
Designed Formation of Co3O4/NiCo2O4 Double-Shelled Nanocages
with Enhanced Pseudocapacitive and Electrocatalytic Properties
Han Hu, Buyuan Guan, Baoyu Xia, and Xiong Wen (David) Lou*

School of Chemical and Biomedical Engineering, Nanyang Technological University, 62 Nanyang Drive, Singapore 637459

*S Supporting Information

ABSTRACT: Hollow structures with high complexity in shell
architecture and composition have attracted tremendous interest
because of their great importance for both fundamental studies and
practical applications. Herein we report the designed synthesis of
novel box-in-box nanocages (NCs) with different shell compositions,
namely, Co3O4/NiCo2O4 double-shelled nanocages (DSNCs). Uni-
form zeolitic imidazolate framework-67/Ni−Co layered double
hydroxides yolk-shelled structures are first synthesized and then transformed into Co3O4/NiCo2O4 DSNCs by thermal
annealing in air. Importantly, this strategy can be easily extended to prepare other complex DSNCs. When evaluated as
electrodes for pseudocapacitors, the Co3O4/NiCo2O4 DSNCs show a high specific capacitance of 972 F g−1 at a current density
of 5 A g−1 and excellent stability with 92.5% capacitance retention after 12 000 cycles, superior to that of Co3O4 NCs with simple
configuration and Co3O4/Co3O4 DSNCs. Besides, the Co3O4/NiCo2O4 DSNCs also exhibit much better electrocatalytic activity
for the oxygen evolution reaction than Co3O4 NCs. The greatly improved electrochemical performance of Co3O4/NiCo2O4
DSNCs demonstrates the importance of rational design and synthesis of hollow structures with higher complexity.

■ INTRODUCTION

As a unique class of functional materials, hollow micro/
nanostructures have attracted tremendous interest for their
intriguing structural features and great potential in a myriad of
applications including catalysis, drug delivery, and energy storage
and conversion systems.1−9 Over the past decades, a wealth of
functional materials has been successfully fabricated into hollow
structures with diverse morphologies such as hollow spheres,4,10

hollow polyhedrons,6,11,12 and micro/nanotubes.13,14 However,
most of the reported hollow structures are constructed by a single
shell of one composition with relatively simple configurations,
thus limiting the opportunities for modulating their properties.2,9

As such, it is highly desirable to design and synthesize hollow
structures with high complexity such as multiple shells or
multiple compositions.15,16 For example, Wang et al. reported
the synthesis of a series of SnO2 hollow spheres with single to
quintuple shells via a hard-templating process where the
multishelled hollow spheres deliver greatly improved perform-
ance as photo anodes for dye-sensitized solar cells.17 We have
recently developed a metal−organic frameworks (MOFs)
template-engaged method to synthesize multicompositional
Fe2O3−SnO2 microboxes which exhibit much better lithium
storage performance than the single-compositional micro-
boxes.16

Notwithstanding the aforementioned progress to date, the
synthesis of complex hollow structures still remains in its infancy
as most of the current methods can only realize complex hollow
structures either with multishells or with multicomposi-
tions.16−18 Increasing the complexity of hollow structures in a
designed manner may bring more possibilities in modulating the
properties of functional nanostructures for many applications.9

However, formation of multishelled hollow structures with
different shell compositions has rarely been reported despite the
fact that it is conceptually straightforward by a layer-by-layer
templating strategy. One reason is due to the difficulties in
manipulating different materials with distinct physical/chemical
properties simultaneously during the conventional synthesis
processes. As such, it is highly desirable yet very challenging to
synthesize multishelled hollow structures with different shell
compositions.
Herein, we demonstrate a novel approach for the effective

synthesis of box-in-box nanocages (NCs) with different shell
compositions, namely, Co3O4/NiCo2O4 double-shelled nanoc-
ages (DSNCs). This strategy involves the facile synthesis of
zeolitic imidazolate framework-67/Ni−Co layered double
hydroxides (ZIF-67/Ni−Co LDH) yolk-shelled structures and
subsequent thermal annealing in air. Besides, this strategy can be
extended to prepare other complex DSNCs. The unique shell
architectures and complex compositions endow the Co3O4/
NiCo2O4 DSNCs with superior performance when evaluated as
electrodes for pseudocapacitors and as electrocatalysts for the
oxygen evolution reaction (OER).

