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ABSTRACT: Sodium-ion battery (NIB) cathode performance
based on ammonium vanadate is demonstrated here as having
high capacity, long cycle life and good rate capability. The
simple preparation process and morphology study enable us to
explore this electrode as suitable NIB cathode. Furthermore,
density functional theory (DFT) calculation is envisioned for
the NH4V4O10 cathode, and three possible sodium arrange-
ments in the structure are depicted for the first time. Relevant
NIB-related properties such as average voltage, lattice constants,
and atomic coordinates have been derived, and the estimated
values are in good agreement with the current experimental
values. A screening study shows ammonium vanadate electrodes
prepared on carbon coat onto Al-current collector exhibits a
better electrochemical performance toward sodium, with a
sustained reversible capacity and outstanding rate capability. With the current cathode with nanobelt morphology, a reversible
capacity of 190 mAh g−1 is attained at a charging rate of 200 mA g−1, and a stable capacity of above 120 mAh g−1 is retained for
an extended 50 cycles tested at 1000 mA g−1 without the addition of any expensive electrolyte additive.
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■ INTRODUCTION

Lithium-ion batteries (LIB) are typically material-intensive
technology, and if they are to become widely deployed, the
elements required by this technology will be needed in
significant quantities. However, many of these elements are
expensive, or traded in large quantities and as a result their
availability may be constrained. The major elements like
lithium, cobalt, and so on, can be considered as “critical” for a
variety of reasons such as uneven distribution in earth’s crust,
poor concentration by natural processes, or production in a
small number of countries or in locations subject to political
instability.1 Therefore, shortage of these critical elements is
significantly accelerate the adoption of alternative energy
storage technologies currently that could in turn limit the
competitiveness of lithium-ion technologies.
Recently, there have been large efforts to identify long-term

and large-scale storage technology that are both essential to our
economy and able to supply adequate energy and power. One
such technology is sodium-ion batteries (NIB), which are
currently of significant interest mainly due to their cost
advantages and the relative abundance of sodium in earth’s
crust compared to lithium.1 In response to growing concerns of

NIB electrode materials, a diverse range of transition metal
(TM)-based oxides, phosphates, silicates, borates, pyrophos-
phates, fluoro-phosphates, and fluoro-sulfate materials have
been explored as positive electrode materials, as similar
approach adopted in LIBs.1−8 However, low discharge capacity,
cyclic stability, and lack of proper electrolyte combinations
make NIB very attractive to the academic researchers to
perform science.
Fundamentally, the ionic volume of Na is more than 70%

larger than that of Li, and it could be more prominent in
solvated state. The larger sized cations need large open
framework to facilitate cations intercalation/deintercalation in
the host electrode. In response to this problem, several groups
have demonstrated layered transition metal oxides with
orthorhombic, monoclinic crystal structure that can be used
as cathode materials for a NIB. Similarly, vanadium oxide could
be considered as a prominent cathode material due to its
layered structure that can facilitates cation insertion and
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extraction within its framework without generating much
mechanical stress.9 In this direction, many studies have recently
attempted to increase the interlayer spacing and surface area of
vanadium oxide.10,11

Recently, we have reported lithium trivanadate
(LixV3O8)

12,13 and NH4V4O10
14 with quasi-one-dimensional

morphology as LIB cathode materials where both of these
electrodes can accommodate more than two lithium12−14 or
sodium-ions in their structure without much distortion.
However, sodium intercalation in ammonium vanadate cathode
was not successful in the past, and few reports showed gradual
capacity fading at very low current rates.15,16 In principle, after
insertion and deinsertion of Na+ in the host matrix, the reaction
should keep the host structure intact. However, the large
variation in sodium content within the electrodes during
continuous cycling may cause a diverse range of structural
changes, such as lattice expansion or contraction, order−
disorder transition, two-phase reaction, phase separation, and
so on.17 Such changes arise locally at the atomic level, impose a
significant influence on Na+ reactivity, and determine the
overall cyclic performance of NIBs. Therefore, it is anticipated
here that any new electrode material need to be characterized
on the basis of structural changes associated with sodium
insertion/extraction, and simultaneously, we gain knowledge of
their energy storage mechanisms. The current study is devoted
to the same goal, where ammonium vanadate acts as a cathode
material for NIBs, and we intended to study from synthesis and
characterization to ab initio DFT calculation and to understand
the underlying phenomena of sodium reaction with electrode
to improve the battery performance further.

