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Abstract
In the bipolar-type alkaline water electrolysis powered by renewable energy, electrocatalysts are degraded by repeated 
potential change associated with the generation of reverse current. If an electrode has large discharge capacity, the opposite 
electrode on the same bipolar plate is degraded by the reverse current. In this study, discharge capacity of various transition 
metal-based electrocatalysts was investigated to clarify the determining factors of electrocatalysts on the reverse current and 
durability. The discharge capacities from 1.5 to 0.5 V vs. RHE (Qdc,0.5) of electrocatalysts are proportional to the surface 
area in most cases. The proportionality coefficient, corresponding to the specific capacity, is 1.0 C·m–2 for  Co3O4 and 2.3 
C·m–2 for manganese-based electrocatalysts. The substitution of  Co3+ in  Co3O4 with  Ni3+ increased Qdc,0.5. The upper limit 
of theoretical specific capacity for  Co3O4 is estimated to be 1.699 C·m–2, meaning the former and latter cases correspond to 
2- and 1-electron reactions, respectively, per a cation at the surface. The discharge capacities of the elctrocatalysts increased 
because of the dissolution and recrystallization of nickel and/or cobalt into metal hydroxides. The increase in the capaci-
ties of  Co3O4 and  NiCo2O4 during ten charge–discharge cycles was below 2–9% and 0.5–38%, respectively. Therefore, if 
a cathode electrocatalyst with relatively low redox durability is used on the one side of a bipolar plate, it is necessary to 
control optimum discharge capacity of the anode by changing surface area and constituent metal cations to minimize the 
generation of reverse current.

Keywords Alkaline water electrolysis · Renewable energy · Reverse current · Durability · Anode electrocatalysts · Spinel oxide

Introduction

Global warming due to large usage of fossil fuels is regarded 
as one of the most important problems in the world. Renew-
able energy, such as wind and solar power, has attracted 
much attention as clean energy without emission of  CO2 
during power generation. The use of renewable energy as a 
large-scale energy source is however difficult because suit-
able place for generation of renewable energy is unevenly 

distributed and its power is unstable. Hydrogen is a promis-
ing energy carrier for renewable energy because hydrogen 
does not emit any harmful byproducts on its usage [1, 2].

Hydrogen is produced from renewable electricity by water 
electrolysis without the emission of  CO2 [3]. Alkaline water 
electrolysis (AWE) and proton exchange membrane water 
electrolysis (PEMWE) are the two types of water electrolysis 
in practical use. PEMWE exhibits high energy efficiency 
under high current density, and the materials are relatively 
durable under power fluctuation, compared with AWE [4], 
whereas expensive acid-tolerant materials, such as platinum, 
iridium, and titanium, must be used. On the other hand, 
AWE can be constructed with base metals, such as iron, 
manganese, cobalt, and nickel because alkaline electrolyte 
is used. A large-scale AWE is usually designed as a bipolar 
cell, although reverse current is generated when a bipolar 
cell is shut-down without any protective current [5–7]. Oxy-
gen and hydrogen evolved on the anode and cathode, respec-
tively, and the redox reaction of electrodes themselves cause 
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large potential difference between the anodic and cathodic 
sides on a bipolar plate. Both sides on the bipolar plate are 
electronically short-circuited through the bipolar plate, and 
ionically connected through the electrolyte in the manifold. 
Thus, the reverse current is caused by the potential differ-
ence as a driving force. The flow of reverse current leads to 
the significant change in the electrode potentials; therefore, 
the frequent start-up and shutdown due to unstable renewa-
ble energy will degrade electrode materials, such as dissolu-
tion of electrocatalysts [8], delamination of electrocatalysts 
[9], and corrosion of electrode substrate [10, 11]. This issue 
is also common for large-scale serially connected unipolar 
AWE with significant capacitance in the cell bank and pos-
sible bypass current through manifolds [6].

The potential changes of an anode and a cathode depend 
in principle on the balance of the discharge capacities of the 
electrodes loaded on the same bipolar plate. The discharge 
capacity of an electrode can be varied by the specific capac-
ity of each electrocatalyst and its loading amount. For exam-
ple, if an anode possesses larger total discharge capacity than 
the cathode on the same bipolar plate, the potential of the 
cathode will increase significantly after the reverse current 
flows to discharge all charges on the cathode. In other words, 
the potential change of an electrode due to reverse current is 
suppressed by increasing the discharge capacity relative to 
that of the electrode on the opposite side of the bipolar plate. 
Therefore, an electrode with lower redox durability can be 
protected by increasing the discharge capacity relative to 
that of the electrode on the opposite side. Therefore, elec-
trocatalytic activity, discharge capacity, and redox durability 
of electrocatalysts should fully be understood for the rational 
design of a bipolar plate with high durability.

