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and Ligiang Mai*

Aqueous Zn-ion batteries (ZIBs) have received incremental attention because
of their cost-effectiveness and the materials abundance. They are a promising
choice for large-scale energy storage applications. However, developing suit-
able cathode materials for ZIBs remains a great challenge. In this work, pio-
neering work on the designing and construction of aqueous Zn//Na, 33V,05
batteries is reported. The Nag 33V,05 (NVO) electrode delivers a high capacity
of367.1 mA h g at 0.1 A g7, and exhibits long-term cyclic stability with a
capacity retention over 93% for 1000 cycles. The improvement of electrical
conductivity, resulting from the intercalation of sodium ions between the
[V4Oi2], layers, is demonstrated by single nanowire device. Furthermore, the
reversible intercalation reaction mechanism is confirmed by X-ray diffraction,
Raman, X-ray photoelectron spectroscopy, scanning electron microscopy, and
transmission electron microscopy analysis. The outstanding performance can
be attributed to the stable layered structure and high conductivity of NVO.
This work also indicates that layered structural materials show great potential
as the cathode of ZIBs, and the indigenous ions can act as pillars to stabilize
the layered structure, thereby ensuring an enhanced cycling stability.

other secondary batteries.*¥l However,

LIBs are too expensive to scale up for the
processing cost resulted from the lim-
ited lithium resources, and SIBs are sub-
jected to complicated issues of safety as
well as environmental issues.*1? So, it
is an urgent challenge for exploring new
energy storage systems. As an alternative,
rechargeable aqueous Zn-ion batteries
(ZIBs) have received incremental atten-
tion owing to the following advantages,
including low cost, safety, and environmen-
tally friendly.'3l Meanwhile, using aqueous
electrolyte to replace the organic electrolyte
is of great significance for reducing the
cost and environmental pollution." How-
ever, it is difficult to find suitable cathode
material as the host for the intercalation of
Zn*" owing to the high polarization of Zn?*
as well as the narrow applicable voltage
range, which is limited by the water split-

The clean energy resources such as the solar and wind power
are promoted vigorously caused by the continuous increase
of energy crisis and environmental pollution.'3! Thus, there
has been a growing requirement for large-scale energy storage
devices.*>! Currently, lithium-ion batteries (LIBs) and sodium-
ion batteries (SIBs) are considered as the most promising energy
storage devices due to their higher energy density compared to
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ting in the aqueous battery system.!'”]

Typically, polymorphs of MnO, (o,
¥phase) are highly attractive as the cathode material because of
the tunnel structure suiting for the intercalation of Zn?* and a
matched potential within the stable range of water. Some results,
based on the reversible intercalation of Zn?*, have been reported
in recent years, and they show either limited specific capacity or
poor cycling performance.l'*1° Recently, the MnO, nanofiber
electrode, reported by Liu and co-workers, shows high capacity
and excellent cycling performance.?”) However, the rate perfor-
mance is not high enough due to the sluggish reaction dynamics
of conversion reaction. Prussian blue analogues, including of
zinc hexacyanoferrate and copper hexacyanoferrate, are another
class of cathode materials, which show limited specific capacity
as well as poor cyclic stability.?1-23] Until very recently, vanadium-
based materials are explored for reversible Zn?" intercalation.**
Nazar and co-workers reported a bilayered Zng,5V,05-nH,0
cathode, which shows a high-capacity and long-life perfor-
mance.”’! However, the development of ZIBs is in the primary
stage, some new cathode materials should also be explored to
enhance the energy density as well as cycle life for ZIBs.

Over the past decades, layered vanadium oxides have been
applied as electrode materials for LIBs or SIBs due to their low
cost and high capacities.??’] Generally, the bulk vanadium
oxides suffer from a rapid capacity fading resulting from low
electronic conductivity, poor structural stability during the ion
de/intercalation.?®l Recent studies show that interlayer metal
ions (M,V,,0,,, M = metal ion) can act as pillars to increase the
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stability of layered vanadium oxides.[?*3% The ion diffusion rate,
as well as the electronic conductivity, can be greatly improved by
the interlayer metal ions of these host vanadium oxides. How-
ever, only a few studies focus on the effect of interlayer metal ions
in the system of ZIBs. Herein, we present a low-cost, safe, high
capacity (367.1 mA h g! at a current density of 0.1 A g!) and
long life (with the capacity retention over 93% for 1000 cycles)
aqueous ZIBs, which comprises of Na;33V,05 (NVO) nanowire
cathode, 3 M Zn(CH;3F;SO;), electrolyte, and a zinc anode.
During electrochemical processes, the morphological and struc-
tural evolution of NVO nanowire cathode are studied by field
emission scanning electron microscopy (FESEM), X-ray photo-
electron spectroscopy (XPS), transmission electron microscopy
(TEM) as well as X-ray diffraction (XRD). Moreover, the effects
of interlayer Na™* are investigated by assembling single nanowire
device, which provides a direct evidence for the improved elec-
trical conductivity in layered vanadium oxide.

