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ABSTRACT: Hierarchical Co,V,0; nanosheets consisted of
interconnected nanoparticles are synthesized by a facile method
using graphene oxide as the template. The electrochemical reaction
mechanism of the Co,V,0; nanosheets is thoroughly investigated
by in situ XRD and ex situ TEM. The initial Co,V,0, transforms
into CoO nanoparticles and vanadium oxides in the first cycle, and
the following reversible conversion reaction mainly occurs between
CoO and Co and lithiation/delithiation of the vanadium oxides.
The Co,V,0; nanosheet displays a high reversible capacity (962
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mAh/g at 0.5 A/g) and remarkable high rate capability. When
cycled at 5.0 A/g, a reversible capacity of 441 mAh/g can be retained after 900 cycles. The stable high capacity and excellent rate
capability make the hierarchical Co,V,0, nanosheets a promising anode material for lithium-ion batteries.

KEYWORDS: cobalt vanadium oxide, hierarchical structure, lithium-ion battery, lithium storage mechanism, graphene oxide

1. INTRODUCTION

With the surge of portable electronics, electric vehicles, and
large-scale power-grid storage, lithium-ion batteries (LIBs) with
high energy/power densities and long cycle life have attracted
great attention.'* The development of high-performance LIBs
ultimately depends on the electrode materials.” However, the
traditional carbon-based anode materials exhibit a low specific
capacity (theoretically 372 mAh/g for graphite) and serious
safety issues.” ® To meet the growing demand, transition metal
oxides (MO,, M = Co, Fe, Cu, Mn, etc.), which typically show
theoretical capacity over 600 mAh/g, have been widely studied
as promising alternatives to the conventional graphite
anode.”™'¢ Among these candidates, cobalt oxides, in particular
CoO and Co;0,, have drawn particular attention due to their
high theoretical Li-ion storage capacity.”'>'"~"* However, they
suffer from poor conductivity and huge volume change during
discharge/charge processes.

To address these issues, researchers have developed binary
metal oxides as possible anode materials which can potentially
synergistically enhance the electronic/ionic conductivity,
reversible capacity, and mechanical stability.”"~** Furthermore,
the partial replacement of expensive and toxic cobalt would
make the materials cheaper and more eco-friendly.”’ Vanadium
has been successfully employed to couple with cobalt, forming
binary cobalt vanadates with desirable electrochemical perform-
ances. For example, the Co;V,0; multilayered nanosheets are

capable of delivering a specific capacity of 1114 mAh/g over
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100 cycles at 1.0 A/g. As another important cobalt vanadate,
Co,V,0; can take up 13.6 Li ions in the voltage range of
0.02—3.5 V during the first discharge process, a little less than
15.4 Li ions for Co,V,0g.”° This means even with one more Co
atom, Co3V,04 only provides 13% higher Li-storage capability
than Co,V,0,. Based on this, the research of Co,V,0; anode is
worth being carried out as it contains lower cobalt content than
Co;3V,0g, which means cheaper and more eco-friendly.

For the past few years, efforts have been devoted to improve
the electrochemical performance of Co,V,0,.>~** Wu and co-
workers have synthesized the mesoporous Co,V,0, mono-
disperse hexagonal nanoplatelets, which display a high
reversible capacity of 866 mAh/g after 150 cycles at a current
density of 500 mA/g.”* However, the rate capability and cycling
performance still needs more improvements to make it a
promising anode candidate for the practical applications.