Much effort has been paid on the development of anodic 
electrocatalysts because of the sluggish kinetics of the oxy-
gen evolution reaction (OER) [12–16]. For AWE, transition 
metal-based oxides, consisting of nickel, cobalt, manganese, 
and so on, are known to be highly active electrocatalysts 
under alkaline environment. The activities of these metal 
oxides are in the order of  NiOx ≈  CoOx >  MnOx [17, 18]. 
 NiCo2O4 with the spinel-type structure is frequently used as 
an OER electrocatalyst for AWE. The activities of  NiCo2O4 
and  Co3O4 are similar to each other, whereas  NiCo2O4 has 
higher conductivity [19, 20]. The OER activities of man-
ganese-based oxides are usually less than those of nickel- 
and cobalt-based oxides, although manganese oxides have 
attracted attention because of the lower cost and more avail-
able resources. Among manganese-based oxides, α-Mn2O3 
and α-MnO2 are relatively active [21]. As a binary mixed 
metal oxide of manganese and nickel,  NiMnO3 with the 
ilmenite-type structure has also been reported as an OER 
electrocatalyst [22]. These high OER activities have been 
supported by theoretical calculations, where  Co3O4 was pre-
dicted to have high OER activity similar to those of noble 

metals, and high OER activities were also expected for NiO, 
 Mn2O3,  Mn3O4, and  MnO2 [23]. Accordingly, many transi-
tion metal-based oxides exhibit high OER activity; however, 
their degree of contribution to the reverse current generation 
has hardly been studied. If a cathode electrocatalyst with 
relatively low redox durability is used on the one side of a 
bipolar plate, the anode electrocatalyst on the opposite side 
should have optimum charge–discharge capacity not to cause 
significant redox reaction on the cathode side.

In this study, the determining factors of the magnitude of 
reverse currents upon shutdown of AWE are investigated, using 
various transition metal-based oxides consisting of nickel, 
cobalt, and manganese. In particular,  Co3O4 and  NiCo2O4 with 
various particle sizes were systematically examined to investi-
gate the effect of constituting metal elements on the degradation 
of behavior of spinel-type oxides.  Co3O4 contains  Co2+ and 
 Co3+ at the tetrahedral and octahedral sites, respectively, and 
 NiCo2O4 contains  Co2+ at the tetrahedral site and  Co3+ and 
 Ni3+ at the octahedral site [19, 24]. They have been reported as 
highly active OER electrocatalysts, whereas their activities are 
not largely different. Thus, we aim to extract the information 
specifically on durability by comparing these electrocatalysts.

Experimental

Materials

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt nitrate 
hexahydrate (Co(NO3)2·6H2O), manganese nitrate hexahy-
drate (Mn(NO3)2·6H2O), potassium permanganate  (KMnO4), 
and manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O) 
were purchased from Kanto Chemical Co., Inc. Hydrogen 
peroxide  (H2O2), sodium hydroxide (NaOH), and potassium 
hydroxide (KOH) were purchased from FUJIFILM Wako 
Pure Chemical Co. The purity of KOH is > 85.0%, and the 
concentration of Fe as an impurity is < 5 ppm. Acetylene 
Black (AB) was purchased from Strem Chemicals, Inc. 
Polyvinylidene difluoride (PVDF) solution (KFL #7208, 
8%PVDF in N-methyl-2-pyrrolidone) was purchased from 
KUREHA Co. Nickel plate was purchased from KOUEI K. 
K. All reagents were used without purification for the experi-
ments described below.

Synthesis of Electrocatalysts

Co3O4 nanoparticles were synthesized by coprecipita-
tion of metal hydroxide and subsequent calcination. 3.4 g 
of hydrogen peroxide (30 wt%) was added to 20 mL of 
2.25 M Co(NO3)2·6H2O aq. The solution was then added 
dropwise to 180 mL of 0.667 M NaOH aq. under stir-
ring. The solution was diluted with 200 mL of deionized 
water, stirred for 30 min, and subsequently filtered, using 
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a membrane filter (pore size: 0.2 μm). After washing the 
precipitate with deionized water twice, the black prod-
uct was dried at 120 °C for 24 h to obtain a precursor of 
 Co3O4. To change the particle size, the precursor was cal-
cined at 300, 400, 500, or 700 °C for 3 h (ramp rate: 10 °C/
min). The samples are named as  Co3O4_T where T repre-
sents the temperature of the calcination.  NiCo2O4 nano-
particles were synthesized by the same method as for the 
 Co3O4 nanoparticles, in which an aqueous solution con-
taining 0.75 M Co(NO3)2·6H2O and 1.5 M Ni(NO3)2·6H2O 
was used instead of the 2.25 M Co(NO3)2·6H2O aq. The 
samples are named as  NiCo2O4_T where T represents the 
temperature of the calcination.

