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ABSTRACT: The design of hierarchical hollow nanostructures with
complex shell architectures is an attractive and effective way to obtain a
desirable electrode material for energy storage application. Herein, we
report an effective metal−organic framework (MOF) template-engaged
method to synthesize novel double-shelled hollow nanoboxes, in terms of
chemical composition and structure complexity, for supercapacitor
application. Starting from cobalt-based zeolitic imidazolate framework
(ZIF-67(Co)) nanoboxes as the removal template, we developed a rational
preparation approach to synthesize cobalt−molybdenum−phosphide
(CoMoP) double-shelled hollow nanoboxes (donated as CoMoP-
DSHNBs) through (i) ion-exchange reaction, (ii) template etching, and
(iii) phosphorization treatment, respectively. Notably, despite the
previously reported works, the phosphorization was simply done using
the facile solvothermal method, without employing annealing and high-temperature conditions, which can be considered as one of
the merits of the current work. CoMoP-DSHNBs showed excellent electrochemical properties owing to their unique morphology,
high surface area, and optimal elemental composition. In a three-electrode system, the target material showed a superior specific
capacity of 1204 F g−1 at 1 A g−1 with a remarkable cycle stability of 87% after 20000 cycles. The hybrid device formed of activated
carbon (AC) as the negative electrode and CoMoP-DSHNBs as the positive electrode exhibited a high specific energy density of
49.99 W h kg−1 and a maximum power density of 7539.41 W kg−1 with a great cycling stability of 84.5% after 20,000 cycles.

1. INTRODUCTION
To date, fossil fuels, as the nonrenewable and main world’s
energy supply, have had serious influence on our environment
and economy, and hence, development of societies has been
highly dependent on it.1 Therefore, tremendous research
efforts are ongoing to develop renewable and sustainable
energy storage and conversion technologies.2,3 Supercapacitors
(SCs), as the promising energy storage systems, which bridge
the gap between conventional capacitors and batteries, have
received significant attention due to their multiple advantages
such as high power density, fast charge−discharge rate, and
stable cyclability.4 Nevertheless, low energy density of SCs
compared to batteries limits their widespread commercial
application.5 Thus, it is very important to boost the energy
density of SCs without compromising high power capability
and cyclability.2,5 One of the most effective approaches to
tackle this issue is to design an electrode material with high
electrochemical performance. As a result, the rational design of
suitable nano/microstructures with engineered content plays
an important role to obtain superior capacitive perform-
ance.2,6−8

Hollow nano/micro-sized particles are of great interest due
to their distinctive structure-dependent features and promising
applications in many areas. Preparation of hollow structures
requires the growth of a desirable shell through the assistance
of removable template particles.9 Moreover, to increase the
desirable functionalities of a hollow structure, extensive
research efforts have been devoted to design and fabricate
complex hollow structures with tunable chemical composition
and multiple layers of shells.9,10 Particularly, multishelled
hollow structures are beneficial to enhance the specific surface
area, internal space, contact areas of an electrode/electrolyte
and can also shorten the diffusion path for electrons, and thus,
they can result in fast faradic redox reactions.11,12 Furthermore,
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due to the higher content of active sites in multishelled hollow
structures, the energy density would improve significantly.5

To fabricate multishelled hollow structures, an effective
approach is to employ templating methods, in which
assembling of designed materials is well controlled on different
sacrificial templates, such as emulsion micelles and mono-
disperse silica/polymer latex spheres. However, these type of
templating strategies practically have some difficulties,
including tedious procedure and incompatibility of desired
materials and template surfaces.9 As such, choosing appropriate
templates should be the key point of preparing the complex
hollow structures.6,9 Metal−organic frameworks (MOFs), as a
new kind of hybrid porous, crystalline materials consisting of
metal ions and organic ligands, have been widely utilized in
different fields such as imaging, sensing, gas storage/separation,
drug delivery, energy storage, and catalysis.4,6,11,13 Their
interesting properties, such as tailorable architecture, diversity
of applicable metals and organic linkers, high porosity, and
large specific surface area, make these materials one of the
main research targets for different applications during the past
decades.14,15 With respect to prepare hollow structures, MOFs
can be considered as both metal precursors and removable
templates for preparing well-defined MOF-derived hollow
structure materials.16 The diversity of MOFs with different
sizes and shapes has widened their applicability as a choice of
templates.17 The zeolitic imidazolate framework (ZIF), as an
example of a typical class of MOFs, shows exceptionally high
thermal stability and robustness and can be employed as both a
metal precursor and a sacrificial template to prepare porous
hollow nano/microstructures.6,11,17 For instance, Hu et al.,5