There are three different vanadium sites named V(1), V(2),
and V(3) in NVO crystal structure (Figure S1, Supporting Infor-
mation). The V(1)O6 octahedra form zigzag chains and the V(2)
06 octahedra form double chains along the b axis, respectively.
The [V404,], layer, consisting of these two units, are further
linked by oxygen atoms to form 2D [V,Oq,], layered struc-
ture along the (001) plane with Na* intercalating between the
layers. The [V,04,)], layers are connected by V(3)O5 and edge-
sharing oxygen atoms, forming a 3D tunnel structure. The
intercalating Na* between the [V,01,], layers can act as “pillars”
to increase the 3D stability of the tunnel structure upon ions
insertion/extraction (the inset in Figure 1a). The XRD pattern
of the as-prepared NVO product is shown in Figure 1a. All the

www.advenergymat.de

diffraction peaks of the pattern can be well-indexed to a pure
monoclinic Nag 33,05 phase (JCPDS no. 86-0120, a = 10.0880 A,
b =3.6170 A, ¢ = 15.4490 A) and no obvious impurity peaks
are detected. By contrast, the XRD pattern of V,0s5 can be
indexed to a pure orthorhombic phase (JCPDS no. 41-1426)
(Figure S2, Supporting Information). The Raman spectrum of
the NVO in the range of 100-1100 cm™ is shown in Figure 1b.
Six obvious peaks located at 144.5, 197.6, 284.1, 410.3, 697.7,
and 1013.8 cm™! are observed, which can be assigned to the
stretching vibrations of particular V—O bonds in the (V1)06,
(V2)06, and (V3)O5 polyhedra.3!l The Raman band at 410 cm™
originates from the stretching of V2-O5 and the bending of
V1-05-V3, the 697 cm™ mode corresponds to the antisym-
metric stretching of V1-02-V1 and the mode at 1013 cm™! rep-
resents the V2-06 stretching vibration.3?

The morphology and microstructures of the as-prepared
NVO and V,0s are investigated by FESEM, TEM, and energy
dispersive X-ray (EDX) element mapping. The FESEM images
show that the NVO sample consists of a mass of nanowire with
an average diameter of 50-200 nm (Figure 1c; Figure S3, Sup-
porting Information). Note that the as-prepared V,05 shows a
similar morphology to that of NVO sample (Figure S4, Sup-
porting Information). Both NVO and V,0s nanowire show
smooth and clean surface. TEM investigations are carried out
to further study the morphology and structure of the NVO
sample. The NVO TEM image shows a wire-like morphology
with a diameter about 100 nm (Figure 1d). The HRTEM
image of the individual nanowire shows the clearly resolved
lattice fringe with a spacing of 0.501 nm, corresponding to the
(102) planes of NVO (Figure le). The selected area electron
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Figure 1. a) XRD pattern and the insets show the crystal structure of NVO nanowire. b) Raman spectra, c) FESEM image, d) TEM image, e) high
resolution TEM image, the inset shows the SAED pattern and f) SEM-EDX element mapping images of NVO nanowire.
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Figure 2. a) The CV curves of NVO electrode at a scan rate of 0.1 mV s7' in the voltage range of 0.2-1.6 V. b) The galvanostatic charge/discharge
curves of NVO at 0.2 A g7'. ¢) Cycling performance of NVO at 0.2 A g™'. d) Rate performance of NVO. e) Cycling performance of NVO at 1.0 A g™

diffraction (SAED) image (the inset in Figure le) indicates its
single crystalline nature and a monoclinic pattern, which cor-
responds to the XRD result. The elemental mapping is applied
to determine the distribution of the element of Na, V, and O
(Figure 1f). The result clearly indicates that Na, V, and O ele-
ment are uniformly distributed with no other element detected.