■ EXPERIMENTAL SECTION
Synthesis of ZIF-67 Crystals. All the chemicals were directly used

after purchase without further purification. In a typical synthesis, two
solutions were first prepared by dissolving 1 mmol of Co(NO3)2·6H2O
and 4 mmol of 2-methylimidazole in 25 mL of methanol. Then, the
solution of 2-methylimidazole was quickly poured into the solution of
Co(NO3)2 and the resultant mixed solution was aged for 24 h at room
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temperature.19 The purple precipitate was collected by centrifugation
and dried at 70 °C for 6 h. The size of ZIF-67 particles can be easily
modulated by varying the amount of 2-methylimidazole, with other
conditions unchanged.
Synthesis of Co3O4/NiCo2O4 DSNCs. In total, 40 mg of ZIF-67

templates was first dispersed in 25 mL of ethanol containing 80 mg of
Ni(NO3)2·6H2O. After stirring for 30 min, the ZIF-67/Ni−Co LDH
yolk-shelled particles were formed and collected by centrifugation and
finally dried at 70 °C for 10 h. Then, the Co3O4/NiCo2O4 DSNCs were
obtained by annealing the as-obtained yolk-shelled particles in air at 350
°C for 2 h with a ramp rate of 1 °C min−1.
Synthesis of Co3O4 NCs and NiCo2O4 NCs. The Co3O4 NCs were

prepared by directly annealing ZIF-67 crystals in air at 350 °C for 2 h
with a ramp rate of 1 °Cmin−1. As for the synthesis of NiCo2O4 NCs, 40
mg of ZIF-67/Ni−Co LDH yolk-shelled structures was first dispersed in
a mixed solvent consisting of 20 mL of ethanol and 5 mL of water and
refluxed at 90 °C for 1 h, during which the ZIF-67 cores can be
completely removed. Then, the as-obtained Ni−Co LDH NCs were
annealed in air at 350 °C for 2 h with a ramp rate of 1 °C min−1 to
generate the NiCo2O4 NCs.
Synthesis of Other Complex DSNCs.Other complex DSNCs can

be easily realized by reacting ZIF-67 with other metal nitrates. For
example, refluxing 40 mg of ZIF-67 in 25 mL of ethanol containing 200
mg of Mg(NO3)2·6H2O at 80 °C for 45 min could produce ZIF-67/
Mg−Co LDH core-shelled particles. Then, the DSNCs could be
synthesized by annealing the as-formed composites at 350 °C for 2 h
with a ramp rate of 1 °Cmin−1. As another example, the ZIF-67 crystals
were first stirred in 25 mL of ethanol containing 100 mg of Co(NO3)2·
6H2O for 1 h. Then the ZIF-67/Co−Co LDH yolk-shelled particles
were collected and annealed under the aforementioned conditions,
giving rise to the Co3O4/Co3O4 DSNCs.
Materials Characterization. X-ray diffraction (XRD) patterns

were conducted on a Bruker D2 Phaser X-ray diffractometer with Ni
filtered Cu Kα radiation (λ = 1.5406 Å) at a voltage of 30 kV and a
current of 10 mA. The microstructures were analyzed by field-emission
scanning electron microscopy (FESEM; JEOL, JSM-6700F) and
transmission electron microscopy (TEM; JEOL, JEM-2010). Energy-
dispersive X-ray spectroscopy (EDX) attached to the FESEM was
utilized to analyze the composition. Elemental mapping was recorded
using EDX spectroscopy attached to TEM (JEOL, JEM-2100F). A
Quantachrome Autosorb AS-6B system was used to analyze the specific
surface area and porosity of the Co3O4/NiCo2O4 DSNCs and Co3O4
NCs.
Evaluation of the Pseudocapacitive Performance.The slurry of

