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storage performance of additive-
free V2O5 thin film electrodes†

Yanwei Li, a Canzheng Liu,a Zhiping Xie,a Jinhuan Yao*a and Guozhong Cao *b
A binder- and conductive-agent-free V2O5 thin film electrode was

fabricated by a facile and cost-efficient cathodic deposition method

directly on stainless steel substrates followed by annealing at 300 �C in

air for 1 h. The V2O5 film is approximately 1 mm in thickness and

consists of layer-by-layer stacked nanosheets. When used as

a cathode for sodium ion batteries, the V2O5 thin film electrode

exhibits a high reversible discharge capacity (174 mA h g�1 at 200 mA

g�1), excellent cycling stability (almost 100% capacity retention over

200 cycles at 1 A g�1), and outstanding rate capability (retaining

a capacity of 124 mA h g�1 at 5 A g�1). Cyclic voltammetric analyses

reveal that pseudocapacity-dominated charge storage of sodium ions

accounts for the superior performance.
Introduction

Sodium ion batteries (SIBs) have been considered as prom-
ising next-generation alternatives to lithium-ion batteries
(LIBs), because sodium is widely available, low cost, and
environmentally friendly, and exhibits similar chemistry to
lithium.1 However, compared to LIBs, the larger radius (0.98
Å) of Na+ leads to sluggish electrochemical reaction kinetics
and unsatisfactory cycling stability of the electrode.2 There-
fore, the development and optimization of electrode materials
that can effectively and reversibly accommodate Na+ is
desperately needed. Currently, many efforts have been
devoted to developing new cathode materials for SIBs, such as
transition-metal oxides, polyanionic compounds, metal hex-
acyanometalates, and organic compounds.3 Among the
potential cathode materials for SIBs, layer structured
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vanadium pentoxide (V2O5) has attracted increasing attention
due to its simple structure, abundance in nature, ease of
synthesis, and high theoretical capacity (236 mA h g�1).4–12

Unfortunately, structural deterioration (the collapse of the
layered structure during repeated Na+ insertion/extraction
between the layers) and slow electrochemical kinetics are
still major challenges for the practical application of V2O5 in
SIBs.6 Engineering materials at the nanoscale offers unique
electrode properties, such as an increased contact area
between the electrolyte and electrode, short ion transport
pathways, and better accommodation of strains, leading to
enhanced electrochemical energy storage properties of
batteries.3,13–15 Several different types of V2O5 nanostructures,
such as hierarchical hollow nanospheres,10 nanobelts,11 and
nanosheets5 have been synthesized and they exhibited
enhanced sodium storage performance. However, most of the
previously reported nanostructured V2O5 is in powder form
and needs to be mixed with a polymer binder and carbon
black, and nally pasted onto a current collector, which
inevitably sacrices the energy density of the whole electrodes.
Moreover, the binder involved will greatly decrease the elec-
tronic conductivity of the electrode materials, hindering the
fast electron transport required for excellent cycling ability
and rate capability. Recently, a new strategy to construct
additive-free electrodes with satisfactory electric conductivity
and self-integrity has been exploited for boosting the storage
performance of electrode materials.16–18

Herein, we demonstrate a facile approach to fabricate an
additive-free V2O5 thin lm electrode through a simple
cathodic deposition method and subsequent annealing in air.
The lm is composed of stacked ultra-thin nanosheets
(�10 nm) parallel to the substrate. When applied as an elec-
trode for SIBs, this additive-free V2O5 electrode exhibited high
sodium storage activity, excellent cycling stability, and
impressive rate capability due to its unique stacked layer
nanostructure and pseudocapacity dominated charge storage
of sodium ions.
This journal is © The Royal Society of Chemistry 2017
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Experimental
Preparation of V2O5 thin lm electrodes

