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Synthesis of bundled, single crystalline Na1.16V3O8 nanobelts is done by a simple and novel cost-effective low-temperature hy-
drothermal method and further annealed at different temperatures. These nanobelts are applied as both cathode and anode material
for aqueous rechargeable lithium ion battery. The morphologies and structure of Na1.16V3O8 nanobelts are studied via field-emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) and X-ray diffraction (XRD) techniques. The
nanobelts are observed to have a large aspect ratio, with a diameter of 75(±5)nm and an average length of ∼5 μm. Electrochemical
behavior of Na1.16V3O8 nanobelts were studied via cyclic voltammetry (CV) and galvanostatic studies. Systematic, comparative
studies for Na1.16V3O8 annealed at various temperatures showed a good reversible initial discharge capacity values, with a maximum
of high-temperature-annealed symmetric Na1.16V3O8 cell has an initial discharge capacity of ∼152.42 mAhg−1 and >75% retention
of initial capacity over 100 charge/discharge cycles exhibiting excellent cyclic stability and rate performance at a current density
of 5000 mAg−1. The pseudocapacitive surface charging in Na1.16V3O8 nanobelts which facilitate low energy Li+ pathways from
surface to the subsurface V3O8

− interlayer sites could be the main reason for its high rate performance capabilities observed.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.025403jes] All rights reserved.
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Global concerns over depleting fossil fuels and increase in global
warming has resulted in extensive research in the area of renewable
energy and, indisputably, energy storage plays a vital role in the con-
version of energy obtained from renewable resources to energy grid.1–7

One such energy storage system is the rechargeable battery, which
plays a vital role in portable electronics such as computers, mobile
phones and hybrid electric vehicles (HEVs). Existing rechargeable
battery technologies include lead-acid, nickel-cadmium, nickel-metal
hydride (Ni-MH) and lithium-ion batteries (LIBs). Most of these bat-
teries have intrinsic problems:8–12 for example, lead acid and nickel
cadmium systems suffer from low energy density and environmental
concerns owing to the use of toxic materials like lead and cadmium,
while Ni-MH batteries have large self-discharge and LIBs have high
safety risks due to the combustible nature of organic electrolytes and
the vigorous reaction that electrode material has with the organic
electrolyte during overcharging or short-circuiting. As a result, man-
ufacturing of LIBs requires sophisticated cell assembly technologies:
the importance of having a dry, air-tight environment to prevent pre-
mature oxidation / hydroxylation of lithium (Li) ions lead to the high
cost of LIBs in general.13–16 Moreover, large-scale energy storage
technologies lead to considerable concern regarding safety and toxic-
ity, alongside electrochemical issues related to loss of energy density
and efficiency. Four aircrafts from Boeing 787 dreamliner had elec-
trical problems arising from its lithium ion battery. Thus, there is an
pressing need for the development of a safe, low-cost, high-power
LIBs for large scale applications like electric vehicles (EVs), aircrafts
and renewable energy storage.

One such promising alternative is aqueous rechargeable lithium
ion batteries (ARLB),17–22 first reported by Dahn and co-workers in
1994, which potentially could address both the safety problems of
LIB and the low energy/power density and cycle life associated with
commercialized aqueous based lead-acid and nickel-metal-hydride
batteries. A voltage vs. capacity plot of potential cathode and anode
materials that have been studied for ARLB are shown in Fig. 1. As
can be seen, hydrogen and oxygen evolution is a critical factor in
ARLB. Li et al have shown a full ARLB cell made up of LiMn2O4

as cathode and VO2(B) as anode in an aqueous electrolyte of LiNO3

with a capacity of ∼100 mAh g−1 and a cell potential of 1.5 V.23

However, several critical challenges need to be addressed for success-
ful practical realization of ARLB which includes optimization of the
right anode/cathode/electrolyte material combination that can deliver
high energy/power density and excellent cycleability.

zE-mail: madhavi@ntu.edu.sg

The remarkable structural flexibility, high discharge capacity,
abundance and low cost of vanadium oxides amongst the numer-
ous transition metal oxides have spurred immense interest amongst
the research community to explore the possibility of using this
vanadium oxides and its derivatives for large scale grid storage-
application.24–28

