in the
Ni(OH); film electrodes.
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Fig. 3 Potential—time curves of Ni(OH),—platinum coupling
system with Pt foil in various cathode electrolytes (a),
discharge curves of oxidized Ni(OH), film electrode in various
cathode electrolytes at current density of 5.0 pA/ecm® (b)
(Ni(OH), film electrodes used ITO as substrate)

Figure 4 shows the dependence of the oxidative
energy storage on the pH value of the cathode electrolyte
in the Ni(OH),—platinum coupling system. It is noted in
Fig. 4(b) that the temporal variations of the coupling
currents for various systems have the same trend, that is,
the coupling current has a relatively large initial value,
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Fig. 4 Dependences of temporal potential (a) and current (b)
variations for Ni(OH),—platinum coupling system with Pt foil
on pH value of cathode electrolytes, and discharge curves of
oxidized Ni(OH), film cathode
electrolytes at current density of 5.0 pA/ecm® (c) (Ni(OH), film
electrodes used ITO as substrate)

electrodes in various

followed by a sharp decrease, and then lowers slowly,
and finally reaches a stable value. This is generally
accordant with the temporal
corresponding coupling potentials (Fig. 4(a)). The
potentials of the coupling system with the alkaline
Na,S0O, solution (pH=10) as cathode electrolyte during
the coupling are below 100 mV (Fig. 4(a)), and no
effective oxidation of Ni(OH), occurs as indicated by the
very low coupling currents (Fig. 4(b)) and the poor

variations of the

discharge performance (Fig. 4(c)). While the high
coupling potentials (>300 mV) and considerable large
coupling currents of the systems with the acidic Na,SO,4
solutions (pH=6 or 2) as cathode electrolyte show that
the Ni(OH), film may be effectively oxidized, which is
confirmed by the corresponding discharge curves in
Fig. 4(c). It is noted that the cathode electrolyte with
lower pH value may markedly enhance the energy
storage in the Ni(OH), films, as suggested by higher
coupling potentials (Fig. 4(a)), larger coupling currents
(Fig. 4(b)) and better discharge performance (Fig. 4(c)).

Since the oxidation of Ni(OH), is the predominant
reaction of the Ni(OH), film electrode during the
galvanic coupling, the charges transferring from the
anode to the cathode equal the charges stored in the
anode. It can be calculated from Figs. 4(b) and (c) that
the charges stored in the Ni(OH), film electrodes in the
coupling systems with the pH=2 and pH=6 Na,SO,
cathode electrolytes are 426.4 and 356.2 mC/cm’,
respectively, and the discharge efficiencies of the two
oxidized Ni(OH), electrodes are 19.5% for the former
and 6.06% for the latter. The relatively low discharge
efficiencies of the oxidized Ni(OH), film electrodes
could result from high electrode polarization, which may
be increased by improving the electrode composition and
structure [22].

The photographs of the Ni(OH), films on ITO
substrate before and after oxidation for 1.0 h in the
Ni(OH),—platinum coupling systems using 1.0 mol/L
Na,SO, solutions with various pH values as cathode
electrolyte are depicted in Fig. 5. The as-prepared film
displays shallow green, typically characteristic color of
Ni(OH), [15]. The coupling in the system using the
alkaline Na,SO, solution (pH=10) as cathode electrolyte
induces little change in the color of Ni(OH), film,
suggesting no effective oxidation of Ni(OH),. In
comparison, the colors of the Ni(OH), films oxidized in
the coupling systems containing the cathode electrolytes
with pH=6 and 2 are brown and black, respectively.
Considering that the characteristic color of NiOOH is
black [11], it can be reasonably concluded that the
coupling in the systems with the acidic cathode
electrolytes may lead to the effective oxidation of
Ni(OH), film, and the oxidation effect enhances with
decrease in the pH value of cathode electrolyte. This is
generally consistent with the results of the preceding
electrochemical experiments.

The oxygen reduction reactions at Pt electrode in
the acidic or alkaline solutions may be generally
expressed in the following equations [23]:

O, +H4H +4e=2H,0 (pH<7) ©)
0,+2H,0+4e=40H (pH>7) 3)

It is well known that the standard electrode potential



FANG Wen-bin, et al/Trans. Nonferrous Met. Soc. China 22(2012) 335-341 339

Fig. 5 Photographs of Ni(OH), films on ITO substrate before (a)
and after oxidation for 1.0 h in Ni(OH),—platinum coupling
system with Pt foil using 1.0 mol/L Na,SO, solutions with
pH=2 (b), pH=6 (c) and pH=10 (d) as cathode electrolyte

of the oxygen reduction reaction in the acidic solutions
(Eq. (2)) is far higher than that in the alkaline solutions
(Eq. (3)). With respect to the coupling system with the
alkaline Na,SO, solution (pH=10) as cathode electrolyte,
the open-circuit potential of Pt electrode (Table 1) is
much lower than the reversible potential of nickel
hydroxide/nickel oxyhydroxide couple [24], thus no
effective oxidation of nickel hydroxide occurs during the
coupling. The open-circuit potential of Pt in the acidic
Na,SO, solutions (e.g., pH=2 or 6) is higher than the
reversible potential of nickel hydroxide/nickel
oxyhydroxide couple, resulting in significant oxidation
of the Ni(OH), film in the corresponding coupling
systems. From the view of electrochemical equilibrium,
it can be concluded from equation (2) that the lower pH
value in the cathode electrolyte may increase the
equilibrium potential of the platinum electrode, thereby
enhancing the energy storage in the Ni(OH), films. On
the other hand, it should be also noted from equation (2)
that the equilibrium potential of Pt rises with the increase
of oxygen content in the cathode electrolyte. This is
responsible for enhancement in the energy storage of the
Ni(OH), film in the coupling system with the cathode
electrolyte purged with O, and the absence in the
effective oxidation of the Ni(OH), film in the coupling
system with the cathode electrolyte purged with N,.

