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ABSTRACT: Na0.33V2O5 nanosheet-graphene hybrids were successfully fabricated for the first time via a two-step route
involving a novel hydrothermal method and a freeze-drying technique. Uniform Na0.33V2O5 nanosheets with a thickness of about
30 nm are well-dispersed between graphene layers. The special sandwich-like nanostructures endow the hybrids with high
discharge capacity, good cycling stability, and superior rate performance as cathodes for lithium storage. Desirable discharge
capacities of 313, 232, 159, and 108 mA·h·g−1 can be delivered at 0.3, 3, 6, and 9 A·g−1, respectively. Moreover, the Na0.33V2O5-
graphene hybrids can maintain a high discharge capacity of 199 mA·h·g−1 after 400 cycles even at an extremely high current
density of 4.5 A·g−1, with an average fading rate of 0.03% per cycle.
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■ INTRODUCTION
Rechargeable lithium ion batteries (LIBs) have been widely
used in portable electronics and become the prime candidate to
power electric vehicles, since they possess attractive character-
istics, such as high energy density, long lifespan, and
environmental friendliness.1 However, the unsatisfactory
specific capacities of current commercial cathodes block the
further application of LIBs. For instance, LiCoO2, LiMn2O4,
and LiFePO4, the most commonly used cathodes, deliver low
reversible capacities (<180 mA·h·g−1).2 Therefore, cathode
materials with higher energy and power densities must be
developed to meet the ever-increasing demand for high-
performance LIBs.
Over the past decades, vanadium oxides and vanadates have

been extensively studied as cathode materials for LIBs due to
their high capacities, low cost, and abundant resources.3−11

Among those compounds, vanadium pentoxide (V2O5) with
layered structure exhibits a high theoretical capacity of 442 mA·
h·g−1 when three lithium ions are intercalated, thus becoming

one of the most promising candidates. But bulk V2O5 suffers
from intrinsic low lithium ion diffusion coefficient (∼10−12 cm2·
s−1), poor electronic conductivity (10−2−10−3 S· cm−1), and
structural instability upon deep charge and discharge.12,13 One
of possible strategies is introducing second metal cations (Na+,
Ag+, and Li+, et al.) into the V2O5 interlayer, since those ions
can act as “pillars” to improve structural stability and provide a
fast diffusion path.14 Among them, β-Na0.33V2O5 with a rigid
three-dimensional (3D) framework has drawn much atten-
tion.15−17

As shown in Figure 1, there are three crystallographically
different vanadium sites in β-Na0.33V2O5, namely, V(1), V(2),
and V(3).18 The edge-sharing V(1)O6 octahedra and corner-
sharing V(2)O6 octahedra form zigzag chains and double chains
along the b axis, respectively, which are further linked by
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oxygen atoms and constitute [V4O11]n layers along the (001)
plane. The zigzag chains composed of edge-sharing V(3)O5
pyramids connect the [V4O11]n layers, thus forming the 3D
tunnelled structure. Baddour-Hadjean et al. studied the
structural behaviors of β-Na0.33V2O5 during discharge in the
potential range of 2.2−3.8 V.15 They found that the overall
structural changes of β-Na0.33V2O5 were negligible, since the 3D
structure could diminish the structural stress induced by lithium
insertion. Highly ordered single crystalline NaV6O15 nanorods
were fabricated and exhibited specific discharge capacities as
high as 328 and 300 mA·h·g−1 at current densities of 20 and 50
mA·g−1.9 Recently, Liang et al. prepared mesoporous β-
Na0.33V2O5 exhibiting specific discharge capacities of 339 and
226 mA·h·g−1 at 20 and 300 mA·g−1, respectively.16 Despite
these structural advantages and some nanostructured β-
Na0.33V2O5 being synthesized, the practical application of this
material remains a challenge. β-Na0.33V2O5 requires further
modifications to overcome certain limitations, such as large
resistance polarization and poor rate capability. Therefore,
reducing the particle size and hybridization with electronically
conductive materials are necessary for this material.
Two-dimensional (2D) nanosheets, especially those with

lateral dimension of sub-micrometers to micrometers and
thickness less than several tens of nanometers, can be
considered as a new class of inorganic macromolecules with
high surface areas and unique electronic properties that are
important for sensing,19 catalysis,20 and energy storage.21−25 In
particular, 2D nanosheets are ideal structures for fast lithium
storage, since they can provide a short lithium ion diffusion
path, a two-dimensional carrier pathway, and a high active
surface area compared with bulk materials.26 Recently, a lot of
inorganic materials with nanosheet structures have been
synthesized, such as BN,27 MoS2,

28 MnO2,
29 Ni(OH)2,

30 and
Co(OH)2.