NiMnO3,  CoMn2O4, and  MnCo2O4 were synthesized 
by the combustion method. The metal nitrates were mixed 
in the molar ratio of the aimed final products, where 
1Ni(NO3)2·6H2O and 1Mn(NO3)2·6H2O for  NiMnO3, 
1Co(NO3)2·6H2O and 2Mn(NO3)2·6H2O for  CoMn2O4, and 
1Mn(NO3)2·6H2O and 2Co(NO3)2·6H2O for  MnCo2O4 were 
used. The mixture was ground on a mortar and calcined in 
air at 500 °C for 3 h (ramp rate: 10 °C/min). α-Mn2O3 was 
obtained by calcining Mn(NO3)2·6H2O in air at 800 °C for 
3 h (ramp rate: 10 °C/min). α-MnO2 was synthesized by 
mixing 3 Mn(CH3COO)2·4H2O and 2  KMnO4, followed 
by heating at 120 °C for 4 h. The black product was then 
washed with deionized water and dried at 80 °C to obtain 
α-MnO2 [25].

Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku 
Ultima IV diffractometer with CuKα radiation at 40 kV and 
40 mA.  N2 adsorption measurement was performed on a Micro-
trac BEL BELSORP Mini instrument at −196 °C. The samples 
were evacuated at 120 °C for 3 h prior to the measurement. The 
Brunauer–Emmett–Teller (BET) surface area was estimated from 
the plots at P/P0 = 0.10–0.30. The correlation factor (R2) of the 
BET plots was 0.9993–1.0000 (Table S1 in the Supplementary 
Information). Fourier transform infrared (FTIR) spectra were 
recorded on a JASCO FT/IR-6600 spectrometer, using a KBr 
disk. Field emission scanning electron microscopy (FESEM) 
images were taken by a Hitachi SU8010 microscope at the accel-
erating voltage of 10–15 kV without metal coating. The particle 
size histograms were prepared from data of one hundred parti-
cles for each sample. The energy dispersive X-ray spectroscopy 
(EDX) was performed using a JEOL JCM-7000 SEM–EDX sys-
tem at the accelerating voltage of 15 kV without metal coating.

Electrochemical Measurement

The synthesized electrocatalysts were mixed with acety-
lene black and PVDF in the weight ratio of electrocatalyst: 

acetylene black:PVDF = 8:1:1. The catalyst inks were then 
dried on nickel plates at 80 °C for 24 h under vacuum, and 
used as working electrodes. A three-electrode cell consisting 
of PFA was used as the electrochemical cell. One M KOH 
aq. was used as an electrolyte at 25 °C under  N2 bubbling. 
The counter and reference electrodes were nickel coil and 
reversible hydrogen electrode (RHE), respectively.

The charge–discharge curves were obtained as follows. 
The electrocatalyst was charged at 0.5 mA·mg−1. After the 
potential reached 1.5 V vs. RHE, the potential was retained 
at the constant value for 5 min. The electrocatalyst was then 
discharged at −0.5 mA·mg−1 to the cutoff potential of 0.5 V 
vs. RHE without potential retainment. These processes were 
repeated for 10 cycles for each sample. The CV was per-
formed before the charge–discharge test. The sweep rate 
was 10 mV·s−1, and the potential range was 0.5–1.5 V vs. 
RHE. Electrochemical impedance spectroscopy (frequency: 
 106–10−1 Hz, amplitude 10 mV, bias 1.65 V) was performed 
after the CV measurement to estimate the uncompensated 
resistance between reference and working electrodes, using 
the equivalent circuit shown in the Fig. S1 in the supplemen-
tary information. The iR loss of the potential shown in the 
cyclic voltammograms are corrected.

Results and Discussion

Characterization of the Electrocatalysts

The XRD patterns of the electrocatalysts are shown in the 
Fig. 1. The  Co3O4 samples and the  NiCo2O4 samples were 
assignable to the spinel structures (JCPDS #43–1003, and 
#1–1227) with some impurities described below (Fig. 1a–h). 
α-MnO2 and α-Mn2O3 were assignable to the corresponding 
phase registered in JCPDS #44–0141 and #24–0508, respec-
tively (Fig. 1i, j).  NiMnO3 was assignable to the ilmenite-
type structure (JCPDS #75–2089, Fig. 1k).  CoMn2O4 and 
 MnCo2O4 were assignable to the spinel structures (JCPDS 
#77–0471, #23–1237, Fig. 1l, m). The assignments of the 
structure and the BET surface areas (SBET) of the electro-
catalysts are summarized in the Table 1. The surface areas 
of  Co3O4 and  NiCo2O4 were controlled well by the calcina-
tion temperature. The SBET values of  Co3O4 and  NiCo2O4 
were varied as 1.8–87.3 and 9.7–100  m2·g−1. The higher 
calcination temperature promoted more sintering. Among 
manganese-based oxides, the SBET values were varied from 
1.7 to 144  m2·g−1.