In this work, we designed and synthesized novel hierarchical
Co,V,0; nanosheets consisted of interconnected nanoparticles
using graphene oxides (GO) as the template (Figure 1). This
unique architecture can provide the following three important
features simultaneously: (1) short pathways for Li ions and
electrons provided by two-dimensional nanostructure and
reduced particle size, (2) sufficient voids for the volume
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Figure 1. Schematic diagram of the experimental technique for growing hierarchical CoVO-1 nanosheets. (A) CoVO-1 nanosheet precursor before
hydrothermal treatment. (B) CoVO-1 nanosheet precursor after hydrothermal treatment. (C) CoVO-1 nanosheet after calcination treatment.
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Figure 2. (A) XRD patterns of CoVO-1 and CoVO-2. (B—C) SEM images of CoVO-1. (D—F) TEM and HRTEM images and FFT pattern of

CoVO-1.

expansion/extraction during the electrochemical processes, and
(3) rapid ion transport enabled by electrolyte-filled mesoporous
network. As the anode material for LIBs, the hierarchical
Co,V,0, nanosheets exhibit a high reversible specific capacity
(962 mAh/g at 0.5 A/g), excellent rate capability, and long
cycle life (441 mAh/g after 900 cycles at 5.0 A/g).

2. EXPERIMENTAL SECTION

Synthesis of Hierarchical Co,V,0, Nanosheets. The hier-
archical Co,V,0, nanosheets were synthesized by a hydrothermal
process followed by calcination in air. In a typical synthesis process, 4
mL of GO solution (prepared via a modified Hummer’s method, 1
mg/mL) was dispersed in 40 mL distilled water and stirred for 1 h.
1.495 g of cobalt acetate (Co(CH;COO),-4H,0) was then added
directly into the GO solution and stirred for another 1 h.
Subsequently, 0.702 g of ammonium vanadate (NH,VO;) was
dissolved in deionized water with stirring at 80 °C for 15 min. The
obtained transparent NH,VO; solution was added into the GO and
cobalt acetate solution dropwise and stirred for 1 h to form reddish
brown suspension. Ethylene glycol (EG) was then added. After 30
min, anhydrous ethylene diamine (EDA) was added; gray precipitate
appeared immediately with the addition of EDA. After stirring for Sh,
the gray suspended solution obtained was transferred into a 100 mL
Teflon-lined autoclave and hydrothermally treated at 180 °C for 48 h.
The resulting products were collected by centrifugation, washed with
deionized water and ethanol, and dried at 80 °C in air. Finally, the
obtained precursor was sintered at 450 °C for 10 h in air to get the
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brown product, which is denoted as CoVO-1. As a control experiment,
CoVO-2 was prepared using the same procedure except without the
addition of GO template.

Characterization and Electrochemical Measurement. The
crystallographic information on CoVO-1 and CoVO-2 were confirmed
by X-ray powder diffraction (XRD, Bruker D8 Discover) with
nonmonochromated Co Ka X-ray source. The morphologies of
CoVO-1 and CoVO-2 were characterized by field emission scanning
electron microscope (FESEM, JEOL JSM-7100F) and high-resolution
transmission electron microscope (HRTEM, JEOL JEM-2100F, 200
kV). The specific surface area and Barrett—Joyner—Halenda (BJH)
pore size distribution were analyzed using Micromeritics Tristar 3020
instrument.

The electrochemical performance was evaluated via CR2025-type
coin cell on a LAND battery testing system (CT2001A, China). To
make the working electrode, the 70 wt % active material (CoVO-1 and
CoVO0-2) and 20 wt % acetylene black (Super-P) were mixed with 10
wt % sodium alginate (dissolve in deionized water to form 2.5 wt %
aqueous solution) to form slurries. Then, the slurries were coated onto
copper foil and dried at 120 °C overnight under air. The obtained
electrode was punched into circular disks with an average mass loading
of active material of 2 mg/ cm?. The lithium foil was used as the anodes
and 1 M LiPF; in ethylene carbon (EC)/dimethyl carbonate (DMC)
with a volume ratio of 1:1 was used as the electrolyte. Before the
discharge/charge processes, the cells were aged for 12 h to ensure full
absorption of the electrolyte into the electrodes. Galvanostatic
discharge/charge tests were performed in the voltage range of 0.01—
2.50 V under constant current mode. Cyclic voltammetry (CV) tests
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Figure 3. (A) The first cycle of cyclic voltammetry curves of CoVO-1 and CoVO-2 at a sweep rate of 0.1 mV/s in the potential range from 0.01 to
2.5 V vs Li/Li*. (B) The second and third cycles of cyclic voltammetry curves of CoVO-1 at a sweep rate of 0.1 mV/s in the potential range from
0.01 to 2.5 V vs Li/Li*. (C, left) In situ X-ray diffraction patterns of CoVO-1 and (right) corresponding discharge/charge curve.