the working electrode was prepared by mixing the active material,
carbon black (super-P-Li) and polymer binder (polyvinylidene
difluoride, PVDF) with a mass ratio of 70:20:10 in N-methyl-2-
pyrrolidone solvent. Then, the slurry was pasted onto Ni foam followed
by drying at 120 °C for 12 h under vacuum. The loading mass of the
active material was around 1 mg cm−2. Electrochemical measurements
were conducted with a CHI 660C electrochemical workstation via a
three-electrode system with a Pt foil serving as the counter electrode and
a saturated calomel electrode (SCE) as the reference electrode in an
aqueous KOH electrolyte (2.0 M). Both the cyclic voltammetry (CV)
curves and chronopotentiometry (CP) curves were measured in a
potential range of 0−0.42 V vs SCE. The cycling performance was
conducted on a battery tester (NEWARE). The specific capacitance of
the electrodes was calculated from the CP curves according to the
following equation:

= ΔC It V/ (1)

where C, I, t, and ΔV are the specific capacitance (F g−1) of the
electroactive materials, the discharging current density (A g−1), the
discharging time (s), and the discharging potential range (V),
respectively.
Evaluation of the Electrocatalytic Activity toward OER. To

prepare the electrodes for OER testing, 5 mg of active material was
mixed with 0.95mL of ethanol and 0.05mL of 5 wt %Nafion solution by
sonication for 5 min. Then, the suspension was carefully drop dried onto
a piece of 1 cm× 1 cmNi foam to achieve the active material loading of 1

mg. The catalytic activity was tested in a standard three-electrode system
with a CHI 660D electrochemical workstation in 1.0 M KOH solution.
The counter electrode and reference electrode were a Pt foil and a SCE,
respectively. All the measured potentials were referred to RHE with the
following equation:

= +E E(RHE) (SCE) 1.068 (2)

Linear sweep voltammetry was carried out at a scan rate of 5 mV s−1 for
the polarization curves. The I−t curve was measured under a fixed
overpotential of 0.34 V. All polarization curves were iR corrected. The
electrochemical double-layer capacitance was determined from the CV
curves measured in a potential range without redox processes according
to the following equation:

ν=C I /dl c (3)

where Cdl, Ic, and ν are the double-layer capacitance (F cm−2) of the
electroactive materials, charging current (mA cm−2), and scan rate (mV
s−1).

■ RESULTS AND DISCUSSION
The synthesis process of Co3O4/NiCo2O4 DSNCs is schemati-
cally illustrated in Figure 1. Two methanol solutions of

Co(NO3)2 and 2-methylimidazoleare mixed rapidly and aged
for 24 h at room temperature to generate uniform ZIF-67
(Co(MeIM)2, MeIM = 2-methylimidazole) particles which serve
as templates.19,20 In the first step, these ZIF-67 particles are
dispersed in ethanol solution of Ni(NO3)2 and continuously
stirred for 30 min to produce ZIF-67/Ni−Co LDH yolk-shelled
structures.19 During the process, protons generated from the
hydrolysis of Ni2+ ions can gradually etch ZIF-67 templates and
the released Co2+ ions may be partially oxidized by dissolved O2
and NO3

− ions in the solution. Then the Co2+/Co3+ ions will
coprecipitate with Ni2+ ions to form Ni−Co LDH shells.19,21

Afterward, thermal calcination is applied during which the ZIF-
67 cores and Ni−Co LDH shells can be converted into Co3O4
and NiCo2O4 NCs, respectively. Because of the as-formed gap
between ZIF-67 and Ni−Co LDH, possible strain between the
cores and the shells generated during the calcination process that
may result in the collapse of the shells can be effectively
alleviated. Thus, both the inner Co3O4 shell and the outer
NiCo2O4 shell can remain intact, giving rise to the Co3O4/
NiCo2O4 DSNCs. Therefore, the difficulties in forming multi-
shelled hollow structures with different shell materials by
conventional layer-by-layer templating methods have been
effectively circumvented.
The structures formed at different steps are characterized by

powder X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDX), field-emission scanning electron micros-
copy (FESEM), and transmission electron microscopy (TEM).
The XRD pattern of the ZIF-67 crystals matches well with