31 Unfortunately, in most cases, materials with
nanosheet morphology essentially have layered crystal
structures. This is a major obstacle for exploiting other
materials, especially those without layered crystal structures.
Some efforts have been devoted to synthesizing nonlayered-
structure ternary materials with thin nanosheet structures, such
as Li4Ti5O12

32 and Li3VO4 nanosheets.33 Nevertheless, it
remains challenging to fabricate monoclinic β-Na0.33V2O5
with uniform and thin nanosheet morphology due to its
nonlayered crystal structure.
On the other hand, hybridization with carbon materials is a

practical and effective method to enhance electronic con-
ductivity of electrodes. Nanocomposites modified by carbon
materials (such as graphene,33−37 CNTs,38,39 and carbon40) are
intensively studied for LIBs. Specifically, graphene as a two-
dimensional carbon material, exhibiting superior electrical
conductivity, large surface area, and structural flexibility, is

greatly pursued by chemists and material scientists.41,42 Many
graphene-based hybrids (such as LiV3O4@graphene,33 Co3O4@
graphene,35 and MoO2@graphene36), in which nanoparticles
are distributed onto the surface of graphene or between
graphene layers, have been fabricated by restacking graphene
sheets in the presence of guest nanoparticles or corresponding
precursors. However, as far as we know, monoclinic β-
Na0.33V2O5-graphene hybrids have not been reported yet.
Here, we successfully fabricated the Na0.33V2O5 nanosheet-

graphene hybrids for the first time. A two-step route involving a
novel hydrothermal method and a freeze-drying technique was
employed. First, we fabricated well-dispersed quasi-2D
Na0.33V2O5 nanosheets by a novel hydrothermal method
using polyvinylpyrrolidone as the surfactant which benefited
the formation of quasi-2D Na0.33V2O5 nanosheets. Then the
Na0.33V2O5 nanosheets were inserted into graphene by freeze-
drying. The Na0.33V2O5 nanosheet-graphene hybrids have
typical sandwich-like nanostructures. Graphene layers in the
hybrids build a conducting network and prevent nanosheets
from agglomerating during cycling, which can shorten the
transport path for electrons and lithium ions.43,44 It is surprising
that the Na0.33V2O5 nanosheet-graphene hybrids show superior
rate performance even at extremely high current densities (up
to 9 A·g−1), which is much better than those reported
Na0.33V2O5 materials9,16,17 and some vanadates containing
other metal ions.4−8 This strategy could be explored to obtain
composites consisting of graphene and other ternary materials
with complex valence states and nonlayered crystal structures.

■ EXPERIMENTAL SECTION
Materials Preparation. All of the raw materials were of analytical

grade and used as received without any further purification.
Na0.33V2O5 nanosheets were first prepared via a hydrothermal

method. Vanadium pentoxide (V2O5, 0.364 g) was dissolved in 35 mL
of a mixture of deionized water and 30 wt % hydrogen peroxide (6:1,
v/v) with vigorous stirring. Then sodium bicarbonate (NaHCO3,
0.126 g) and polyvinylpyrrolidone (PVP, 0.5 g) were added under
magnetic stirring until a clear solution formed. The final mixture was
transferred to a 50 mL Teflon-lined stainless steel autoclave and
heated at 160 °C for 3 h to form the precursor of Na0.33V2O5. Then
the resulting precipitate was washed by centrifugation and dried at 70
°C overnight; after that it was calcined at 350 °C for 6 h in air to
obtain Na0.33V2O5 nanosheets. Graphene oxide (GO) was synthesized
by Hummers’ method.45