The structure and particle sizes of  Co3O4 and  NiCo2O4 
were further analyzed in detail. In the XRD patterns of 
 Co3O4 (Fig. 1a–d) and  NiCo2O4 (Fig. 1e–h) show the dif-
fractions due to cubic spinel-type structure. The peak widths 
decreased along with the increases in the calcination tem-
peratures, corresponding to the increase in the particle sizes 
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of the samples calcined at higher temperatures. The lattice 
constants of  Co3O4_300,  Co3O4_400,  Co3O4_500, and 
 Co3O4_700 are 0.8088, 0.8083, 0.8087, and 0.8086 nm, 
respectively. These values are consistent with the reported 
value of  Co3O4 (0.8084 nm in JCPDS #43–1003). The lattice 
constants of  NiCo2O4_300,  NiCo2O4_400,  NiCo2O4_500, 
and  NiCo2O4_700 are 0.8123, 0.8125, 0.8128, and 
0.8099 nm, respectively. The values are also consistent 
with the reported value of  NiCo2O4 (0.8128 nm in JCPDS 
#2–1074) except for that of  NiCo2O4_700. In the XRD pat-
terns of  NiCo2O4_500 and  NiCo2O4_700 (Fig. 1g, h), the 
200 and 220 diffractions due to NiO (JCPDS #65–2901) and/
or CoO (JCPDS #1–1227) were observed at 43.2 and 62.7°, 
respectively, which is the reason for the change in the lattice 
constant of  NiCo2O4_700 [26, 27]. The lattice constants of 
the impurity phase in both  NiCo2O4_500 and  NiCo2O4_700 
are the same and 0.4196 nm which is between those of NiO 
(0.4177 nm) and CoO (0.4240 nm). Thus, the impurity phase 

is a solid solution of NiO and CoO  (NixCo1–xO), which 
should slightly affect the chemical composition of the major 
spinel phase.

The FTIR spectra of  Co3O4 samples show the bands at 
573 and 665  cm–1 (Fig. S2a–d). These bands are character-
istic of  Co3O4 [28]. The band at 573  cm–1 (ν1) is assigned 
to  OB3 vibration of the  AB2O4 spinel structure, where A 
and B represent  Co2+ and  Co3+, respectively. The band at 
665  cm−1 (ν2) is assigned to vibration of the  ABO3 group. 
These bands were slightly split for  Co3O4_700 (Fig. S2d), 
which corresponds to the partial decomposition of  Co3O4 to 
form CoO [27] although CoO was not detected by the XRD.

The FTIR spectra of  NiCo2O4_300,  NiCo2O4_400, and 
 NiCo2O4_500 showed absorption bands at around 558 and 
652  cm−1 characteristic of the  NiCo2O4 (Fig. S2e, f and 
g) [19]. These wavenumbers of these bands are similar to 
those of the  Co3O4 samples, whereas the substitution of the 
octahedral site with  Ni3+ and caused shifts of the bands. 

Fig. 1  XRD patterns of a 
 Co3O4_300, b  Co3O4_400, c 
 Co3O4_500, d  Co3O4_700, e 
 NiCo2O4_300, f  NiCo2O4_400, 
g  NiCo2O4_500, h 
 NiCo2O4_700, i α-MnO2, 
j α-Mn2O3, k  NiMnO3, l 
 CoMn2O4, and m  MnCo2O4,. 
The asterisks indicate the peaks 
due to  NixCo1–xO

Table 1  Assignments of 
the XRD patterns and the 
BET surface areas of the 
electrocatalysts

Sample Assignment (JCPDS registry number) BET surface 
area SBET/
m2·g–1

(a) Co3O4_300 spinel-type (#43–1003) 87.3
(b) Co3O4_400 36.9
(c) Co3O4_500 13.9
(d) Co3O4_700 1.8
(e) NiCo2O4_300 spinel-type (#2–1074) 100
(f) NiCo2O4_400 52.3
(g) NiCo2O4_500 35.7
(h) NiCo2O4_700 9.7
(i) α-MnO2 cryptomelane-type (#44–0141) 144
(j) α-Mn2O3 bixbyite (#24–0508) 1.7
(k) NiMnO3 ilmenite-type (#75–2089) 80
(l) CoMn2O4 spinel-type (#77–0471) 3.7
(m) MnCo2O4 spinel-type (#23–1237) 2.0
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Although the slight segregation of  NixCo1–xO, it did not 
affect the spinel structure of the major phase. On the other 
hand, the FTIR spectrum of  NiCo2O4_700 showed absorp-
tion bands at 474, 581, and 666  cm−1. The bands at 851 and 
666  cm−1 are assigned more reasonably to  Co3O4 (Fig. S2h). 
The band at 474  cm−1 is close to the band of NiO (470  cm−1 
[29]) rather than that of CoO (507  cm−1 [30]). Therefore, 
nickel was preferentially segregated in  NiCo2O4_700 to pro-
vide Co-rich spinel oxide as a major phase.

The FESEM images of  Co3O4 and  NiCo2O4 calcined at 
different temperature are shown in Fig. 2a–h. The particle 
size histograms indicate that the particle size increased more 
by the treatment at higher temperature. The trends of the 
particle sizes estimated by the FESEM observations were 
consistent with those estimated from the BET surface areas 
(Table S1).

