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Suppressing the metal-metal interaction by CoZn0.5V1.5O4 derived from
two-dimensional metal-organic frameworks for supercapacitors
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ABSTRACT Co2VO4 with Co tetrahedrons and octahedrons
of transition metal oxides has achieved progress in electro-
catalysts and batteries. However, high metal-metal interac-
tions make it challenging to maintain high reactivity as well as
increase the conductivity and stability of supercapacitors. In
this work, spinel-structured CoZn0.5V1.5O4 with a high specific
surface area was synthesized through an ion-exchange process
from the metal-organic frameworks of zinc-cobalt. Density
functional theory calculations indicate that the replacement of
transition metal by Zn can decrease the interaction between
the transition metals, leading to a downshift in the π∗-orbitals
(V–O) and half-filled a1g orbitals near the Fermi level, thus
increasing the conductivity and stability of CoZn0.5V1.5O4. As a
supercapacitor electrode, CoZn0.5V1.5O4 exhibits high cycling
durability (99.4% capacitance retention after 18,000 cycles)
and specific capacitance (1100mF cm−2 at 1mAcm−2). This
work provides the possibility of designing octahedral and
tetrahedral sites in transition metal oxides to improve their
electrochemical performance.
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INTRODUCTION
To mitigate energy crisis, it is important to develop high-effi-
ciency energy storage devices with high energy density, high
power density, and long cycling life [1–3]. Supercapacitors,
emerging as energy storage devices, have received increasing
attention in electric vehicles, intermittent wind, and solar energy
systems owing to their short charge-discharge time, high power
density, long cycle life, and high safety [4–8]. The electrode
materials of supercapacitors can be divided into carbon mate-
rials, conductive polymers, and transition metal oxides accord-
ing to different charge storage mechanisms [9]. Electric double-
layered capacitive carbon materials that store charges with fast
ion adsorption and desorption on the electrode surface can
achieve high power density and long life; however, their theo-
retical specific capacitance is low [10,11]. Pseudocapacitive
conductive polymers, N-doped carbon materials, and transition
metal oxides provide higher theoretical specific capacitance
owing to their fast redox reactions at the electrode/electrolyte
interface [12–14]. However, conductive polymers usually exhibit

poor durability, which limits their wide range of applications
[15]. For N-doped carbon materials, lone-pair electrons of N can
enhance the pseudocapacitance storage, but the energy density
per unit mass is still limited [16–19]. Transition metal oxides,
such as Co and V, which exhibit higher theoretical capacitance
owing to their high oxidation state, have been considered as
promising electrode materials for supercapacitors. After decades
of development, research on both the capacity and stability of
transition metal oxides for supercapacitors has achieved great
progress [13]; however, the areal energy density remains a
challenge for future applications. To increase the number of
active sites per unit area, nanostructures with super-high specific
area have constantly been chosen, which decrease the stability
during charging and discharging cycles [20].
Recently, spinel structures composed of tetrahedrons and

octahedrons of transition oxides have attracted significant
attention in electrocatalysts and batteries [21–23]. Mu et al. [21]
designed an ideal electronic configuration of Co2VO4 by intro-
ducing Co(O6) octahedrons, which exhibits a low-spin state with
one eg electron and outstanding electrocatalytic performance.
Liu et al. [24] synthesized the disordered rock salt oxide,
Li3+xV2O5, which can be used as a fast charge cathode material
for lithium-ion batteries. According to the distribution of the Li/
V tetrahedron and octahedron, the optimal transport path of
lithium ions in Li3+xV2O5 will change from a tetrahedron-octa-
hedron-tetrahedron (t-o-t) transition to a direct tetrahedron to
tetrahedron (t-t) transition, which causes rapid lithium-ion
conduction. However, the low intrinsic conductivity of Co2VO4
[21] is caused by the interaction between transition metals, such
as Co and V, which causes the d orbital near the Fermi level to
split into bonding a1g and anti-bonding combination a1g*, thus
creating a bandgap. Therefore, it is important to replace the
octahedron of Co(O6) with a late transition metal, whose out-
ermost electrons are in the deep energy level. For instance, when
Zn is introduced to form ZnxCo1−xO, some new electronic states
appear in the band gap of density of states (DOS), thereby
increasing the carrier density of the material and improving the
conductivity [25]. Yang et al. [26] found that the layered
structure of Zn-doped Ni-metal-organic framework (MOF) can
greatly enhance the specific capacitance and stability of super-
capacitor electrode materials. Further, it can achieve high
capacitances of 1620 F g−1 at 0.25A g−1; the capacitance loss is
only 8% after 3000 cycles. Thus, we hypothesize that if Zn
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replaces Co on octahedral sites, the conductivity can be
improved by weak Zn–V interactions; the stability can be
improved by the Zn–O covalent bonds; the reaction sites will be
maintained by Co on tetrahedral sites, which will promote the
electrochemical activity and stability of Co2VO4.
Moreover, the specific capacitance of supercapacitors is closely