Na0.33V2O5 nanosheet-graphene hybrids were fabricated by
subsequent freeze-drying and thermal reduction. An 80 mg amount
of the as-synthesized Na0.33V2O5 was homogeneously dispersed in 30
mL of GO dispersion (1.5 mg/mL) using a probe sonication. The
mixture was freeze-dried and formed sponge-like Na0.33V2O5-graphene
oxide hybrids which were then calcined at 280 °C for 1 h in air to
obtain Na0.33V2O5 and thermally reduced graphene hybrids.46 Pure
thermally reduced graphene was also prepared via the same processes

Figure 1. Crystal structure of β-Na0.33V2O5.
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of freeze-drying and thermal reduction as Na0.33V2O5 nanosheet-
graphene hybrids without adding Na0.33V2O5 nanosheets.
The obtained thermally reduced graphene, Na0.33V2O5, Na0.33V2O5-

graphene oxide, and Na0.33V2O5-thermally reduced graphene are
designated as TRG, NVO, NVO-GO, and NVO-TRG, respectively.
Materials Characterization. The structures and morphologies of

as-prepared samples were characterized by X-ray diffraction (XRD;
Rigaku D/max2500; Cu Kα radiation), scanning electron microscope
(SEM; FEI Nova NanoSEM 230; 10 kV), transmission electron
microscope (TEM; JEOL JEM-2100F; 200 kV), atomic force
microscopy (AFM; Picoplus), and Raman spectroscopy (Jobin Yvon
LabRAM Hr800, Longjumeau, France). The content of graphene in
the NVO-TRG hybrids was measured by a combined differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
instrument (Netzsch STA449C, Selb, Germany) in an air atmosphere.
Electrochemical Measurements. Electrochemical tests were

carried out via CR2016 coin-type cells. The working electrodes were
fabricated by mixing the active material, acetylene black, and
polyvinylidene fluoride (PVDF) in a weight ratio of 7:2:1 in an
appropriate amount of N-methyl-2-pyrrolidone (NMP). The resulting
slurry was then cast onto Al foil and dried in a vacuum oven at 100 °C
for 10 h. Li metal, polyethylene membrane, and 1 M LiPF6 solution in
ethylene carbonate/dimethyl carbonate (EC/DMC; 1:1, v/v) were
used as counter electrodes, separators, and the electrolyte, respectively.
All coin cells were assembled in an argon-filled glovebox (Mbraun,
Garching, Germany).
The galvanostatic charge/discharge measurements were conducted

in the voltage range of 1.5−4.0 V (vs Li/Li+) at room temperature
using a battery tester (CT2001A, LANHE, Wuhan, China). The
current densities and specific capacities were based on the weights of
Na0.33V2O5 nanosheets only. Cyclic voltammetry (CV) measurements
were performed at a scan rate of 0.1 mV·s−1 in the voltage range of
1.5−4.0 V (vs Li/Li+) on an electrochemical workstation (CHI604E,
ChenHua, Shanghai, China). The electrochemical impendence
spectrometry (EIS) tests were carried out in the frequency range of
100 kHz to 10 mHz on cells in as-assembled condition using an
electrochemical workstation (ZAHNER-IM6ex, Kronach, Germany).

■ RESULTS AND DISCUSSION

The phases of as-synthesized samples were characterized by
XRD, and the results are shown in Figure 2a. All three samples
(NVO nanosheets, NVO-GO hybrids, and NVO-TRG hybrids)
show similar diffraction peaks which could be well-indexed to a
monoclinic β-Na0.33V2O5 phase (JCPDS No. 77-0146). These
results indicate that the crystal structures of NVO nanosheets in
NVO-GO and NVO-TRG hybrids are well-preserved during
the processes of freeze-drying and thermal reduction. In the
pattern of TRG, the sharp diffraction peak of GO located at
10.6° vanishes but a new broad diffraction peak around 25°
appears, indicating the deep reduction of GO.46 Correspond-
ingly, the broad (100) peak of NVO-GO hybrids which
suggests the existence of GO is also narrowed in the pattern of
NVO-TRG hybrids. However, the characteristic peak of TRG is
indistinctive in the pattern of NVO-TRG hybrids, perhaps
because it is shaded by the strong diffraction peaks of NVO
nanosheets.33 In the pattern of NVO nanosheets, the intensity
of the (002) peak is slightly stronger than that of the (111 ̅)
peak which is the strongest peak in the standard card of β-
Na0.33V2O5. This result implies the preferred orientation of
NVO nanosheets along the (002) plane. However, for NVO-
TRG hybrids, the (002) peak intensity of NVO nanosheets is
far stronger than the (111 ̅) peak intensity, which might be
attributed to the enhanced alignment of NVO nanosheets on
large graphene layers.
Raman spectroscopy was used to characterize graphene