The V2O5 thin lm electrodes were prepared by a cost-effective
cathodic deposition method from diluted V2O5 solutions,
which were made according to the procedure reported by Fon-
tenot et al.19 In brief, V2O5 powders (AR, Shantou Xilong
Chemical Factory, China) were added into deionized water and
H2O2 (30 wt% in H2O, Shantou Xilong Chemical Factory, China)
to obtain a solution with a V2O5 concentration (CV) of 0.3 M and
n(H2O2) : n(V) of 8 : 1. The resulting solution was stirred and
sonicated for 15 min successively, followed by dilution to CV ¼
0.056 M and then sonication for 90 min until the solution
turned into brownish red V2O5 gel. This gel was further
dispersed and diluted by deionized water to form a brick-red
colored, transparent solution with a CV of 0.008 M and used
as the deposition precursor. For the preparation of V2O5 thin
lms, a stainless steel sheet (sus.304) was used as the deposi-
tion substrate on the negative side, and a Pt plate was used as
a counter electrode on the positive side. The deposition voltage
was �2.5 V. The as-deposited thin lm electrodes were ambient
dried and then annealed at 300 �C for 1 h in air.

Materials characterization

The microstructures of the V2O5 thin lms were characterized
by X-ray diffraction (XRD, PANalytical, X'Pert3 powder), eld
emission scanning electron microscopy (SEM, HITACHI,
SU5000), and transmission electron microscopy (TEM, JEOL,
JEM-2100F). The oxidation state of V in the V2O5 thin lm was
determined with an X-ray photoelectron spectrometer (XPS,
Thermo Electron Corp, ESCALAB 250Xi). Thermogravimetric
analysis (TGA) measurement was carried out using a thermog-
ravimetric analyzer (TA instruments, SDT Q600) at a ramp rate
of 10 �C min�1 in air from �25 to 600 �C.

Electrochemical measurement

The sodium storage performance of the V2O5 thin lm electrode
(the mass loading was �0.5 mg cm�2) was tested using a sealed
standard three-electrode setup with a Pt plate as the counter
electrode, Ag/Ag+ as the reference electrode, and 1 M NaClO4 in
propylene carbonate (PC) as the electrolyte. The rate capability
and cycling performance were investigated by a chro-
nopotentiometry (CP) method. The cyclic voltammetry (CV)
curves were measured with a scan rate ranging from 5 to 25 mV
s�1. Both CV and CP tests were performed using an electro-
chemical analyzer (CH Instruments, Model 760E) in the voltage
range between �1.50 and 0.50 V (vs. Ag/Ag+).

Results and discussion

Fig. 1a presents the XRD patterns of the V2O5 lm electrode
before cycling and aer 200 discharge/charge cycles at a current
density of 1.0 A g�1. Before cycling, the lm electrode shows
typical (001) reection peaks, which agree well with the layered
V2O5$nH2O (JCPDS no. 40-1296).5 The interlayer distance is
estimated to be 11.2 Å by Bragg's law from the (001) peak
This journal is © The Royal Society of Chemistry 2017
position. This huge distance is benecial for Na+ insertion/
extraction.11 Aer 200 cycles, the peak shape and relative
intensity are almost the same as those before cycling, which
means that the layered structure was well retained aer repeated
Na+ insertion/extraction cycles. However, the position of the
(001) peaks moved to a higher angle. The calculated interlayer
distance decreased to 10.8 Å. This contraction of the interlayer
distance can be due to the inserted Na+ which exerts electrostatic
attraction with the vanadium oxygen pyramids. In the initial
several discharge/charge cycles, quite some Na+ did not come
out from the V2O5 lm electrode as reected by the coulombic
efficiency shown in Fig. 2d. The XPS result (Fig. S3a†) of the V2O5

lm in the fully charged state also conrms that quite some Na+

was trapped in the V2O5 lm aer discharge/charge cycles. The
size of the crystalline domains along the (001) facet is calculated
to be �10 nm by Scherrer's formula; this value is equal to the
average thickness of the nanosheets as shown in Fig. 1f. To
identify the oxidation state of vanadium in the as-prepared V2O5