related to the specific surface area of the electrode materials
[27–29]. MOFs have unique physicochemical properties owing
to their specific morphologies and high specific surface areas
[29–35]. They reveal many advantages in gas separation, fluor-
escence sensing, catalysis, electrochemistry, and other fields
[36–38]. For example, Bai et al. [36] reported Ni/Co bimetallic
MOF nanoplates, which exhibited excellent oxygen evolution
reaction electrocatalytic activity with a low overpotential of
256mV at 10mA cm−2 and a small Tafel slope of 81.8mVdec−1
in KOH with long-term electrochemical stability for 3000 cyclic
voltammetry (CV) cycles. The recrystallization process of MOFs
can maintain their original morphology and introduce doping
atoms for functional applications, such as porous carbon [39,40],
metal oxides [41,42], and sulfides [43,44]. Guan et al. [41]
reported hollow and porous NiCo2O4 nanostructures fabricated
using two-dimensional solid nanowall arrays of Co-MOF
through an ion-exchange and etching process with an additional
annealing treatment. The as-fabricated NiCo2O4 nanowall elec-
trode shows remarkable capacitance (1055.3 F g−1 at
2.5mA cm−2). Young et al. [42] converted the bimetallic NiCo-
MOF-74 particles into graphitic carbon/NixCo1−x composites
and NixCo1−x/NixCo1−xO composites, which exhibited high spe-
cific capacitances of 715 and 513 F g−1, respectively. Zhang et al.
[45] utilized porous graphitic carbon, which was co-doped with
N and S, to encapsulate Co9S8 MOFs (Co9S8/NS-C) to enhance
the stability of the electrode (capacitance retention of 99.8% after
140,000 cycles).
In this study, we propose a simple method to synthesize

CoZn0.5V1.5O4 through the ion-exchange and recrystallization of
MOFs of zinc-cobalt (ZnCo-MOF) and sodium metavanadate
(NaVO3). As a late transition metal, Zn assumes the place of the
Co octahedron, which was identified by Raman and X-ray
photoelectron spectroscopy (XPS). According to theoretical
calculations, the Co(O6)–V interaction repels the 3d orbital near
the Fermi level and acts as a semiconductor. The doping of Zn
can decrease the metal-metal effect and result in exits of the
degenerate state at the Fermi level. The synthesized samples of
CoZn0.5V1.5O4 exhibit high specific capacitance (1100mF cm−2 at
a current density of 1mA cm−2), enhanced rate capability (81%
specific capacitance retention after 10 times increase in the
current density), and long cycling durability (99.4% capacitance
retention after 18,000 cycles).

EXPERIMENTAL SECTION

Fabrication of ZnCo-MOF
Approximately 1mmol zinc nitrate hexahydrate
(Zn(NO3)2·6H2O) and 2mmol cobalt nitrate hexahydrate
(Co(NO3)2·6H2O) were dissolved in 50mL of deionized water
and stirred at room temperature for 30min to form solution A.
Thereafter, 16mmol 2-methylimidazole (2-MIM) was dissolved
in another 50mL of deionized water and stirred for 30min to
obtain solution B. Solution A was added quickly to solution B,
and then stirred vigorously for 1min. Subsequently, a piece of
cleaned nickel foam (NF) (2 cm× 4 cm) was washed with

0.5mol L−1 hydrochloric acid, ethanol, and water in turn and
then immersed into the above mixture for ZnCo-MOF precursor
growth. After 3 h, the NF turned purple and was removed from
the mixture and washed several times with deionized water and
ethanol. Thereafter, it was vacuum-dried at 60°C for 8 h.