layers in NVO-TRG hybrids (Figure 2b). The Raman spectra of

all three samples show similar peaks at about 1356 and 1580
cm−1 which can be separately assigned to the symmetry A1g
mode (D band) and the E2g mode of sp2 carbon atoms (G
band). It can be seen that the intensity ratios of D band to G
band (ID/IG) of TRG and NVO-TRG (about 1.18 and 1.13)
are higher than that of GO (about 0.81). The increasing ID/IG
indicates the effectiveness of thermal reduction of GO, which is
consistent with the XRD results.47

The TG result of NVO-TRG hybrids, as shown in Figure 2c,
shows a mass loss of about 16.2%. And the corresponding DSC
curve shows a clear exothermic peak around 400 °C, suggesting
that the mass loss should be ascribed to the combustion of
TRG. Accordingly, the content of TRG in the NVO-TRG
hybrids can be deduced.
Figure 3a displays that the precursor of NVO consists of

nanosheets with width of 200−300 nm and length of 0.5−1
μm. The nanosheet morphology is well-maintained after
calcination as shown in Figure 3b. AFM testing gives a direct
thickness of NVO nanosheets, which is about 30 nm, as shown
in Figure S1 of the Supporting Information. The images of

Figure 2. (a) XRD patterns of GO, TRG, NVO nanosheets, NVO-GO
hybrids, and NVO-TRG hybrids. (b) Raman spectra of GO, TRG, and
NVO-TRG hybrids. (c) TG and DSC curves of the as-prepared NVO-
TRG hybrids.
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NVO-TRG hybrids show that dispersed NVO nanosheets are
well-covered by wrinkled graphene layers and the NVO-TRG
hybrids show a layer-by-layer structure (Figure 3c,d).
To provide further insights into the morphology and

structure of the resulting NVO-TRG hybrids, TEM inves-
tigations were carried out. The bright-field TEM (BF TEM)
image of NVO-TRG hybrids is shown in Figure 4a. And the

clear lattice fringes with a spacing of 0.34 nm in the high-
resolution TEM (HRTEM) image can be indexed to the (111 ̅)
plane of the monoclinic β-Na0.33V2O5, which is consistent with
the XRD results (Figure 4b). A detailed chemical analysis of
NVO-TRG hybrids was conducted using high-angle annular
dark-field (HAADF) scanning transmission electron micros-

copy (STEM) and energy dispersive X-ray (EDX) elemental
mapping. Parts a and b of Figure S2 separately show the BF
TEM and HAADF STEM images of the NVO-TRG hybrids.
The elemental mappings of the constituting elements C, Na, V,
and O (Figure S2c−f), which demonstrate the compositional
distribution of the hybrids, show clear boundaries of NVO
nanosheets and graphene.
The preceding XRD, Raman, SEM, and TEM results indicate

that the NVO-TRG hybrids have sandwich-like nanostructures
with NVO nanosheets well-dispersed between graphene layers.
These unique nanostructures are expected for superior
electrochemical performance because they can shorten the
transport path for electrons and lithium ions.
The electrochemical properties of NVO-TRG hybrids and

bare NVO nanosheets as cathode materials for lithium ion
batteries were studied in detail. Figure 5a shows cyclic
voltammetry (CV) curves of NVO-TRG electrode. The redox
peaks of NVO-TRG electrode are located at about 3.26, 2.88,
2.50, and 1.97 V for the cathodic process and about 2.39, 2.77,
2.95, and 3.32 V for the anodic process. Those cathodic and
anodic peaks can be ascribed to the multistep lithium ion
intercalation and deintercalation behaviors in β-Na0.33V2O5,
respectively.16,17,48 Besides, the shapes of the CV curves are
almost identical, suggesting highly reversible lithium insertion
and extraction processes in the NVO-TRG electrode. As for
NVO electrode, the CV curves show similar redox peaks with
cathodic peaks at around 3.26, 2.87, 2.45, and 1.91 V and
anodic peaks at around 2.34, 2.83, 2.98, and 3.34 V, but these

