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ABSTRACT: Metal vanadates suﬀer from fast capacity fading in lithium-ion batteries especially at a high rate.
Pseudocapacitance, which is associated with surface or near-surface redox reactions, can provide fast charge/discharge capacity
free from diﬀusion-controlled intercalation processes and is able to address the above issue. In this work, we report the synthesis
of macroporous CoV2O6 nanosheets through a facile one-pot method via acetylene black induced heterogeneous growth. When
applied as lithium-ion battery anode, the macroporous CoV2O6 nanosheets show typical features of pseudocapacitive behavior:
(1) currents that are mostly linearly dependent on sweep rate and (2) redox peaks whose potentials do not shift signiﬁcantly with
sweep rate. The macroporous CoV2O6 nanosheets display a high reversible capacity of 702 mAh g−1 at 200 mA g−1, excellent
cyclability with a capacity retention of 89% (against the second cycle) after 500 cycles at 500 mA g−1, and high rate capability of
453 mAh g−1 at 5000 mA g−1. We believe that the introduction of pseudocapacitive properties in lithium battery is a promising
direction for developing electrode materials with high-rate capability.
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diﬀusion.13−16 In this way, high-rate capability can be achieved
through fast capacitive reactions for energy storage device.
Thus, it is promising when enhanced pseudocapacitance is
utilized in electrode materials for high-rate LIBs.
Recently, mixed transition metal oxides are regarded as
promising candidates for applications in many ﬁelds such as
catalysis17 as well as electrodes for SCs and LIBs,18,19 because
of their complex chemical composition, interfacial eﬀects, and
the synergic eﬀects of the multiple metal species.18,19 As an
important family of transition metal oxides, metal vanadates,
despite the ﬁrst research on their electrochemical properties in

INTRODUCTION
With the increasing market of hybrid electric vehicles, electric
vehicles, as well as large-scale energy storage systems, lithiumion batteries (LIBs) and supercapacitors (SCs) have attracted
increasingly active research and discussion.1−8 However, their
performance still lags behind the increasing demands of
emerging applications. The urgent demand for energy storage
worldwide stimulates the researchers to develop electrodes with
both high energy and power densities.9−12 Therefore, it is of
great signiﬁcance for researchers to ﬁnd new materials or
engineer the old materials better for storing and delivering large
amounts of energy with suﬃcient rate capability. Pseudocapacitance arises when reversible redox reactions occur at or near
the surface of an active material in contact with an electrolyte,
or when these reactions are not limited by solid-state ion
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Figure 1. Schematic illustration of the formation process of mCVO and bCVO.

Figure 2. (A) XRD patterns of mCVO and bCVO. (B, C) SEM images of mCVO. (D, E) TEM images of mCVO. (F) The corresponding SAED
pattern of mCVO.

■

1999 by Denis et al.,20 still remain largely unexplored.21−29
Recently, Wang and his co-workers reported the synthesis of
Co3V2O8 multilayered nanosheets as a promising anode for
lithium-ion batteries. The reaction mechanism of Co3V2O8 is
also investigated where reversible conversion reactions between
CoO and Co proceed on the amorphous LixV2O5 matrices.28
However, metal vanadates often suﬀer from fast capacity fading
especially at a high rate, which results from the large volume
deformation, sluggish lithium diﬀusion, as well as relatively low
electronic conductivity.23,25,28 Hence, the rational construction
for a uniform metal vanadate nanostructure to improve
electronic and ionic conductivity is highly required, but still
remains a serious challenge.25 In addition, little information was
reported on metal vanadate regarding the inﬂuence of the
morphology on charge storage kinetics.
Herein, we report a facile acetylene black (AB) induced
heterogeneous growth of macroporous CoV2O6 nanosheets
(denoted as mCVO). It is demonstrated that AB is able to act
as foreign nuclei for heterogeneous growth of uniform
nanosheet morphology and the macroporous nanosheet
structure is formed after thermal release of the crystallization
water. The stable macroporous structure can eﬀectively restrain
the large volume expansion/contraction and oﬀer continuous
electron pathways, facilitating structural integrity as well as
electron transport and shortening lithium diﬀusion length.30
The mCVO shows greatly enhanced capacitive contribution
and a relative lack of diﬀusion-controlled process, resulting in
signiﬁcant improvements in the cycling stability as well as rate
capability as anode for LIBs.