Studies on lithiated vanadium oxide materials show the instabil-
ity of LixV2O5 upon electrochemical cycling. Fully-lithiated Li3V2O5

exhibits rock-salt structure and the lithium insertion/ de-insertion pro-
cess results in multiple redox reactions resulting in crystal structural
collapse, eventually leading to amorphization and capacity loss upon
further cycling.29–32 Layered LiV3O8 structure comprises of VO6 oc-
tahedra and VO5 tetrahedra held together by lithium ions situated at
the interlayer octahedral sites that are immobile and cannot participate
in intercalation / deintercalation processes. Lithium ions in the tetra-
hedral sites can enable insertion of two Li ions contributing to a high
specific capacity of ∼200 mAh g−1. Recent studies on LiV3O8 shows
poor cycling behavior of this material in aqueous electrolyte attributed
to crystal structure collapse and vanadium dissolution.33 One way to
alleviate this issue is to replace Li ions in LiV3O8 with sodium (Na)
ions giving rise to sodium vanadate (Na1.16V3O8, NVO) structure. Re-
cent studies on lithium ion organic electrolytes based batteries (LIB)
on NaV3O8 showed that this structure is more resilient to lithium in-
tercalaion/deintercalation with decreased vanadium dissolution than
LiV3O8.

34–36

As such, solid state synthesis of Na1.16V3O8 using V2O5 and
Na2CO3 has been previously reported by M.Onoda37 while the ef-
fect on crystallinity of Na1+xV3O8 during the electrochemical lithium
insertion / deinsertion processes has been studied by Kawakita
et al.35 Wang et al.38 has studied the use of Na2V6O16 nanowire
for LIBs, which gave a initial specific discharge capacity of 268
mAh g−1 and improved cycling stability upon heat-treatment of the
compound. According Wang et.al, Na2V6O16.xH2O shows a differ-
ent crystal structure from NaV3O8, thereby different electrochemi-
cal performance.35,36 However, based on our knowledge there are no
reported studies on the electrochemical performance of Na1.16V3O8

(NVO) nanobelts as electrodes for aqueous rechargeable lithium ion
batteries. In this work, electrochemical performance of the Na1.16V3O8

nanobelts synthesized by hydrothermal method is studied in aqueous
rechargeable lithium batteries (ARLB). Considering the wide operat-
ing potential window for Na1.16V3O8 in aqueous electrolyte, we report
for the first time its applicability as both cathode and anode material,
thereby resulting in a symmetric (NVO/NVO) aqueous rechargeable
lithium ion battery (ARLB) with excellent cycling stability and rate
capabilities.
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Figure 1. Voltage vs capacity for cathode and an-
ode materials presently used or under serious consid-
eration for next generation of aqueous rechargeable
lithium-ion batteries.

Experimental

Synthesis and characterization of Na1.16V3O8.— Analytically-pure
vanadium pentoxide (V2O5, 98%. Sigma Aldrich) and sodium hydrox-
ide (NaOH, Sigma Aldrich) was used as received. 0.01 moles NaOH
was mixed with 0.01 moles of V2O5 in deionized (DI) water and stirred
overnight to obtain an orange brown solution which was transferred to
a 50 mL Teflon-lined stainless steel autoclave and heated at 180◦C for
48 h. Resulting precipitate mixture was filtered, washed, and dried at
80◦C for 4 h to obtain the as-synthesized Na1.16V3O8 powder (NVO).
To study the effect of heat-treatment on the structural and electro-
chemical properties of NVO, further heat-treatment was carried out
for 2 h at 200◦C, 300◦C and 400◦C and the respective samples are
denoted as NVO-200, NVO-300 and NVO-400 respectively.

Morphological studies were conducted using field-emission scan-
ning electron microscopy (FE-SEM, JEOL, JSM-6340F) at an ac-
celerating voltage of 5 kV and transmission electron microscopy
(TEM, JEOL 2100F) at an accelerating voltage of 200 kV. Phase
purity and crystal structure of NVOs were examined by a Bruker X-
ray diffractometer D8 Powder (Cu-Kα radiation, with step scanning
(0.01◦, 0.6s dwell time, 40 kV). The obtained X-ray diffraction (XRD)
patterns were analyzed by Rietveld phase analysis within the Topas
V3 (Bruker-AXS), using fundamental parameters approach. Thermal
gravimetric (TG) analysis was done using TA-TGA Q500 instrument
under N2 atmosphere.

