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Abstract: Bifunctional electrocatalysts for the oxygen evolu-
tion reaction (OER) and hydrogen evolution reaction (HER)
in alkaline electrolyte may improve the efficiency of overall
water splitting. Nickel cobaltite (NiCo2O4) has been considered
a promising electrode material for the OER. However,
NiCo2O4 that can be used as an electrocatalyst in HER has
not been studied yet. Herein, we report self-assembled
hierarchical NiCo2O4 hollow microcuboids for overall water
splitting including both the HER and OER reactions. The
NiCo2O4 electrode shows excellent activity toward overall
water splitting, with 10 mAcm¢2 water-splitting current reached
by applying just 1.65 V and 20 mAcm¢2 by applying just 1.74 V
across the two electrodes. The synthesis of NiCo2O4 micro-
flowers confirms the importance of structural features for high-
performance overall water splitting.

As fossil fuels decline and environmental pollutions aggra-
vate, future societies will have to rely on sustainable and
regenerative energy sources for development. Water splitting
has been widely regarded as a promising and sustainable
approach of producing clean hydrogen fuel from aqueous
solutions.[1] However, the practical applications of water
splitting are very limited because splitting reactions, including
the anodic oxygen evolution reaction (OER) and the cathodic
hydrogen evolution reaction (HER), are strongly uphill with
large overpotentials.[2] In alkaline solution, noble-metal
oxides (e.g. Ir oxides)[3] usually serve as the OER catalysts
and NiMo alloy are traditional electrocatalysts for HER.[4]

However, their large-scale applications are restricted by the
high cost of precious metals.[5] It is highly desired to design
effective catalysts for water splitting by using non-noble
metals. In this regard, transition-metal oxides, chalcogenides,
and phosphides have been demonstrated as promising
electrocatalysts for the OER and HER reactions in water
splitting.[1b, 6]

Among non-noble-metal-based electrocatalyst materials,
mixed oxides, especially nickel cobaltite (NiCo2O4), have
received considerable interest as they have shown electro-
catalytically active for OER,[7] owing to their low cost,
abundance, good electrical/ionic conductivity, and rich
redox reactions.[8] To our knowledge, however, NiCo2O4 that
can catalyze hydrogen evolution efficiently in alkaline
solution has not been reported to date. It would be a great
advance if NiCo2O4 can be used as a state-of-the-art electro-
catalyst for full water splitting.

Hierarchical three-dimensional (3D) materials with mes-
oporous structures and hollow interiors have been widely
designed for applications in electrochemical reactions.[9] The
complex structures endow materials with high specific surface
areas that facilitates diffusion of active species and accelerates
subsequent surface reactions as compared to on bulk solid
structures.[10] When applying one-dimensional (1D) nano-
structures in electrocatalysis, the contact surface between
electrolyte and catalyst is enhanced. Nanostructures that
promote the release of evolved gas bubbles and exhibit
maximum catalytic performance have been demonstrated.[11]

Therefore, it is of great interest to synthesize electrochemi-
cally active materials with hierarchical 3D hollow structures
that consist of 1D nanostructures, which make them promis-
ing electrode materials for both the HER and OER in water
splitting.

Herein, we report hierarchical NiCo2O4 hollow micro-
cuboids, constructed by 1D nanowires, as bifunctional electro-
catalysts for both the HER and OER as well as overall water
splitting. These novel hierarchical NiCo2O4 hollow micro-
cuboids show excellent catalytic activity and stability towards
overall water splitting. For example, the current density of
10 mAcm¢2 current was reached by applying just 1.65 V, while
the current density of 20 mAcm¢2 was obtained by applying
just 1.74 Vacross the two electrodes. The synthesis of NiCo2O4

microflowers for comparison further confirms the importance
of structural features for high-performance water splitting. All
of these results make hierarchical NiCo2O4 hollow micro-
cuboids excellent electrode materials for practical applications
in overall water splitting.

Hierarchical NiCo2O4 hollow microcuboids were obtained
via a thermally driven conversion process (Figure 1). The Ni–
Co based precursor was first grown into hollow microcuboids
with good uniformity using a solvothermal method, and they
served as sacrificial templates for the hierarchical NiCo2O4

hollow microcuboids. A subsequent annealing treatment in
air at 350 88C with a ramping rate of 1 88C min¢1 for 2 h was
applied to transform the Ni–Co based precursor into NiCo2O4

hollow microcuboids.