Factors Affecting Discharge Capacity

The charge–discharge measurement was applied for the elec-
trocatalysts to evaluate their ability to drive reverse current. 
The charging process simulated the electrochemical reaction 

during water electrolysis, and the discharging process simu-
lated the behavior during the generation of reverse current. The 
cumulative discharged charge from 1.5 V vs. RHE to 0.5 V 
vs. RHE is used as a representative indicator of the discharge 
capacity of an electrocatalyst (Qdc,0.5). The potential of 0.5 V 
vs. RHE is reasonably chosen as an intermediate potential 
between charged anode and cathode [5–7]. If both anode and 
cathode have similar discharge capacity, the final potential 
after the generation of reverse current after shut-down should 
be near to 0.5 V vs. RHE. Moreover, most metal oxide elec-
trocatalysts exhibit their redox reaction above 0.5 V vs. RHE 
(e.g., nickel-based electrocatalysts exhibit redox reaction at 
around 1.1–1.5 V vs. RHE. [31]); thus, only a small discharge 
current is expected below 0.5 V vs. RHE.

The discharge curves of the  Co3O4 and  NiCo2O4 samples 
at the first cycle are shown in the Fig. 3a–h.  Co3O4 samples 
exhibited plateaus at 1.42 V vs. RHE (Fig. 3a–d), whereas 
 NiCo2O4 samples exhibited only small plateaus at 1.28 V 
vs. RHE (Fig. 3e–h). It has been reported that the  Ni3+/Ni4+ 
redox reaction of  NiCo2O4 occurs at lower potential than 
the  Co3+/Co4+ redox reaction [32]. The discharge capacities 
of  NiCo2O4 samples (12–216 C·g−1) are larger than those 

Fig. 2  FESEM images of a  Co3O4_300, b  Co3O4_400, c  Co3O4_500, d  Co3O4_700, e  NiCo2O4_300, f  NiCo2O4_400, g  NiCo2O4_500, and h 
 NiCo2O4_700, and the particle size histograms of i  Co3O4 samples, and j  NiCo2O4 samples
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of the corresponding  Co3O4 samples (2.3–77 C·g−1), which 
will be discussed later. Consequently, discharge of electro-
catalysts occurs with the slope and plateau regions. When 
the potential of a plateau region is lower, the electrocatalyst 
will exhibit smaller driving force (potential difference from 
the cathode); thus, the time to complete discharge becomes 
longer. On the other hand, the characteristics of the plateau 
region do not contribute much to the total discharge capacity. 
It should be noted that Fe was not detected by SEM–EDX 
before and after the electrochemical measurements. The 
incorporation of Fe from the KOH electrolyte is quite small 
in these experiments.

The discharge curves of the manganese-based electrocata-
lysts at the first cycle are shown in the Fig. 3i–m. α-MnO2 
(Fig. 4i) and  NiMnO3 (Fig. 4k) showed high discharge 
capacities of 328 and 170 C·g−1, respectively. These values 
are probably related with the high BET surface areas of these 
electrocatalysts. Other manganese-based electrocatalysts, 
α-Mn2O3,  CoMn2O4, and  MnCo2O4, showed much smaller 
discharge capacities of 13.1, 7.4, and 0.80 C·g−1, respec-
tively (Fig. 4j, l, and m). Plateaus were observed at 1.3 V 
vs. RHE, which corresponds to the discharge of the nickel 
substrate. α-Mn2O3 and  CoMn2O4 also exhibited plateaus 
at 0.93 and 0.80 V vs. RHE, respectively. These plateaus 
are due to oxygen reduction reaction (ORR); thus, the cor-
responding discharge capacities were subtracted from the 
values and the effective discharge capacities of α-Mn2O3 
and  CoMn2O4 are 8.9 and 3.9 C·g−1, respectively. It is well 

known that various manganese-based oxides exhibit high 
electrocatalytic activity both for OER and ORR [21, 22]. 
Although the contribution of the ORR on the discharge 
capacity is relatively low in the present experiments because 

Fig. 3  Discharge curves of a 
 Co3O4_300, b  Co3O4_400, c 
 Co3O4_500, d  Co3O4_700, e 
 NiCo2O4_300, f  NiCo2O4_400, 
g  NiCo2O4_500, h 
 NiCo2O4_700, i α-MnO2, 
j α-Mn2O3, k  NiMnO3,l 
 CoMn2O4, and m  MnCo2O4. 
The current density 
was −0.5 mA·mg.−1

Fig. 4  Discharge capacity (Qdc,0.5) of a  Co3O4 samples, b manganese-
based electrocatalysts, and c  NiCo2O4 samples as a function of the 
BET surface area (SBET)
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of the nitrogen purging, its effect must be more significant in 
the industrial alkaline water electrolyzer [7]. Bifunctional-
ity of both OER and ORR activities is quite essential to the 
applications in metal–air secondary batteries and regenera-
tive fuel cells, although it can be disadvantageous in terms 
of reverse current when used for AWE.