were carried out on a CHI 760D electrochemical workstation. The
electrochemical impedance spectroscopy (EIS) was tested using the
Autolab PGSTAT 302N electrochemical workstation at the cell
voltage of 2.2 V in the frequency range from 100 kHz to 0.01 Hz. All
the tests were performed at room temperature.

For in situ XRD measurement, the 70% active materials were
grounded with 20% acetylene black and 10% poly(tetrafluoroethylene)
(PTFE) to get circular electrode disks, then the electrode was placed
in the specific cell with an X-ray-transparent beryllium window, which
also acts as a current collector. During the charge/discharge process,
the in situ XRD signals were collected directly using the planar
detector under still mode, and each pattern took 2 min to acquire. The
schematic diagram of the in situ cell is exhibited as Figure S1.

3. RESULTS AND DISCUSSION

Figure 2A shows the X-ray diffraction (XRD) patterns of the as-
prepared hierarchical Co,V,0, nanosheets (CoVO-1) and the
control sample synthesized without template (CoVO-2). For
both materials, the majority of the diffraction peaks can be
indexed to monoclinic Co,V,0, (JCPDS Card No. 01-070-
1189, space group P21/n), while two residual peaks from cubic
CoO (marked by stars, JCPDS Card No. 00-002-1217, space
group Fm3m) can also be observed. CoVO-1 presents a typical
sheet-like morphology (Figure 2B,C), which is inherited from
the GO template. Each nanosheet consists of numerous
interconnected primary nanoparticles. The primary particle
size is 30—50 nm, and the clear voids between neighboring
nanoparticles can be clearly observed according to the
transmission electron microscopic (TEM) images (Figure
2D). Typical high-resolution TEM images of CoVO-1 are
shown in Figure 2E,F. The (014) and (024) lattice fringes of
monoclinic Co,V,0,, with atomic spacings of 0.23 and 0.20 nm
respectively, can be clearly discerned. EDS results show that the
Co, V, and O coexist in the sample and the Co/V ratio is
around 1.14 (Figures S2 and S3, Table S1), indicating the
molar concentration of CoO in the mixture is about 22%.
Elemental analysis is applied to determine the residual amount
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of carbon content in the CoVO-1 material, the detail data is
listed in Table S2. On the basis of the experimental data, it is
obvious that the residual carbon is negligible in the final sample
(the average amount of carbon is 0.035% in total), indicating
the graphene oxide is completely removed after the calcination
procedure. For the purpose of comparison, CoVO-2, without
the addition of GO template, is also prepared. Similar to
CoVO-1, CoVO-2 is also comprised of primary nanoparticles
(Figure S4A,B). However, according to the TEM image, the
Co,V,0; nanoparticles aggregate severely into irregular shapes
without the help of GO template (Figure S4C).

The porous properties of CoVO-1 and CoVO-2 have been
studied by nitrogen adsorption. Both samples show a type IV
isotherm with distinct capillary condensation and hysteresis
loop at a high relative pressure of 0.75—1.0 (Figure SS).
According to the pore size distribution curve, both of the
concrete pore sizes are in the distribution of 2—20 nm with an
average pore size of 12 nm, which are consistent with the TEM
results. However, the CoVO-1 shows a slightly higher BET
specific surface area (27.6 m*/g) than that of CoVO-2 (24.9
m?/g), which could be attributed to the hierarchical nanosheet
structure of CoVO-1 with less aggregation.