Du et al.,6 Jiang et al.,17 Amiri et al.,11 and Wang et al.18

commonly employed Co-based ZIF-67 as the sacrificial
template and metal precursor to prepare CoS-NP/CoS-NS
DSNBs,5 NiCoMn−OH,6 Ni−Co-layered double-hydroxide
(LDH) nanocages,17 CoMoSex double-shelled hollow nanoc-
ages,11 and CoNiFeP hollow nanoboxes,18 respectively, for
different electrochemical applications including supercapaci-
tors. Nevertheless, to improve the performance of SCs, not
only the materials morphology should be considered as the
crucial factor but also the composition of nanomaterials should
be regulated in a way that a desirable architecture with high
electrical conductivity would obtain. Fabrication of multi-
metallic oxides/sulfides/phosphides is an effective strategy to
overcome the flaws of low electrical conductivity of electrode-
based materials. Particularly, the interaction between different
metal ions can effectively modulate the three-dimensional
electronic nanostructure, leading to fast transport of ions and
charges, more accessible redox sites, and improve the ion-
electron transfer kinetics.16,19

Transitional metal phosphides/phosphates (TMPs) have
received notable attention due to their metallic characteristics,
high electrical conductivity, and superb specific capacity.12,19,20

Specifically, phosphorous as a multivalent nonmetal is
considered as one of the well-stablished donor atom in
coordination chemistry.21,22 Hence, a diverse class of
phosphides can be formed since phosphorus can react with
most of the elements in the periodic table.21,23 Due to their
promising advantages with features such as high electrical and
heat conductivity, high chemical and mechanical stability,
nontoxicity, and high abundance, it is expected that TMPs
could play major roles in the development of high-performance
supercapacitors.21 To date, few bimetallic phosphide materials
such as NiCoP hollow nanoboxes,19 MnCoP hollow nano-
cubes,20 NiCoP/CoP nanosheets,24 Ni1.4Co0.6P@C micro-
spheres,25 and NixCo1−xO/NiyCo2−yP@C hybrides26 have
been investigated for high-performance SCs. However, to the
best of our knowledge, there is only one report in which
bimetallic molybdenum phosphide was employed as the
electrode material for SC application. Specifically, in this
work, Chen et al., fabricated hierarchical MOF-derived Mo−
CoP@NiFe-layered double-hydroxide (LDH) nanosheets as
the electrode-based material for hybrid SCs. The as-prepared
material showed a large specific capacitance of 2796 F g−1 and
a good stability of 79.6% after 8000 cycles in a three-electrode
cell. Additionally, the hybrid SC exhibited an energy density of
48.6 W h kg−1 and an outstanding 90.6% capacitance retention
after 20,000 cycles in a two-electrode setup.27

Herein, motivated by all the aforementioned ideas, for the
first time, we devolved a facile MOF-derived strategy to
prepare CoMoP double-shelled hollow nanoboxes (CoMoP-
DSHNBs) for supercapacitor application. The overall design
and preparation reaction that leads to formation of double-
shelled hollow structures is proposed in Figure 1. First, through
the cation-exchange reaction at the interface of Co-based ZIF-
67 and Na2MoO4 solution, a thin layer of CoMo hydroxide
forms on the surface of ZIF-67 (ZIF-67@Co−MoOH). As the
reaction continues, H+ ions, which are generated by the
hydrolysis procedure, flow inward to supply the cation-
exchange reaction, resulting in the oxidation of Co2+ into
Co3+ ions. Then, the originated Co3+ ions, through outward
diffusion, co-precipitate with Mo ions on the as-formed CoMo
hydroxide layer. If the reaction continues slowly, the entire
ZIF-67 nanoboxes will be gradually consumed, accompanied
by the growth of CoMoOH shell, meaning that, eventually,
well-defined CoMoOH nanoboxes with a large interior cavity
will be left behind. However, the elevated temperature
quickens the inward and outward diffusion of H+ and Co3+
ions, respectively, leading to precipitation of a secondary

Figure 1. Schematic representation of the preparation process for hierarchical CoMoP double-shelled hollow nanoboxes (CoMoP-DSHNBs).
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CoMoOH layer on the inner core before its complete
consumption. In this case, a multishelled or double-shelled
structure will be formed. Finally, under a modified
solvothermal method, in the presence of NaH2PO2.H2O, as a
phosphorous precursor, CoMoOH transforms into CoMoP-
DSHNBs.1,5,9 As expected, due to the well-defined double-
shelled porous, multicomponent structure and high surface
area, CMP-DSHNBs showed an outstanding specific capacity
with a rate capability comparable to the other similar yolk-
shelled, multicomponent structures.