Synthesis of CoZn0.5V1.5O4
A piece of the as-fabricated NF with ZnCo-MOF was immersed
in a solution of 4mmol L−1 NaVO3. After 2 h of reaction at room
temperature, it was removed, cleaned with deionized water, and
then dried in a vacuum oven at 60°C for 8 h. Thereafter, it was
heated in a muffle furnace at 250°C for 2 h to obtain the
CoZn0.5V1.5O4 sample, which was grown on NF (CoZn0.5V1.5O4/
NF). The mass loading of CoZn0.5V1.5O4 was ~2.11mg cm−2.

Synthesis of Co2VO4
Solution A was synthesized using 2mmol of Co(NO3)2·6H2O
dissolved in 50mL deionized water. The other steps were the
same as those used for the fabrication of ZnCo-MOF and
CoZn0.5V1.5O4 to acquire Co-MOF and Co2VO4, respectively.
Similarly, we obtained a sample of Co2VO4 grown on NF
(Co2VO4/NF). The mass loading of Co2VO4 was ~2.04mg cm−2.

Material characterization
The morphologies and structures of the samples were char-
acterized by scanning electron microscopy (SEM, S-4800),
transmission electron microscopy (TEM, JEOL-2100), and high-
resolution TEM (HRTEM, field emission JEOL-2100). The
crystalline structure of the material was investigated by X-ray
diffraction (XRD, RigataD/max-C diffractometer with a Cu-Kα
radiation source, λ = 1.5406Å) over the 2θ range of 10° to 80°.
The elements on the surface were analyzed by XPS (RBD
upgraded PHI-5000C ESCA system with Mg-Kα radiation, hv =
1253.6 eV). Raman spectra were obtained on a Raman spectro-
meter (Jobin-Yvon HR800) from 200 to 1600 cm−1 using a
514 nm argon ion laser. Nitrogen adsorption/desorption iso-
therms and Barrett-Joyner-Halenda (BJH) pore diameter dis-
tribution curves were characterized using a Quantchome
Autosorb-1 analyzer.

Electrochemical measurements
The electrochemical performances of the as-obtained electrodes
were characterized using a three-electrode system in an elec-
trolyte of 2mol L−1 KOH aqueous solution. A platinum foil
(1 cm× 1 cm) and a saturated calomel electrode (SCE) were used
as the counter electrode and reference electrode, respectively.
CoZn0.5V1.5O4 and Co2VO4 were used as working electrodes
directly without any binder, metal support, or current collector.
The NF with the active material was cut into small pieces of
1 cm× 1 cm and immersed in the electrolyte for testing. CV,
galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were performed using an elec-
trochemical workstation (CHI 660E, Shanghai Chenhua
Instrument Company, Shanghai, China). The voltage range of
CV was 0–0.45V, and the scanning rate was 5–100mV s−1. The
voltage range of GCD was 0–0.45V, and the current density was
1–10mA cm−2. The EIS performance test frequency range was
10−2–105Hz, and the alternating current amplitude was 5mV.
The specific capacitance (C, mF cm−2), energy density (E,
mW h cm−2), and power density (P, mWcm−2) were calculated
using the following formulas:

ARTICLES SCIENCE CHINA Materials

106 January 2022 | Vol. 65 No.1© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021



C I t
S V= , (1)

E C V= 1
7200 ( ) , (2)2

P E
V= 3600 , (3)

where I is the constant discharge current (mA), Δt is the dis-
charge time (s), S is the effective area of the active substance of
the work electrode (cm2), and ΔV is the discharge voltage range
(V) [46].

Density functional theory (DFT) calculations
The structural changes induced by Zn doping were studied using
DFT. Our calculations were performed using the Vienna ab
initio simulation package (VASP) [47], and the exchange and
correlation energy functional was treated by the Perdew-Burke-
Ernzerh variant of the generalized gradient approximation
(GGA) [48]. Interactions between ions and electrons were
described using the projector augmented wave pseudo potentials
(PAW) approach, and the energy cutoff for the plane wave basis
set was set to 500 eV; the total energy was converged to 10−5 eV
[49,50]. Effective U parameters of 5.7 and 3.1 eV were used to
describe the electronic structures of Co and V, respectively [51].
The lattice parameters of Co2VO4 and CoZn0.5V1.5O4 were
optimized to be 6.00Å× 6.00Å× 6.06Å with α =120°, β = 120°, γ
= 89° and 6.00Å× 6.05Å× 6.00Å with α = β = γ = 60°,
respectively. Seven k-points were used for k-point sampling in
the irreducible region of the first Brillouin zone, which ensured
the accuracy of the calculation within 1meV.