Figure 1. Schematic illustration of the formation process of Co3O4/
NiCo2O4 DSNCs. Step I: transformation of ZIF-67 into ZIF-67/Ni−Co
LDH yolk-shelled structures by a facile etching and deposition process.
Step II: formation of Co3O4/NiCo2O4 DSNCs by annealing the yolk-
shelled structures in air.
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previous reports,19,20 and the EDX result confirms the
stoichiometry22−24 of the as-prepared crystals (Figure S1a,b,
Supporting Information). FESEM and TEM images (Figure
S1c,d, Supporting Information) reveal that the ZIF-67 particles
show a polyhedral shape with a smooth surface and an average
size of approximately 800 nm. After reaction with Ni(NO3)2 in
ethanol solution for 30 min, the particles still retain a polyhedral
shape but exhibit a rougher surface constructed by small
nanosheets, as shown in Figure 2a,b. XRD pattern demonstrates
these polyhedrons are still mainly ZIF-67 with diminished peak
intensity, further confirmed by the EDX analysis (Figure S2a,b,
Supporting Information). FESEM image of a particle with a
broken outer shell (Figure S2c, Supporting Information) reveals
that the inner core preserves the smooth surface. The distinctions
between the shell and the core are further revealed by TEM
observations (Figure 2c and Figure S2d, Supporting Informa-
tion) where the shell is composed of interconnected small
nanosheets while the core appears similar to ZIF-67. Meanwhile,
a well-developed gap can be discerned from these TEM images
which may play a crucial role on the formation of DSNCs. To
determine the structure and composition of the outer shell, the
ZIF-67 core with poor water stability is removed by refluxing in a
mixed solvent of ethanol and water at elevated temperature.22,24

After that, the diffraction peaks of ZIF-67 are totally absent in the
XRD pattern (Figure S3a, Supporting Information) and the
(003), (006), (009), and (110) peaks are unambiguously
ascribed to a typical LDH structure.19,21 This result strongly
supports the successful formation of ZIF-67/Ni−Co LDH yolk-
shelled structures by reacting ZIF-67 with Ni(NO3)2. EDX
spectrum of the Ni−Co LDH shows a Ni/Co molar ratio of
around 0.53 (Figure S3b, Supporting Information). FESEM and
TEM images (Figure S3c,d, Supporting Information) show the
fully hollowed Ni−Co LDH NCs indicating the complete
removal of the ZIF-67 cores. The thermal annealing of ZIF-67
crystals and Ni−Co LDH NCs can result in the formation of
spinel type Co3O4 (Figure S4a,b, Supporting Information) and
NiCo2O4 (Figure S5a,b, Supporting Information), respec-
tively.25,26 Both of the annealed products show cage-like
structures (Figures S4c,d, and S5c,d, Supporting Information),
which gives the possibility of formation of box-in-box DSNCs

with different shell compositions by annealing ZIF-67/Ni−Co
LDH yolk-shelled structures. XRD pattern of the annealed
product of ZIF-67/Ni−Co LDH yolk-shelled structures
confirms the formation of the spinel type oxides containing Ni
and Co (Figure S6a,b, Supporting Information). From a
panoramic FESEM image (Figure S6c, Supporting Information),
the annealed product inherits the polyhedral shape from the ZIF-
67/Ni−Co LDH yolk-shelled structures. Furthermore, the inner
shell can be well identified from some particles with broken outer
shells (Figure 2d). From TEM observations (Figure 2e and
Figure S6d, Supporting Information), the NCs derived from the
Ni−Co LDH do not shrink significantly whereas the inner NCs
derived from ZIF-67 show significant shrinkage with decreased
size compared with the original ZIF-67 cores. The thickness of
the shells has been determined by TEM observation under
higher magnification. As shown in Figure 2f, the thickness of the
outer NiCo2O4 shell is about 20 nm while the inner Co3O4 shell
shows similar thickness but with a very uneven surface.
The spatial distribution of different elements in the Co3O4/