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis. 2.1.1. Chemicals. All

chemicals were provided by Sigma-Aldrich and Merck
Cooperation. These include cobalt nitrate hexa hydrate Co
(NO3)2.6H2O, hexadecyltrimethylammonium bromide
(CTAB), 2-methylimidazole (C4H6N2), sodium molybdate
dihydrate (Na2MoO4·2H2O), sodium hypophosphite mono-
hydrate (NaH2PO2·H2O), potassium hydroxide (KOH), and
ethanol (C2H5OH).
2.1.2. Synthesis of ZIF-67 Particles. According to a formerly

reported method,5 in a typical procedure, 174 mg of
Co(NO3)2.6H2O was added to 6 mL of deionized water
(DI) containing 3 mg of CTAB. After dissolving, this solution
was rapidly injected into 42 mL of aqueous solution with 2724
mg of 2-methylimidazole under vigorous stirring for 20 min at
room temperature. The purple particles were collected by
centrifugation and washed with ethanol several times, followed
by vacuum-drying overnight.
2.1.3. Synthesis of ZIF-67@CoMoOH-YSNB Particles. First,

30 mg of ZIF-67 nanoboxes were dispersed in 20 mL of
ethanol for 10 min. Then, the obtained solution was heated at
90 °C under reflux and stirring. After 20 min, 5 mL of an
aqueous solution containing 100 mg of Na2MoO4·2H2O was
added to the above solution. The resulting mixture was kept
under the reflux at 90 °C for more than 2 h. Then, the product
was washed with ethanol several times and dried at 70 °C
overnight.
2.1.4. Synthesis of CoMoOH-YSNB Particles. Double-

shelled CoMo hydroxide nanoboxes were obtained in
sequential steps. First, 50 mg of the ZIF-67@CoMoOH
nanoboxes was dispersed in 10 mL of DI. Next, the solution
was heated at 90 °C for 15 min, followed by adding a mixture
of 5 ml ethanol and 5 mL DMF. The reaction continued for an
additional 2 h, until the color disappeared. Then, the product
was washed by ethanol several times and dried at 70 °C
overnight.
2.1.5. Synthesis of CoMoP-DSHNB Particles. The CoMoP

double-shelled hollow nanoboxes were prepared by reaction of
CoMo OH yolk-shelled nanoboxes with NaH2PO2·H2O. In a
typical synthesis, the obtained CoMoOH yolk-shelled particles
were dispersed in 10 mL of ethanol, followed by stirring for 10
min. Then, 5 mL of an aqueous solution containing 230 mg of
NaH2PO2·H2O was added to the above solution, and the
mixture was transferred into a Teflon-lined stainless steel
autoclave and further heated at 140 °C for another 6 h. The
product was collected by centrifugation and washed sequen-
tially with ethanol and water before vacuum-drying overnight.
2.2. Materials Characterization. The crystal structure of

the samples was studied through a D8 ADVANCE ECO in a 1
kW copper X-ray tube diffractometer (XRD). The morphology
and chemical compositions of the samples were investigated by
a scanning electron microscope (FESEM, Jeol JSM-7400F)

attached with an energy-dispersive X-ray (EDX) spectrometer.
Scanning transmission electron microscopy (STEM) images
were taken on an in-lens cold field SU9000 emission
microscope. The surface electron state of the samples was
characterized by X-ray photoelectron spectroscopy (XPS,
Kratos Axix ultra DLD). The Brunauer−Emmett−Teller
(BET) model (Micromeritics Tristar 3000, at 77 K) was
employed to determine the specific surface area. Pore size
distribution of the samples was measured through the
desorption branch of the nitrogen isotherm via the Barrett−
Joyner−Halen da (BJH) model.
2.3. Electrochemical Measurement. The electrochem-

ical performance of the as-prepared samples was studied
through a SP-150 electrochemical workstation (Biologic
Science Instruments) with a three-electrode setup. In this
setup, Ag/AgCl (KCl saturated) and Pt electrodes were
employed as a reference electrode and counter electrode,
respectively, in a 3 M KOH. The working electrode
preparation is as follows: 85% of the active material was
mixed with 10% of activated carbon (AC) as the conductive
agent and 5% of polyvinylidene fluoride as a binder (PVDF) in
N-methyl-2-pyrrolidinone (NMP) solvent to form a slurry
paste. Then, the prepared slurry was coated on a 2 × 1 cm Ni
foam as the current collector and was placed in a vacuum oven
at 80 °C overnight to evaporate the solvent. The total mass
weight of all working electrodes was about ∼3 mg after drying.
Cyclic voltammetry (CV) was measured in the potential range
of −0.1−0.55 V at different scan rates (10, 20, 30, 50, and 80
mV s−1). For galvanostatic charge−discharge (GCD) measure-
ment, different current densities (1, 2, 4, 6, 8, 10, and 20 A
g−1) were recorded. Electrochemical impedance spectroscopy
(EIS) measurements were conducted in the frequency range of
100 Hz−100 kHz. The specific storage capacities were
calculated using the GCD curves from the following equation28