EXPERIMENTAL SECTION

Materials Synthesis. Preparation of the Macroporous CoV2O6
Nanosheets. In a typical synthesis, 8 mmol of NH4VO3 and 80 mg of
AB are in turn added in 20 mL deionized water at 80 °C under
vigorous stirring. After 2 h stirring to ensure the dissolution of
NH4VO3 and the dispersion of AB in water, 20 mL of 0.2 M cobalt
acetate is added dropwise and stirred for 5 h to realize complete
precipitation. The precipitate is washed with water and alcohol three
times and then dried in vacuum for 8 h. To obtain the macroporous
CoV2O6 nanosheet, the precipitation is then annealed at 450 °C in air
for 10 h at a heating rate of 10 °C min−1. The bulk CVO (denoted as
bCVO) is obtained by the same method only without addition of AB.
Material Characterization. X-ray diﬀraction (XRD) patterns
were collected with a D8 Discover X-ray diﬀractometer with area
detector, using Cu Kα radiation (λ = 1.5418 Å). The microstructures
were observed by ﬁeld-emission scanning electron microscopy
(FESEM) (JEOL-7100F), transmission electron microscopy, and
high-resolution transmission electron microscopy (HRTEM) (JEM2100F). Brunauer−Emmet−Teller (BET) surface area was measured
by using Tristar II 3020 instrument. Thermogravimetry (TG) was
carried out on a STA449c/3/G (NETZSCH).
Electrochemical Characterization. The electrochemical properties were characterized by assembly of CR2016-type coin cells in a
glovebox ﬁlled with pure argon gas. Lithium metal foils were used as
the anode. The cathode electrodes were composed of 70% active
material, 20% AB, and 10% sodium alginate binder. The slurry was cast
onto Cu foil and dried in a vacuum oven at 150 °C for 2 h. A solution
(1 M) of LiPF6 in EC/DMC (1:1 vol/vol) was used as the electrolyte.
The cells were aged for 12 h before the charge/discharge process to
ensure full inﬁltration of the electrolyte into the electrodes. The mass
loading of each electrode is 1.4−2.1 mg cm−2. Galvanostatic charge/
discharge measurement was performed by a multichannel battery
testing system (LAND CT2001A), and cyclic voltammetry (0.01−2.5
7140

DOI: 10.1021/acsami.6b00596
ACS Appl. Mater. Interfaces 2016, 8, 7139−7146

Research Article

ACS Applied Materials & Interfaces

Figure 3. (A, B) TG curves and corresponding DSC curves of bCVO and mCVO precursors. (C, D) N2 adsorption and desorption isotherms of
mCVO and bCVO. Insets are the corresponding pore size distributions.
V) was performed using an electrochemical workstation (CHI 760S);
electrochemical impedance spectroscopy (EIS) was tested with an
Autolab Potentiostat Galvanostat (PGSTAT302N). All the measurements were carried out at room temperature.