3.2 Reversibility of oxidative energy storage and
conversion
In order to further investigate the reversibility of the
oxidative energy storage and conversion, the oxidation
and discharge cycles of the nickel hydroxide film
electrodes using nickel foil substrate in the coupling

system with the Pt-black coated Pt plate cathode using
1.0 mol/L Na,SO, (pH=2) solution as cathode electrolyte
were tested, and the results are presented in Fig. 6. It can
be seen from Fig. 6(a) that the first temporal potential
variation of the coupling system with the Ni(OH), film
electrode on nickel foil is very similar to that for the
coupling system with the Ni(OH), film electrode on ITO
and the acidic (pH=2) Na,SO, cathode electrolyte
(Fig. 4), and the temporal potential variations in the
following cycles almost copy the first variation except
for much higher initial potentials (>300 mV). Figure 6(b)
shows the galvanostatic discharge curves of the
corresponding oxidized Ni(OH), film electrode at a
current density of 100.0 pA/cm’. In the investigated
cycles the oxidized Ni(OH), film electrode presents
higher discharge plateaus and larger discharge capacities.
It is noted in Fig. 6(b) that the discharge performance of
the oxidized Ni(OH), film electrode almost enhances
with the increase of cycle number, resulting from its
gradual activation [5, 6]. It is calculated from Fig. 6
that the oxidized Ni(OH), film electrode on nickel foil
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Fig. 6 Potential—time curves of Ni(OH),—platinum coupling
system with Pt-black coated Pt plate cathode using 1.0 mol/L
Na,SO, (pH=2) as cathode electrolyte at various cycles (a) and
discharge curves of oxidized Ni(OH), film electrode at 100.0
pA/em’® (b) (Ni(OH), film electrodes used nickel foil as
substrate)
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presents discharge capacities of 79.0 mC/cm? at the first
cycle and 97.9 mC/cm’ at the 12th cycle, which is
comparable to the discharge capacity (83.1 mC/cm?) of
the Ni(OH), film electrode on ITO oxidized under
similar conditions (Fig. 4). Note that the discharge
current density (100.0 pA/cm?) of the oxidized Ni(OH),
film electrodes using nickel foil substrate (Fig. 6) is
much larger than that (5.0 nA/cm?) of the corresponding
Ni(OH), electrode on ITO (Fig. 4) and that the
oxidation time (10 min) for the former is much shorter
than that (60 min) for the latter. It is reasonable to
conclude that the oxidized Ni(OH), film electrode using
nickel foil substrate has higher charge storage capability
and better rate discharge performance. The substitution
of the Pt-black coated Pt plate cathode with much larger
specific surface area for the platinum foil in the coupling
system could be mainly responsible for the markedly
enhanced performance of the oxidized Ni(OH), film
electrode using nickel foil substrate. In addition, the
increase in electronic conductivity resulting from the
substitution of nickel foil for ITO also has certain
contribution to the improved rate discharge capability of
the oxidized Ni(OH), film electrode.

The XRD patterns of the as-prepared Ni(OH), film
on nickel foil and the corresponding film oxidized for 10
min in the coupling system with 1.0 mol/L Na,SO,
(pH=2) as cathode electrolyte are illustrated in Figs. 7
and 8, respectively. As shown in Fig. 7, the two peaks at
26=22° and 34° can be indexed to the a-Ni(OH), phase
according to JCPDS card No. 38—715, and the peaks at
26=44°, 52° and 77° result from metallic nickel substrate
according to JCPDS card No. 04—850, indicating that
the as-prepared Ni(OH), film has the alpha phase
structure. The two peaks at 26=12° and 38° in Fig. 8 may
be indexed to the (003) and (102) planes of -NiOOH in
terms of JCPDS card No. 06—075, respectively. This
suggests that «-Ni(OH), is partially transferred to
7NiOOH by the oxidation in the galvanic coupling
system, consistent with the results of electrochemical
tests in Fig. 6.

s

v — 2-Ni(OH),
*—Ni

10 20 30 40 50 60 70 80
26(°)

Fig. 7 XRD pattern of as-prepared Ni(OH), film on nickel foil
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Fig. 8 XRD pattern of Ni(OH), film on nickel foil oxidized for
10 min in coupling system with Pt-black coated Pt plate
cathode using 1.0 mol/L Na,SO,4 (pH=2) as cathode electrolyte

4 Conclusions

1) The oxidative energy storage in the Ni(OH), film
electrodes has been successfully achieved by a designed
novel energy storage system comprising a nickel
hydroxide film electrode and an oxygen-reducing Pt
cathode. The oxidative energy stored in the Ni(OH),
electrodes can be electrochemically discharged. The
increase of oxygen content and the decrease of pH value
in the cathode electrolytes of the coupling system may
enhance the oxidative energy storage in the Ni(OH), film
electrodes.

2) The nickel hydroxide film electrode using nickel
foil substrate in the coupling system with the Pt-black
coated Pt plate cathode using 1.0 mol/L Na,SO, (pH=2)
cathode electrolyte higher
oxidation—discharge cycling stability and better rate
discharge capability. This suggests the excellent
reversibility of the investigated oxidative energy storage
and conversion system.

3) From the view of the oxidation of Ni(OH),, the
present work develops a facile method utilizing a
naturally green oxidizing agent (oxygen) replacing the
supply of electrical energy or other oxidizing agents with
detrimentally environmental consequences. Further, the
present method can be easily extended to the oxidative
energy storage in other film electrodes at reductive
states.

solution as shows
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