■ EXPERIMENTAL SECTION
Synthesis. Ammonium vanadium oxide (NH4V4O10) with nano-

belt morphology was prepared by hydrothermal synthesis process. The
synthesis procedure of NH4V4O10 was adopted from our previous

report.14 In this typical synthesis process, 2.0 g of vanadium pentoxide
(V2O5, Sigma-Aldrich, 99.6%) was added into 10 mL of ammonium
hydroxide solution (NH4OH, Merck India, 30%), and immediate color
change from yellow to white was observed. Later, 80 mL of 0.1 M
oxalic acid (Fisher Scientific, 99.5%) was added to the solution, and
the solution was stirred continuously for 20 min. Further, pH of the
solution was maintained ∼3 by dropwise addition of hydrochloric acid
(HCl, Merck, 37%) which leads to color change from white to red.
Immediately, the solution was further transferred into 100 mL Teflon
lined autoclave and heated at 190 °C for 5 h to achieve the desired
morphology. The final product was washed several times with
deionized (DI) water and dried at 60 ± 5 °C in a vacuum oven and
finally stored in argon filled glovebox.

Material Characterizations. The electrode materials were
systematically examined by X-ray diffraction (XRD) technique at
room temperature using Rigaku Smartlab X-ray diffractometer with Cu
Kα radiation (λ = 1.5418 Å). A field emission gun scanning electron
microscope (FEG-SEM, Carl Zeiss, Ultra-55) with a resolution about
0.8 nm and field emission gun transmission electron microscope
(FEG-TEM, JEM-2100F) was used to study the morphology of the
material. X-ray photoelectron spectroscopy (XPS, AXIS Ultra) was
used to confirm the oxidation state of vanadium.

Electrochemical Characterizations. All electrochemical experi-
ments were done by using lab scale Swagelok type cells. The cells were
assembled inside the argon-filled glovebox (Unilab Plus, MBraun,
Germany) with controlled moisture and oxygen level of 1 ppm.
Ammonium vanadium oxide (NH4V4O4) was used as a working
electrode, and polished sodium foil was pasted onto a stainless steel
disk to act as counter and reference electrodes in a two-electrode
configuration. A borosilicate glass microfiber filter (GF/D Whatman)
soaked in 1 M NaClO4 in ethylene carbonate (EC)/polyethylene
carbonate (PC) (1:1 wt %) was used as a separator. The electrode was
prepared by mixing NH4V4O10 as an active material, carbon black
(Super C-65, Timcal, Switzerland), and carboxy methyl cellulose
sodium salt (CMC, Loba-Chemie) in a weight ratio of 7:2:1,
respectively. Water was used as a solvent to obtain a homogeneous
and thick slurry, which was cast onto aluminum foil and dried at 60 ±
5 °C in a vacuum oven. The galvanostatic charge/discharge tests were
carried out in an Arbin batter testing instrument (BT-2000 model,

Figure 1. (a) XRD pattern of NH4V4O10 sample. (b) FEG-SEM image of NH4V4O10. (c) Graphical representation of NH4V4O10 nanobelts growth.
(d) Formation energy differences of different configurations of NH4V4O10 from DFT calculations.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03210
ACS Appl. Mater. Interfaces 2015, 7, 17044−17053

17045

http://dx.doi.org/10.1021/acsami.5b03210


Arbin Instruments, College Station, TX) at various current and voltage
range. Cyclic voltammetry (CV) and impedance spectroscopy
experiments were carried out in a Bio-Logic potentiostat (VMP-3
model, Bio-Logic Science Instruments, France) at constant scan rate of
0.1 mV s−1 at various voltage ranges at controlled temperature of 20 ±
2 °C. An electrochemical impedance spectroscopy (EIS) study was
performed by applying a current of 10 mA g−1 during the charge/
discharge process in a frequency range of 1 MHz to 0.1 Hz.

■ RESULTS AND DISCUSSION
In Na or Li battery systems, solid-state insertion is generally
considered as a rate-determining step among all other process
such as charge transfer reaction at the interface between
electrode and electrolyte, ion transport (Na/Li-ion movement
through the electrolyte), and ion (electrolyte) transport inside
the electrode structure.18 Herein, we report one-dimensional
(1-D) NH4V4O10 nanobelts that can offer a better Na-ion
kinetics within the solid-state electrode material due to low
dimensionality factor and having a larger van der Waals gap
between two vanadate layers. Therefore, an attempt to
synthesize 1-D ammonium vanadate (NH4V4O10) with
minimum dimension along [0k0] can lead to faster Li/Na-

ions kinetics, as the diffusion pathway of Li/Na-ion along the b
axis is similar to that of the V6O13 structure.19 Further, the
diffusion pathway of Li/Na-ion is along the b axis in NH4V4O10,
which is similar to V6O13 structure;19 so, an attempt to
synthesize 1-D NH4V4O10 with minimum dimension along
[0k0] can lead to faster Li/Na-ions kinetics.
Here, a single-step synthesis process was adopted to prepare