The crystal structure of the products is determined by XRD
characterization in Figure 2A. The resultant mCVO and bCVO
show similar patterns, and both patterns match well with the
monoclinic phase (JCPDS No. 01-77-1174, space group C2, a
= 9.256 Å, b = 3.508 Å, c = 6.626 Å, α = γ = 90°, β = 111.55°).
No peaks of impurities are detected. The mCVO retains its
nanosheet morphology after annealing with no obvious
structural collapse while the surface becomes rather rough
(Figure 2B). The energy dispersive spectrometer (EDS)
mapping analysis conﬁrms that the elements Co, V, and O
are homogeneously distributed in the macroporous structure
(Figure S2). With the enlarged SEM image in Figure 2C, the
macropores well-distributed on the nanosheets can be easily
observed . The representative TEM image in Figure 2D shows
the typical macroporous structure with the pore size of about
50 nm. The HRTEM image (Figure 2E) taken from the edge of
nanosheet clearly shows visible lattice fringes with spacings of
3.0 and 2.7 Å, corresponding to the lattice plane of (201) and
(110), respectively. The single crystalline nature of the particles
is further conﬁrmed by the SAED pattern in Figure 2F.
However, for the bCVO, the SEM images in Figure S3A,B
show that bCVO consists of big particles with rough surfaces.
TEM images in Figure S3C,D reveal that the rough surface
consists of randomly attached small particles. Furthermore, we
choose the (110) diﬀraction peak to calculate the crystallite size
of mCVO and bCVO. The average crystallite size of mCVO
and bCVO can be calculated by using the Scherrer equation:

■

RESULTS AND DISCUSSION
A schematic illustration of AB-assisted heterogeneous formation of mCVO is shown in Figure 1. The ﬁrst step involves
the dissolution of NH4VO3 in water bath process. The
introduction of Co2+ leads to the coprecipitation (Co2+ +
2VO3− + nH2O = CoV2O6·nH2O). In our strategy, AB acts as
the foreign active sites for heterogeneous nucleation which
occurs at solid−solid interfaces and is thus energetically more
favorable. In this way, a smaller critical size and lower formation
energy barrier of nuclei are achieved according to the equations
for the total Gibbs free energy change (ΔG) below.31 For
homogeneous nucleation, the Gibbs free energy is expressed as
ΔG = −a2hΔGV + 4ahγs, while for heterogeneous nucleation,
the Gibbs free energy is expressed as ΔG = −a2hΔGV + 4ahγs −
ahγGB in which ΔGV is the volumetric free energy variation, and
γS the surface energy increment when a small cuboid-shaped pit
having a in width and h in depth forms on the surface. The
grain boundary energy, γGB, should also be taken into account
for the heterogeneous nucleation. Thus, when AB is added in
the solution, the smaller critical size and lower formation
energy barrier are able to oﬀer increased nucleation rate.31−35
Therefore, more nuclei are available for crystal growth, leading
to the uniform nanosheet morphology. In addition, the high
aspect ratio for the nanosheet is achieved, resulting from the
strong anisotropic feature of nucleation.35 In contrast, in the
absence of AB, the formation energy barrier is increased,
resulting in fewer nuclei and, therefore, bigger size, as well as
ununiformed morphology (Figure S1). Finally, porous
structures of mCVO and bCVO are formed due to the release
of the crystallization water.36−38

L=

0.9λKα1
B2θ cos θmax

In this equation, L is the mean particle size, and λκα1 is the Xray wavelength (λ = 1.5418 Å). θmax is the peak position of
(110) diﬀraction, and B2θ is the bandwidth at half height of the
CVO (110) diﬀaction. After calculation, the particle size of
mCVO is determined to be 138 nm, while that of bCVO is
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Figure 4. (A) Cycling performance of mCVO and bCVO at 200 mA g−1. (B) Charge and discharge curves of mCVO at diﬀerent cycles. (C) Longlife cycling performance of mCVO and bCVO at 500 mA g−1. (D) Rate performance of mCVO and bCVO at current ranging from 200 to 5000 mA
g−1. (E) Alternating current−impedance plots of mCVO and bCVO.