Meanwhile, the existence of GO during the synthesis process
is the key factor for the major morphology difference between
CoVO-1 and CoVO-2. Here, GO is considered as an ideal
template for the nucleation and growth of nanocrystals because
of its two-dimensional (2D) structure, oxygen-containing
functional groups on the surface, and good mechanical
properties (Figure S6A).*’7*' Ethylene glycol (EG) is a
common chelating agent to limit the particle growth and
ensure the dispersity of nanoparticles. Ethylene diamine (EDA)
has a stronger chelating effect for transition-metal ions, which
would influence the crystal growth.”” Both EG and EDA can act
as surfactants to modify the surface of GO and significantly
lower the nucleation energy, resulting in the dense nucleation
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Figure 4. (A) Discharge capacities of CoVO-1 and CoVO-2 at various rates from 0.5 to 5.0 A/g. (B) The first discharge/charge curves of CoVO-1 at
different current densities. (C) The detailed cycling performance of the CoVO-1 at different current densities. (D) Electrochemical properties of
CoVO-1 at high rate of 5.0 A/g for 900 cycles. (E) The typical Nyquist plots of CoVO-1 after different cycles.
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Figure S. (A—D) Ex situ TEM images and corresponding EDS result collected at the voltage of 2.5 V after 10 cycles. (E—H) Ex situ TEM images
and corresponding EDS result collected at the voltage of 0.01 V after 10 cycles.

of nanocrystals on GO.* During the hydrothermal process, the
initial nuclei gradually grow, forming well-crystallized nano-
crystals (Figure S6B). The gases produced by the oxidation of
GO and organics would form vacancies, which further
condense into large mesopores. This method allows the
duplication of the GO template surface to form the nanosheet
morphology.

The lithium storage behaviors of CoVO-1 and CoVO-2 are
investigated by cyclic voltammetry (CV) analysis at a scan rate
of 0.1 mV/s in the potential window of 0.01-2.5 V (Figure
3A,B and Figure S7). Both samples exhibit similar CV curves,
implying the identical electrochemical reaction. However,
CoVO-1 has higher redox currents, larger curve area, and
lower overpotential than CoVO-2, suggesting the higher
capacity and faster kinetics for Li-ions diffusion.”*** The initial
CV curve is quite different from those of the subsequent cycles
(Figure 3B and Figure S7). This phenomenon is due to the
irreversible decomposition of electrolyte and destroying of the
Co,V,0; crystal structure during the first cycle, which is further
demonstrated by the in situ XRD results.
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The as-prepared in situ cell is discharged to 0.01 V and then
charged to 2.5 V under a constant current of 500 mA/g at 25
°C. The discharge curve contains three plateaus, matching well
with the initial CV curve (Figure 3C). The first plateau at 0.75
V is accompanied by the slight decrease in Co,V,0, peak
intensity. Besides the decrease in peak intensity, no other
changes can be observed in the XRD pattern, suggesting that
the first plateau at 0.75 V might be associated with the
formation of solid electrolyte interface (SEI). The second
plateau at 0.4 V is accompanied by the disappearance of
Co,V,0, diffraction peaks and the emergence of a new peak at
43° (Figure 3C). The new peak at 43° can be indexed to the
(311) diffraction peak of LiVO,. This is further confirmed by
the appearance of new peaks at 21.5 and 51.5° corresponding
to the (111) and (400) planes of LiVO, (Figure S8). Thus, it is
speculated that the second plateau is associated the
decomposition of Co,V,0, (Co,V,0, = 2 CoO + V,05) and
the lithiation of V,0s (V,O5 + 4 Li* + 4 e~ — 2 LiVO, +
2Li,0). Upon further lithiation, the reactions at around 0.16 V
correspond to the formation of metallic Co from CoO
nanoparticles and lithiation of LiVO, (LiVO, + «Li* + xe~
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— Li;,,VO,)."”*® The conventional in situ XRD pattern array
has been presented as Figure S9. During the subsequent charge
process, two oxidation peaks located at 1.33 and 2.35 V can be
observed, which are ascribed to the formation of CoO from
metallic Co and the delithiation of the vanadium oxides."” In
the lithium intercalation process of the following cycles, three
cathodic peaks are observed at 1.84, 1.04, and 0.59 V,
respectively (Figure 3B). The electrochemical reactions are
very similar to that of the Co;V,0y reported previously,”'
demonstrating the reversible transformation between Co and
CoO, combining with the emergence of lithiated/delithiated
vanadium oxide.