The discharge capacities (Qdc,0.5) of the electrocatalysts 
were plotted as a function of the BET surface area (SBET) in 
the Fig. 4. Interestingly, there are two groups exhibiting linear 
relationships. One is the group consisting of  Co3O4 samples 
(Fig. 4a), and the other is the group consisting of manganese-
based electrocatalysts (Fig. 4b).  NiCo2O4 samples calcined at 
high temperature showed similar BET surface area to that of 
 Co3O4 samples but curved upward to show higher discharge 
capacity (Fig. 4c). These results indicate that the discharge 
capacity is proportional to the BET surface area. The curved 
behavior of  NiCo2O4 is interpreted that its structural transfor-
mation, depending on the calcination temperature. The fact 
that the discharge capacity is proportional to the surface area 
means that the redox reaction of the discharge occurs only on 
the surface of a particle, although all constituent metal cations 
can in principle contribute to the charge–discharge capacity. It 
should be noted that the curved behavior of  NiCo2O4 can also 
be caused by the difference between the BET surface area and 
the electrochemically active surface area; however, the possi-
bility of this reason is low because the particle size and mor-
phology of  Co3O4 samples and  NiCo2O4 samples are similar 
to each other.

The slope of the line (Qs = Qdc,0.5/SBET) represents a specific 
discharge capacity. The Qs values of  Co3O4 samples and the 
manganese-based electrocatalysts are 1.00 and 2.30 C·m−2, 
respectively. Theoretical value of the specific discharge capac-
ity was estimated as follows. Because  O2− forms the cubic 
close packed (ccp) structure in most metal oxides [33], the 
theoretical specific discharge capacity was estimated from rea-
sonable arrangement of  O2−. The densest packing of  O2− on 
the surface is the two-dimensional close packed structure cor-
responding to the (111) facet of the ccp structure. The specific 
discharge capacity on this facet is the theoretical upper limit. 
The specific discharge capacity of real metal oxides should 
be lowered from the upper limit because of the exposure 
of non-close packed facets and the presence of defects. An 
 O2− occupies the area of 

√

3

4
a
2
�

m2
�

 , where a [m] represents 
the lattice constant of the ccp structure (Fig. 5a). Therefore, 
4

√

3

3a2

�

m−2
�

 of  O2− are present at the outermost surface (the 
1st  O2− layer in the Fig. 5b). Metal cations are present in 
between the  O2− layers that is the 1st  Mn+ layer between the 
1st and 2nd  O2− layers in the Fig. 5b. The distribution of metal 
cations in the  Mn+ layer is not always uniform; however, the 
average amount of metal cations for randomly cleaved sur-
faces can be estimated from the metal oxygen atomic ratio 
(rM/O). Thus, 4

√

3rM∕O

3a2

�

mol ⋅m−2
� of metal cation in average 

is assumed to be present at the surface. If each metal cation 

at the surface discharges z electrons, the discharge capacity 
due to surface reaction is 4

√

3rM∕Oze

3a2

�

C ⋅m−2
�

 , where e is the 
elementary charge.

Using the lattice constant of  Co3O4 (note that the lattice 
constant of the spinel structure is twice as large as that of the 
corresponding ccp structure of  O2−) and the z value of 1, the 
theoretical upper limit of discharge capacity is calculated 
to be 1.699 C·m−2. The specific capacity of  Co3O4 samples 
(1.00 C·m−2) is below the theoretical upper limit; thus, it is 
reasonable to interpret that 1-electron reaction proceeded on 
the cobalt cations at the surface during discharge. The spe-
cific discharge capacity of manganese-based electrocatalysts 
(2.30 C·m−2) is twice as large as that of  Co3O4 samples and 
exceeds the upper limit of the theoretical value. It implies that 
2-electron reduction, such as  Mn4+ to  Mn2+, proceeded on the 
metal cations at the surface. The specific capacity of  NiCo2O4 
samples ranges from 1.1 to 2.2 C·m−2. The larger capacity than 
 Co3O4 samples is possibly due to the enriched redox reaction 
of the  NiCo2O4 phase (described later). Because of the lower 
specific capacity,  Co3O4 is advantageous to protect the cathode 
side from potential change due to reverse current generation 
than manganese-based electrocatalysts.

Effect of Constituent Metal Cations in Spinel Oxides

In the cyclic voltammograms of  Co3O4 samples (Fig. 6a–d), 
the samples except for  Co3O4_700 showed only one redox 
couple at 1.48 (A1) and 1.39–1.42 V vs. RHE (C1), cor-
responding to the  Co3+/Co4+ reaction [32].  Co3O4_700 