NH4V4O10 nanobelts. In the present report, the optimum
conditions for preparation of NH4V4O10 nanobelts were used as
previously reported literature from our group.14 Figure 1a,
shows the XRD pattern of NH4V4O10 as-synthesized powder.
The XRD pattern of NH4V4O10 resembles monoclinic structure
with high intensity peak (00l), which symbolizes the
preferential growth of NH4V4O10 material along z direction
(or, c axis). The lattice parameters of NH4V4O10 was evaluated
by FullProf Suite.20 The lattice parameters are a = 11.71 Å, b =
3.76 Å, c = 9.85 Å, α = 90, β = 101, and γ = 90, with space
group C12/m1, which matches with standard JCPDS data (file
no. 31-0075) a = 11.71 Å, b = 3.66 Å, c = 9.72 Å, α = 90, β =
101, and γ = 90. It is interesting to note from our previous
study14 that at pH ∼3, NH4V4O10 nanobelts not only showed

Figure 2. Density of states for (a) Na3NH4V4O10 and (b) NH4V4O10. Partial density of states for d states of different types of V in (c)
Na3NH4V4O10, (d) Na1NH4V4O10, (e) Na0.5NH4V4O10, and (f) NH4V4O10 (dashed vertical line denotes Fermi level).
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perfect crystal growth but also deliver an excellent electro-
chemical performance against Li/Li+.14 The NH4V4O10 nano-
belts grow a few micrometers in length with a few nanometers
width and thickness, as shown in Figure 1b. The material and
electrochemical performance of NH4V4O10 nanobelts prepared
at pH ∼ 3 (temperature ∼190 °C, time ∼5 h) were discussed in
detailed in present report. From Figure 1c, it can be noticed
that the growth of NH4V4O10 nanobelts form one-dimensional
array that developed parallel to the c axis (z axis), where the b
axis is the active site for Na+ ion intercalation/deintercalation.
Practically, all the NH4

+ sites are in the gallery space of the
NH4V4O10 structure, further suggesting that facile Na+ ion
intercalation/deintercalation could happen in the same site
along perpendicular c axis (or z direction). Thus, the 1-D array
of ammonium vanadate allows a shorter path through the core
of the particles to the surface,18 which leads to excellent
electrochemical performance in the sodium cathode.
Theoretical Calculation. To gain insight into the structural

and electronic changes during insertion of Na+ ions in
NH4V4O10, we also performed ab initio calculations. In the
initial structure, the NH4

+ ions lie in a gallery space of VO
layers and probably interact with these VO layers via N−H...O
hydrogen bonds. There are four sites available for the NH4

+ in a
gallery space with only two nonequivalent pairs of sites due to
the partial occupancy of N sites. As shown in Figure 1d, we
have calculated the formation energy of the different
configurations of NH4V4O10. Each configurations of
NH4V4O10 with the same site for the N have different
orientational arrangement of the NH4 molecules. For example,
the location of NH4

+ is the same in configurations 1 and 2, but
the orientation of the NH4 molecules at these sites is different.
Further, our analysis of the selected lowest energy configuration
suggests that the gallery space and site within VO layers are the
most favorable ion insertion sites (Figure 1c).
In Figure 2, we show the density of states (DOS), partial

density of states (PDOS), and V−d states at different
concentration of Na from DFT calculations. As shown in
Figure 2a, the valence band near the Fermi level is formed by

the hybridization of O 2p states and V 3d states. During Na
deintercalation, V 3d states shifted to the right with respect to
the Fermi level. This suggests the major role of V4+/V5+ redox
couple during the extraction of Na+ ion from Na3NH4V4O10
(Figure 2b). In Figure 2c−f, we compare the PDOS of four
types of V at different concentrations of Na. The difference in
the electronic structure of the four V types is quite apparent
from Figure 2. From DFT calculations, there were three
possible sodium arrangements in the structure with monoclinic
system. The crystal structures of NH4V4O10, Na1NH4V4O10,
Na0.5NH4V4O10, and Na3NH4V4O10 are shown in Figure S1.
On partial Na intercalation in NH4V4O10, the 3d states of V3

