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ABSTRACT: Transition metal vanadates have gradually caputured
reseachers’ attention as anode materials for lithium ion batteries,
because of their high speciﬁc capacity and relatively high chemical
stability. However, they suﬀer from low rate performance and short
cycling performance because of the intrinsic low electronic
conductivity and large volume variation during lithiation and
delithiation. Here we report a design of zinc pyrovanadate nanoplates
embedded in graphene networks through a facile one-pot hydrothermal method. Beneﬁting from graphene and zinc pyrovanadate
nanoplates, this nanocomposite possesses high speciﬁc capacity,
excellent rate capability, and superior cycling stability. Particularly, it
exhibits a high reversible capacity of 902 mA h g−1 at 500 mA g−1,
maintaining 854 mA h g−1 after 400 cycles. The impressive
electrochemical performance makes it a promising anode material for lithium ion batteries.

■

proceeded on the lithiated amorphous LixV2O5 matrices.27
Sim et al. fabricated amorphous FeVO4 nanosheet arrays
directly grown on a ﬂexible stainless steel substrate by a facile
template-free and catalyst-free chemical vapor deposition
(CVD) method, showing superior Li storage properties,
especially at high current densities.28 Zhao et al. presented
graphene oxide wrapped amorphous copper vanadium oxides as
LIB anodes with high-rate and long-life performance. Such
excellent electrochemical properties result from the amorphous
nature, dominant capacitive behavior, and enhanced electronic
conductivity attributed to the in situ extraction of copper.29
Besides, many vanadates contain crystal water, such as
Co 3 V 2 O 8 ·nH 2 O, FeVO 4 ·1.1H 2 O, Cu 3 V 2 O 7 (OH) 2 ·2H 2 O,
Zn3V2O7(OH)2·2H2O, and so on. The crystal water, which
exists as OH groups on the external and internal surfaces,
enhances the reversible capacity, because the extra oxygen in
the crystal water facilitates the formation of “Li−O” type
binding in the low voltage reduction process.30−32 However,
the demand over good cycling performance for transition metal
vanadates is still challenging.33−36
Graphene has been proven as an eﬀective conducting
support to host transition metal oxides in rechargeable batteries

INTRODUCTION
Nowadays, the ever-increasing energy demand for novel,
sustainable, and environmentally friendly energy sources has
been a vital and challenging issue.1−3 Among various available
energy storage technologies, rechargeable lithium ion batteries
(LIBs) with high capacity, long lifespan, no memory eﬀect, and
environmental benignity have been extensively applied in highend consumer electronic devices.4−8 However, conventional
commercial graphite with relatively low theoretical capacity
(372 mA h g−1) may not be able to meet the tremendous
demands of high-energy applications such as electric vehicles,
plug-in hybrid electric vehicles, and further large-scale grid
storage. Therefore, it is vital to seek new materials with high
speciﬁc capacity, excellent rate capability, and long cycle life.9,10
Metal oxides, such as MxOy (M = Co, Ni, Fe, V, Sn, etc.)
have been considered as promising electrodes for the
development of LIBs because of their high speciﬁc/volumetric
capacity, high chemical stability, and low cost.11−17 Besides
simple binary metal oxides, ternary transition metal oxides,
especially transition metal vanadates with abundant sources and
relatively high ionic conductivity, have attracted many
researchers’ interests in electrochemical energy storage in
recent years.18−26 For example, Yang et al. reported Co3V2O8
multilayered nanosheets as anode with enhanced cycling
stability and rate capability and further investigated their
electrochemical mechanisms. It was demonstrated that the
reversible conversion reactions between CoO and Co
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Figure 1. SEM images of the zinc pyrovanadate nanoplates prepared in (a,b) 0 h, (c,d) 3 h, (e,f) 6 h, and (g,h) 9 h. (i) Schematic of formation
process of zinc pyrovanadate nanoplates.