Electrochemical measurements.— Electrodes were prepared by
mixing the active material, binder (Kynar 2801), and Super P Li
carbon (Timcal) in the weight ratio of 75:15:10, using 1-methyl-2-
pyrrolidinone (NMP, anhydrous) as solvent to form slurry. This vis-
cous slurry was coated onto a 1 cm2 area of graphite paper and dried in
a convection oven at 80◦C to form the electrodes. To elucidate the elec-
trochemical processes of the aqueous LIB, cyclic voltammetry (CV)
and galvanostatic charge / discharge of the half cells were carried out
in a three-electrode configuration, using 4 M lithium chloride (LiCl)
aqueous solution, with platinum foil and a standard calomel elec-
trode (SCE) as the counter and reference electrodes. Full cell cyclic
voltammetry and galvanostatic charge / discharge was performed in
three-electrode configuration in 4 M lithium chloride (LiCl) aqueous
solution, with Na1.16V3O8 coated over graphite paper as the working
and counter electrode and standard calomel electrode (SCE) as ref-
erence electrode, using a computer-controlled potentiostat (Solartron,
1470E) at room temperature, in the voltage range of 0 to 1.9 V vs.
SCE.

Results and Discussion

Morphological and structural characterization.— Following se-
quential reactions occur when NaOH and V2O5 are mixed and au-
toclaved to yield Na1.16V3O8 hydrothermally: Na+ inserts into the
V3O8

− layers forming the Na1.16V3O8.
51

V2O5 + 2NaOH = 2VO3Na + H2O

VO3Na + V2O5 = V3O8Na

V3O8Na + NaOH = Na1.16V3O8 + 0.84Na+ + OH− + H2O(excess)

FE-SEM was carried out to observe NVO morphologies, as shown
in Fig. 2. NVO-200 shows well-bundled nanobelt morphology with
aspect ratio ∼20 (average diameter of ∼100 nm and length ≤2 μm).
On the other hand, NVO-300 possesses nanobelt morphology, which
may indicate better crystallinity than NVO-200, with particle size in
submicron range of 80–100 nm. Finally NVO-400 exhibits high aspect
ratio (>50) nanobelts with average diameter of ∼50–100 nm.

Further, observations of NVOs under bright-field TEM (Fig. 3)
shows the presence of several layers of lamellar crystals, giving rise
to the belt-like morphology. In general, the crystals of NVO sintered
at 400◦C, (NVO-400, Fig. 3c) show the formation of larger and thicker
crystals as compared to those in NVO-200 (Fig. 3a) and NVO-300
(Fig. 3b). High resolution image of NVO-400 (Fig. 3d) with diffraction
pattern (inset) of a single NVO-400 crystal oriented along the [−132]
zone axis is obtained. The diffraction pattern can be indexed, within
reasonable agreement with the XRD data of NVO-400.

The powder XRD patterns of NVOs (Fig. 4) are collected to eluci-
date the crystal structures, and evaluated using the Rietveld refinement
method. The XRD patterns (Fig. 4) can be fully indexed to the crystal
structure of Na1.16V3O8 (P121/m1, PDF 16–4514) via Rietveld refine-
ment, without the presence of any impurity peaks. As presented in
Table I, the lattice parameters calculated by the Topas software for
NVO-200 are a = 7.10(2) Å, b = 3.45(5) Å and c = 11.84(2) Å, with
average crystal size ∼7 nm. Upon further heat-treatment at 300◦C and
400◦C, lattice parameters and average crystal size increases, which
can be observed through the sharpening of XRD peaks from NVO-
200 through NVO-400 (a = 7.31(2) Å, b = 3.61(6) Å and c = 12.16(2)
Å, with average crystal size ∼28 nm). Increase in heat-treatment tem-
perature from 200 to 400◦C seemingly leads to the increase in cell
volume, and the lattice parameters are very close to that of the cal-
culated pattern. It is probable that, higher heating temperature could
enable the better formation of a stable super-cell structure, resulting
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Figure 2. Field-emission scanning electron microscopy images of (a) NVO-200, (b) NVO-300 and (c) NVO-400.

in Na2.32V6O16. Also, the lattice parameters have similar values to
those reported in the papers by M.Onoda,37 therefore the formation
of Na1.16V3O8 can thus be confirmed. The increase in crystal size is
very much in agreement with the observations under the TEM.

Figure 3. Bright-field transmission electron microscopy images of (a) NVO-
200, (b) NVO-300, (c) NVO-400 and (d) high-resolution image with corre-
sponding indexed selected-area diffraction pattern (SAED) (inset) of NVO-
400.