type shifts to the right with respect to Fermi level which on
further Na intercalation shifts back to left, suggesting oxidation
of V4+ to V5+ on insertion of 0.5 mole fraction of Na and
reduction of V5+ to V4+ at the higher concentration of Na
intercalation. Also, the band gap reduces to zero on the
insertion of 0.5 mole fraction of Na in NH4V4O10, which
suggests transformation from semiconductor to metallic
character. At higher concentrations of Na, the lower band
gap (< 1 eV) suggests the semiconductor behavior of the
material, which can facilitate material to perform at high
charge−discharge rate. The PDOS calculation indicates the
V4+/V5+ ratio to be 2:6 in the two formula units of NH4V4O10
structure. Further, the magnetic moment of V varies between
0.0 and 1.1 μB, which suggests the variation of the oxidation
state of V between 4+ and 5+ during sodium deintercalation
(Table S1). The presence of mixture of V4+ and V5+ influences
the voltage profile and explains the existence of voltage steps at
different level of Na intercalation in NaxNH4V4O10.
The presence of mixture of oxidation states may also

influence the local coordination environment of the V atom,
which in turn can alter the geometrical structure. The calculated
lattice parameters and lattice volume for NaxNH4V4O10 (where
x = 0.0, 0.5, 1, and 3) are listed in Table S2. On the insertion of
Na ion into the gallery space (when x < 1 in NaxNH4V4O10; the
formation energies of NH4V4O10 structure with Na in gallery
space is shown in Figure S2), the lattice parameters a and b

Figure 3. (a) The first charge/discharge profile at constant current (200 mA g−1) charge−discharge test. (b) Discharge capacity and capacity
retention vs cycle number of NH4V4O10 cathode, (c) XPS survey scan of NH4V4O10 cathode. (d) XPS spectrum of vanadium for NH4V4O10 cathode.
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increase by 3 and 0.8%, respectively, whereas lattice parameter c
decreases by 7%, which results in the decrease in lattice volume
by 4%. On further insertion of Na (when x > 1 in
NaxNH4V4O10) within the VO layer, the lattice parameters a,
b, and c increase by 4, 5, and 9%, respectively, resulting in the
overall increase in lattice volume by 17%. This suggests that the
insertion or extraction of Na within the VO layers leads to
distortion in the structural framework of NH4V4O10.
Electrochemical Performance. The utility of NH4V4O10

nanobelts as cathode material has been reported for LIBs;
however, electrochemical stability in this cathode material was
an issue in most of the reports. The electrochemical stability
was resolved by replacing commercial binder PVdF to
interactive binder like CMC, previously reported by our
group.14 We believe here that the NH4V4O10 nanobelts can
be one of the suitable candidates for NIBs due to availability of
large gallery space that can accommodate Na+. Figure 3a,b
shows the electrochemical performance of NH4V4O10 cathode
material against Na/Na+ redox couple. Particularly, Figure 3a
shows the intercalation/deintercalation of Na+ for NH4V4O10
cathode. The open circuit potential (OCP) of NH4V4O10
cathode material against Na/Na+ can be derived from Nernst
equation, which is equal to the difference of the Na chemical
potentials between two electrodes and is given by eq 1:21,22

μ μ
= −

−⎛
⎝
⎜⎜

⎞
⎠
⎟⎟V

e
Na
NH V O

Na
4 4 10

(1)

where e is the electron charge and μNa
NH4V4O10 (eV per Na atom)

is the Na chemical potential of the cathode. The chemical
potential of intercalated Na is equal to the derivative of the free
energy of the material with respect to Na concentration which
is according to eq 221,22

μ
δ
δ

=
⎛
⎝⎜

⎞
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g
x T P x

Na
, , (2)

where g is the Gibbs free energy per NaxNH4V4O10 formula
unit, x is the fraction of available interstitial sites occupied by
Na,21,22 T is temperature, and P is pressure. The Gibbs phase
rule in a closed system at equilibrium gives the relation among
degree of freedom (DOF, f), the number of separate phases (p)
and the independent components (c),

= − +f c p n (3)

where n is the number of the intensive variables; however,
temperature and pressure are intensive in electrochemical
study. Thus, eq 3 becomes,

= − +f c p 2 (4)

In NIB, the electrode can be considered as a binary system with
sodium and the intercalated host. Further, fixing temperature
and pressure, eq 4 becomes

= − + − = −f p p(2 2) 2 2 (5)