Figure 4A shows the rate performance of CoVO-1 and
CoVO-2 from 0.5 to 5.0 A/g. It is clear that the CoVO-1
exhibits a good cycling response at various current densities.
The average capacities are 961, 709, 669, 457 mAh/g at 0.5, 1.0,
2.0, and 5.0 A/g, respectively. When the current density is
reduced from 5.0 to 0.5 A/g, a capacity of 833 mAh/g can be
recovered for the CoVO-1. CoVO-2 exhibits a lower rate
capability, further confirming the advantage of our rationally
designed CoVO-1 hierarchical nanosheets.

Figure 4B presents the first cycle discharge/charge curves at
0.5 and 1.0 A/g of CoVO-1. Three discharge plateaus can be
observed, in accordance with the CV results. The initial
discharge capacity is 1301 mAh/g at 0.5 A/g and 1110 mAh/g
at 1.0 A/g. Figure 4C shows the cycling performances of
CoVO-1 at 0.5 and 1.0 A/g. High reversible capacities of 962
and 799 mAh/g can be achieved at current densities of 0.5 and
1.0 A/g, respectively. An interesting phenomenon appears
during the cycling performance test is that the capacity
increases gradually with cycle number after the initial decrease;
similar phenomenon has been reported previously.'”"'"*"*
The initial capacity decrease might be attributed to the
deconstruction of Co,V,0, structure, the formation of solid
electrolyte interphase (SEI), and side reactions.””*” Meanwhile,
the active material is not fully utilized, which is confirmed by
the coexistence of CoO and Co at the voltage of 0.01 V in
Figure 5G. Along with further cycling, the unused active
material would take part in the electrochemical reaction,
resulting in increased capacity.

We further investigated the long-life cycling performance of
the CoVO-1, which exhibits a desirable cycling performance
(Figure 4D). A reversible discharge capacity of 677 mAh/g can
be achieved at the rate of 5.0 A/g, which is comparable to the
reported Co—V-based mixed metal oxides. Notably, even after
900 cycles, a capacity of 441 mAh/g can still be obtained. This
is the longest cycle life for cobalt vanadium oxide electrode
materials to our best knowledge.””>™*" The corresponding
voltage capacity profiles at the cycle of 1, 2, 10, 100, 200, 500,
and 900 are exhibited in Figure S10. Moreover, their
Coulombic efficiency is stabilized at above 99% after 30 cycles,
indicating the efficient transport of electrons and ions in the
anode. The capacity fluctuation during the long-cycling test can
be attributed to the small temperature fluctuation of the
environment, as all the tests were performed at room
temperature. The superior electrochemical performance could
be attributed to the following reasons: (1) The voids between
primary particles provide short pathways for Li ions diffusion
and sufficient spaces for the volume exgpansion/ extraction
during the electrochemical processes.””***™*" (2) The
formation of uniform and stable SEI resulted from the
hierarchical Co,V,0; nanosheet structure would increase the
reversible capacity and Coulombic efficiency.*"**
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The detailed reaction kinetics of the CoVO-1 at the voltage
of 2.2 V after different cycles was investigated using
electrochemical impedance spectroscopy (EIS) in the fre-
quency range of 100 kHz to 0.01 Hz. The equivalent circuit is
exhibited in Figure 4E, which contains equivalent series
resistance (R,), SEI resistance (R;), and charge transfer
resistance (R.). Meanwhile, CPE; and CPE, are the
capacitance related to SEI and the double layer, while Z,
corresponds to the ion diffusion in the active material.”> The
semicircle part has been enlarged as the inset figure in Figure
4E. It is worth noting that only one semicircle is observed
initially, while two depressed semicircles at high and middle
frequencies begin to appear with the increasing cycles. This
phenomenon is associated with the formation of SEI layer on
the surface of active materials. Moreover, it is interesting to
note that the R, encounters a first decrease and then increase
with the increasing number of cycles, as shown in Figure 4E
and Table S3. The initial decreased R could be attributed to
the activation process, as the electrochemical reaction helps to
improve the contact between the electrolyte and the electrode,
resulting in the reduced interfacial impedance of the fresh
electrode.”* However, the R, grows gradually along with the
cycling process, as the crystal Co,V,0; has transformed into
smaller CoO particles and vanadium oxide associated with
forming SEL'® which may increase the grain boundary and
lower the conductivity of the electrodes. Afterward, SEI
becomes uniform and stable with the further cycling, which is
beneficial for the lithium ion transport. This speculation is
confirmed by the EIS plot after 100 and 150 cycles, as they
show a very similar feature. The experimental phenomenon
indicates the electron conduction and ion diffusion pathways in
the composite electrodes are well maintained after certain
cycles, leading to good cycling stability during the electro-
chemical process.