Figure 3. SEM images of (a) the precursor of NVO and (b) NVO nanosheets; (c) side view and (d) top view of NVO-TRG hybrids.

Figure 4. (a) BF TEM and (b) HRTEM images of NVO-TRG
hybrids.
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redox peaks are less reversible than those of NVO-TRG
electrode (Figure 5b).
Figure 6a displays the discharge (Li lithiation)/charge (Li

delithiation) profiles of NVO-TRG electrode at a current
density of 150 mA·g−1. Discharge plateaus at about 3.25, 2.90,

2.54, and 2.03 V as well as charge plateaus at about 2.71, 2.95,
and 3.29 V can be observed in the first cycle, which is
consistent with the CV results. All of the profiles show similar
multistep discharge/charge behaviors, which also indicates the
highly reversible processes of lithium intercalation and
deintercalation in the NVO-TRG electrode.
The cycling performance of NVO-TRG and NVO electrodes

at different current densities are shown in Figure 6b. The NVO-
TRG hybrids can maintain discharge capacities of 310 and 298
mA·h·g−1 at 150 and 300 mA·g−1 over 50 cycles, with high
capacity retention of 94.8% and 94.9% on the basis of
maximum discharge capacities. For the NVO electrode, the
initial discharge capacities of 258 and 234 mA·h·g−1 are
delivered at the current densities of 150 and 300 mA·g−1.
However, the discharge capacities of NVO electrode decrease
rapidly during the first few cycles, with low-capacity retentions
of 70.2% and 55.6% at 150 and 300 mA·g−1 over 50 cycles.
More surprising results come from further studies of the rate

capability of NVO-TRG electrode. Figure 6c shows the rate
performance of NVO-TRG and NVO electrodes tested at
different current densities. NVO-TRG electrode exhibits
discharge capacities of 313, 276, 232, and 191 mA·h·g−1 during
the 10th cycle at the current densities of 0.3, 1.5, 3, and 4.5 A·
g−1, respectively. Notably, even at extremely high current
densities of 6.0, 7.5, and 9.0 A·g−1, NVO-TRG electrode can
still deliver desirable capacities of 159, 130, and 108 mA·h·g−1.
Moreover, NVO-TRG electrode also exhibits an excellent
cycling stability at a high current density of 4.5 A·g−1 as shown
in Figure 6d, maintaining a discharge capacity of 199 mA·h·g−1

after 400 cycles. Interestingly, the cycling profile exhibits an
obviously increasing trend in the initial stage. In some previous
works on vanadates, a similar capacity increase was also
observed.9,17 This phenomenon might be attributed to the

Figure 5. Cyclic voltammetry profiles of (a) NVO-TRG and (b) NVO
electrodes.

Figure 6. (a) Discharge and charge profiles of NVO-TRG electrode at a current of 150 mA·g−1 in the range of 1.5−4 V vs Li/Li+. (b) Cycling
performance of NVO-TRG and NVO electrodes at different current densities. (c) Rate performance of NVO-TRG and NVO electrodes. (d) Cycling
performance of NVO-TRG electrode at a current density of 4500 mA·g−1 and the corresponding efficiency.
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process of activation and stabilization in the electrode
materials.11,49,50 In comparison, NVO electrode suffers from
low discharge capacities, once the current densities reach 1.5 A·
g−1. The preceding results demonstrate that the electrochemical
performance (especially the rate capability) of NVO-TRG
hybrids is superior to that of NVO nanosheets. It is generally
assumed that the charge/discharge rate capability of LIBS
depends critically on the migration rate of lithium ions and
electrons.51−53 Therefore, the superior rate performance of
NVO-TRG hybrids might be ascribed to its special sandwich-
like nanostructures in which the combination of NVO
nanosheets and graphene layers can benefit the transport of
lithium ions and electrons. Table 1 gives a direct comparison on
electrochemical properties of Na0.33V2O5-graphene hybrids and
other works. It can be seen that the Na0.33V2O5-graphene
hybrids show outstanding electrochemical performance.
To further understand the improved electrochemical