For single phase (p = 1), from eq 5, f = 1, thus only one variable
can vary. In electrochemical system, the potential of the cell
varies with concentration (sodium). Moreover, for biphasic
system (p = 2), f = 0; thus, potential (intensive variable) remain
constant. Therefore, the plateaus and steep fall in charge/
discharge profile show intercalation of Na+ at various steps in
the gallery space of NH4V4O10 cathode material, which

resembles biphasic and single-phase processes, respectively,
according to the Gibbs phase rule.
The color strips shown in the Figure 3a show the region of

single and biphase; however, for the ∼1.9−1.5 V region, the
insertion of Na+ was observed to be a two-step processes.
Further, Figure 3b shows the discharge capacity of NH4V4O10
(vs Na/Na+) cathode material against cycle number. The first
discharge capacity of NH4V4O10 was ∼219 mAh g−1 at 200 mA
g−1 current rate between 1 and 4 V (vs Na/Na+) potential
window. The ratio of V5+/V4+ is in the order of 3:1, where
complete reduction of V5+ to V4+ should theoretically deliver a
capacity of ∼210.5 mAh g−1. The extra capacity during the
discharge process may be attributed to either a certain amount
of V4+ reduction to V3+23 or to surface storage of Na+ at low
potential, which is similar to LIB. Though the initial capacity of
NH4V4O10 was high, after the 29th−30th cycle, the capacity
fading was significant and leads to a poor electrochemical
performance. At the 50th cycle, the NH4V4O10 cathode holds
only 51% of its initial capacity. Therefore, it is necessary to
know the capacity fading mechanism of NH4V4O10 cathode in
the potential window of 1−4 V. X-ray photoelectron spectros-
copy (XPS) was performed to determine the charge state of
vanadium in NH4V4O10 cathode material (Figure 3c). Figure 3d
illustrates the spectrum of vanadium peaks of V 2p, which
corresponds to V 2p3/2 and V 2p1/2 of V5+. However, the
peak ∼517.1 eV was deconvoluted to less intense peak (515.7
eV) which corresponds to V4+, suggesting the coexistence of the
V5+/V4+ redox couple in NH4V4O10. Moreover, to determine
the ratio of V5+/V4+ in NH4V4O10 cathode material, the peak
area was integrated which determine the ratio for V5+/V4+

∼3.07:1.
Morphology Change with Cycle Number. Figure 4a

shows the morphology of pristine NH4V4O10 before charge/

discharge process. The nanobelts are grown in 1-D with sharp
facets/or smooth edge, as shown in Figure 4a,b. The FEG-SEM
image is shown in Figure S3, where smooth nanobelts with
lengths of a few micrometers, width of 50−100 nm, and
thickness of 10−20 nm were observed. To determine the

Figure 4. (a and b) FEG-TEM image of NH4V4O10 material. (c)
Selected area electron diffraction (SAED) of NH4V4O10. (d) Lattice
fringe of NH4V4O10 cathode material (before charge/discharge).
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growth of NH4V4O10 nanobelts, we carried out a detailed FEG-
TEM study. Figure 4b illustrates FEG-TEM image of
NH4V4O10 nanobelts which grows along ⟨00l⟩ direction
which was confirmed by SAED pattern shown in Figure 4c.
The SAED pattern of NH4V4O10 was simulated with the help of
Single Crystal (Crystal Maker) software, which shows the
growth of the material along d00l direction (Figure 4c). Further,
Figure 4d shows the HR-TEM image which depicts the lattice
fringes of NH4V4O10 material. The observed plane spacing are
corresponds to NH4V4O10 material with d−311 = 2.6 Å, and
d−314 = 1.8 Å (JCPDS file no. 31-0075), respectively. Moreover,
after continuous current charge/discharge process, the material
starts degrading as observed from FEG-TEM study. The
smooth edge turns of NH4V4O10 material convert to rough
edges with certain destruction from its initial morphology
(Figure S4 shows the FEG-TEM image of NH4V4O10 material
after 25 cycles). With further cycling (at 32 cycles, Figure S5),
the cracking was observed in the material which may be the
cause of capacity fading. From the morphology study, it is well
illustrated that due to destruction of NH4V4O10 material, Na+

movement along perpendicular to the c axis was hinder which
leads to a poor electrode performance in the potential window
range of 1−4 V vs Na/Na+.
Redefining Stable Potential Window. Cyclic voltamme-

try (CV) study of NH4V4O10 cathode material between varying
potential window at a scan rate of 0.1 mV s−1 was performed
and is shown in Figure 5a−c. CV of NH4V4O10 material shows
multiple cathodic/anodic peaks which resemble insertion of
Na+ ions in multiple step process where V5+ reduces to V4+.
Because of layered NH4V4O10 structure, Na+ can occupy the
gallery space between vanadium−oxygen layers, the intercala-
tion mechanism could be realized as xNa + NH4V4O10 ↔
NaxNH4V4O10, which is similar to lithium intercalation reaction
in NH4V4O10 and V6O13 cathodes.