Electrochemical characterizations.— Cyclic voltammetry (CV) of
the three annealed NVOs as anode and cathode was carried out in
three-electrode configuration within the potential range of −1.0 to
0.0 V and 0.0 to 1.0 V vs. SCE respectively, at a scan rate of
1 mVs−1, to elucidate the phase transformations occurring during
the electrochemical processes and presented in Fig. 5. In the anodic
CV of NVO-200, one main reduction peak can be observed at −0.58 V
and a faint reduction peak at −0.28 V vs. SCE and two main oxidation
peak at −0.49 V and −0.2 V vs. SCE respectively (Fig. 5a). In the
cathodic CV of NVO-200, one main oxidation peak can be observed
at 0.6 V vs. SCE and a reduction peak at 0.45 V vs. SCE (Fig. 5b).
These peaks indicate redox processes occurring during electrochem-
ical charging / discharging. Similarly, these redox peaks39,40 are also
observed in the CV of NVO-300 (Fig. 5) and NVO-400 (Fig. 5).
Upon subsequent cycling, it can be observed that the current density
of NVO-200 reduces drastically, whereas the current density fades
less in the cases of NVO-300 and NVO-400. This could indicate that
the higher heat-treatment temperature helped to improve the elec-
trochemical properties and cyclic stability of the Na1.16V3O8 active
material.

To further investigate the electrochemical performance of NVO as
cathode, anode and symmetric full cell, cyclic voltammetric (CV) of
NVO-400 was carried out in three-electrode configuration within the
potential range of −1.0 to 0 V, 0 to 1.0 V and 0 to 2.0 V vs. SCE
respectively, at a scan rate of 5 mVs-1 as shown in Fig. 6. The redox
peak at ∼−0.5 V might correspond to V2+/V3+ redox reaction.41

V3+ + e− + Li+ ←→ V2+
(int) [1]

The redox peaks at ∼0.5 V & ∼0.7 V correspond to redox
reaction 2 and 3.42,43

VO2+ + e− + Li+ ←→ V3+
(int) [2]

VO2+ + e− + Li+ ←→ VO2+
(int) [3]

The CV curve of NVO//NVO symmetric full ARLB fabricated
using 4M LiCl in aqueous electrolyte studied between 0 to 2.0 V vs.
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Figure 4. (a) Rietveld refinement of X-ray diffraction (XRD) pattern of NVO-400 and (b) XRD patterns of NVO-200, NVO-300 and NVO-400 respectively.

SCE showed 3 distinct redox couples with oxidation peaks at 0.52 V,
0.8 V, 1.6 V and corresponding reduction peaks at 0.14 V, 0.5 V,
1.32 V vs. SCE respectively.

Complete full cell reaction can be written as follows :

VO2
+ + 3e− + 3Li+ ←→ V2+

(int) [4]

As shown in Fig. 7, half cell electrochemical performance of
NVO as cathode and anode was further studied using galvanostatic
charge/discharge cycles, in three electrode configuration, at a current
density of 5 Ag−1. NVO-200 as anode gave an initial charge capacity
of 100 mAhg−1 and discharge capacity of 98 mAhg−1, while NVO-
300 and NVO-400 as anode gave an initial charge capacity of ∼120
mAhg−1 and discharge capacity of ∼121 mAhg−1. All the specific
capacity values are calculated with respect to the mass of the active
material. Apparently, NVO as anode displays higher reversible capac-
ity in aqueous solution than other commonly used anode materials.
LiV3O8, LiT2(PO4)3 and TiP2O7, which delivered a discharge capac-
ity of 40 mAhg−1, 80 mAh g−1 and 100 mAhg−1 respectively.44–46

NVO-200 as cathode gave an initial charge capacity of ∼80 mAhg−1

and discharge capacity of ∼80 mAhg−1, while NVO-300 and NVO-
400 as cathode gave an initial charge capacity of ∼80 mAhg−1 and
discharge capacity of ∼80 mAhg−1. NVO as cathode shows slightly
lower reversible capacity of ∼80 mAhg−1 in aqueous solution com-
pared to traditional ARLB based cathode materials, LiMn2O4, LiCoO2

and LiMnO2, which delivered a discharge capacity of 84 mAhg−1,
100 mAhg−1 and 60 mAhg−1 respectively.47–49 Absence of real dis-

charge plateau is attributed to multi-lithium ion intercalation/de-
intercalation process.40 The electrochemical properties of all the NVO
electrodes in NVO//NVO full symmetric cell configuration (ratio of
anode and cathode used is 1:1.5) were evaluated via galvanostatic
cycling, in three electrode configuration, at a high current density of
5 Ag−1 between 0 and 1.9 V vs. SCE respectively, and the galvano-
static traces are presented in Fig. 8. The initial charge capacity is
∼156.18 mAhg−1 and discharge capacity ∼152.42 mAhg−1 can be
observed in almost all the NVO samples. (All the specific capacity
values are calculated with respect to the limiting electrode which is
anode in this case.) In the above mentioned equations 1–4, Vana-
dium in NVO undergoes redox reaction from V5+ to V2+ during the
charge/discharge cycle thereby inserting 3 moles of lithium. There-
fore, one redox change is accompanied by insertion of 3 moles of
lithium per formula unit of Na1.16V3O8, which is in accordance with
the structural similarity and lithium insertion observed in LiV3O8.34,35

