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ABSTRACT: Rechargeable aqueous zinc-ion batteries are
highly desirable for grid-scale applications due to their low cost
and high safety; however, the poor cycling stability hinders
their widespread application. Herein, a highly durable zinc-ion
battery system with a Na2V6O16·1.63H2O nanowire cathode
and an aqueous Zn(CF3SO3)2 electrolyte has been developed.
The Na2V6O16·1.63H2O nanowires deliver a high specific
capacity of 352 mAh g−1 at 50 mA g−1 and exhibit a capacity
retention of 90% over 6000 cycles at 5000 mA g−1, which
represents the best cycling performance compared with all
previous reports. In contrast, the NaV3O8 nanowires maintain only 17% of the initial capacity after 4000 cycles at 5000 mA g−1. A
single-nanowire-based zinc-ion battery is assembled, which reveals the intrinsic Zn2+ storage mechanism at nanoscale. The
remarkable electrochemical performance especially the long-term cycling stability makes Na2V6O16·1.63H2O a promising cathode
for a low-cost and safe aqueous zinc-ion battery.
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Aqueous batteries have captured significant scientific and
technical interest due to their high safety and low cost.1−15

Among aqueous batteries, zinc-ion batteries (ZIBs) are
especially attractive due to the high gravimetric capacity of
Zn (820 mAh g−1) and high redox potential of Zn2+/Zn (−0.78
V versus standard hydrogen electrode). To date, manganese-
based oxides,16−20 Prussian blue analogs,21−23 and vanadium-
based materials24−32 have been studied as cathodes for ZIBs.
Manganese oxides, including α-, β-, γ-, and δ-MnO2 with
different tunnel structures have been extensively investigated as
intercalation hosts for Zn2+.18,33−35 However, MnO2 suffers
from fast capacity fading in aqueous electrolyte. By introducing
a MnSO4 additive in the electrolyte to suppress the dissolution
of Mn2+ during cycling, Liu et al. realized a ZIB with enhanced
energy density and cycling stability.16 Prussian blue analogs
represent another attractive family of ZIB cathode materials.
However, the low capacity (∼50 mAh g−1) and O2 evolution at
high voltage (∼1.7 V versus Zn2+/Zn) hinder their further
application.21−23

The merits of vanadium-based ZIB cathode materials include
their abundant resources, low cost, and good safety.36−46 Nazar
et al. constructed a zinc ion and crystalline water stabilized
vanadium oxide bronze (Zn0.25V2O5·nH2O), and the assembled
Zn/Zn0.25V2O5·nH2O battery delivered an energy density of
450 Wh L−1 and a capacity retention of ∼80% after 1000
cycles.24 Kim et al. presented a layered LiV3O8 intercalation

cathode with a high specific capacity of 172 mAh g−1, and 75%
of the maximum capacity could be retained after 65 cycles at
133 mA g−1.26 Huang et al. developed a NASICON-structured
Na3V2(PO4)3 ZIB cathode, which delivered a capacity of 97
mAh g−1 at 0.5 C and retained 74% capacity after 100 cycles.27

In general, the cycling performance of vanadium-based ZIB
cathodes is unsatisfactory.
Single-nanowire electrochemical devices are an effective tool

for the in situ exploration of the intrinsic electrochemical
processes at the nanoscale.47−53 Mai et al. first reported a
single-nanowire electrochemical device, enabling in situ
detection of the intrinsic reason for electrode capacity fading
in Li-ion-based batteries.45 Such devices were then utilized to
monitor the structure and conductivity evolution in sodium-ion
batteries.46 The single-nanowire ZIB device can be designed
and assembled to detect the intrinsic electrochemical reaction
mechanisms in aqueous ZIBs. However, to the best of our
knowledge, there is no report on single-nanowire-based ZIBs.
Herein, we designed a novel ZIB cathode material,

Na2V6O16·1.63H2O (H-NVO) nanowire with facile electro-
chemical Zn2+ intercalation and highly reversible characteristics.
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The Na2V6O16·1.63H2O nanowires deliver a high specific
capacity of 352 mAh g−1 at 50 mA g−1 and ultralong cycle life
(90% capacity retention after 6000 cycles at 5000 mA g−1)
within the potential window of 0.2−1.6 V versus Zn2+/Zn. On
the basis of electrochemical characterizations, ex situ X-ray
diffraction (XRD), ex situ X-ray photoelectron spectroscopy
(XPS), and single-nanowire zinc-ion battery results, we
disclosed that the existence of structural water would contribute
a great improvement to the cycling stability of ZIBs.
The H-NVO nanowires were synthesized by a simple

hydrothermal method.43 The XRD pattern of the sample
(Figure 1a) can be indexed well to the pure monoclinic phase
Na2V6O16·xH2O with the space group of P21/m (JCPDS no.