= × ×C I t m V/ (F g )m
1 (1)

where m is the total loaded mass of the active material in mg,
Δt is the discharge time in s, I is the discharge current in A,
and ΔV is the working potential window in V. The specific
storage capacitance can also be measured in mA h g−1 based on
the following formulas28

= × × × ×

C

I v m v

Specific capacitance from the CV plot:

d /2 3.6 (mA h g )1
(2)

= × ×
C

I t m

Specific capacitance from the GCD plot:

/3.6 (mA h g )1 (3)

where ∫ I × dv is the CV curve area, Δt is the discharge time in
s, I is the discharge current in A, m is the total mass of active
material in mg, and v is the scanning rate in mV s−1.
2.3.1. Fabrication of an Asymmetric Supercapacitor

Device. In a two-electrode setup (CoMoP-DSHNBs
(+)//AC (−)), the device was fabricated by employing
CMP-DSHNBs as the positive electrode and AC as the
negative electrode, in which the two electrodes were separated
by cellulose paper and 3 M KOH used as an electrolyte. The
optimal mass ratio (m+/m−) of the asymmetric supercapacitor
device (ASC) device was calculated according to the charge
balance theory employing the following equation
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= ×
×

+

+ +

m
m

C V
C V (4)

where C−/C+ shows the ratio of specific capacitances and
ΔV−/ΔV+ displays the ratio of potential ranges for the anode
(−) and cathode materials (+), respectively. The energy
density (E) and power density (P) of the solid-state electrode
device were, then, calculated according to equations 5 and 6,
respectively29,30

= ×E C V
7.2

(W h kg )
2

1
(5)

= ×P E t3600 / (W kg )1 (6)

where E is the specific energy in W h kg−1, C is the specific
capacitance of the solid-state device in F g−1, ΔV is the
working potential window in V, P is the power density in W
kg−1, and Δt is the discharge time in s.

3. RESULTS AND DISCUSSION
3.1. Morphology and Structure. To observe the

morphology of the samples, field-emission scanning electron
microscopy (FESEM) images of the prepared samples were
conducted. As shown in Figure 2a,b, the ZIF-67 nanoparticles

Figure 2. FESEM images of ZIF-67 particles (a,b), ZIF-67@CoMoOH-YSNBs (c,d), and CoMoOH-YSNBx (e,f); STEM images of ZIF-67
particles (g), ZIF-67@CoMoOH-YSNBs (h), and CoMoOH-YSNBx (i); and EDX spectra of ZIF-67 particles (j), ZIF-67@CoMoOH-YSNBs (k),
and CoMoOH-YSNBx (l).
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have a well-defined cube-like morphology with smooth surface,
in which the size of the particles is uniformly distributed.
Furthermore, the prepared particles showed uniform contrast
under scanning transmission electron microscopy (STEM)
(Figure 2g), revealing their solid nature.5 These observations
are in good agreement with the previous reports.5,31 After
being exchanged by MoO4

−2 ions and chemical etching, the

obtained ZIF-67@CoMoOH yolk-shelled nanoboxes still
maintain the cubic structure while their surface becomes
rough because of the formation of a new exterior shell layer on
the ZIF-67 surface (Figure 2c,d,h). Further, in the third stage
of the reaction, through the heat treatment, the surface of
nanoboxes started to shrink significantly, which might have
resulted from the removal of 2-Mlm and CTAB. The STEM

Figure 3. FESEM images of CoMoP-DSHNBx (a,b,c,d), STEM images of CoMoP-DSHNBx (e), and EDX spectra of CoMoP-DSHNBx (f).

Figure 4. XRD pattern of ZIF-67, ZIF-67@CoMoOH-YSNBs, CoMoOH-YSNBs, and CoMoP-DSHNBs (a) and N2 adsorption−desorption
isotherm loops of CoMoOH-YSNBs and CoMoP-DSHNBs, and the inset is the pore size distribution curves of CoMoOH-YSNBs and CoMoP-
DSHNBs (b). High-resolution XPS spectra of Co 2p (c), Mo 3d (d), and P 2p (e) of CoMoP-DSHNBs.
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images also revealed the yolk-shelled structure of cube-like
CoMoOH particles (Figure 2i) in this stage.
Finally, after phosphorization with NaH2PO2·H2O at 85 °C,

the crystalline CoMoP nanoboxes were converted into CoMoP
double-shelled hollow nanoboxes. The overall morphology of
the synthesized sample as indicated in FESEM images (Figure
3a−d) are much rougher compared to the pervious stages,
while the hierarchical cubic structure was well retained without
any aggregation. As elucidated by STEM (Figure 3e)
observation, both the presence of void space and structure
can be verified. Specifically, it can clearly be seen that both
inner and exterior shells display a cubic shape.
The EDX spectra of the samples after each synthesis stage

were recorded. From the ZIF-67 spectra (Figure 2j), the
presence of Co, C, N, and O with the atomic percentages of
12.45, 45.08, 16.74, and 24.65, respectively, can be confirmed.