the extra weight loss between 100 and 470 °C is consistent with
the theoretical value (8.2%) of the AB content in the precursor,
indicating the combustion of most of AB in the process. After
annealing in air at 450 °C for 10 h, it is found that no obvious
weight loss is observed up to 800 °C for mCVO, indicating that
all AB is totally reacted (Figure S4). To further identify the
origin of macropore formation, SEM images of products
annealed at diﬀerent temperatures are carried out. When the
temperature is increased to 350 °C, the nanosheet morphology
remains, and small pores start to appear; at 400 °C, the pores
get larger, and at 450 °C, macroporous CoV2O6 nanosheets are
obtained. The further increase in temperature to 500 °C leads
to the collapse of the two-dimensional morphology. On the
basis of TG results, the combustion of AB occurs at over 450
°C while the removal of crystallization water occurs at 300−450
°C. Thus, it is safe to conclude that the formation of
macropores is attributed to the removal of crystallization water.
In addition, the N2 adsorption/desorption measurements at
77 K were further examined to characterize the pore structure
of the products (Figure 3C,D). The mCVO shows a surface
area of 13.5 m2 g−1, while the bCVO shows a relatively lower
surface area of 6.7 m2 g−1. Both samples show similar pore size
distribution ranging around 50 nm on the basis of the Barrett−
Joyner−Halenda (BJH) method which is consistent with the
observation in the TEM. The higher surface area of mCVO
results from the ordered nanosheet morphology and porous
nanostructure, which may facilitate the ion diﬀusion and
provide better electrochemical performance for lithium-ion
batteries.

calculated to be 208 nm, both of which are in good accordance
with the TEM results. All these results indicate that utilizing AB
to induce heterogeneous nucleation of cobalt vanadate leads to
uniform macroporous nanosheet structure.
In order to investigate the transformation of the AB-assisted
annealing process, the thermogravimetric-diﬀerential scanning
calorimetry (TG-DSC) analysis of both mCVO and bCVO
precursors is carried out in Figure 3A,B, respectively. For the
bCVO precursor, the weight loss is divided into two parts,
100−400 and 400−600 °C, contributing to a total loss of 13.7%
in Figure 3A. The weight loss suggests that the number of
crystallization water in the precursor was near 2.3, which
conﬁrmed that our as-synthesized precursor was CoV2O6·
2.3H2O. For mCVO precursor, three obvious weight losses are
observed in the ranges 100−400, 400−470, and 470−600 °C,
respectively, contributing to a total loss of 21.9% in Figure 3B.
The corresponding DSC curve shows three broad peaks at 332,
422, and 491 °C, which are in good accordance with the TG
curves. The initial two weight losses are very similar to that of
the bCVO precursor, contributing a total loss of 15.8%. The
weight loss between 100 and 470 °C is a bit higher while the
two exothermic temperatures all shift slightly toward lower
temperature when compared with that of the bCVO precursor.
This may result from that in this process, as partial combustion
of AB leads to greater weight loss, and the derived heat release
decreases the reaction temperature needed for the release of
crystallization water. The last weight loss of 6.1% at higher
temperature of 491 °C results from the combustion of AB
which is absent in bCVO precursor. The value accompanied by
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Figure 5. (A) Determination of the anodic b-values at diﬀerent potential during charging. (B) Capacitive and diﬀusion-controlled contributions to
charge storage in mCVO and bCVO at diﬀerent scan rates of 0.1, 0.5, and 1 mV s−1. (C, D) Capacitive contributions of mCVO and bCVO to charge
storage at 1 mV s−1 at voltage range from 0.01 to 2.5 V, respectively. The shaded region is the contribution of the pseudocapacitive property.