14,24 Figure 5a shows the CV
for the voltage cutoff of 1−4 V which has a prominent redox
peak at 1.8 V with some minor peaks observed at 2.3, 2.5, and

3.6 V. After the second cycle, peak ∼3.6 V becomes more
prominent compared to first cycle. It is noteworthy to mention
here that the CV study of the region between 1 and 4 V shows
an irreversible capacity loss at 3.75 V, which disappeared after
the first cycle. However, there was a substantial amount of
capacity fading as depicted by a decrease in the area under the
curve, which is similar to the profile of discharge capacity vs
cycle number (Figure 3b). Similarly, CV for the cutoff potential
between 1.5 and 4 V shows (Figure 5b) a similar behavior also
in the range of 1−4 V. Further, we can conclude from this
section that losses that occurred during the charge/discharge
process were due to an irreversible peak at ∼3.75 V and
continuous fading in the 3.6 V peak region. To validate the
above point, we carried out CV between 1.5 and 3.5 V at same
scan rate. It can be seen from Figure 5c that all the CV profiles
during the 1st, 2nd, 5th and 10th cycle overlapped each other
with very minor change, which suggests the reversibility of Na+

intercalation into the bilayer of V2O5 structure. Thus, the
region between 1.5 and 3.5 V will deliver better cyclic stability
compared to other potential window and further all other
electrochemical tests were performed in this potential window.
To get an idea about the insertion process in this cathode, we

performed a theoretical study. During Na+ intercalation in
NH4V4O10, Na

+
first occupies the gallery space followed by the

site within the VO layer. It is interesting to see how the
presence of two different sites for Na intercalation can influence
the voltage profile. Figure 5d shows the voltage profile of Na
intercalation in NH4V4O10 which exhibits plateaus at 3.14, 2.4,
and 1.88 V corresponding to the insertion of 0.5, 1, and 3 mol
of Na, respectively, in the host structure. The voltage plateaus
at 2.4 and 1.8 V match with the experimental observations of
discharge profile (Figure 5e). The large voltage gaps between
the plateaus suggest the perturbation in the structural
framework at each level of Na insertion.
Furthermore, cycle life and voltage profiles of Na|Electrolyte|

NH4V4O10 cell assembly cycled between 1 and 4 V, 1.5−4 V

Figure 5. (a) Cyclic voltammetry of NH4V4O10 cathode material at a scan rate of 0.1 mV s−1 in potential windows of (a) 1−4 V, (b) 1.5−4 V, and
(c) 1.5−3.5 V vs Na/Na+. (d) Calculated voltage profile of Na in NaxNH4V4O10. (e) First charge/discharge of NH4V4O10 cathode material between
1.5 and 3.5 V at varying current rate. (f) Discharge capacity vs cycle number between 1.5 and 3.5 V at varying current rate.
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and 1.5−3.5 V at constant current was studied and is shown in
Figure S6a,b. Figure S6a shows the first charge/discharge
profile at constant current rate of 200 mA g−1 at various cutoff
potentials. It is noticeable from Figure S6a that the first
discharge capacity achieved by NH4V4O10 was ∼246, 190, and
182 mAh g−1 for voltage cutoff regions of 1−4, 1.5−4, and 1.5−
3.5 V, respectively. Though its theoretical capacity for three
Na+ ion intakes is ∼210.5 mAh g−1, the extra capacity may be
attributed to reduction of V4+ to V3+ or due to interfacial
surface storage of Na+. Figure S6b shows discharge capacity of
NH4V4O10 cathode material between varying potential
windows for 50 cycles at constant current rate of 200 mA
g−1. The cutoff potential range of 1.5−3.5 V provides a greater
stability compared to other potential windows, as observed in
Figure S6a,b. So, it was obvious that the peaks observed at 3.75
and 3.6 V, corresponding to irreversible reactions, may be the
reason behind the performance degradation of NH4V4O10