The EDX spectrum of ZIF-67@CoMoOH-YSNBs (Figure 2k)
verified the existence of Co, Mo, C, N, and O elements, and
their atomic percentages were 25.79, 41.77, 7.95, 1.74, and
22.75, respectively. EDX analysis of CoMoOH-DSYNBs
(Figure 2l) with the atomic percentage of 37.57 for Co,
52.15 for Mo, and 10.28 for O was performed. Meanwhile, the
obtained EDX spectrum for CoMoP-DSHNBs (Figure 3f)
approved the presence of P with the atomic percentage of
38.10 along with Co (15.78) and Mo (46.11).
Figure 4a displays the crystalline phases of the synthesized

samples, obtained from XRD analysis. The diffraction peaks of
the ZIF-67 template are in good accordance with the
previously reported patterns, confirming that the as-prepared
templates are phase pure.5,31 The XRD patterns of ZIF-67@
CoMoOH show distinct diffraction peaks, suggesting that the
MOF core is not completely etched. The relatively low peak

Figure 5. Electrochemical characterization of the as-prepared samples in a three-electrode setup. CV curves of the bare Ni foam, ZIF-67 nanoboxes,
ZIF-67@CoMoOH-YSNB electrode, CoMoOH-YSNB electrode, and CoMoP-DSHNB electrode at a scan rate of 30 mV s−1 in a 3.0 M KOH
electrolyte (a); CV curves of the CoMoOH-YSNB electrode at different scan rates in a 3.0 M KOH electrolyte (b); CV curves of the CoMoP
DSHNB electrode at different scan rates in a 3.0 M KOH electrolyte (c); linear plots of anodic/cathodic peak current as a function of square root
of scan rate (d); linear plots of logarithm of peak currents as a function of the logarithm of scan rates (e); GCD curves of CoMoOH-YSNB and
CoMoP-DSHNB electrodes at 1 A g−1 (f); GCD curves of CoMoP-DSHNBs at different current densities (g); GCD curves of CoMoOH-YSNBs
at different current densities (h); rate capability of CoMoOH-YSNB and CoMoP-DSHNB electrodes (i); Nyquist plots of CoMoOH-YSNB and
CoMoP-DSHNB electrodes (j); and stability retention of CoMoOH-YSNB and CoMoP-DSHNB electrodes at a current density of 10 A g−1 (k).
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intensity in the diffraction peaks of CoMoOH-YSNBs after
stage 3 can be associated with the decomposition of the ZIF-67
template, which was already confirmed through EDX analysis.
Eventually, as the crystal phase of CoMoP-DSHNBs
investigated, the obtained diffraction peaks can be well indexed
to CoP3 (PDF no. 29−0496) and MoP (PDF no. 24−0771).
The peaks at 11.3, 21.3, 32.07, 35.1, 40.1, 44.5, 51.6, 58.1, and
59.9° represent the cubic structure of CoP3, while the
diffraction peaks at 2θ values of 27.8, 32.7, 42.9, 57.3, 64.8,
67.7, 68.04, and 74.4° correspond to the hexagonal planes of
MoP.32,33

3.2. Surface Area Analysis. The specific surface area and
pore size distribution of the as-obtained samples were
evaluated through the BET and BJH measurements, and the
results are represented in Figure 4b. As shown in Figure 4b,
both CoMoOH-YSNBs and CoMoP-DSHNBs samples reveal
the typical type-IV Langmuir N2 adsorption−desorption
isotherm. The BET surface areas of CoMoOH-YSNBs and
CoMoP-DSHNBs are estimated to be 128.697 and 111.055 m2

g−1, respectively, which verify their porous structure and
numerous active sites for enhanced electrochemical perform-
ance of the electrode. Moreover, the pore size distribution of
both samples is in the mesoporous range (∼12−26 nm) (inset
plot in Figure 4b), which were measured by BJH techniques.
3.3. Surface Elements Characterization. To further

survey the surface electronic state and elemental composition
of CoMoP-DSHNBs, the XPS analysis was performed, and the
results are presented in Figure 4c−e. From the XPS spectra of
Co 2p (Figure 4c), the peaks positioned at 781 and 795 eV are
assigned to Co2+, while the peaks at 779 and 794 eV are the
characteristic peaks of Co3+.34 The obtained result for the Mo
3d spectrum (Figure 4d) displays two characteristic peaks at
231 and 234 eV attributed to Mo 3d3/2 and 3d5/2 of CoMoP,
respectively, related to Mo4+. The two other fitting peaks at
232 and 236 eV are related to Mo 3d5/2 and Mo 3d3/2 of
Mo+5.11 The P 2p XPS spectrum shows the main peaks around
127 eV assigned to metal-P bonds (Co and Mo)−P in the
reduced form. Moreover, the distinct peak at 132 eV indicates
that the P-metal species are oxidized due to the exposure of
metal phosphides to the air.19