lm, XPS was carried out and the result is shown in Fig. 1b.
The V 2p3/2 state has a broad peak and can be deconvoluted into
two binding energies: 517.43 and 516.05 eV, corresponding to
V5+ and V4+, respectively.16 The V4+/V5+ ratio is 16.33%, indicating
the presence of oxygen vacancies in the V2O5 lattice. Previous
studies on V2O5 for LIBs demonstrated that such vacancies may
enhance the electrochemical performance.20,21 From the TGA
plot (Fig. 1c) of the V2O5 lm, the composition of the lm is
estimated to be V2O5$0.58H2O. Fig. 1d–h show the SEM images
of the V2O5 lm before cycling and aer 200 discharge/charge
cycles at a current density of 1.0 A g�1. Before cycling, the
V2O5 lm exhibits a smooth surface morphology, which is
composed of ber-like nanostructures with a width narrower
than 100 nm. This ber-like surfacemorphology could be related
to the formation of hydrous V2O5 as reported in the previous
literature.16,22 The inset of Fig. 1d shows that the electrode is
highly exible. Aer 200 cycles, the surface of the V2O5 lm gets
rough and the ber-like nanostructures become more obvious.
Nanopores between the densely packed nanobers can be clearly
observed on the surface of the lm (Fig. 1g), which will facilitate
the penetration of electrolyte. The cross sectional view of the
V2O5 lms shows a very thin layer-by-layer stacked nanostructure
(Fig. 1e and f). The thickness of stacked nanosheets in the V2O5

lm is �10 nm, which is in good agreement with the value
calculated from XRD results (Fig. 1a). Aer 200 cycles, the layer-
by-layer stacked nanosheetmorphology is well retained (Fig. 1h).
These very thin nanosheets and the layer-by-layer stacked
structures are expected to be advantageous for obtaining good
electrochemical performance for SIBs. The TEM images further
conrms the nanosheet morphology (Fig. 1i) and the lattice
fringe of �11.2 Å can be assigned to the (001) plane (inset of
Fig. 1i), consistent with the XRD pattern (Fig. 1a). The curling up
at the edges of the nanosheets suggests their ultrathin feature
and good exibility.

Fig. 2a and b show the rate performance of the V2O5 elec-
trode. Even at a very high current density of 5.0 A g�1, the V2O5

can still deliver a high discharge capacity of 124 mA h g�1,
suggesting its outstanding rate capability. This rate perfor-
mance is better than those of nanostructured V2O5 electrode
J. Mater. Chem. A, 2017, 5, 16590–16594 | 16591
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Fig. 1 (a) XRD patterns of the V2O5 film before cycling and after 200 cycles. (b) XPS V 2p3/2 spectrum and (c) TG/DTG plots of the as-prepared
V2O5 thin film electrode. (d)–(h) SEM images of the V2O5 thin film electrode before cycling and after 200 discharge/charge cycles. (i) TEM images
of the V2O5 nanosheets peeled from the V2O5 film.
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materials reported in the literature (Fig. 2c).5–7,9–11,23 Fig. 2d
shows the cycling performance of the V2O5 electrodes at
a current of density of 1.0 A g�1. The discharge capacities
increased progressively from 125 to 157 mA h g�1 in the initial
30 cycles. This continuous capacity increase during the initial
30 cycles is attributable to the gradual electrochemical activa-
tion of the electrode.16,24 Aer the 30th cycle, the discharge
capacities become stable and there is no capacity decay from
the 30th cycle to the 200th cycle. The structural changes of the
V2O5 lm at various depths of discharge (DOD) were monitored
by ex situ XRDmeasurement and the results are shown in Fig. 2f
and g. With DOD increasing from 0% to 100%, the main (001)
diffraction peak shied toward higher angles along with the
decrease in crystallinity (Fig. 2f). The shiing to higher angles
reects the decrease of the interlayer distance (Fig. 2g), which is
caused by the coordination reaction of inserted Na+ with the
V2O5 skeleton.6,12 In the charge process, with the depths of
charge (DOC) increasing from 0% to 100%, the main (001)
diffraction peak shied toward lower angles along with the
increase in crystallinity (Fig. S1†). As shown in Fig. S2,† the
changes of the interlayer distance between the discharge
(insertion) and the charge (extraction) process show a mirror
image. Aer 200 discharge/charge cycles, the interlayer distance
can still recover the value as that in the 10th cycle (Fig. 2g),
16592 | J. Mater. Chem. A, 2017, 5, 16590–16594
implying the excellent structural reversibility of the V2O5 lm
during long-term cycling.