According to the potential of both the cathode and anode, the terminal
voltage of the symmetric cell is around 1.8(±0.5)V as seen in Fig. 8.
which has an energy density of ∼120 Whkg−1, the highest energy den-
sity reported by any symmetric ARLB so far.50 Charging above 1.9 V
leads to side reactions and hence the full cell potential of the symmetric
cell architecture has been limited to 1.9 V. From the charge/discharge
curve observed in Fig. 8, one can conclude that the charge storage in
Na1.16 V3O8 is dominated by pseudocapacitive energy storage mech-
anism compared to the normal faradaic diffusion-controlled inser-
tion process.53 Lithium ion insertion via pseudocapacitance is not

Table I. Calculated lattice parameters and volume of Na1.16V3O8 heat treated at 200◦C, 300◦C and 400◦C for 2h.

Na1.16V3O8 (annealing temperature in◦C) a (Å) b (Å) c (Å) Crystal size (nm) Volume (Å3)

200 7.10(2) 3.45(5) 11.84(2) ∼7(3) 277.9(10)
300 7.28(1) 3.591(4) 12.12(1) 9(4) 301.76(49)
400 7.306(2) 3.607(6) 12.160(2) ∼28(5) 305.22(11)
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Figure 5. Cyclic voltammograms (CV) of NVO-200, NVO-300 and NVO-400 as (a)Anode and (b)Cathode in three-electrode configuration (vs. SCE) from −1.0
to 0 V and 0 to 1.0 V respectively, at scan rate of 5 mV s−1.

diffusion limited like battery even though both the processes require
redox reaction for charge storage.

The cyclic stability of these active materials was further evaluated
by prolonged cycling, up to 100 cycles, at 5 Ag−1 (Fig. 9). The dis-
charge capacity at the end of 100 cycles for NVO-200 was 70.33 mAh
g−1, equivalent to ∼50% retention of initial capacity, while NVO-
300 and NVO-400 retained >60% and ∼80% of the initial capacity
respectively. The initial rapid fading of the capacity observed in NVO-
200 and NVO-300 can be attributed to their poorer crystallinity. From
the TG curves (Fig. 11), it can be clearly seen that heat-treatment at
400◦C is extremely efficient to remove the water content from the
NVO completely while, NVO-200 and NVO-300 has 5.59 wt% and
2.94 wt% water content in them. Absence of water molecule from
the crystal due to annealing at high temperature can also increase the
capacity and also help in the cycling stability.52,39 Wang et al.38 has
observed reduction in crystal volume with heat-treatment due to the
loss of water molecules from the crystal which he has confirmed us-
ing TGA and XRD. Annealing at higher temperatures increases the

crystallinity and thereby the crystal size of a material. So, in materials
where there is loss of water of crystallization due to heat-treatment,
the overall crystal volume is dependent on the phenomena which dom-
inates the most. Wang et al., observed higher loss of water molecules
and decrease in cystallinity at higher annealing temperatures, hence
the crystal volumes for Na2V6O16.xH2O decreases with increase in
the annealing temperatures.

While in Na1.16V3O8, we observe an increase in cystallinity along
with higher loss of water molecule within the crystal with increase
in the annealing temperature. Hence NVO-400 shows higher crystal
volume compared to NVO-200 and NVO-300 (Table I). Therefore,
crystal structure of a material plays a very important role in the ther-
modynamic and crystalline nature of a material, which in-turn plays
a key role in its electrochemical performance.