[*] X. H. Gao,[+] Prof. X. G. Yu, Prof. Z. L. Hong
State Key Laboratory of Silicon Materials, School of Materials Science
and Engineering, Zhejiang University, Hangzhou 310027 (China)

H. X. Zhang,[+] Q. G. Li, Prof. X. W. Zhang, Dr. C. D. Liang, Prof. Z. Lin
Key Laboratory of Biomass Chemical Engineering of Ministry of
Education, College of Chemical and Biological Engineering
Zhejiang University
Hangzhou 310027 (China)
E-mail: xwzhang@zju.edu.cn

zhanlin@zju.edu.cn

[++] These authors contributed equally to this work.

Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201600525.

Angewandte
ChemieZuschriften

6398 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 6398 –6402

http://dx.doi.org/10.1002/anie.201600525
http://dx.doi.org/10.1002/ange.201600525
http://dx.doi.org/10.1002/anie.201600525


The crystallographic structure and phase purity of the as-
obtained sample were first examined by powder X-ray
diffraction (XRD) analysis (Figure S1, see the Supporting
Information), which can be assigned to nickel–cobalt hy-
droxide hydrate. The morphology and structure of the as-
obtained Ni–Co based precursor are characterized by using
scanning electron microscopy (SEM), as shown in Figure S2.
A panoramic SEM image shows that the precursors are
uniform hollow microcuboids with an average length of
approximately 10 mm (Figure S2a). The magnified SEM
images (Figures S2 b–S2d) further reveals that these hollow
microcuboids are assembled from 1D nanowires. After
annealing in the air at 350 88C, the precursors are converted
into NiCo2O4 with well-retained hollow microcuboid mor-
phology (Figures 2 a and 2 b). As confirmed by the peaks in
the XRD in Figure 3, the diffraction patterns are attributed to
NiCo2O4 (JCPDS card No. 02-1074). Their hollow interiors
and detailed geometrical structure were further elucidated by
TEM (Figure 2c), which duplicated well the size and shape of
precursor Ni–Co hollow microcuboids. The magnified TEM

image (Figure 2d) clearly shows the hollow microcuboid is
composed of 1D nanowires with mesopores distributed
throughout the shell. As determined by N2 sorption measure-
ment (Figure S3), these NiCo2O4 hollow microcuboids have
a relatively high Brunauer–Emmett–Teller (BET) surface
area of 69.6 m2 g¢1 with pore size of 17.43 nm. Figure 2e shows
high-resolution TEM image of a hollow microcuboid, in
which an interplanar spacing of 0.245 nm and 0.287 nm is
assigned to the (311) and (220) lattice plane of NiCo2O4,
respectively. The selected-area diffraction (SAED) pattern
for hierarchical NiCo2O4 hollow microcuboids (Figure 2 f)
indicates high crystallinity, and each diffraction ring is also
well indexed to NiCo2O4. The hollow microcuboids contain
two types of porosities: the mesopores that can be measured
by the BET theory, and the macropores as the hollow interior.
Such a hierarchical hollow structure holds great promise in
offering sufficient surface area to facilitate electrochemical
reactions and efficient penetration of electrolyte into active
materials.[10a] The chemical compositions and oxidation states
of NiCo2O4 were investigated by X-ray photoelectron spectra
(XPS; Figure S4), showing the existence of Co¢O and Ni¢O
bonds.

The electrocatalytic activities of hierarchical NiCo2O4

hollow microcuboids for HER were evaluated with a three-
electrode electrochemical cell in 1.0m NaOH solution (see
the Supporting Information). Figure 4 a shows the polariza-
tion curve after iR correction of the NiCo2O4 hollow micro-
cuboids with a scan rate of 3 mVs¢1. The NiCo2O4 hollow
microcuboids exhibit a low onset potential (¢50 mV, J =

¢1.0 mAcm¢2) and a rapidly rising current density with
applied potential. The onset potential compared favorably to
most of recently reported earth-abundant HER electrocata-
lysts (see comparisons in Table S1). The overpotential
required to drive cathodic current density of 10 and
100 mAcm¢2 are ¢110 and ¢245 mV, respectively. The
excellent electrocatalytic activity of microcuboids is further
confirmed by the low Tafel slope. Generally, there are two
mechanisms involving the HER process in alkaline media.
The HER pathway could be through the Volmer–Heyrovsky
process [Eq. (1)] or Volmer–Tafel pathways [Eq. (2)].[12]

H2Oþ e¢ ! Hads þOH¢ ðVolmerÞ
Hads þH2Oþ e¢ ! H2 þOH¢ ðHeyrovskyÞ ð1Þ

H2Oþ e¢ ! Hads þOH¢ ðVolmerÞ
Hads þHads ! H2 ðTafelÞ ð2Þ

Figure 1. Schematic representation of the formation of hierarchical
NiCo2O4 hollow microcuboids. Figure 3. XRD patterns of hierarchical NiCo2O4 hollow microcuboids.