RESULTS AND DISCUSSION
The synthesis process of CoZn0.5V1.5O4 is shown in Fig. S1.
Spinel Co2VO4 was synthesized by the exchange of 2-MIM− in
Co-MOF by VO3

−, where one Co assumes the tetrahedral site,
and one Co and one V occupy the octahedral sites, as shown in
Fig. 1a, b. To replace octahedral cobalt with zinc, a precursor of
ZnCo-MOF (Co:Zn = 2:1) was selected for the synthesis of
CoZn0.5V1.5O4 (Fig. 1d), and the Co octahedrons were occupied
by Zn and V.

The crystalline structures of the materials were investigated
using XRD. From the XRD spectra (Fig. 2a), the patterns of
CoZn0.5V1.5O4 and Co2VO4 are consistent with the standard
pattern of Co2VO4 (PDF card No. 73-1633) without any peaks
corresponding to ZnCo-MOF or Co-MOF (Fig. S2) [52,53],
suggesting the formation of CoZn0.5V1.5O4 and Co2VO4,
respectively.
In the Raman spectra of CoZn0.5V1.5O4 and Co2VO4 (Fig. 2b),

the peak at 807 cm−1 corresponds to V–O bonds [54], and the
peaks at 314 and 477 cm−1 are attributed to the tetrahedral Co–O
bonds [52,55,56]. Moreover, the peak at 678 cm−1, which is
attributed to the octahedral Co–O bonds of Co2VO4, almost
disappeared in CoZn0.5V1.5O4, and no peaks corresponding to
ZnCo-MOF (Fig. S2) were observed, which suggests that the
octahedral Co atoms were replaced by Zn and V atoms [55,56].
XPS was used to examine the surface states of CoZn0.5V1.5O4

and Co2VO4. The full spectra (Fig. 2c) show Co, V, and O ele-
ments in both CoZn0.5V1.5O4 and Co2VO4. The extra peak of
Zn 2p3/2 at 1021 eV in CoZn0.5V1.5O4 indicates the presence of
Zn. In Co2VO4, the V 2p3/2 peak (Fig. 2d) corresponds to V4+

(516.7 eV). The V 2p3/2 peak of CoZn0.5V1.5O4 (Fig. 2e) can be
deconvoluted into V4+ (516.7 eV) and V3+ (515.5 eV) [54]. This is
because Zn2+ reduced V4+ to V3+. The O 1s spectrum (Fig. 2f) of
CoZn0.5V1.5O4 demonstrates the coexistence of metal–oxygen
bonds (529.6 eV), hypoxia defects (531.3 eV), and adsorbed
water (531.8 eV) on the surface [41,57].
SEM images (Fig. S3a, c) show that the ZnCo-MOF and Co-

MOF nanosheet arrays grow uniformly and are closely arranged
on the surface of the NF. From the enlarged views (Fig. S3b, d),
the surfaces of the ZnCo-MOF and Co-MOF nanosheets were
smooth and similar in size. The nanosheet array structure of
CoZn0.5V1.5O4 (Fig. 3a) can still be well maintained after treat-
ment with the NaVO3 solution. The SEM image of CoZn0.5V1.5O4
(Fig. 3b) reveals that the surface becomes rough, and small
particles can be detected. Comparing the CoZn0.5V1.5O4 (Fig. 3c)
and Co2VO4 nanosheets (Fig. 3d), the thickness of Co2VO4 is
approximately 250 nm, while that of CoZn0.5V1.5O4 is approxi-
mately 180 nm. The nitrogen adsorption/desorption isotherms
(Fig. S2c) and BJH pore size distributions (Fig. S2d) show the
specific surface area and mesoporous features. The surface areas