The cyclic stability of NVO-400, compared to NVO-200 and NVO-
300 is superior and this can be attributed to the higher crystallinity
(larger crystal size) as observed from the TEM (Fig. 3) and XRD
(Fig. 4). Apparently, NVO symmetric cell shows a higher capacity

Figure 6. Cyclic voltammograms (CV) of NVO-400 as Cathode, full cell, Anode in three-electrode configuration (vs. SCE) from −1.0 to 0 V, 0 to 2.0 V and 0 to
1.0 V respectively, at scan rate of 5 mV s−1.
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Figure 7. Galvanostatic charge-discharge profiles of NVO-200, NVO-300 and NVO-400 respectively, as (a) Anode in three-electrode configuration (vs SCE)
from −1 to 0 V and (b) Cathode in three-electrode configuration (vs SCE) from 0 to 1 V, in 4M aqueous solution of LiCl, at current density of 5 Ag−1.

retention of ∼80% at the end of 100 cycles compared to the 55%
capacity retention shown by LiMn2O4 symmetric cell reported by
Sun et al. at the end of 30 cycles.50 Capacity fading can be further
slowed down by adjusting the electrolyte composition, for example,
by the addition of different additive, modification of electrode surface
or modulation of pH, which will be the object of future research.

In general, the increase in annealing temperature leads to increase
in the diameter of the nanobelt, which in turn leads to higher electro-
active surface area and reduced ion diffusion path, due to the higher
aspect ratio. This, in turn, improves the mobility of lithium ions within
the active material, enabling a larger number of lithium ions to inter-
calate into the active electrode material and occupy the vacant tetra-
hedral sites in the crystal structure of Na1.16V3O8 (Fig. 10). High-rate
capability of materials depends not only on the miniaturization of the
particle size of active materials, but also on the structure, electrode

Figure 8. Galvanostatic charge-discharge profiles of NVO-200/NVO-200,
NVO-300/NVO-300 and NVO-400/NVO-400 respectively in a 4M LiCl aque-
ous solution, in three-electrode configuration (vs SCE) from 0 to 1.9 V, at
current density of 5 Ag−1.

porosity and composition of the materials.51 Therefore, electronic
and ionic wirings of the active mass which allows faster pathways to
conduct ions and electrons are crucial for high-rate capabilities. The
layered crystal structure of Na1.16V3O8 facilitates the lithium inser-
tion / de-insertion into and from the layers via the diffusion, while
presence of sodium ions (Na+) residing in the octahedral sites37–39

aids in maintaining the layered structure, by supporting the V3O8
−

puckered layers, during the electrochemical lithiation / de-lithiation
processes, resulting in excellent electrochemical performance in terms
of rate capability and cyclic stability.28,39 The superior electrochem-
ical performance of NVO-400, among NVO-200 and NVO-300, can
be attributed to the larger cell volume and crystal size. The expansion
of the a, b and c lattice parameters indicate that the tetrahedral voids
are larger than those in NVO-200 and NVO-300, thereby facilitating
the entry of lithium ions into the crystal structure. Good Columbic
efficiency in the range of 98–100% was achieved over the cycles at a
high current density of 5 Ag−1.

Figure 9. Specific capacity vs. cycle no. and Coulombic efficiency of NVO-
200/NVO-200, NVO-300/NVO-300 and NVO-400/NVO-400 respectively, in
three-electrode configuration from 0 to 1.9 V, at current density of 5 Ag−1.
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Figure 10. Crystal structure of Na1.16V3O8.

Figure 11. TG curves of NVO-200, NVO-300 and NVO-400.

Conclusions

Nanobelt Na1.16V3O8 has been synthesized by a facile hydrother-
mal method, followed by subsequent heat-treatment at different tem-
peratures (200◦C, 300◦C and 400◦C). Characterization via field-
emission scanning electron and transmission electron microscopes
showed the formation of belt-like structures with high aspect ratio
>20. X-ray diffraction confirmed the formation of 100% phase pure
sodium vanadate Na1.16V3O8 (NVO). The application of NVO both
as cathode and anode material in an aqueous lithium ion battery was
demonstrated and the electrochemical properties were studied via

cyclic voltammetry and galvanostatic charge/ discharge. High initial
capacity of >150 mAhg−1 at high current rate was achieved. Upon
cycling to 100 cycles, ∼75% of initial capacity was retained, exhibit-
ing the superior rate performance and cycling stability of NVO. More
importantly, it can be deduced that the layered structure of NVO, cou-
pled with the presence of sodium ions, resulted in a stable structure,
enabling the ease of lithium intercalation/deintercalation, leading to
future applications of NVO as potential electrode material for aqueous
lithium ion batteries. Further studies on NVO could target to improve
its volumetric energy density by enhancing the diffusion controlled
lithium insertion along with the pseudocapacitive charging by tailor-
ing different nanoarchitectures and alkali-metal ion replacement.
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