16-0601), and the sample displays a high crystalline degree.
The weight percentage of crystalline water can be determined
by the weight loss in the temperature range of 100−350 °C
from the thermogravimetric analysis (TGA) curve. Based on a
weight loss of 4.6 wt % (Figure1b), the x value in Na2V6O16·
xH2O is determined to be 1.63. Scanning electron microscopy
(SEM) results show that the H-NVO is composed of nanowires
with lengths of 10−40 μm and widths of 40−200 nm (Figure
1c,d). The primary nanowires have a tendency to form bundles.
Transmission electron microscopy (TEM) images (Figure 1e,f)
confirm that the H-NVO nanowires have relatively uniform
diameters. The interplanar spacing (0.79 nm) matches well
with the (001) lattice fringe (Figure 1f inset).

Figure 1. (a) XRD pattern, (b) TGA curve, (c, d) SEM images, and (e, f) TEM images of H-NVO nanowires.

Figure 2. (a) Cyclic voltammograms of H-NVO at a scan rate of 0.2 mV s−1 with the electrochemical window of 0.2−1.6 V versus Zn2+/Zn. (b)
Charge−discharge curves of the H-NVO at various current densities ranging from 50 to 2000 mA g−1. (c) Rate performance of the H-NVO at
various current densities. Cycling performances of the H-NVO at (d) 100, (e) 1000, and (f) 5000 mA g−1.
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The H-NVO nanowires can be converted into NaV3O8

(NVO) nanowires by annealing in air at 400 °C. The obtained
NVO nanowires have diameters of 60−500 nm and lengths of
several micrometers (Figure S1a-c). Under high-resolution
TEM measurement, the (002) lattice spacing (0.68 nm) of
NVO can be clearly observed (Figure S1d,e). No mass loss
between 100 and 350 °C can be observed in the TGA curve of
NVO, confirming that the crystalline water has been completely
removed during annealing in the air (Figure S1f). The textural
properties of the products are characterized by nitrogen
sorption. The H-NVO and NVO nanowires show specific
surface areas of 19.7 and 9.5 m2 g−1, respectively (Figure S2).
Figure 2 shows the electrochemical performances of the

assembled Zn/H-NVO batteries. The CV curves between 0.2
and 1.6 V versus Zn2+/Zn at a scan rate of 0.2 mV s−1 are
displayed in Figure 2a. There are two pairs of redox peaks
located at 1.03/0.78 and 0.64/0.46 V, which are caused by the
zinc ion deintercalation and intercalation during the charge and
discharge processes. For NVO, four reduction peaks (0.46,
0.69, 0.87, and 1.20 V) and three oxidation peaks (0.57, 0.91,
and 1.32 V) can be observed in the second CV curve at 0.1 mV
s−1, which is quite different from that of H-NVO (Figure S3).
The charge and discharge curves of H-NVO under various

current densities are shown in Figure 2b, from which obvious
charge and discharge plateaus can be discerned. In the rate
performance study, the H-NVO exhibits average discharge
capacities of 352, 335, 316, 261, 219, and 162 mA g−1 at current
densities of 50, 100, 200, 500, 1000, and 2000 mA g−1 (Figure

2c), respectively. After the cycling at high current densities, the
current density is reduced to 50 mA g−1, and an average
discharge capacity of 304 mAh g−1 can be recovered,
corresponding to ∼90% of the initial capacity. This implies
that the synthesized H-NVO possesses considerable rate
capability. When tested at 100 mA g−1, the H-NVO delivers
a high initial discharge capacity of 296 mAh g−1, maintaining as
high as 231 mAh g−1 after 100 cycles (Figures 2d and S4).
Meanwhile, the H-NVO exhibits a high Coulombic efficiency,
stabilizing in the range of 98.6−100.6% (Figure S5). At a
current density of 1000 mA g−1, 75% of the initial capacity can
be retained after 500 cycles (Figure 2e). Remarkably, when
measured at 5000 mA g−1, the H-NVO exhibits a discharge
capacity of 158 mAh g−1; 90% of the initial discharge capacity is
retained after 6000 cycles (Figures 2f and S6). Compared to H-
NVO, the NVO exhibits inferior electrochemical performances
in terms of specific capacity, rate capacity, and cycling stability
(Figure S7), indicating that the structural water plays a
significant role in improving the electrochemical performances
of H-NVO. At a current density of 5000 mA g−1, the discharge
capacity decreases from 120 to 20 mAh g−1 after 4000 cycles,
corresponding to a capacity retention of 17% (Figure S7d). In
addition, the morphology of the H-NVO nanowires can be well
maintained after cycling (Figure S8). The electrochemical
performances of recently reported vanadium-based ZIB cathode
materials are summarized in Table S1. Compared with the
recently reported vanadium-based cathodes, the H-NVO