microscopy (FESEM) images were collected using a JEOL7100F scanning electron microscope. In addition, transmission
electron microscopy (TEM) images associated with selected
area electron diﬀraction (SAED) were collected using a JEM2100F microscope, and energy dispersive X-ray spectra (EDS)
were recorded using an Oxford IE250 system. Carbon content
analysis was determined by Vario EL cube CHNSO elemental
analyzer. Brunauer−Emmett−Teller (BET) surface areas were
measured at 77 K using a Tristar II 3020 instrument. X-ray
photoelectron spectroscopy (XPS) measurements and thermogravimetric-diﬀerential scanning calorimetry (TG-DSC)
analyses were conducted using a VG MultiLab 2000 instrument
and an STA-449C, respectively.
Electrochemical Measurement. The electrochemical
properties were evaluated by assembling 2016 coin cells in a
glovebox ﬁlled with pure argon gas. The working electrode was
prepared by mixing the as-synthesized materials, acetylene black
and carboxyl methyl cellulose (CMC) in a weight ratio of
70:25:5. The slurry was spread onto copper foil and dried in a
vacuum oven at 70 °C for 24 h. The loading of the active
materials was 1.3−1.8 mg cm−2. Lithium chips were used as the
counter electrode and reference electrode. The electrolyte was
composed of 1 M LiPF6 dissolved in ethylene carbonate (EC)dimethyl carbonate (DMC) with a volume ratio of 1:1. Cyclic
voltammetry (CV) test was performed using an electrochemical
workstation (CHI 760S) in the voltage range of 0.01−3 V.
Galvanostatic charge/discharge measurements were performed
using a multichannel battery testing system (LAND CT2001A),
and electrochemical impedance spectroscopy (EIS) was carried
out with an Autolab Potentiostat Galvanostat. All of the
measurements were carried out at room temperature.

because of its high electric conductivity, excellent mechanical
ﬂexibility, large speciﬁc surface area, and high chemical
stability.37−40 In addition, graphene could also act as an elastic
buﬀer, accommodating the volume change during repeated
lithium ion insertion/extraction, simultaneously preventing the
agglomeration of nanoparticles and the cracking or crumbling
of the electrode materials.41−50 Therefore, realizing the
combination of graphene and electrode materials is of great
potential and signiﬁcance.
Herein, we develop a facile one-pot hydrothermal route to
synthesize the zinc pyrovanadate nanoplates embedded in
graphene networks. To our knowledge, the formation
mechanism, electrochemical performance, and lithium storage
mechanism of this nanocomposite have been rarely reported
before. This nanoarchitecture possesses both high structural
integrity and excellent electronic conductivity, exhibiting great
potential as anode for LIBs.

■

EXPERIMENTAL SECTION
Materials Preparation. Graphene oxide (GO) dispersion
was prepared via a modiﬁed Hummer’s method.51 In a typical
synthesis, 0.18 g of V2O5, 2.0 g of cetyltrimethylammonium
bromide (CTAB), 2.5 g of NaOH, and 5 mL of as-prepared
GO dispersion were orderly added into 25 mL of deionized
water. After stirring for 10 min, 0.89 g of Zn(NO3)2·6H2O was
added into the above solution; a brown and viscous solution
was rapidly formed. The solution was then transferred into a 50
mL Teﬂon-lined autoclave and maintained at 200 °C for 18 h.
After the solution was cooled to room temperature, gray
precipitate was collected and washed several times with
deionized water and absolute ethanol and dried at 70 °C in
air to get the zinc pyrovanadate nanoplates embedded in
graphene networks (denoted as ZVO-GN). For comparison,
pristine zinc pyrovanadate (denoted as ZVO) nanoplates were
prepared using the similar procedure without adding GO
dispersion.
Material Characterization. X-ray diﬀraction (XRD) data
were collected with a Bruker D8 Discover X-ray diﬀractometer,
using Cu Kα radiation (λ = 1.5418 Å) in a 2θ range from 10° to
80° at room temperature. Field emission scanning electron

■

RESULTS AND DISCUSSION
V2O5, NaOH, and CTAB are dissolved in deionized water as
the precursor. The connection between V and O in solution is
related to the pH value. When the pH value is adjusted to 9−
13, condensation of the protonated HVO42− occurs via
oxolation, releasing the pyrovanadate ions (V2O74−).52 Then
V2O74− coprecipitates with Zn2+ to form Zn3V2O7(OH)2·2H2O
2993
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Figure 2. (a) XRD pattern, (b, c) SEM images (d,e) TEM images and (f) HRTEM image of zinc pyrovanadate nanoplates.