Fig. 5  Structural model of a top view and b side view of the (111) 
facet of the ccp structure, constituting  O2−
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exhibited another redox couple at 1.38 (A2) and 1.29 V 
vs. RHE (C2), corresponding to the  Co2+/Co3+ reaction. 
Because  Co3O4 usually exhibit only the A1/C1 redox cou-
ple, the observation of the A2/C2 redox couple in the cyclic 
voltammogram of  Co3O4_700 is probably due to the pres-
ence of CoO. The A1/C1 peak became sharper when the heat 
treatment temperature increased, which is probably due to 
the higher crystallinity and larger particle size. Small nano-
particles possess much defect on the surface with high cur-
vature, in which the environment of each constituent metal 
cation is varied due to the surface modulation. The C1 peak 
also shifted to the higher potential when the heat treatment 
temperature increased. The reason for this shift is not very 
clear, though it should be related with the crystallinity of 
 Co3O4. The degree of stabilization of  Co3+ cation in the 
spinel lattice depends on the crystallinity and affects the 
electrode potential of the redox reaction. The cathodic peak 
at 0.7–0.8 V vs. RHE is due to the oxygen reduction reac-
tion (ORR).  Co3O4 is known as a good ORR electrocatalyst 

in an alkaline medium [34], and oxygen is evolved on the 
same electrode during the cyclic voltammetry. Looking at 
the electric double layer region at 1.0–1.2 V vs. RHE, the 
 Co3O4 samples except for  Co3O4_700 exhibited similar 
specific capacitance (around 13 μF·cm−2 based on the BET 
surface area). The difference in the specific capacitance in 
 Co3O4_700 (22 μF·cm−2) is also consistent with the different 
chemical composition of this sample.

Among the  NiCo2O4 samples,  NiCo2O4_300 and 
 NiCo2O4_400 exhibited larger discharge capacities expected 
for  Co3O4, which implies that the surface redox reaction 
of  NiCo2O4 is different from that of  Co3O4. The discharge 
capacities of  NiCo2O4_500 and  NiCo2O4_700 are closer to 
those expected for  Co3O4, because the Ni contents in the 
major spinel phases were lowered due to the segregation of 
 NixCo1–xO. In the cyclic voltammograms of  NiCo2O4 sam-
ples (Fig. 6e–h), a redox couple of A3/C3 was observed, 
corresponding to the  M3+/4+ reaction (M stands for Ni and/
or Co) [32]. The C3 peak was also shifted to the higher 
potential when the heat treatment temperature increased like 
the results for  Co3O4 samples. It can also be explained by the 
crystallinity, being higher for the samples with higher heat 
treatment temperature, whereas the peak potential should 
also be affected by the metal composition in the spinel struc-
ture. Because NiO and/or CoO were segregated from the 
spinel phase, the Ni/Co ratio within the spinel structure can 
be varied from the rational value of 0.5. Furthermore, the 
cyclic voltammograms of  NiCo2O4_300 and  NiCo2O4_400 
exhibited small peaks at 1.0–1.3 V vs. RHE. These currents 
might be due to  Ni2+/Ni3+ reaction, and they contributed to 
the larger discharge capacity of  NiCo2O4 samples than those 
of  Co3O4 samples. Such an enriched redox reaction has been 
reported for  NiCo2O4 in comparison with  Co3O4 because 
of the contribution from both nickel and cobalt, and higher 
conductivity of  NiCo2O4 than  Co3O4 [35].

Cycle Durability of  Co3O4 and  NiCo2O4

During 10 cycles of charge–discharge tests, the discharge 
capacity changed gradually (Fig. 7a–h). The change ratio of 
discharge capacity (ΔQdc,0.5/Qdc,0.5,i) is defined as

where Qdc,0.5,i and Qdc,0.5,f are the initial and final discharge 
capacities, respectively. ΔQdc,0.5/Qdc,0.5,i was plotted as a func-
tion of the calcination temperature (Fig. 7i, j). ΔQdc,0.5/Qdc,0.5,i 
of  Co3O4 samples was nearly constant and below 10%, whereas 
ΔQdc,0.5/Qdc,0.5,i of  NiCo2O4 samples was 38% at the highest, 
depending on the calcination temperature.  NiCo2O4 calcined 
at lower temperature exhibited higher ΔQdc,0.5/Qdc,0.5,i. The 

(1)ΔQdc,0.5∕Qdc,0.5,i =
Qdc,0.5,f − Qdc,0.5,i

Qdc,0.5,i

Fig. 6  Cyclic voltammograms of a  Co3O4_300, b  Co3O4_400, c 
 Co3O4_500, d  Co3O4_700, e  NiCo2O4_300, f  NiCo2O4_400, g 
 NiCo2O4_500, and h  NiCo2O4_700. Current density was normalized 
by the BET surface area
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discharge curves of  Co3O4_300 and  NiCo2O4_300 as a func-
tion of charge–discharge cycle are shown in Fig. S3a, b. The 
plateau regions at 1.42 V vs. RHE for  Co3O4_300 and 1.25 V 
vs. RHE for  NiCo2O4_300 were elongated along with the 
charge–discharge cycles. The discharge curves of Co(OH)2/
CoOOH and Ni(OH)2/NiOOH exhibited plateau regions at 
1.42 and 1.25 V vs. RHE, respectively (Fig. S3c, d), and their 
discharge capacities were quite large (CoOOH: 96.7 C·g−1, 
Ni(OH)2: 707 C·g−1) due to sheet-like morphology with high 
surface area. The FESEM image of  Co3O4_300 after 10 cycles 
showed particulate morphology, although that of  NiCo2O4_300 
after 10 cycles showed sheet-like materials (Fig. 8), indicating 
that the formation of metal (oxy)hydroxide is much faster on 
 NiCo2O4 than on  Co3O4. Therefore, the changes in the dis-
charge capacity are probably due to the formation of Co(OH)2/
CoOOH and/or Ni(OH)2/NiOOH on the surface of the spinel 
oxides. The formation of such metal (oxy)hydroxides is com-
mon for these materials [36]. Moreover, the relatively high 
specific capacities of  NiCo2O4_300 and  NiCo2O4_400 are also 
explained by the partial transformation of these oxides into the 
metal (oxy)hydroxides.