performance of NVO-TRG electrode, electrochemical impe-
dance spectroscopy measurements of fresh NVO-TRG and
NVO electrodes were performed as shown in Figure 7. Both
Nyquist plots show a compressed semicircle in the high- to
medium-frequency range and an inclined line in the low-
frequency range. In general, the semicircle describes the charge
transfer resistance, and the line is related to the diffusion of
lithium ions within the electrode. The impedance spectra can
well-fit into the equivalent circuit shown in the inset of Figure

7, where the symbols Rs, Rct, CPEdl, and Zw stand for the
solution resistance, charge transfer resistance, double layer
capacitance, and Warburg impedance, respectively. The charge
transfer resistance of NVO-TRG electrode (158 Ω) is much
smaller than that of NVO electrode (588 Ω). This is clear
evidence that NVO-TRG electrode has a higher electronic
conductivity than NVO electrode. Thus, the improved
electrochemical performance of NVO-TRG electrode could
be attributed to the presence of graphene layers. Graphene
layers can act as miniature current collectors and separators
between NVO nanosheets to establish a conducting network
and prevent NVO nanosheets from agglomerating during
cycling, which facilitates fast electron and ion transport in the
electrode.

■ CONCLUSIONS

Na0.33V2O5 nanosheet-graphene hybrids were successfully
fabricated for the first time. The strategy mainly involves a
novel hydrothermal method and a freeze-drying technique. It is
interesting that the Na0.33V2O5-graphene hybrids demonstrate
highly reversible capacity, good cycling stability, and superior
rate performance compared with those reported Na0.33V2O5
materials and some vanadates containing other metal ions. A
desirable reversible capacity of 310 mA·h·g−1 can be delivered
at a current density of 150 mA·g−1, with high-capacity retention
of 94.8% after 50 cycles. Moreover, the Na0.33V2O5-graphene
hybrids can maintain a discharge capacity of 199 mA·h·g−1 after
400 cycles even at an extremely high current density of 4.5 A·
g−1, with an average fading rate of 0.03% per cycle. Considering
their surprising rate performance, the Na0.33V2O5-graphene
hybrids could be a promising candidate for high-power lithium
ion batteries.
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Table 1. Comparison on Electrochemical Properties of Na0.33V2O5-Graphene Hybrids and Other Works in Coin Cell
Configuration

sample ref current density (mA·g−1) capacity after cycles (mA·h·g−1)
cycle no.

(capacity retension)
voltage range

(V)

Li0.7V6O15 nanowire 8 1000 ∼50 900 (39%) 1.5−4.0
Mo-doped LiV3O8 6 300 205.9 100 (76.5%) 2.0−4.0
Al2O3-coated LiV3O8 4 100 205.7 100 (72.7%) 2.0−4.0

3000 118.5 100 (74.0%) 2.0−4.0
LiV3O8 nanowire 7 1500 160 400 (90.9%) 1.5−4.0

2000 120 600 (87.6%) 1.5−4.0
3D AgVO3/graphene composite aerogels 5 50 118.8 50 (60.9%) 1.5−3.7

1000 116.4 50 (80.9%) 1.5−3.7
mesoporous β-Na0.33V2O5 16 50 177 50 (60.2%) 1.5−4.0

300 154 50 (61.0%) 1.5−4.0
NaV6O15 nanorods 9 20 328 20 1.5−4.5

50 297 70 1.5−4.5
β-Na0.33V2O5 17 3.8 253 70 (89%) 1.5−4.0
Na0.33V2O5-graphene hybrids this work 150 310 50 (94.8%) 1.5−4.0

300 298 50 (94.9%) 1.5−4.0
4500 199 400 (87.4%) 1.5−4.0

Figure 7. Nyquist plots of the NVO-TRG and NVO electrodes.
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