Figure 1 Structures of (a) Co-MOF, (b) Co2VO4, (c) ZnCo-MOF and (d) CoZn0.5V1.5O4.
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of the two electrodes were measured using the Brunauer-
Emmett-Teller (BET) method. On the NF, the specific surface
area of the CoZn0.5V1.5O4 (11.2 cm2 g−1) is larger than that of
Co2VO4 (10.4 cm2 g−1). Thus, doping with Zn does not decrease
the specific surface area. The specific surface areas of Co-MOF
and ZnCo-MOF are 9.12 and 9.60 cm2 g−1, respectively, as shown
in Fig. S4. The specific surface area of ZnCo-MOF was slightly

larger than that of Co-MOF. The specific surface areas of
CoZn0.5V1.5O4 and Co2VO4 after ion exchange and annealing
treatment were improved compared with those of ZnCo-MOF
and Co-MOF.
Fig. 3e, f show TEM and HRTEM images of CoZn0.5V1.5O4 and

Co2VO4, respectively. The inset TEM images show that the
nanosheets are composed of many small dense particles. The

Figure 2 (a) XRD patterns, (b) Raman spectra and (c) XPS full spectra of CoZn0.5V1.5O4 and Co2VO4. (d) V 2p XPS spectra of Co2VO4, (e) V 2p and (f) O 1s
XPS spectra of CoZn0.5V1.5O4.

Figure 3 SEM images of (a, b) CoZn0.5V1.5O4 and (c, d) Co2VO4. HRTEM and inserted TEM images of (e) CoZn0.5V1.5O4 and (f) Co2VO4. (g) TEM-EDS
element mappings of CoZn0.5V1.5O4.
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elemental distribution was further confirmed by energy-dis-
persive X-ray spectrometry (EDS) mapping analysis (Fig. 3g),
where Zn, Co, V, and O elements are uniformly distributed on
the CoZn0.5V1.5O4 nanosheets. The HRTEM images show
obvious lattice fringes of 2.09Å in the Co2VO4, which matches
well with the standard (400) crystal planes of Co2VO4 [21]. An
expanded d spacing of 2.13Å is observed in CoZn0.5V1.5O4 for
the (400) facets, which is consistent with the XRD results. Fur-
ther, hexagonal symmetry can be detected, which agrees well
with the analyses of Sekhar [20].
DFT calculations were performed to study the changes in the

electronic structure of Co2VO4 by Zn doping. The structure of
Co2VO4 is shown in Fig. 1b, where one Co2+ cation occupies the
tetrahedral site and the other Co2+ and V4+ occupy the octahe-
dral sites. All the octahedrons of Co(O6) and V(O6) are con-
nected via edge-sharing bonds, and the Co(O4) tetrahedrons link
with the octahedrons by corner-sharing bonds. Although the
surface of Co2VO4 is hexagonal, its high Co content makes it
exhibit a layered structure [21]. The structure of CoZn0.5V1.5O4 is
shown in Fig. 1d, where half of the Co2+ octahedrons in Co2VO4

are replaced by Zn2+ and the other half are replaced by V3+, thus
reducing the two V4+ ions in Co2VO4 to V3+. The new structure
exhibited a high hexagonal symmetry.
To understand the electronic properties of Co2VO4 and

CoZn0.5V1.5O4, DOS analysis was performed, as shown in Fig. 4a,
b. Co2VO4 behaves as a semiconductor in addition to the exis-
tence of V4+, which is similar to VO2. This phenomenon has
been proposed as a crystalline field splitting of the d orbitals,
which is caused by strong electron-electron interactions in
metal-metal bonds [58]. Further, projected DOS (PDOS) cal-
culations were used to explain this splitting effect, as shown in