Figure 3. (a,b) SEM images, (c) EDS, (d,e) TEM images, (f) HRTEM image of zinc pyrovanadate nanoplates embedded in graphene networks,
respectively. The inset of panel f shows the corresponding SAED pattern.

(thickness, ∼50 nm) appear after reacting for 3 h (Figure 1c,d).
As Figure 1 panels e and f show, a reaction of 6 h results in
thicker nanoplates (∼70 nm). When the reaction time is
extended to 9 h, the thickness of each ZVO nanoplate increases
to over 80 nm (Figure 1g,h). To sum up, with the reaction time
extending, each ZVO nanoplate becomes thicker and its
diameter remains in the range of 400−500 nm. In addition, the
polygonal nanoplates tend to be round, and the oriented
attachment of the nanoplates can be observed.
The XRD pattern (Figure 2a) of the ZVO nanoplates can be
indexed to the hexagonal Zn3V2O7(OH)2·2H2O phase (JCPDS
01-087-0417) with lattice parameters of a = b = 6.0498 Å, c =
7.1960 Å, and α = β = 90°, γ = 120°, consistent with the space
group P3̅m1. In the structure of Zn3V2O7(OH)2·2H2O, the
sandwich-like brucite type of layer is formed by close-packed
terminal O atoms of pyrovanadate and hydroxide groups
(Supporting Information, Figure S1). The Zn atoms occupy

with the assistance of hydrothermal conditions. This process
can be shown with the following equations:
V2O5 + 2OH− → 2VO3− + H 2O

(1)

VO3− + OH− → HVO4 2 −

(2)

2HVO4 2 − → V2O7 4 − + H 2O

(9 ≤ pH ≤ 13)

(3)

Zn 2 + + V2O7 4 − + 2OH− + 2H 2O
→ Zn3V2O7 (OH)2 ·2H 2O

(4)

A time-dependent experiment is performed to explore and
further understand the formation process of ZVO nanoplates
(Figure 1). It is revealed that a large amount of irregular and
thin nanosheets (∼20 nm) emerge in the initial stage without
heating (Figure 1a,b). Some regular polygonal nanoplates
2994
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Figure 4. (a) CV curves of the zinc pyrovanadate nanoplates embedded in graphene networks obtained at a voltage range of 0.01 to 3.0 V (vs Li+/Li)
at a scan rate of 0.1 mV s−1. (b) Galvanostatic charge and discharge curves of the 1st, 2nd, 50th, 100th, 200th cycles of the zinc pyrovanadate
nanoplates embedded in graphene networks at a current density of 200 mA g−1. (c) Rate performance of zinc pyrovanadate nanoplates and zinc
pyrovanadate nanoplates embedded in graphene networks tested at rates of 100, 200, 500, 1000, and 2000 mA g−1, (d) EIS of zinc pyrovanadate
nanoplates and zinc pyrovanadate nanoplates embedded in graphene networks before and after cycling in the frequency range of 100 kHz to 0.01 Hz,
respectively. The inset shows the equivalent circuit. (e) Cycling performance and Coulombic eﬃciency of zinc pyrovanadate nanoplates and zinc
pyrovanadate nanoplates embedded in graphene networks measured at a current density of 500 mA g−1, respectively.