capacity at the the 500th cycle was 623 mA h g−1 corresponding
to the capacity retention of 89% against the second cycle. In
comparison, the bCVO shows quick capacity decay after only
300 cycles, with merely 61% of the second capacity left. Besides
the high capacity and stable cycle life, the rate performance is
evaluated at diﬀerent current densities ranging from 200 to
5000 mA g−1 in Figure 4D. The capacity of 453 mAh g−1 at
5000 mA g−1 is retained, corresponding to 68% of that at 200
mA g−1. After the current density is recovered to 500 mA g−1,
the capacity remains 581 mAh g−1, suggesting that no capacity
decay is observed even after high current density. The capacity
of mCVO is much lower than that of bCVO at each current
indicating the better rate capability. Furthermore, the electrochemical impedance spectra (EIS) of the mCVO and bCVO
show a compressed semicircle from the high- to mediumfrequency range of each spectrum, and a line inclined at
approximately 45° in the low-frequency range (Figure 4E). The
compressed semicircle (Figure S8) describes the charge transfer
resistance (Rct) for these electrodes, and the inclined line is
considered as Warburg impedance (ZW). In the equivalent
circuit, Rs represents the Ohmic resistance of the electrode
system, including the electrolyte and the cell components. Rct
represents the resistance related to charge transfer, while CPE
and Zw are the capacitance related to double layer, and Warburg
impedance, respectively. The Rs values of mCVO and bCVO
are almost the same (Table S1), while the Rct value of mCVO
(44 Ω) is higher than that of bCVO (134 Ω), suggesting a
reduced charge transfer resistance when compared to bCVO.
To examine the possible reasons for the improved rate
capability and cycling stability, electrochemical kinetics was
investigated.13,14 The CV curves after the ﬁrst cycle all exhibit
broad cathodic and anodic peaks in diﬀerent scan rates.
Noticeably, both the cathodic and anodic peaks shift merely
with scan rate increasing especially for mCVO (Figure S9),
which is similar to the feature of pseudocapacitive material.
Thus, a related analysis can be performed regarding the

The electrochemical performance of mCVO and bCVO is
investigated. Initially, the CV curves of mCVO and bCVO are
shown in Figure S6. Both samples exhibit the similar CV curves,
implying their identical electrochemical behaviors. During the
ﬁrst cathodic sweep, two peaks are observed at around 0.57 and
0.17 V. The intense peak at 0.57 V is attributed to the
disorganization of CoV2O6 crystal structures, the formation of
CoO and LixV2O5, and the formation of the SEI ﬁlm on the
fresh surface. Another intense reduction peak located at 0.17 V
could be assigned to the further reduction of CoO in the
LixV2O5 matrix, which is similar to the reported literature.25,28,39 The CV curves for the following cycles overlapped
quite well indicating the excellent reversibility of the electrochemical reaction with few side reactions. The larger area of the
CV curve of mCVO suggests the higher capacity achieved by
mCVO. The cycling performance at 200 mA g−1 in the voltage
window of 0.01−2.5 V for up to 200 cycles and the
corresponding charge−discharge curves at diﬀerent cycles are
shown in Figure 4A,B, respectively. During the initial cycle, the
discharge and charge capacities are 1192 and 848 mAh g−1,
which are equivalent to the insertion/extraction of approximately 14.7 and 10.4 Li per formula, and the coulombic
eﬃciency is 71%. After the initial cycle, the following cycles
show similar values in both the charge and discharge proﬁles
indicating the high coulombic eﬃciency over 98.5%, further
conﬁrming the high reversibility of the electrochemical reaction.
The mCVO shows excellent cycling stability with a capacity of
702 mAh g−1 after 200 cycles, corresponding to the capacity
retention of 88% against the second capacity. In comparison,
bCVO shows rather poorer cycling performance with only 58%
capacity left after 200 cycles (Figure S7). Furthermore, the
long-time cyclability is evaluated at current density of 500 mA
g−1 in Figure 4C. The initial discharge and charge capacities of
the mCVO are 1067 and 699 mAh g−1, respectively. Despite
the initial capacity loss, the mCVO shows outstanding
cyclability from the second cycle onward. The reversible
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behavior of the peak current by assuming the current, i, obeys a
power law relationship with the sweep rate (i = aνb). Here, a is
a constant, and ν is the sweep rate. The b-value in the above
equation is therefore an estimate of the type of charge storage
occurring in the material: if b is 0.5, then the current is
diﬀusion-controlled; if b is 1, the current is capacitive. The bvalue analysis was performed using the CV data between 0.5
and 2.0 V in Figure 5A. For both mCVO and bCVO, the bvalue is decreased to 0.5 especially in the range of redox peaks,
indicating that the reaction that occurred in the peak range is
rather diﬀusion-controlled while capacitive behavior dominates
away from the peak range. A similar observation was reported
on MoO2 nanosheets,13 and 10 nm TiS2 nanosheet.14
Furthermore, the b-value of mCVO is higher than that of
bCVO at each potential, indicating that mCVO shows
improved capacitive behavior over bCVO.
To be more precise, the diﬀusion and capacitive contributions are separated at a particular potential by using the
equation below

In addition, the macroporous structure oﬀers the large free
space for volume expansion accommodation, with continuous
current pathways that can facilitate electron transport and
shorten lithium diﬀusion length.