Figure 3. Ex situ XRD patterns and XPS spectra of H-NVO collected at different electrochemical states in Zn(CF3SO3)2 electrolyte at 100 mA g−1:
(a) ex situ XRD patterns; (b) high-resolution Zn 2p spectra; high-resolution V 2p spectrum at (c) initial state, (d) discharged to 0.2 V, and (e)
charged to 1.6 V. (f) Schematic illustrations of water intercalation accompanying Zn2+ intercalation into H-NVO at the first discharge process and
Zn2+ deintercalation and intercalation upon electrochemical charge and discharge processes. Here, x < y and m > n.
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demonstrates the best electrochemical performance in terms of
specific capacity and cycling stability.
To better understand the underlying reasons for the excellent

cyclability and good rate performance of HVO, CV curves at
various sweep rates (0.1−0.8 mV s−1) were measured (Figure
S9a), and detailed kinetics analysis was performed. The power-
law relationship between current (i) and scan rate (v) is given
by:40

=i avb (1)

where a and b are adjustable parameters. The b value may
reflect the rate-limiting step in the electrochemical process and
thus the charge-storage mechanism. A b value of 0.5 indicates a
diffusion-controlled process, while a b value of 1.0 suggests a
surface-controlled process. By plotting log(i) as a function of
log(v), the b value can be determined from the slope of the
plots. The b values for peak 1 and peak 2 are determined to be
0.63 and 0.66, respectively (Figure S9b). The calculated b
values imply that the solid-state zinc-ion diffusion is the rate-
limiting step for charge storage.
The Nyquist plots are shown in Figure S10a. The zinc-ion

diffusion coefficient could be calculated from the low-frequency
plots according to the following equation:

σ
=D

R T
A n F C2

2 2

2 4 4 2 2 (2)

where R is the gas constant, T is the absolute temperature, A is
the electrode area, n is the number of electrons per formula
during oxidation, F is the Faraday constant, C is the
concentration of zinc ions, and σ is the Warburg factor. The
Warburg factor, σ, can be derived from the following
equation:53−55

σω′ = + + −Z R RD L
1/2

(3)

The fitted lines (Figure S10b) indicate σ values of 56.7 and
36.8 cm2 s−1/2 for H-NVO and NVO, respectively. Thus, the
zinc-ion diffusion coefficient of H-NVO and NVO could be
calculated to be ca. 1.24 × 10−13 and 2.95 × 10−13 cm2 s−1,

respectively. These values are comparable to the sodium-ion
diffusion coefficients in Na2V6O16·1.63H2O and NaV3O8 in an
organic electrolyte (normally at the magnitude of ∼10−13 cm2

s−1).43,56

The ex situ XRD was carried out to validate the structural
stability of H-NVO during the charge and discharge processes
(Figure 3a). Upon slight discharge (Zn2+ intercalation) to 1.0
V, the (001) reflection shifts to lower 2θ positions (from 11.19°
to 11.10°). According to a recent report, this left shift in 2θ
position is caused by the intercalation of H2O into the (V3O8)

−

interlayers, which would occur accompanying the Zn2+

intercalation.25 Upon deep discharge to 0.2 V, the (001)
reflection shifts to higher 2θ positions (from 11.10° to 11.39°),
corresponding to the decrease of cell parameter c from 0.797 to
0.783 nm. The decrease in the cell parameter c can be ascribed
to the strong electrostatic interaction between the intercalated
Zn2+ and the (V3O8)

− layers.27 During the subsequent charge
process, the Zn2+ deintercalation leads to the shift of (001)
reflection to lower 2θ positions (from 11.39° to 11.21°).
Besides the peak shift in position, a new diffraction peak
appears at 11.99° when discharged to 0.8 V, and its intensity
increases with discharge processing. An inverse trend can be
observed during subsequent charge. After full charging, the
XRD pattern of the electrode is quite similar to that of the
pristine electrode before electrochemical reaction, suggesting
that the Zn2+ intercalation and deintercalation in H-NVO is
highly reversible.
To explore the surface composition and valence states of V

during Zn2+ insertion and extraction, ex situ XPS spectra of the
H-NVO at different charge and discharge stages were collected.
The Zn 2p core level spectra of H-NVO in the original and
discharged (0.2 V) states are shown in Figure 3b. No signals for
zinc can be detected in the XPS spectrum of original H-NVO.
When discharged to 0.2 V, an obvious Zn 2p3/2-2p1/2 spin−
orbit doublet can be observed, indicating the successful
intercalation of Zn2+ into H-NVO. The original H-NVO
shows a V 2p3/2−2p1/2 spin−orbit doublet for V(V), in which
the V 2p3/2 peak is located at 516.8 eV, and the V 2p1/2 peak is