cathode material. In Figure S6b, the first discharge capacity of
NH4V4O10 for 1.5−4 V cutoff was slightly smaller compared to
the potential cutoff of 1.5−3.5 V; however, from the second
cycle, the discharge capacity of 1.5−4 V cutoff remains higher
compared to 1.5−3.5 V. Further, due to the irreversible peak at
∼3.75 V, the discharge capacity of NH4V4O10 between 1.5 and
4 V decreases with cycling, whereas discharge capacity between
1.5 and 3.5 V cutoff remains steady.
High Rate Performance. Figure 5e shows the charge/

discharge profile of NH4V4O10 cathode material between 1.5
and 3.5 V potential cutoff at varying current rates. It is observed
from Figure 5e that with increase in the current rate, the
polarization losses increase. There was an initial loss in the first
cycle; however, capacity retention was excellent throughout 50
cycles. Figure 5f shows the discharge capacity vs cycle number
at current rates of 200, 500, and 1000 mA g−1. First discharge
capacity of NH4V4O10 cathode material between 1.5 and 3.5 V
were observed about ∼182, 170, and 75 mAhg−1 and at 200,
500, and 1000 mA g−1current rate, respectively. After 50 cycles,

the discharge capacities were observed to be ∼149.27, 125.95,
and 63.48 mAh g−1 (capacity retention of 95, 98, and 85%,
respectively) at the current rate of 200, 500, and 1000 mA g−1,
respectively. The current high rate performance of vanadium
based cathode is first time in the NIB literature.

Modified Current Collector-Material Interface. The
stabilization of NH4V4O10 cathode material in the potential
window of 1.5−3.5 V was excellent at most of the current rates;
however, to improve it further, we coated the aluminum current
collector with thin layer of conductive carbon. First, conductive
carbon and PVdF binder was mixed in 9:1 weight ratio and
dispersed in NMP solvent and with the help of acetone
homogeneous slurry was made. The slurry was coated onto
aluminum foil with help of a doctor blade, and the whole
assembly was dried over vacuum at 60 °C and used as current
collector. Further, the electrodes were prepared on a carbon-
coated aluminum-foil current collector, as mentioned in the
Experimental Section. The first constant current charge/
discharge profile (1.5−3.5 V) shows improvement in the initial
specific capacity (Figure S6c). Initial discharge capacities were
observed around ∼191, 170, and 125 mAh g−1 at current rates
of 200, 500, and 1000 mA g−1, respectively. Further, compared
to electrodes prepared on bare aluminum current collectors, the
performance of carbon coated aluminum current collectors
showed better performance that further suggests electrode-
current collector interface plays a pivoting role in power
performance on electrode performances. After 50 cycles,
discharge capacities were observed to be ∼167 (88% retention),
135 (80% retention) and 112 mAh g−1 at current rates of 200,
500, and 1000 mA g−1, respectively (Figure S6d).

Electrochemical Impedance Spectroscopy (EIS) Study.
To investigate the improved performance of NH4V4O10

cathode with carbon coated Al current collector, EIS was
performed at slow current rate (10 mA g−1). Figure 6 shows the
impedance of NH4V4O10 cathode with carbon coated Al and
bare Al current collector, respectively. EIS of cathode material

Figure 6. EIS of NH4V4O10 on carbon-coated Al foil during (a) discharge process and (b) charge Process. EIS NH4V4O10 on bare Al-foil during (c)
discharge process and (d) charge process.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03210
ACS Appl. Mater. Interfaces 2015, 7, 17044−17053

17050

http://dx.doi.org/10.1021/acsami.5b03210


can be divided into three regions, (1) high frequency
(resistance due to surface film), (2) midfrequency (charge
transfer resistance), and (3) solid state diffusion (Warburg
factor/resistance). From Figure 6a, it can be seen that carbon-
coated Al current collector sample shows additional loop at
high frequency (Figure 6a inset) and during discharge and
charge process, Figure 6b), respectively. This small loop/
semicircle is due to the interface between the carbon layer and
the current collector. Thus, the semicircles for the carbon-
coated Al current collector is attributed to resistance between
the carbon film and current collector interface; resistance
through the solid electrolyte interface (SEI) film formed on the
cathode surface and charge transfer resistance due to the
cathode film and electrolyte solution interface. The fitted
models are shown in Figure 7. EIS during the discharge process