NiCo2O4 DSNCs is investigated by elemental mapping analysis
on a representative Co3O4/NiCo2O4 DSNC under TEM
observation. The elemental mapping results indicate that Co
(Figure 3a,b) and O (Figure 3a,d) are distributed homoge-
neously in both the outer shell and the inner shell with some
apparent enhancement in the central region. On the contrary, the
signal intensity of Ni (Figure 3a,c) is very uniform throughout
the region without any enhancement in the central area where
the inner Co3O4 NC locates, indicating the inner shell is free of
Ni. Thus, these EDX results further verify that the inner shell
mainly consists of Co3O4, and the outer shell is composed of
NiCo2O4, confirming the successful formation of DSNCs with
different shell compositions.
To get further insight into the formation process of high-

quality Co3O4/NiCo2O4 DSNCs, ZIF-67/Ni−Co LDH particles
generated at different durations have been annealed and
characterized by FESEM and TEM observations. ZIF-67/Ni−
Co LDH core-shelled structures are formed with a short duration
of only 15 min where the outer shell is tightly adhered on the
surface of the ZIF-67 crystal (Figure S7a,c, Supporting
Information). The annealed product observed by FESEM and

Figure 2. FESEM (a, b, d) and TEM (c, e, f) characterizations of samples. (a, b, c) ZIF-67/Ni−Co LDH yolk-shelled structures formed by reacting ZIF-
67 with Ni(NO3)2 for 30 min in ethanol; (d, e, f) Co3O4/NiCo2O4 DSNCs formed by thermal annealing the ZIF-67/Ni−Co LDH yolk-shelled
structures in air at 350 °C for 2 h with a ramp rate of 1 °Cmin−1. Scale bars, 2 μm in part a; 500 nm in parts b and e; 300 nm in part c; 1 μm in part d; 100
nm in part f.
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TEM (Figure S7b,d, Supporting Information) still shows a cage-
like morphology whereas well-defined double-shells cannot be
developed because of the different volume shrinkage of Ni−Co
LDH and ZIF-67 during the thermal annealing process (Figures
S4c,d, S5c,d, and S6c,d, Supporting Information). As such,
cracked inner shells are observed (Figure S7d, Supporting
Information). If the reaction duration is extended to 2 h, the as-
obtained particles are heavily aggregated (Figure S8a,c,
Supporting Information). As a result, it is difficult to obtain
uniform discrete DSNCs in the annealed product (Figure S8b,d,
Supporting Information).
The strategy developed here is highly versatile and can be

conducted on ZIF-67 polyhedrons with different sizes, thus
enabling size-controllable synthesis of Co3O4/NiCo2O4 DSNCs.

As a demonstration, DSNCs with sizes around 500 nm and 1.5
μm have been successfully produced (Figure S9, Supporting
Information). On the other hand, a series of Co-containing LDH
structures can be easily synthesized by reacting ZIF-67 with
different metal nitrates.19 Thus, several kinds of DSNCs with
inner Co3O4 NCs and outer NCs of other metal oxides can be
formed via the present strategy. For example, by refluxing ZIF-67
particles in ethanol solution of Mg(NO3)2 at elevated temper-
ature, ZIF-67/Mg−Co LDH core-shelled particles can be
formed. The Mg−Co LDH nanosheets in the outer shells
(Figure S10a,c, Supporting Information) are much larger than
Ni−Co LDH nanosheets. After annealing, the DSNCs (Figure
S10b,d, Supporting Information) can be obtained and the
elemental distribution in these DSNCs is determined by EDX
mapping under TEM observation (Figure S11, Supporting
Information). If the ZIF-67 crystals are stirred in ethanol solution
of Co(NO3)2, ZIF-67/Co−Co LDH yolk-shelled particles
(Figure S12a,c, Supporting Information) can be formed which
will be converted into Co3O4/Co3O4 DSNCs (Figures S12b,d,
and S13, Supporting Information) after thermal annealing.
The Co3O4/NiCo2O4 DSNCs show a specific surface area of

46 m2 g−1 with suitable pore size distribution (Figure S14a,
Supporting Information) that may bring interesting pseudoca-
pacitive properties.27 As such, the pseudocapacitive performance
of Co3O4/NiCo2O4 DSNCs is investigated by using a three-
electrode system with a Pt foil as the counter electrode and a SCE
as the reference electrode in 2.0 M KOH aqueous electrolyte.
One representative cyclic voltammetry (CV) curve at a constant
scan rate of 2 mV s−1 in a potential window of 0−0.42 V is given
in Figure 4a, together with another CV curve of Co3O4 NCs with
a smaller specific surface area of 15.2 m2 g−1 (Figure S14b,
Supporting Information) under identical conditions for compar-
ison. As shown, the distinct redox peaks are observed during the
anodic and cathodic sweeps which deliver the faradic
pseudocapacitance based on surface reactions.28 Because of the
similar redox potentials of Ni2+/Ni3+ and Co3+/Co4+, the

Figure 3. Elemental mapping of the Co3O4/NiCo2O4DSNCs. (a) TEM
image of an individual Co3O4/NiCo2O4 DSNC and elemental mapping
of Co (b), Ni (c), and O (d). Scale bar in part a is 300 nm.