Figure 4. Electrochemical performances of the as-prepared H-NVO single-nanowire ZIB. (a) Schematic illustration of the single-nanowire ZIB. (b)
The single-nanowire transport property. (c) The CV curves tested at scan rates from 50 to 500 mV s−1. (d) The specific capacitances versus different
scan rates.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b04889
Nano Lett. 2018, 18, 1758−1763

1761

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04889/suppl_file/nl7b04889_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04889/suppl_file/nl7b04889_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04889/suppl_file/nl7b04889_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04889/suppl_file/nl7b04889_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04889/suppl_file/nl7b04889_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b04889


located at 524.1 eV (Figure 3c).57,58 When discharged to 0.2 V,
the V(V) is reduced to V(IV) and V (III) with V 2p3/2/V 2p1/2
binding energy values of 516/523.3 and 515.3/522.6 eV
(Figure 3d), respectively. After recharging to 1.6 V, most of the
V(IV) and V (III) are reoxidized to V(V) accompanying the
extraction of Zn2+ (Figure 3e). The XPS results confirm the
reversible intercalation/deintercalation of Zn2+ in H-NVO
during discharge and charge.
Based on the above results, the overall electrochemical

reaction of the Zn/H-NVO battery can be described as follows:

↔ +

+ · + ↔ ·

+ −

+ −y x y x

anode: Zn Zn 2e

cathode: Zn Na V O H O 2 e Zn Na V O H Oy

2

2
2 6 16 2 2 6 16 2

The schematic illustration of Zn2+ intercalation into and
deintercalation from the H-NVO during the discharge and
charge processes is shown in Figure 3f. During the first
discharge process, the Zn2+ intercalation is accompanied by the
insertion of water molecules into the interlayers. Upon
subsequent charge and discharge processes, the Zn2+ is
reversibly deintercalated from and intercalated into H-NVO.
Single-nanowire ZIB using an H-NVO single nanowire as the

working electrode, platinum (Pt) wire as the counter electrode,
saturated calomel electrode (SCE) as the reference electrode,
and aqueous Zn(CF3SO3)2 solution as the electrolyte was
fabricated to investigate the intrinsic electrochemical processes
of aqueous ZIB (Figure 4a). Figure S11a shows the structure of
a single-nanowire ZIB testing system under SEM; the device is
covered by poly(methyl methacrylate), while only the part
contains 4 μm in length (150 nm in width) of the nanowire
(Figure S11b) is exposed as the working electrode. The
transport property of the single nanowire is determined by
testing the current−voltage (I−V) curve (Figure 4b). The
conductivity of the H-NVO reaches a high value of 67 S m−1,
indicating that the H-NVO nanowire exhibits an excellent
electrical conductivity. The CV responses at scan rates from 50
to 500 mV s−1 within the potential range of −0.8 − 0.6 V are
shown in Figure 4c. Broad redox pairs appear in the CV curves
of the single-nanowire device, which are caused by the Zn2+

deintercalated from/intercalated into H-NVO at nanoscale.
The area specific capacity of the nanowire can be calculated
from the CV results (Figure 4d). The H-NVO exhibits high
surface capacities of 136, 129, 110, 98, 68, 52, 45, and 37 nAh
μm−2 at the scan rates of 50, 60, 80, 100, 200, 300, 400, and 500
mV s−1, respectively (Figure 4d). Based on the electrochemical
tests of single-nanowire ZIB, it can be concluded that the H-
NVO nanowire exhibits high electrical conductivity and
current-carrying capacity. The fabrication of single-nanowire
ZIB would push the fundamental and practical research of
nanowire electrode materials for energy storage applications.
In conclusion, a highly durable aqueous Zn/Na2V6O16·

1.63H2O battery is developed. The H-NVO nanowire cathode
delivers a high specific capacity of 352 mAh g−1 at 50 mA g−1,
long-term cycle stability (a capacity retention of 90% after 6000
cycles), and good rate performance. Based on ex situ XRD and
XPS characterizations and the single-nanowire ZIB results, we
confirm that the H-NVO can provide an ultrastable skeleton
structure for highly reversible Zn2+ intercalation and dein-
tercalation. This study suggests that the H-NVO is a promising
cathode material for highly durable, low-cost, and safe aqueous
ZIBs. This study also highlights the significant role of
structured water in enhancing the electrochemical perform-

ances, especially the cycling stability, of certain ZIB cathode
materials.
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