3.4. Electrochemical Performance of the Electrodes.
First, to evaluate the electrochemical performance of the as-
prepared samples, a three-electrode setup immersed in 3 M
KOH as an aqueous alkaline electrolyte was employed. Figure
5a shows the CV curves of ZIF-67, ZIF-67@CoMoOH,
CoMoOH-YSNBs, and CoMoP-DSHNBs at a scan rate of 30
mV s−1 in a broad potential range of −0.1−0.55 V (vs Ag/
AgCl electrode). All electrodes showing a pair of distinct redox
peaks imply the faradaic nature of the materials, in which a
reversible redox reaction attributed to Co2+/Co3+ and Mo4+/
Mo5+ happens. Also, as it is evident, the CoMoP-DSHNB
electrode compared with other electrodes shows the largest
integration area, indicating higher specific capacitance and
faster reaction kinetics. This might be as the result of (i)
tailored combination of Co−Mo−P composition, (ii) double-
shelled hollow morphology, and (iii) enhanced conductivity of
CoMoP as discussed elsewhere.11 It is noteworthy to mention
that the Ni foam does not take part in the redox reaction, and
hence, it shows a negligible CV area at the same scan rate. The
detailed electrochemical process can be described by eqs 7 and
8 as frequently reported in other literature studies19

+ + +CoMoP 2OH CoP OH MoP OH 2ex x1 (7)

+ + +MoP OH OH MoP O H O ex x 2 (8)

As can be seen in the equations, the coexistence of Co and
Mo leads to multiple redox reactions which overlap with each
other during the electrochemical process. Figure 5b,c shows
the CV curves of CoMoOH-YSNBs and CoMoP-DSHNBs at
different scan rates of 10, 20, 30, 50, and 80 mV s−1. As it is
evident in both graphs, the integrated CV areas and current
densities continuously increase by increasing the scan rates.
Furthermore, the shape of the graphs remained unchanged,
showing that the target electrode has a desirable rate capability
and high reversibility under the fast faradic reaction.19 Also, the
slight shift of the peaks to more a positive and negative
potential might be due to the electrode polarization or internal
resistance of the electrode materials.16,19

To evaluate the charge storage kinetics, calibration curves of
oxidative/reductive peak currents (ip) versus the square root of
scan rates (υ)1/2 were plotted (Figure 5d). Through this
calibration curve, the diffusion-controlled charge mechanism of
the CoMoP-DSHNB electrode can be calculated. For this aim,
the equation of power law was employed

= +i a bLog log log( )p (9)

where ip is the peak current, υ is the scan rate, a is a constant,
and b is the power law exponent. The value of b can be
calculated from the slope of the linear fit to the curve of log (υ)
against Log (ip). b ∼ 1 indicates that the electrode has a
capacitive-type behavior, while b ∼ 0.5 indicates the battery-
type behavior of the electrode. In the plotted graph (Figure
5e), the b values for the anodic and cathodic peaks are 0.7437
and 0.8087, respectively, suggesting that it has a capacitive-type
behavior.
Figure 5f exhibits the GCD measurement of CoMoOH-

YSNB and CoMoP-DSHNB electrodes at a current density of
1 A g−1 in a potential range of 0−0.5 V (vs Ag/AgCl). As can
be seen, both curves show a nonlinear GCD behavior,
revealing their faradaic redox reaction, which corresponds
well with the CV curves. Figure 5g presents the GCD curves of
CoMoP-DSHNBs at different current densities including 1, 2,
4, 6, 8, 10, and 20 A g−1. The specific capacitance of 1204,
1048, 856, 672, 624, 560, and 480 F g−1 at current densities of
1, 2, 4, 6, 8, 10, and 20 A g−1 was obtained. On the contrary,
the specific capacitance values calculated for the CoMoOH-
YSNB electrode were 894, 748, 647, 588, 512, 420, and 400 F
g−1 at the same current densities (Figure 5h). The obtained
results clearly show that the CoMoP-DSHNB electrode, in
comparable applied current densities, has a higher specific
capacitance than the CoMoOH-YSNB electrode, which is in
good agreement with CV results. Also, it can be concluded that
CoMoP-DSHNBs have a higher rate capability compared to
CoMoOH-DYSNBs, which is mainly related to the highly
porous structure of the double-shelled hollow structure of this
material. Due to this desirable morphology, there are more
active sites for redox reactions, as well as more efficient
pathways for rapid electrolyte diffusion. Additionally, 39.86%
of the initial specific capacitance value at a current density of
20 A g−1 is preserved as depicted in Figure 5i.
The Nyquist plots of the CoMoOH-YSNB and CoMoP-