Due to the layer-by-layer stacked nanosheet morphology, we
expect that the V2O5 lm electrode may exhibit signicant
pseudocapacitance.25–27 According to the sweep voltammetry
method proposed by Dunn's group,28 one can use the scan-rate-
dependent CV curves (Fig. 3a) to quantify the contributions
from the capacitive effect (k1v) and diffusion-controlled (k2v

1/2)
process to the current response using the following equation:
i(V) ¼ k1v + k2v

1/2. By determining k1 and k2, the capacitive
charge storage at a certain voltage can be estimated (Fig. 3b–d).
As shown in Fig. 3e, the Na+ storage in the V2O5 lm is
a capacitive-dominated process, particularly at high scan rates.
At 5 mV s�1, the capacitive process accounts for �57% of the
total charge storage, estimated by the enclosed area, while at
25 mV s�1, this value increases to �75%. To further distinguish
pseudocapacitive behavior from the double layer capacitance,
we performed CV measurement in an electrolyte with very large
ions (1.0 M tetrabutylammonium perchlorate (TBAClO4) in PC)
that cannot be inserted into V2O5. The obtained capacitance in
TBAClO4/PC electrolyte is only 5.2% of the total charge storage,
indicating that the majority of the capacitive charge storage is
due to the pseudocapacitance (Fig. 3f). Such a high fraction of
pseudocapacity can be due to the stacked ultrathin nanosheet
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Rate performance and (b) selected discharge/charge profiles of the V2O5 film electrode under various current densities. (c)
Comparison of the rate capabilities of the V2O5 reported in this work and those in previous literature. (d) Cycling performance and (e) selected
discharge/charge profiles of the V2O5 film electrode at a current of density of 1.0 A g�1. (f) Ex situ XRD patterns and (g) the calculated interlayer
distances of the V2O5 film at various depths of discharge (DOD).

Fig. 3 (a) CV curves of the V2O5 film electrode at various scan rates. (b)–(d) Capacitive and diffusion contributions to the total stored charge at
different sweep rates. (e) Separation of contributions from capacitive and diffusion-controlled capacities at different sweep rates. (f) CV curves of
the V2O5 film electrode measured in different electrolytes.
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morphology and the presence of oxygen vacancies, which can
simultaneously promote Na+ and electron accessibility to the
surface/subsurface. A key feature of pseudocapacitance is that
This journal is © The Royal Society of Chemistry 2017
the electrode materials do not undergo phase transitions in
association with charge storage,29 which facilitates fast kinetics
and long cycle lifetimes.27,30–32
J. Mater. Chem. A, 2017, 5, 16590–16594 | 16593
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Conclusions

An additive-free V2O5 lm electrode was fabricated by a very
facile and cost-efficient cathodic deposition method. The
prepared V2O5 lm electrode exhibits a high reversible
discharge capacity, excellent cycling stability, and outstanding
rate capability for Na+ intercalation/deintercalation. The excel-
lent Na+ storage performance could be attributed to its unique
stacked nanosheet morphology and huge interlayer distance,
which could benet the penetration of the electrolyte, greatly
shorten the diffusion path for both Na+ and electrons, enhance
the diffusivity of Na+ in the electrode, and effectively accom-
modate the severe volume variation of the electrode material
upon cycling. More importantly, kinetic analysis reveals that the
Na+ storage in the V2O5 lm is a pseudocapacitive-dominated
process, which ensures the fast insertion and extraction of Na+

at a high rate.
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