GN (Figure S2). The ZVO nanoplates are homogeneously
embedded in ultrathin graphene networks (Figure 3a,d). EDS
results show that the zinc, vanadium, and carbon are distributed
uniformly in the ﬁnal product (Figure 3c). The graphene shows
a typical wrinkled morphology, and the ZVO nanoplates are
overlapped and surrounded by graphene nanosheets (Figure
3b,e). The HRTEM image (Figure 3f) shows the typical
Zn3V2O7(OH)2·2H2O lattice fringes and the surrounding
ultrathin graphene nanosheets of ZVO-GN. Similar to ZVO
nanoplates, the measured interplanar spacing is 0.53 nm,
corresponding to (100) planes of hexagonal Zn3V2O7(OH)2·
2H2O. The SAED image (the inset of Figure 3f) reveals the
single crystalline nature of Zn3V2O7(OH)2·2H2O.
Raman spectra (Figure S3a) indicate the existence of
Zn3V2O7(OH)2·2H2O and graphene in the composite. The
bands in the ranges of 270−550 cm−1 and 640−1050 cm−1
represent the Zn3V2O7(OH)2·2H2O bands, and the bands in
the ranges of 1200−1450 cm−1 and 1510−1650 cm−1 are

three-quarters of the octahedral sites (purple, Figure S1). The
remaining site is surrounded by V−O−V pillars (V2O74− group,
gray, Figure S1). And the OH− groups form hydrogen bonds to
the water molecules that ﬁll cavities in the porous framework.53,54 The products display polygonal even round plate-like
morphologies and uniform distribution (Figure 2b,d). Each
nanoplate has a planar size in the range of 400−500 nm and its
thickness is ∼100 nm. (Figure 2c,e). The HRTEM image
(Figure 2f) shows the typical Zn3V2O7(OH)2·2H2O lattice
fringes of the as-synthesized ZVO. The measured interplanar
spacing is 0.53 nm, which corresponds to that of (100) planes
of hexagonal Zn3V2O7(OH)2·2H2O.
To increase the conductivity and structural integrity of ZVO
nanoplates, graphene oxide (GO) is introduced into the
synthesis. Because of the strong intensities of the diﬀraction
peaks from well-crystallized ZVO obtained at 200 °C for 18 h
and the small quantity of graphene, no obvious characteristic
peaks of graphene are observed in the XRD pattern of ZVO2995
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Figure 5. XPS of (a,b) fresh-prepared electrode, (c,d) reduced electrode obtained at 0.01 V, and (e,f) reoxidized electrode obtained at 3 V of zinc
pyrovanadate nanoplates embedded in graphene networks at a current density of 100 mA g−1, respectively.

of as-synthesized products is suggested to be Zn3V2O7(OH)2·
2H2O. The weight ratio of graphene in the ZVO-GN is ∼3.48%
(red curve, Figure S3b), which is consistent with carbon
content (∼3.63%) in the composite, according to carbon
content analysis (Table S1). The N2 adsorption/desorption
measurement indicated that the as-prepared ZVO-GN has a
Brunauer−Emmett−Teller (BET) surface area of ∼9.95 m2 g−1
(Figure S4b) larger than that of ZVO (∼5.95 m2 g−1, Figure
S4a).
The CV curves (Figure 4a) show a weak reduction peak
observed at ∼0.23 V of the ﬁrst cycle, which may be attributed
to the formation of a Li−Zn alloy.22,58 The sharp peak at 0.45 V
of the ﬁrst cycle can be assigned to the formation of a solid
electrolyte interphase (SEI) layer and the reduction of Zn2+ and
V5+, which is responsible for the irreversible capacity loss in the
ﬁrst cycle.22,27,59 In the subsequent cycles, the main reduction
peaks shift to 0.47 and 0.73 V, corresponding to the reduction
of Zn and V, respectively. The broad oxidation peaks at 1.25 V
in the three cycles may be attributed to the oxidation of V3+ to
V5+ and Zn0 to Zn2+.19,22 The areas of CV curves for ZVO
(Figure S5a) are smaller than those of ZVO-GN, indicating that