Fig. 4c, d. The 3d electronic levels of the V ion are split into high
eg and low t2g states by hybridization with the O 2p orbitals. The
eg orbitals originate from the anti-bonding V–O bonds (σ-type)
above the Fermi level. Because of the edge-sharing of V(O6), the
octahedrons are compressed, which separates the t2g orbitals into
a single a1g orbital and a doubly generated e'g as π-type V–O
bonds [59]. The a1g orbitals are parallel to the c-axis, which
affects the metal-metal bonds. When Co2+ cations occupy the
octahedral sites, high d-d electron correlations between Co–V
split the a1g orbitals into a bonding (V-a1g) and anti-bonding
combination (V-a1g*), resulting in an increased p-d overlap
(V–O) and an upshift of the π∗-orbitals (V–O) [60]. As shown in
Fig. 4c, the V-a1g orbitals are fully occupied while V-a1g* is
empty, resulting in a bandgap between the conduction band and
valence band. However, when Zn and V replaced the Co2+
octahedrons, the d-d electron correlations decreased and one
more electron from V3+ in the 3d shell existed, resulting in a
downshift of the π∗-orbitals (V–O) and half-filled a1g orbitals
near the Fermi level, as shown in Fig. 4d. The states near the
Fermi level can greatly increase the conductivity of the com-
posite owing to the decrease in metal-metal interaction. A partial
charge analysis of the highest occupied molecule orbital
(HOMO) band inserted in Fig. 4d also proves the existence of a1g
states (d x y2 2)[60].
The electrochemical performance of CoZn0.5V1.5O4 was mea-

sured in a three-electrode system with 2mol L−1 KOH aqueous
solution as the electrolyte. NF-loaded CoZn0.5V1.5O4 was directly
applied as the working electrode without extra binder or con-
ductive carbon materials. The Co2VO4 was tested under the
same conditions for comparison.
The CV curves of CoZn0.5V1.5O4 and Co2VO4 at a scanning

rate of 5mV s−1 are shown in Fig. 5a. CoZn0.5V1.5O4 presents a

Figure 4 DOSs for (a) Co2VO4 and (b) CoZn0.5V1.5O4. PDOSs of (c) Co2VO4 and (d) CoZn0.5V1.5O4.
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larger CV curve area than Co2VO4, indicating an enhanced
specific capacitance for CoZn0.5V1.5O4. The CV curves of
CoZn0.5V1.5O4 at different scanning rates are shown in
Fig. S5a. A pair of redox peaks belonging to Co2+/Co3+ [54,61]
within the potential range of 0 to 0.45V in all the CV curves
indicates pseudocapacitance energy storage characteristics when
used as electrodes for supercapacitors [62]. As the scanning rate
increased, the retention rates of the CoZn0.5V1.5O4 CV curves
were better than those of Co2VO4, showing a good capacitive
output capability at high scanning rates. Fig. S5b shows the GCD
curves of CoZn0.5V1.5O4 at different current densities. The curves
exhibit nonlinear and approximately symmetric graphical fea-
tures. They have a pair of charge and discharge level platforms,
in agreement with the redox peaks in the CV curves. The GCD
curves of CoZn0.5V1.5O4 and Co2VO4 at 1mA cm−2 (Fig. 5b)
illustrate that CoZn0.5V1.5O4 has a longer discharge time than
Co2VO4, indicating that CoZn0.5V1.5O4 has a larger specific
capacitance. In addition, the GCD curve of Co2VO4 has poor
symmetry, and the calculated coulombic efficiency is only 82%,

while that of CoZn0.5V1.5O4 is as high as 99%. As the current
density increased, the coulombic efficiency of CoZn0.5V1.5O4
approaches 100%. The capacitance values of CoZn0.5V1.5O4 and
Co2VO4 (Fig. 5c) can be calculated using the GCD curve. The
capacitances of CoZn0.5V1.5O4 are 1100, 1050, 966, 949, and
890mF cm−2 at current densities of 1, 3, 5, 7, and 10mA cm−2,
respectively, which are higher than those of Co2VO4 (915, 880,
845, 710, 599mF cm−2). When the current density was increased
from 1 to 10mA cm−2, the capacitance of CoZn0.5V1.5O4 was
81%. Co2VO4 delivered a capacitance of 915mF cm−2 at 1mA
cm−2, and only 65% remained when the current density was
increased to 10mA cm−2. In Fig. 5d, when the power density is
0.225mWcm−2, the energy density of CoZn0.5V1.5O4 is
0.031mWh cm−2, which is higher than that of Co2VO4
(0.026mWh cm−2) and other reported multi-metal compounds
[20,52,63]. The above studies show that replacement with zinc
can effectively improve the coulombic efficiency, capacitance
content, and rate performance of Co2VO4.
The peak current (i) and scanning rate (v) satisfy the rela-