DSHNB electrodes together with an equivalent circuit diagram
are depicted in Figure 5j. As demonstrated in the graphs, the
bulk resistance (Rb) of the CoMoOH-YSNB electrode is
slightly higher (0.67 Ω) compared to that of the CoMoP-
DSHNB electrode (0.58 Ω). The lower Rb of the CoMoP-
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DSHNB electrode confirms the increased conductivity of these
electrode materials after phosphating. The bulk resistance,
which is also known as internal resistance, is attributed to the
total resistance of the bulk electrolyte, electrode, and contact
resistance between the electrode and the current collector.35

The diameter of the semicircle shows the electrolyte resistance
in the pores of the electrode or the so-called charge-transfer
resistance (Rct).

35 As it is evident, the CoMoOH-YSNB
electrode shows a bigger semicircle, implying a higher charge-
transfer resistance (48.52 Ω) than CoMoP-DSHNBs (9.88 Ω).
The vertical line in the plots is attributed to the Warburg
impedance element (W) concerned to the ion diffusion
resistance caused by ion diffusion through porous electrodes.36

According to the plots, CoMoOH-YSNBs shows higher value
for ion diffusion resistance, indicating that there is higher
limitation for ion transport in the bulk electrolyte and in the
porous structure of the electrode.35

For further electrochemical assessment of the CoMoOH-
YSNB and CoMoP-DSHNB electrodes, the conductivity of
these two electrodes was calculated, and the results are
depicted in Table S1. According to the obtained results, the
CoMoP-DSHNB electrode shows a conductivity of 172.41 S
m−1, while this value is 149.25 S m−1, implying that
phosphating resulted in superior conductivity of the final
material.
As depicted in Figure 5k, the cycling stability test for

CoMoOH-YSNB and CoMoP-DSHNB electrodes was con-
ducted by repeating charge−discharge cycles for 20,000th

cycles at a current density of 10 A g−1. Cyclability is one of the
main factors to estimate the practical application of electrode
materials. As can be seen in Figure 5k, the capacity retention
ratio of the CoMoP-DSHNB electrode is 87%, approving its
excellent cycling stability, while 84% of the initial capacity for
the CoMoOH-YSNB electrode was preserved after 20,000th
cycles. This outstanding stability of the electrodes might relate
to different reasons, including (i) the unique double-shelled
hollow morphology of nanoboxes which alleviate the volume
expansion and mechanical strain, (ii) the porosity of the
structure shortens the diffusion path of the OH− ions/
electrons and results in more active sites for faradaic redox
reactions at high current densities, and (iii) due to the low
electronegativity of phosphorous in the structure and favorable
synergetic effect of Co and Mo, the electron transfer
accelerates.19

3.5. Electrochemical Performance of a CoMoP-
DSHNBs (+)//AC (−) Device. To investigate the actual
application of the CoMoP-DSHNB electrode, an ASC was
fabricated, in which the CoMoP-DSHNB electrode was
employed as the positive electrode and AC was utilized as
the negative electrode. In Figure 6a, the CV curves of AC and
CoMoP-DSHNB electrodes at a scan rate of 30 mV s−1 are
depicted. Figure 6b shows the CV curves of the asymmetric
device at different potential windows at a scan rate of 80 mV
s−1. As can be seen, by increasing the potential window up to
1.7 V, the ASC device does not show any polarization and it is
very stable. However, when the voltage continues to increase

Figure 6. Electrochemical characterization of the CoMoP-DSHNBs (+)//AC (−) asymmetric device. CV curves of AC and CoMoP-DSHNB
electrodes at a scan rate of 30 mV s−1 in the aqueous 3.0 M KOH electrolyte in a half-cell setup (a), CV curves of a CoMoP-DSHNB (+)//AC (−)
asymmetric device at different potential windows (b), GCD curves of a CoMoP-DSHNB (+)//AC (−) asymmetric device at different potential
windows and a current density of 3 A g−1 (c), CV curves of a CoMoP-DSHNB (+)//AC (−) asymmetric device at different scan rates (d), GCD
curves of a CoMoP-DSHNB (+)//AC (−) asymmetric device at different current densities (e), cycling performance of a CoMoP-DSHNB
(+)//AC (−) asymmetric device (f), comparison between a CoMoP-DSHNB (+)//AC (−) asymmetric device and other previously reported
electrode materials (g), and rate capability of the device (h).
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to 1.9 V, the CV curve shows a distinct polarization. This is
verified by stable and homomorphic GCD curves as illustrated
in Figure 6c. Thus, 0−1.7 V was chosen as the potential
window of the ASC device and employed in further
experimental tests. Figure 6d shows the CV diagrams of the
prepared ASC device at different scan rates. As it is evident, the
ASC device shows a perfect shape retention with a negligible
peak shift. However, in higher scan rates, the curves showed a
considerable deviation from rectangular shape, which is
associated with the EDLC characteristic of the materials, and
they mixed with pseudocapacitive property showing redox
faradic peaks, which confirms that the target device possesses
both EDLC and faradaic battery-type behavior.
Moreover, the electrochemical performance of the AC as the