Figure 2. a,b) FESEM, c) a low and d) a high magnification TEM
images, e) a HRTEM image, and f) corresponding SAED pattern of
hierarchical NiCo2O4 hollow microcuboids.
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Depending upon whether the Volmer, Heyrovsky, or Tafel
component is the rate-limiting step, a slope of 120, 40, or
30 mVdecade¢1 should be observed, respectively. As shown in
Figure 4b, the Tafel value of NiCo2O4 microcuboids was
49.7 mVdecade¢1, which suggest that the HER over NiCo2O4

hollow microcuboids proceeded by a Volmer–Heyrovsky
mechanism and the Heyrovsky reaction was the rate-limiting
step. The Tafel slope of the NiCo2O4 hollow microcuboids is
relatively small in alkaline solution compared with most of
metal oxide electrocatalysts reported (see Table S1). The
performance is even close to that of CoPS, a high-perfor-
mance Earth-abundant catalyst measured in acidic electrolyte
(0.5m H2SO4) for HER.[13] We further investigated the
electrode kinetics by electrochemical impedance spectrosco-
py (EIS); and the small charge-transfer resistance indicated
a fast charge-transfer rate (Figure S5). We also measured the
value of double-layer capacitance (Cdl), which was propor-
tional to effective active surface area of NiCo2O4 (Figures S6
and S7). The electrocatalytic performance of NiCo2O4 hollow
microcuboids might be attributed to their particular meso-
porous structure and ultrahigh surface area as discussed
above.

We also investigated the OER performance of NiCo2O4

hollow microcuboids in 1.0m NaOH solution. The polar-
ization curve after iR correction showing the geometric
current density (J) plotted against applied potential of
NiCo2O4 sample are exhibited in Figure 4c. NiCo2O4 hollow
structures produced a small onset potential of 1.46 V (J =

1.0 mAcm¢2) and an anode current density of 10 mAcm¢2 at
a potential of 1.52 V. These data indicated that hierarchical
NiCo2O4 hollow microcuboids have a good catalytic activity
for the OER. The high electrochemical activity of NiCo2O4 is
attributed to its unique hollow mesoporous structure com-
posed of 1D nanowires, which offers more accessible active
surface areas for permeation of electrolyte to improve the

OER activity.[14] The superior OER activity of the
hierarchical NiCo2O4 hollow microcuboids is
confirmed by their small Tafel slope of 53 mVde-
cade¢1 (Figure 4 d). Such a Tafel slope is amongst
in the smallest reported for ternary metal oxide
catalysts for the OER. The kinetics of the
electrode was also investigated by the EIS
measurement as shown in Figure S8. For compar-
ison, the OER performance of the Ni-foam
substrate was also measured and the results are
inferior to those of the NiCo2O4 (Figures S9 and
S10). The electrochemical parameters of recently
reported congeneric OER catalysts in alkaline
media are also listed for comparison in Table S2,
which further confirm that the OER performance
of hierarchical NiCo2O4 hollow microcuboids are
comparable to or better than most reported
electrocatalysts. In addition, metal hydroxides
forming on the surface of metal oxides might also
contribute to the catalysis for the OER.[15]

Stability is an important parameter to eval-
uate the quality of the catalyst. The stability tests
for both HER and OER were evaluated sepa-
rately by continuous galvanostatic measurement

for 32 h. The NiCo2O4 catalyst gave a good level of stability
with the overpotential no more than 15 mV during 32 h
continuous galvanostatic electrolysis at ¢10 mAcm¢2 as
shown in Figure 5a (lower curve), indicating good durability

of hierarchical NiCo2O4 hollow microcuboids towards HER
in alkaline solution. The stability for OER was also evaluated
by galvanostatic measurement at a continuous electrocata-
lytic current density of 10 mAcm¢2 for 32 h (Figure 5a, top
curve). The overpotential increased only 10 mV over 32 h.
The durable performance demonstrated that the NiCo2O4

structures are stable and practical electrocatalysts for OER.
For the measurement of the catalytic activity toward

overall water-splitting, a two-electrode configuration was
investigated and hierarchical NiCo2O4 hollow microcuboids
were prepared as electrode materials for both the anode and
the cathode. Overall water-splitting characteristics in a two-
electrode configuration at current densities of 10 and
20 mAcm¢2 are shown in Figure 5b. The hierarchical

Figure 4. a) Polarization curve and b) Tafel plot of hierarchical NiCo2O4 hollow
microcuboids for HER. c) Polarization curve and d) Tafel plot of NiCo2O4 hollow
microcuboids for OER.