There are several possible processes to occur on the sur-
face of  Co3O4 and  NiCo2O4 during charge–discharge pro-
cess. The simplest and reversible process to compensate 
the charges of cobalt and nickel cations is the adsorption 
(charge) and desorption (discharge) of  OH− [37], whereas 
charge–discharge processes associated with the structural 
transformation have also been proposed [38]. For example, 
the charge–discharge processes of  Co3O4 are often explained 
by the following reactions.

These reactions should be less reversible than the former 
process because significant structural changes are expected. 
From the present results, the charge–discharge of  Co3O4 may 
proceed mainly through the adsorption–desorption without 
significant change in discharge capacity and less observation 
of layered materials on the surface. The charge–discharge of 
 NiCo2O4 may proceed through both adsorption–desorption and 
partial structural transformation. Using the full surface cover-
age of 1.1 ×  1015 sites·cm−2 [35], the upper limit of the charge 
capacity due to the adsorption–desorption process is estimated 
to be 1.76 C·m−2, which is consistent with the theoretical dis-
charge capacity discussed above. The value should be similar 
to those of other metal oxide–based electrocatalysts because of 
the similarity in the oxide structures. For manganese-based elec-
trocatalysts, the adsorption of  K+ and/or protonation of  O2− via 
 O2−

surface +  H2O →  OH−
surface +  OH− possibly occur during dis-

charge exceeding the above charge capacity.

(2)Co
3
O

4
+ OH− + H

2
O → 3CoOOH + e−

(3)CoOOH + OH−
→ CoO

2
+ H

2
O + e−

Fig. 7  Discharge capacity of a  Co3O4_300, b  Co3O4_400, c 
 Co3O4_500, d  Co3O4_700, e  NiCo2O4_300, f  NiCo2O4_400, g 
 NiCo2O4_500, and h  NiCo2O4_700 as a function of the charge–dis-
charge cycle. The change ratio of the discharge capacity of i  Co3O4 
samples and j  NiCo2O4 samples as a function of the calcination tem-
perature
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The incorporation of nickel into  Co3O4 is basically useful to 
improve its conductivity and OER performance. This concept 
is reasonable for the operation of alkaline water electrolyzer 
with stable power. However, it becomes controversial if an alka-
line water electrolyzer is intended to be operated with unstable 
power.  NiCo2O4 generates more reverse current than  Co3O4, 
which should accelerate the degradation of the cathode. Con-
trary, the use of  Co3O4 is also not ideal because  Co2+ is soluble 
in highly concentrated alkaline electrolyte (e.g., 30 wt% KOH 
aq.). The products of dissolution and recrystallization under 
alkaline environment are likely layered metal (oxy)hydroxide 
with high surface area. Therefore, if a cathode electrocatalyst 
with relatively low redox durability is used on the one side of 
a bipolar plate, it is better to design the total discharge capac-
ity of the anode smaller than that of the cathode and to choose 
an anode electrocatalyst highly stable in the electrolyte. If the 
discharge capacity of the anode is too large, it will cause sig-
nificant redox reaction on the cathode side upon shutdown of 
the electrolyzer. If the discharge capacity of the anode is too 
small, it will cause degradation of anode electrocatalyst upon 

the shutdown. The improvement of OER activity by increasing 
surface area and the reduction of reverse current by decreasing 
surface area are in the relationship of tradeoff. Thus, the opti-
mum surface area should be chosen, considering the overall 
efficiency of an electrolyzer, the balance of the total discharge 
capacities between anode and cathode, and the durability of 
electrocatalysts.

Conclusions

The factors affecting the ability for generation of reverse cur-
rent were investigated from various transition metal-based 
electrocatalysts. The discharge capacity of an electrocatalyst 
is proportional to the BET surface area. Among constituent 
metal cations in electrocatalyst particles, only those locating 
on the surface of the particles are redox active to drive reverse 
current. The number of electrons transferred due to discharge 
per a constituent metal cation also governs the specific capac-
ity. Comparing  Co3O4 and  NiCo2O4,  NiCo2O4 is advantageous 
for conductivity, whereas larger discharge capacity of  NiCo2O4 
due to instability during potential cycling will accelerate the 
degradation of cathode electrocatalysts. Thus, not only elec-
trocatalytic activities but also the discharging behavior should 
be taken into account for the design of electrocatalysts. It is 
quite important to consider optimum surface area to minimize 
the effect of reverse current with redox durability of a cathode 
electrocatalyst for the design of anode materials.
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