Figure 5 Comparison of (a) CV curves at 5mV s−1, (b) GCD curves at 1mA cm−2, (c) specific capacitances, (d) Ragone plots, (e) Nyquist plots and the fitting
results based on CoZn0.5V1.5O4 and Co2VO4 electrodes.
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tionship I = avb, where b can be calculated by fitting the linear
relations of logi and logv [64]. When b = 0.5, the electrode
process corresponds to diffusion control. When b = 1, the
electrode exhibits ideal capacitive behavior. The b value of
CoZn0.5V1.5O4 and Co2VO4 are 0.7 (Fig. 6a) and 0.68 (Fig. S6),
which indicates that the material exhibits both diffusion control
and capacitance control behaviors. Meanwhile, the current at a
particular sweep rate can be divided into capacitive contribution
current and diffusion contribution current, expressed as i(V) =
k1v + k2v1/2, where k1v and k2v1/2 present the capacitive con-
tribution current and diffusion contribution current, respec-
tively [65]. The formula was used to calculate the capacitance
and diffusion contributions in CoZn0.5V1.5O4 at a CV current of
5mV s−1, and the corresponding results are shown in Fig. 6b.
The capacitance control process of the surface adsorption pro-
cess accounts for 63%; thus, the material exhibits rapid and
reversible charging behavior. With an increase in the scanning
rate, the diffusion contribution decreases, and capacitance con-
trol gradually dominates. This is because of the insufficient
redox reaction of active substances in the electrode materials at
high sweep speeds (Figs S7 and S8b). The oxidation reaction of
KxCo2VO4 is a competitive reaction between the electrode and
electrolyte. In the low voltage range of the oxidation process, the
electron energy level, which originates from the K ion absorp-
tion during the reduction process, is higher than that of the
electrolyte; thus, the K ions return to the electrolyte, which is
called the surface capacity. When the oxidation voltage is higher,
the energy level of the unoccupied orbital is lower than that of
the electrolyte, and the reaction between KOH and Co2VO4
occurs. These phenomena can be explained by the capacitive
contribution analysis in Fig. 6b and Fig. S8a, where blue
represents the surface capacitive contribution. As shown in
Fig. S8a, the surface reaction of Co2VO4 has been fully reacted

before 0.4V. Further, between 0.4 and 0.45V, an irreversible side
reaction between electrode material and electrolyte occurs and
causes asymmetrical charge-discharge curve. However, for
CoZn0.5V1.5O4 in Fig. 6b, a small oxidation peak exists in the
high voltage range of 0.4–0.45V, which indicates that the surface
reaction of CoZn0.5V1.5O4 is stronger than that between
CoZn0.5V1.5O4 and KOH in the high voltage range, thus resulting
in a high coulomb efficiency and symmetrical charge-discharge
curves.
The kinetic factors for the enhanced electrochemical perfor-

mance were analyzed using alternating current (AC) impedance
spectroscopy. EIS curves (Fig. 5e) consist of steep straight lines
in the low-frequency region (related to charge diffusion) and
semicircles in the high-frequency region (related to charge
transfer) [46]. From the EIS, the electrolyte resistances (Rs) of
CoZn0.5V1.5O4 and Co2VO4 are similar. The electron transfer
resistance (Rct) of CoZn0.5V1.5O4 (0.18Ω) is smaller than that of
Co2VO4 (0.4Ω), indicating fast electron transfer ability. Mean-
while, the slope of CoZn0.5V1.5O4 in the low-frequency region is
larger than that of Co2VO4; thus, its ion diffusion kinetics is
enhanced by the addition of Zn [66]. Hence, the doping of Zn in
CoZn0.5V1.5O4 increases the electron transfer and ion diffusion
speed, which is in good agreement with the calculation results.
The cycling performances of the CoZn0.5V1.5O4 and Co2VO4

electrodes were tested at a current density of 10mA cm−2. As
shown in Fig. 7a, the specific capacitance of the CoZn0.5V1.5O4
electrode retained 99.4% of its initial capacitance after 18,000
charge/discharge cycles, and the retention of the Co2VO4 elec-
trode was only 87%, indicating improved cycling durability of
CoZn0.5V1.5O4. In the SEM after 18,000 cycles (Fig. 7e), the
structure of Co2VO4 changed from nanosheets to nanoparticles
owing to the large resistance of charge diffusion during the
electrochemical reaction. The morphology of the CoZn0.5V1.5O4

Table 1 Comparison of capacitance, energy density, and cycle stabilities of some similar materials reported and the present work

Electrode materials Capacitance (mF cm−2) Energy density (mWh cm−2) Cycle stability (%) Ref.