Figure 4. Electrochemical characterizations of the Co3O4/NiCo2O4 DSNCs and Co3O4 NCs. (a) Cyclic voltammetry (CV) curves at a scan rate of 2 mV
s−1; (b) specific capacitance as a function of current density; and (c) cycling performance at a current density of 10 A g−1.
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positions of the redox peaks for both electrodes are almost
identical.29With the increasing scan rate from 2 to 50mV s−1, the
shape of the CV curves shows little evolution except for the slight
shift of peak positions. Interestingly, the CV curves of Co3O4/
NiCo2O4 DSNCs enclose much larger areas than those of Co3O4
NCs at all tested scan rates (Figure S15a,b, Supporting
Information). Thus, a larger amount of charges can be stored
in the Co3O4/NiCo2O4 DSNCs.
The chronopotentiometry (CP) curves of the Co3O4/

NiCo2O4 DSNCs in the voltage range of 0 to 0.42 V at different
current densities are presented in Figure S15c, Supporting
Information. The voltage plateaus observed in the charge/
discharge curves match well with the CV measurement. Also, the
durations for charging and discharging are almost identical at all
current rates, revealing the excellent reversibility of these redox
reactions.12 The specific capacitance as a function of current
density calculated from CP curves (Figure S15c,d, Supporting
Information) is plotted in Figure 4b. The Co3O4/NiCo2O4
DSNCs exhibit a high capacitance of 972 F g−1 at a current
density of 5 A g−1 and an impressive capacitance as high as 615 F
g−1 can be delivered even at a current density of 50 A g−1. This
means that 63.2% of the capacitance can be retained with the 10-
fold increase in current density from 5 to 50 A g−1, indicating
superior rate capability. Compared with Co3O4/NiCo2O4
DSNCs, the Co3O4 NCs deliver inferior performance in terms
of much lower specific capacitance and poor rate capability.
Furthermore, the electrochemical stability over cycling is
evaluated at a current density of 10 A g−1 by repeated charging
and discharging for 12 000 cycles. As shown in Figure 4c, the
specific capacitance of 870 F g−1 for the first cycle gradually
decreases to a value of 805 F g−1 after 12 000 cycles with
capacitance retention of 92.5%. The superior cycling stability is
likely related to the excellent structural stability of the Co3O4/
NiCo2O4 DSNCs. From the post-mortem study (Figure S16,
Supporting Information), the structure of DSNCs is well
maintained without significant deterioration after charging/
discharging for 12 000 cycles. On the other hand, the Co3O4NCs
show a capacitance loss of 16.6% (Figure 4c) over 12 000 cycles.
The pseudocapacitive performance of Co3O4/NiCo2O4 DSNCs
has been further compared with that of Co3O4/Co3O4 DSNCs
(Figure S17, Supporting Information). The capacitance
retention for the Co3O4/Co3O4 DSNCs is only 48% when
increasing the current density from 5 to 50 A g−1. In addition, the
Co3O4/Co3O4 DSNCs also deliver inferior cycling stability as
revealed by a larger capacitance loss of 24.2% after charging/
discharging for 12 000 cycles.
Many spinel cobaltite oxides show promising electrocatalytic

properties for a myriad of electrochemical reactions such as
OER.30−32 We therefore also investigate the electrocatalytic