■

CONCLUSION
In summary, we have developed a facile AB induced
heterogeneous growth of a macroporous CoV2O6 nanosheet.
Through kinetic analysis, the mCVO shows the following
typical features of pseudocapacitive behavior: (1) currents that
are mostly linearly dependent on sweep rate and (2) redox
peaks whose potentials do not shift signiﬁcantly with sweep
rate. All these indicate that the mCVO shows an enhanced
contribution of capacitive charge and displays the typical
pseudocapacitive behavior. The macroporous CoV2O6 nanosheets deliver a high reversible capacity of 702 mAh g−1 at
current density of 200 mA g−1, excellent cyclability with a
capacity retention of 89% after 500 cycles at 500 mA g−1, and
high rate capability of 453 mAh g−1 at 5000 mA g−1. All these
results demonstrate that the stable macroporous structure
overcomes the limitation of the high-power capability of the
bulk material. Our work provides a new direction for designing
materials for energy storage devices with high rate capabilities.

i(V ) = k1ν + k 2ν1/2

Solving k1 and k2 gives the capacitive and diﬀusion
contributions to the current. Figure 5B shows the result of
the analysis applied to mCVO and bCVO. For both mCVO
and bCVO, the capacitive contribution increases with the scan
rate. The best capacitive materials have minimal diﬀusioncontrolled contributions, even at slow sweep rates, and this is
what we observe in mCVO here. At a slow rate of 0.1 mV s−1,
33% capacity comes from the contribution of diﬀusion, while at
1 mV s−1, merely 13.8% is retained. Moreover, the capacitive
contribution in mCVO is higher than that in bCVO at each
scan rate. Typically, 86.2% and 81.7% of the total current are
capacitive at 1 mV s−1 for mCVO and bCVO, respectively. This
clearly implies that mCVO oﬀers more useful surface sites than
bCVO, due to the macroporous structure, resulting in
enhanced capacity and rate performance. In this analysis, it is
generally most insightful to determine the diﬀerent contributions at 1 mV s−1 as this enables one to maximize the diﬀusive
contribution to charge storage.14 Thus, the capacity contributions of mCVO and bCVO at each potential are shown in
Figure 5C,D, respectively. The pseudocapacitive contribution
(shaded region) is characterized by broad peaks characteristic
of surface-conﬁned charge storage. As we observe in both
mCVO and bCVO, the diﬀusion-controlled currents are located
predominantly in the peak regions of the CV, as redox peaks
are expected to be diﬀusion-controlled. The remaining regions
are almost entirely capacitive which is consistent with the
observation in b-value. The kinetic analysis (Figure 5C,D)
shows that a large fraction of the stored charge comes from a
capacitive process. This behavior is likely the result of the stable
macroporous structure where the electrolyte can readily access
the entire surface. Thus, it is not surprising that the ratecontrolling step is surface limited rather than solid-state
diﬀusion.15,16,40−42
Both the calculated b-value and capacitive contribution
clearly demonstrate the unique characteristic behavior as a
result of pseudocapacitance, which is diﬀerent from the charge
storage mechanism in classical batteries. It can be concluded
that charge storage in CVO nanosheets follows a pseudocapacitive mechanism. This extrinsic behavior of the macroporous
nanostructure is promoted by the fast Faradaic charge transfer
kinetics at the interface and contribute to the enhanced kinetics
that could be obtained due to the relative absence of diﬀusion.

■
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