CoZn0.5V1.5O4 1100 (1mAcm−2) 0.031 (0.225mWcm−2) 99.4 (10mA cm−2, 18,000 cycles)
This work

Co2VO4 915 (1mA cm−2) 0.026 (0.225mWcm−2) 87 (10mA cm−2, 18,000 cycles)

rGO@Co2VO4 806.4 (1mA cm−2) 0.028 (0.25mWcm−2) 101.7 (10mAcm−2, 4000 cycles)
[20]

Co2VO4 481 (1mA cm−2) 0.018 (0.25mWcm−2) –

Co(VO3)2·Co(OH)2 522 (0.5mA cm−2) 0.018 (0.125mWcm−2) 90 (10mA cm−2, 15,000 cycles) [52]

CuCo2O4/CuO 359 (1mA cm−2) 0.0125 (0.25mWcm−2) 79 (5mA cm−2, 5000 cycles) [63]

Figure 6 (a) Determination of the b-value using the relationship between the peak current and scan rate of CoZn0.5V1.5O4 electrode. (b) Capacitive
contribution to the total current from CV analysis at 5mV s−1 of CoZn0.5V1.5O4 electrode.
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nanosheets (Fig. 7d) is retained, indicating that the introduction
of Zn ions can improve the structural stability of the Zn–O
covalent bond.

CONCLUSION
Spinel-structured CoZn0.5V1.5O4 was fabricated by ion exchange
annealing treatment, and the electronic structures of Co2VO4
and CoZn0.5V1.5O4 were studied by DFT calculations. In
CoZn0.5V1.5O4, the replacement of Co octahedrons by Zn causes
the π∗-orbitals (V–O) and half-filled a1g orbitals to downshift
near Fermi level, which significantly increases the conductivity
of CoZn0.5V1.5O4. Meanwhile, Zn preferentially forms a covalent
bond, which improves lattice stability and cycle durability. The
capacitance of CoZn0.5V1.5O4 was 1100mF cm−2 at 1mA cm−2,
and remained at 81% when the current density increased by 10
times. CoZn0.5V1.5O4 also shows excellent cycling durability,
retaining 99.4% of its initial capacitance after 18,000 charge/
discharge cycles. This work offers the possibility of designing
octahedral and tetrahedral sites in spinel structures to suppress
metal-metal interactions, which provides some guidance for the
modulation of the crystal field of transition metals in catalysis,
solar energy, and other energy storage devices.
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用于超级电容器的二维金属有机框架衍生的
CoZn0.5V1.5O4抑制金属-金属相互作用研究
袁方1, 高国华1*, 姜小迪1, 毕文超2*, 苏怡璇1, 郭靖雯2, 包志豪1,
沈军1, 吴广明1*

摘要 具有四面体钴和八面体钴的Co2VO4在电催化和电池领域已取得
重要进展. 然而, 金属-金属之间强的相互作用会降低活性物质的电导
率, 又会影响表面反应活性, 因此同时提升超级电容器活性、电导率和
稳定性具有挑战性. 本工作利用锌-钴金属有机骨架(ZnCo-MOF)的离
子交换合成了具有高比表面的尖晶石结构CoZn0.5V1.5O4. 密度泛函理
论计算表明, 用锌取代过渡金属可以减少过渡金属之间的相互作用, 使
π *轨道 (V–O )和半满的 a 1 g轨道下移至费米能级附近 , 从而提高
CoZn0.5V1.5O4的电导率和稳定性. 作为超级电容器电极, CoZn0.5V1.5O4

具有较高的循环稳定性(18,000次循环后电容保持率为99.4%)和比容量
(1 mA cm−2时为1100 mF cm−2). 这项工作为设计过渡金属八面体和四
面体的位置以提高材料的电化学性能提供了可能性.
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