Figure 5. a) Galvanostatic measurement of OER and HER by NiCo2O4

hollow microcuboids in 1m NaOH at a current density of 10 mAcm¢2

and ¢10 mAcm¢2, respectively. b) Overall water-splitting characteris-
tics in a two-electrode configuration at current densities of 10 and
20 mAcm¢2 ; Inset in (b) shows optical image of NiCo2O4 electrode
and overall water-splitting device.
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NiCo2O4 hollow microcuboid structure electrode showed
excellent activity, with 10 mAcm¢2 water-splitting current
reached by applying just 1.65 Vand 20 mAcm¢2 by just 1.74 V
across the two electrodes. Furthermore, the potential was very
stable and retained for at least 36 h. The hierarchical NiCo2O4

hollow microcuboid structure gives low overpotentials, which
demonstrates their promising practical applications for full
water splitting.

To demonstrate the importance of structure features for
high-performance water splitting, NiCo2O4 microflowers
were synthesized for comparison (see the Supporting Infor-
mation) to the NiCo2O4 hollow microcuboids. The crystallo-
graphic structure and phase purity of the microflower sample
examined by XRD confirm the synthesis of NiCo2O4 (Fig-
ure S11, JCPDS card No. 02-1074). The morphology and
structure of the as-obtained NiCo2O4 are characterized by
using SEM, which show high uniformity of these NiCo2O4

microflowers assembled from nanoplates (Figure S12). These
NiCo2O4 microflowers have a relatively low BET surface area
of 32.1 m2 g¢1 with pore size of 3.82 nm (Figure S13). The
polarization curve and Tafel plot of NiCo2O4 microflowers for
HER are shown in Figures S14,S15. NiCo2O4 microflower
electrodes demonstrate much higher cathodic overpotential
of 190 mV and larger Tafel slope of 130.5 mVdecade¢1. The
polarization curve and Tafel plot of the NiCo2O4 microflowers
for OER are also shown in Figures S16,S17. NiCo2O4 micro-
flower electrodes have a much higher onset potential of above
1.50 V and larger Tafel slope of 67.8 mVdecade¢1 compared
to those of NiCo2O4 hollow microcuboids. All these data
indicate the superior electrocatalytic activities of hierarchical
NiCo2O4 hollow microcuboids for both the HER and OER
reactions than those of NiCo2O4 microflowers.

The superior catalytic performance of hierarchical
NiCo2O4 hollow microcuboids in overall water splitting are
ascribed to the synergistic effects of their 1D nanowire mesh
structure and unique 3D hierarchical hollow structures. The
nanowire and hollow structures provide a large active surface
area, which facilitates diffusion of active species and accel-
erates subsequent surface electrochemical reactions. Benefit-
ing from these unique 3D hierarchical structures, the reaction
kinetics of both the HER and OER are significantly
promoted. Well-defined 1D nanowires and mesoporous
hollow structures provide smooth pathways to facilitate
penetration of the electrolyte and enlarge the contact surface
between reactants and active sites. Furthermore, 3D hier-
archical hollow structures assembled from 1D nanowires
enables facile release of evolved gas bubbles to further
improve the reaction interface.

In summary, we report, for the first time, the synthesis of
hierarchical NiCo2O4 hollow microcuboids constructed by 1D
porous nanowire subunits, and our study shows the oppor-
tunities offered by these novel structures to function as highly
active and stable electrode materials for high-performance
overall water splitting. The NiCo2O4 electrode shows excel-
lent activity toward overall water splitting, with 10 mAcm¢2

water-splitting current reached by applying just 1.65 V and
20 mAcm¢2 by just 1.74 V across the two electrodes. The
hierarchical NiCo2O4 hollow microcuboid structure decreases
overpotentials greatly, suggesting their promising practical

applications for full water splitting. The facile preparation of
NiCo2O4 hollow microcuboids allows large-scale production
of advanced bifunctional electrocatalysts for overall water
splitting. The synthesis of NiCo2O4 microflowers for compar-
ison further confirms the importance of structural features for
high-performance water splitting. The uniform hollow micro-
cuboid structures might be the basis for designing other mixed
metal oxides as high-performance electrode materials for
a broad range of electrochemical applications, such as
batteries, supercapacitors, and electrocatalysis.
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