activity of these Co3O4/NiCo2O4 DSNCs and Co3O4 NCs for
OER. Figure 5a shows the polarization curves of Co3O4/
NiCo2O4 DSNCs and Co3O4 NCs. Evidently, a significant
oxidation wave with an onset potential of 1.53 V relative to the
reversible hydrogen electrode (RHE) associated with electro-
catalytic water oxidation33,34 can be observed for Co3O4/
NiCo2O4 DSNCs while the onset potential for Co3O4 NCs
appears at a very positive position of 1.57 V. The influence from
the conductive substrate can be eliminated due to its extremely
poor activity (Figure S18, Supporting Information).35,36 The
potential required for a current density of 10 mA cm−2, which is a
metric associated with solar fuel synthesis,37 for different
electrodes has been further compared. As shown, the Co3O4/
NiCo2O4 DSNCs deliver a current density of 10 mA cm−2 at a
potential of 1.57 V, whereas a potential as high as 1.64 V is
required for Co3O4 NCs to achieve the same current density.
Moreover, these Co3O4/NiCo2O4 DSNCs outperform many
other integrated electrodes such as NixCo3‑xO4 nanowire arrays
on Ti foil, Ni-substituted Co3O4 nanowire arrays onNi foam, and
so on.29,38 The OER kinetics of these two electrodes is estimated
by their corresponding Tafel plots. As shown in Figure 5b, the
Tafel slope of the Co3O4/NiCo2O4 DSNCs is 88 mV dec−1

compared to 110 mV dec−1 for Co3O4 NCs. Further, the
electrochemical double-layer capacitance (Cdl), which is believed
to be positively proportional to the electrochemical active surface
area (ECSA), is determined by measuring the CV curves in the
potential range of 1.25−1.30 V without redox processes.29,39 As
can be seen, the Cdl of Co3O4/NiCo2O4 DSNCs is much larger
than that of Co3O4 NCs (Figure S19, Supporting Information).
This might provide some explanation for the much enhanced
electrocatalytic performance observed from the Co3O4/
NiCo2O4 DSNCs. Besides the catalytic activity, stability
represents another crucial factor in the development of reliable
electrocatalysts for water splitting.31,33,34,40 The current of the
Co3O4/NiCo2O4 DSNCs at a fixed overpotential of 0.34 V has
been monitored for 10 h (Figure S20, Supporting Information),
during which the current remains almost constant. A post-
mortem study has revealed that the structure of these Co3O4/
NiCo2O4 DSNCs is largely retained (Figure S21, Supporting
Information).
The electrochemical properties in terms of pseudocapacitive

performance and OER activity of the Co3O4/NiCo2O4 DSNCs
are superior to those of Co3O4 NCs with a simple configuration.
The greatly improved performance may largely be attributed to
the composition and complex structure of the Co3O4/NiCo2O4
DSNCs. Specifically, the incorporation of Ni2+ cations into the
spinel structures could result in the increased conductivity and
the creation of new active sites.29,41 Also, the complex porous
structure with much higher specific surface area should be also

Figure 5. Electrocatalytic activity of the Co3O4/NiCo2O4 DSNCs and Co3O4 NCs for OER. (a) Polarization curves and (b) Tafel plots in 1.0 M KOH
solution (5 mV s−1).
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beneficial for electrochemical applications.33 This may well
explain the higher specific pseudocapacitance and electrocatalytic
activity of the Co3O4/NiCo2O4 DSNCs. Moreover, the unique
double-shelled structures may lead to the confinement of the
electrolyte between the shells and higher instantaneous
concentration can be expected, leading to a higher driving
force for the electrochemical reactions.42 Furthermore, the
double-shelled structure is believed to be more structurally
robust which is important for the enhanced electrochemical
stability for both pseudocapacitors and OER.

■ CONCLUSIONS
In summary, a novel two-step strategy has been developed to
synthesize Co3O4/NiCo2O4 double-shelled nanocages
(DSNCs). The synthesis process involves the formation of
ZIF-67/Ni−Co LDH yolk-shelled structures with a polyhedral
shape and subsequent thermal annealing in air. This strategy can
be easily extended to synthesize other complex DSNCs. When
evaluated as electrodes for pseudocapacitors and electrocatalysts
for oxygen evolution reaction (OER), the Co3O4/NiCo2O4
DSNCs outperform single-shelled Co3O4 nanocages and many
other relatedmaterials. This workmay inspire rational creation of
complex hollow structures with enhanced properties for a variety
of applications.
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