attributed to the D band (K-point phonons of A1g symmetry)
and G band (E2g phonons of the C sp2 atoms) of the graphene,
respectively.55 Compared to GO, the G band shifts to low
frequency, indicating a signiﬁcant removal of oxygen containing
groups on the GO surface during the high temperature
hydrothermal process.56 Furthermore, the ZVO-GN sample
shows a lower ID to IG ratio (ID/IG = 0.94) when compared to
the GO precursor (ID/IG = 1.47), indicating the electronic
conjugation after reduction.57
To conﬁrm the composition of the product, thermogravimetric analysis measurements were performed in a ﬂowing air
atmosphere. The TG curve of ZVO displays that the weight
loss mainly proceeded in three steps, giving a total weight loss
of ∼11.19% up to 700 °C (black curve, Figure S3b). First, a
little weight loss below 120 °C could be attributed to the loss of
moisture in the sample. Second, ∼ 7.70% weight loss below 240
°C may be due to the release of crystal water. Third, ∼ 3.49%
weight loss at 240−400 °C can be attributed to the
decomposition of zinc pyrovanadate (the removal of coordinated water). It is calculated that the theoretical value of the
water is 11.27% in Zn3V2O7(OH)2·2H2O. Therefore, the phase
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extraction. On the basis of the results above, the better rate
capability and cycling performance of ZVO-GN is attributed to
the hybrid architecture. On the one hand, conductive graphene
networks oﬀer eﬃcient electron transport and provide
mechanical ﬂexibility for ZVO to accommodate volumetric
variations and prevent the pulverization during cycling (Figure
S11). On the other hand, compared with bare ZVO, the hybrid
structure possesses higher contact area between electrode and
electrolyte to reduce Rct (Figure S4, Figure 4d), which results in
better rate capability.
To further investigate the electrochemical reaction mechanism, ex-situ XPS spectra are employed to monitor the valence
states change of Zn and V. In the XPS spectra of the freshprepared ZVO-GN electrode, the peak located at the binding
energy of 1021.6 eV is attributed to Zn2+ 2p3/2 and the peak for
V 2p3/2 (517.1 eV) can be indexed to V5+, suggesting the Zn
element and V element exist as Zn2+ and V5+, respectively
(Figure 5a,b). For the electrode discharged to 0.01 V in ﬁrst
cycle, the peak for Zn 2p3/2 can be deconvoluted into two
components, where a new small peak beside Zn2+ appears at the
binding energy of 1021.4 eV, corresponding to the Zn0 state.
Upon deep discharge, Zn can reversibly react with Li to form a
Li−Zn alloy at potentials below 1.0 V and contribute to the
anodic capacity.60 Because of the valence state change of V, the
peak becomes broadened. Further analysis indicates that the
XPS peak has three components at 517.2, 516.5, and 515.7 eV,
corresponding to V5+, V4+, and V3+, respectively, implying the
reduction of V5+ to V4+ and consecutive reduction of V4+ to V3+
in the discharge process (Figure 5c,d). When the electrode
charged to 3 V, the Zn0 is oxidized to Zn2+ again during the
subsequent delithiation process (Figure 5e). In the V 2p3/2
spectrum, the vanadium is not fully recovered to V5+, with the
existence of V4+ (Figure 5f), which correspond to those
reported transition metal vanadates.19,22,27
The results demonstrate that zinc pyrovanadate nanoplates
embedded in graphene networks show better electrochemical
performance compared to pristine zinc pyrovanadate nanoplates. The improved electrochemical performance can be
ascribed to two factors: First, this nanocomposite possesses
higher speciﬁc area than that of pristine zinc pyrovanadate
nanoplates, indicating that the nanocomposite has a large
electrode−electrolyte contact area and provides more active
reaction sites to reduce the Rct. Second, graphene oﬀers 2D
continuous networks to improve the electronic conductivity
and increases structural integrity for good strain accommodation. The good electrochemical properties of the nanocomposite make it a promising anode material for LIBs.