for OCV (∼3.0 V), 2.5, and 1.9 V is fitted with circuit 1 (Figure
7), and for 1 V the data is fitted with circuit 2. It is well
illustrated from the EIS experiment for 1 V, at lower frequency
regions, the curve deviated from 45° toward higher angle
suggests the interfacial storage, thus element M2 (fitting
parameter available with Biologic software) is added in place
of pure diffusion. Similarly, during the charge process for the
carbon-coated Al current collector (Figure 6b), the loop in the
high-frequency region was observed (data fitted with circuit 1).
However, for bare Al-current collector the EIS (Figure 6c,d) is
fitted with two parallel RC circuits (circuit 3) with Warburg
resistance at lower frequency. More interestingly, the effect of
modification of current collector is visible with the fitted data of
EIS. The charge transfer resistance (Rct) for NH4V4O10 cathode
with both current collectors is shown in Figure S7a,b. With
insertion of Na+, Rct of the NH4V4O10 cathode increases for
both current collectors. The analysis shows a clear difference
between current collectors, where at OCV for carbon-coated
and bare Al current collectors, the Rct was ∼57 and ∼84 Ω,
respectively. Moreover, at 1.9 and 2.5 V (discharge process,
carbon-coated Al current collector), which is the biphasic zone
for the NH4V4O10 cathode, Rct remains constant; whereas,
during charge process at 2.0 and 2.5 V, variation was negligible.
We can conclude from this section that Rct for the NH4V4O10
cathode with carbon-coated Al current collector was minimum
compared with bare Al current collector. Thus, improved/
enhanced performance was achieved for NH4V4O10 cathode
with carbon coated Al-current collector.
Further, Figure 8 shows the comparative results of literature

and present result of vanadium-based cathode material for NIB.
Su et al. synthesized bilayered V2O5 nanobelts which delivered

initial discharge capacity of ∼195 mAh g−1 at the current rate of
160 mA g−1 with 81% capacity retention after 50 cycles.9

Further, Tepavcevic et al. demonstrate V2O5 as NIB cathode
material with initial discharge capacity of 250 mAh g−1 at very
low current density of 20 mA g−1.10 Similarly, (NH4)2V6O16
was used as cathode for NIB and delivered an initial discharge
capacity of 180 mAh g−1 at an intermediate current density of
100 mA g−1 with poor cyclic stability (65% retention of
discharge capacity after 50 cycle).15 Fei et al. reported
NH4V4O10 cathode material which delivered initial discharge
capacity of 121 mAh g−1 at the current density of 200 mA g−1;
however, stable cyclic performance was achieved after initial
capacity loss with addition of 5% FEC as an additive in the
electrolyte.16 Whereas, NH4V4O10 cathode retained its initial
discharge capacity of ∼82% after 50 cycle.16 Raju et al.
demonstrate the vanadium oxide as NIB cathode material
which deliverer low initial discharge capacity ∼120 mAh g−1 at
current density of 160 mA g−1 with 54% retention of initial
discharge after 50 cycles.25 Whereas, the material in the present
study not only demonstrates high rate performance but also
delivers better cyclic stability. NH4V4O10 nanobelts delivered
initial discharge capacity ∼191 mAh g−1 at high current rate of
200 mA g−1 with capacity retention of 88% after 50 cycles
without any addition of additive to the electrolyte. In this
report, NH4V4O10 nanobelts as NIB cathode material with
excellent electrochemical performances were demonstrated.
Improvement of performances was achieved with carbon-
coated Al current collector in a potential cutoff range of 1.5−
3.5 V.

■ CONCLUSION
In brief, we have synthesized nanodimension NH4V4O10
material as suitable candidate for Na+ storage with promising
electrochemical performance. Nanostructured NH4V4O10 ma-
terials were synthesized via a single step hydrothermal process.
Further, elongation of NH4V4O10 nanobelts toward the c axis
and minimum growth toward the b axis, that is, [0k0] results in
a faster Na+ transport. It was further noticed that the insertion
of Na+ into the host matrix in a potential window of 1−4 V
leads to a capacity fading due to untoward reactions; however,
improved capacity was achieved in a potential window of 1.5−
3.5 V. Though, capacity improvement was observed with
potential cutoff, further improvement in electrochemical
performances was achieved with the use of carbon-coated Al

Figure 7. Equivalent circuit for EIS.

Figure 8. Comparative results of vanadium-based cathode for NIB.
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current collector. A detailed ab initio study was performed, and
the results are well correlated with the experimental results. We
believe further optimization of morphology and electrode
design will help us to achieve even higher capacity and longer
cyclic life cathode materials for NIB. The study of the
compatibility of NH4V4O10 cathode with some alloy-based
anode materials such as Sn and SnO2 also deserves further
investigation to harvest the full capacity of the present cathode
material.
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