anode electrode was evaluated, and the obtained CV and GCD
results are illustrated in Figure S1. The obtained capacitances
at current densities of 1, 2, 4, 10, and 20 A g−1 are calculated to
be 208, 150, 128, 120, and 104 F g−1, respectively.
Figure 6e displays the GCD curves of the CoMoP-DSHNB

(+)//AC (−) device at different current densities. The curves
show a symmetrical shape, suggesting superior Columbic
efficiency. The calculated specific capacitances of the CoMoP-
DSHNBs (+)//AC (−) device from GCD curves were 140,
107.05, 87.12, 70.58, and 41.17 F g−1 at current densities of 1,
2, 4, 8, and 10 A g−1, respectively. Furthermore, the device still
retains 84.5% of its capacitance at a current density of 10 A g−1,
after 20,000th cycles, showing the outstanding cycle stability
(Figure 6f). These results are comparable with other similar
ASC devices, which are already reported in literature studies
(Table 1 and Figure 6g). The fabricated device delivered a
great energy density of 49.99 W h kg −1 at a high power density
of 752.94 W kg−1. Interestingly, the energy density still
preserved at 14.64 W h kg−1 when the power density increased
to 7539.41 W kg−1, showing that the device can maintain 28%
of initial capacitance after increasing the current density from 1
to 10 A g−1 (Figure 6h). The excellent electrochemical
performance of the fabricated devices confirms its potential as
a great candidate in energy conversion application.

4. CONCLUSIONS
In conclusion, through an effective and facile template-engaged
method, the hierarchical mesoporous CoMoP hollow double-
shelled nanocubes (DSHNBs), as an advanced electrode with
desirable features, were prepared. Benefiting from the complex
hollow morphology and the effective integrated multiple

compositions, the fabricated CoMoP electrode showed a
remarkable specific capacity of 1204 F g−1 at 1 A g−1 with great
rate capability and excellent cycle performance (87% after
20,000 cycles at 10 A g−1). Moreover, the CoMoP-DSHNB
(+)//AC (−) device delivered a high energy density of 49.99
W h kg−1 at a power density of 752.94 W kg−1. The overall
electrochemical results clearly suggest that CoMoP would be a
promising candidate in energy storage devices.
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Table 1. Summary of Electrochemical Performance of Previously Reported Works Compared to This Work

three-electrode setup two-electrode setup

material
specific capacitance at

current density
cycle

retention
specific capacitance at

current density
cycle

retention E (W h Kg−1) P (W Kg−1) ref

Hollow NiCoMn−OH
polyhedra

1654.5 F g−1 at 1.5 A g−1 70.2%@
2500

121.5 F g−1 at 1 A g−1 100@
10000

43.2 790 6

NiCoP hollow nanocubes 658 F g−1 at 1 A g−1 80.7%@
5000

133.3 F g−1 at 0.5 A g−1 90.8%@
10000

41.3 373.3 19

CoS2@Ni (OH)2 core−shell
nanotube

743 C g−1 at 1 A g−1 91.6%@
3000

64.9 F g−1 at 1 A g−1 85.5%@
3000

29.22 899.2 37

CoMoSex double-shelled
hollow nanocage

1029.8 F g−1 at 2 A g−1 95.2%@
8000

125 F g−1 at 1 A g−1 94% @
8000

45 2222 11

hollow-concave CoMoSx
boxes

784 F g−1 at 1 A g−1 82.5%@
10000

104.2 F g−1 at 1 A g−1 77.6%@
10000

36.9 800 2

Rugby-ball-like FeCoCuS2 1060 F g−1 at 2 A g−1 96.5%@
7000

133.5 F g−1 at 1 A g−1 93.8%@
7000

48.2 820.1 16

CoMoP double-shelled hollow
nanoboxes

1204 F g−1 at 1 A g−1 87%@
20000

103.5 F g−1 at 1 A g−1 84%@
20000

49.99 752.94 this
work
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