the capacity of ZVO is lower than that of ZVO-GN. The
speciﬁc capacity of the electrode is calculated based on the
ZVO-GN nanocomposite. The galvanostatic discharge−charge
voltage proﬁles for the 1st, 2nd, 50th, 100th, and 200th cycles
of ZVO-GN and ZVO were collected at a current density of
200 mA g−1 (Figure 4b and Figure S5b). ZVO-GN presents a
ﬁrst cycle discharge capacity up to 1420 mA h g−1 with the
Coulombic eﬃciency of ∼67%. ZVO-GN shows the capacity
retention 98% from 2nd to 200th cycle, while ZVO shows a
great decay of capacity after 200 cycles. ZVO-GN exhibits
better rate performance than ZVO (Figure 4c). The average
discharge capacities of 1134, 1008, 858, 732, and 629 mA h g−1
were obtained for ZVO-GN at current densities of 100, 200,
500, 1000, and 2000 mA g−1, respectively. As for ZVO, its
average reversible capacities are 991, 809, 628, 503, 375 mA h
g−1 at the aforementioned current densities. When the current
density is gradually reduced to 100 mA g−1 again, a capacity up
to 1049 mA h g−1 (∼93% of the second cycle capacity) can be
recovered for ZVO-GN. In contrast to ZVO-GN, a lower
capacity of only 723 mA h g−1 (∼73% of the second cycle
capacity) can be recovered for ZVO. Nyquist plots before and
after cycling (Figure 4d) present a semicircle and a quasistraight line, which are associated with the charge transfer
resistance (Rct) and the impedance of Li+ diﬀusion in solid
materials (Warburg impedance, Zw), respectively. Moreover,
the values of Rct for ZVO-GN are obviously lower than those
for pristine ZVO, indicating a better electronic contact of the
ZVO-GN electrode superior to the ZVO electrode. The values
of Rct decrease after discharging/charging for both electrodes,
indicating a decrease in resistance after cycling.
Besides high capacity and good rate capability, ZVO-GN also
shows excellent cycling performance (Figure 4e). Its ﬁrst
discharge and charge capacity is 1396 mA h g−1 and 902 mA h
g−1, respectively, corresponding to a Coulombic eﬃciency of
∼65%. After 400 cycles, the nanocomposite retains a high
capacity of 854 mA h g−1 at a current density of 500 mA g−1
and maintains ∼95% of the second cycle discharge capacity. It
is worth mentioning that the capacity of rGO is only ∼84 mA h
g−1 after 100 cycles at a current density of 200 mA g−1 (Figure
S6), indicating that rGO contributes little to the capacity of the
nanocomposite. Cycling performances of ZVO-GN at diﬀerent
current densities (Figure S7 and Table S2) demonstrate the
higher capacity and better cyclability than those of ZVO. To
show the eﬀects of crystal water on electrochemical performance, two control samples have been prepared. Both of their
electrochemical performances are inferior to that of pristine
ZVO (Figure S8). In addition, the results of another two
control experiments indicate that the ZVO-GN composite
synthesized via hydrothermal method shows better electrochemical performance than both physical mixtures of ZVO and
rGO and bare ZVO nanoplates, and that the amount of
conductive additives has no side eﬀect on the cycling
performance of ZVO-GN (Figures S9 and S10).
To elucidate the reason for the better cyclability of ZVO-GN
than that of ZVO, SEM images of ZVO and ZVO-GN after
cycling were carried out (Figure S11). After 50 cycles at a
current density of 500 mA g−1, ZVO nanoplates pulverize with
some nanoparticles agglomerating around the nanoplates due
to the volumetric change of the materials during lithiation and
delithiation (Figure S11a,b). However, the morphology of
ZVO-GN is well-preserved (Figure S11c,d) under the same
condition, indicating better structural integrity of ZVO-GN
than that of pristine ZVO during repeated Li+ insertion/

■

CONCLUSIONS

In this work, zinc pyrovanadate nanoplates embedded in
graphene networks were successfully synthesized via a facile
one-pot hydrothermal method. This architecture utilizes the
advantages of enhanced conductivity and structural-integrity for
graphene and high speciﬁc capacity for zinc pyrovanadate
nanoplates. The nanocomposite exhibits a superior cyclability
from second to 400th cycle at a current density of 500 mA g−1
with a 95% of capacity retention. The design and construction
of hybrid nanostructure in this work is a facile and eﬀective
method to fabricate stable and high-performance materials for
LIBs.
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