In order to find out the reason to the superior electro-
chemical performance, ex situ TEM was conducted to
characterize the morphological and structural changes at 2.5
V (Figure SA—D) and 0.01 V (Figure SE—H) after 10 cycles. It
is obvious that the nanosheet morphology is well preserved
during the electrochemical tests (Figure SA,E), which can be
attributed to the uniformly distributed pores in the original
hierarchical Co,V,0, nanosheet to accommodate the volume
expansion during cycling.'® After the lithium intercalation at 2.5
V, the obtained nanoparticles are well distributed and attached
on the amorphous matrix (Figure SC). The interlayer distances
of 0.19 nm can be ascribed to the CoO (200) layer. After the
lithium deintercalation at 0.01 V, the nanosheet is composed of
numerous quantum dots, which are the mixture of metallic Co
and CoO, according to the FFT pattern (Figure SG). Besides,
the interlayer distance of crystal structure is 0.25 nm,
corresponding to the (111) lattice fringe of CoO, indicating
the incomplete conversion from CoO to Co. The appearance of
F and P in Figure SD,H can result from the formation of SEL
The SEM images of hierarchical Co,V,0, nanosheet after 100
cycles have been exhibited as Figure S11, which still present a
typical nanosheet structure, indicating the integrity and stability
of the as-synthesized material after cycling test.

4. CONCLUSION

In summary, the electrochemical reaction mechanism of the
novel hierarchical Co,V,0,; nanosheet anode is thoroughly
investigated by in situ XRD and ex situ TEM. The results reveal
that the initial Co,V,0; transforms into CoO nanoparticles and
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LiVO, in the first cycle, while the following conversion reaction
mainly occurs between CoO and Co and lithiation/delithiation
of the vanadium oxides. The resulting nanosized CoO and Co
are firmly anchored on the vanadium oxide nanosheets, which
could provide the shortened Li-ion/electron diffusion pathway,
and avoid structural degradation caused by lithium insertion/
extraction, ensuring a good rate capability and high cycling
stability. This novel hierarchical Co,V,0; nanosheet anode
exhibits a high reversible capacity (962 mAh/g at 0.5 A/g),
remarkable rate capability, and good cycling stability (a capacity
of 441 mAh/g can still be obtained after 900 discharge/charge
cycles at 5.0 A/g). Our work indicates that this hierarchical
Co,V,0; nanosheet anode is one of the most promising anodes
for the practical applications.
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