The electrochemical performances of NVO and V,05 as the
cathode materials and the zinc metal as the counter electrode
for ZIBs are investigated in detail. Figure 2a displays the cyclic
voltammogram (CV) of NVO at a scan rate of 0.1 mV s with
3 M Zn(CH;3;F3S0;3), electrolyte in a voltage range of 0.2-1.6 V
(vs Zn?*/Zn). There are four pairs of cathodic/anodic peaks,
located at 1.25/1.10, 1.02/0.79, 0.77/0.63, and 0.58/0.52 V. In
order to understand those cathodic and anodic peaks, the CV
curve of NVO at a scan rate of 0.2 mV s™! in a voltage range of
1.5-4.0 V (vs Li*/Li) is studied (Figure S5, Supporting Informa-
tion). In the voltage range of 2.2-4.0'V, there are four redox peaks
of NVO electrode, located at 3.52/3.36, 3.31/3.26, 2.98/2.87, and
2.88/2.48 V. These redox peaks can be ascribed to the multistep
Li* de/intercalation behaviors in NVO.**] Generally, the potential
of Zn?"/Zn is 2.26 V higher than the potential of Li*/Li. Thus,
the four pairs of peaks (1.25/1.10, 1.02/0.79, 0.77/0.63, and
0.58/0.52 V) could be ascribed to the multistep Zn?" de/inter-
calation behaviors in NVO. The galvanostatic charge and dis-
charge curves of NVO at different cycles at the current density of
0.2 A gl in the voltage range of 0.2-1.6 V are shown in Figure 2b.
All the charge/discharge voltage plateaus connect together to
form a long and tilting platform. The first discharge curve shows
greatly different from the subsequent, corresponding well with
the first CV curve. From the 2nd to 100th cycle, all the discharge
curves show similar shape, which indicates a high reversibility
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of charge/discharge process. The cyclic performance of NVO
electrode at a current density of 0.2 A g™! is further investigated
as shown in Figure 2c. The specific discharge capacity of the first
cycle is 373.2 mA h g1, which is much higher than the second
cycle (276.6 mA h g™!). The reason is that the inserted Zn ions,
located at the “dead Zn?' sites,” cannot be extracted from the
NVO lattice during the following charge process. The similar
phenomenon can be found when other vanadium oxide mate-
rials as cathodes for ZIBs, such as LiV;0g4 and V,05.343] An
outstanding capacity retention ratio of 91.3% (against the second
cycle) is available after 100 cycles and the coulombic efficiency
approaches to 100% in all cycles. Rate performance of NVO
and V,0s electrode are measured as shown in Figure 2d and
Figure S6 (Supporting Information). The discharge capacities of
NVO are 367.1, 253.7, 173.4, 145.3, 137.5, and 96.4 mA h g! at
current densities of 0.1, 0.2, 0.5, 0.8, 1.0, and 2.0 A g™!, respec-
tively. The NVO electrode exhibits a good cycling performance
at various current rates while the V,0s electrode exhibits
unstable specific capacities at initial few cycles and suffers a
rapid capacity fading at increased current densities. Addition-
ally, the NVO electrode also exhibits an outstanding cycling sta-
bility, maintaining a discharge capacity of 218.4 mA h g1, with
a capacity retention over 93% (against the highest capacities of
2-1000th) at a high current density of 1.0 A g™! after 1000 cycles
(Figure 2e, corresponding galvanostatic charge and discharge
curves are shown in Figure S7a of the Supporting Information).
However, the V,05 electrode shows a poor cycling stability,
maintaining a relatively low discharge capacity of 52.9 mAh g7!,
after 680 cycles at the current density of 1.0 A g™! (Figure S8,
Supporting Information). Interestingly, there are obvious
increasing of the capacities for both NVO and V,0Ojs in the initial
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are designed and assembled as shown in
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Figure 3c and Figure S11 (Supporting Infor-
mation). The conductivity of NVO and V,0;
single nanowires are tested by choosing a spe-
cific nanowire, which can avoid the influence
of conductive additives and binders during
the battery assembling process. Through
calculation and analysis, the conductivity
of V,05 is 7.3 S m!, while the conductivity
of NVO is 5.9 x 10* S m™!, which indicates

that electronic conductivity of V,0s is greatly

improved by the intercalation of sodium ions.

To clearly reveal the storage mechanism
of Zn//NVO system, the structural, valence
states, and morphology evolutions of NVO
nanowires are characterized by XRD, XPS,
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FESEM, and TEM after zinc-ion insertion
and extraction process. Figure 4a displays the
XRD pattern of NVO electrode at the third
cycle (corresponding charge—discharge curve
is shown in Figure 4b) at the current density

— V205
— NVO

Figure 3. a) Alternating-current impedance plots of NVO after different cycles. b) Alternating-
current impedance plots of NVO and V,Ojs after the Tst cycle. c) SEM image of the NVO single

nanowire device. d) The I-V curves of NVO and V,0Os.

stage, which are attributed to the gradual activation of the elec-
trode and similar tendency is reported in previous work about
vanadate.?3 The CV curves of NVO and V,Os electrode at a scan
rate of 0.5 mV s7! are shown in Figure S9 (Supporting Infor-
mation). The capacity of NVO decreases with cycling in the ini-
tial ten cycles and gradually increases in the following cycles,
which is consistent with the cycling performance at 1.0 A gL,
However, the jagged jitter and increasing polarization appears
in the CV curves of V,0s after 10 cycles and similar phenomena
are observed in the galvanostatic charge/discharge curves of
V,0s electrode, related to the structure degradation and conduc-
tivity decline, which is the intrinsic factors for capacity fading
(Figures S6b and S7b, Supporting Information).>®!
Electrochemical impedance spectroscopy (EIS) measure-
ments are carried out on the Zn//NVO and Zn//V,0s battery to
understand the detailed reaction kinetics of the electrode mate-
rials. Generally, in the equivalent circuit (inset of Figure 3a,b),
R, stands for all equivalent series resistance while R, represents
the charge transfer resistance between the electrode/electrolyte
interface and the contacts with electrode materials.”] The initial
R is 15.0 Q and it decreases to nearly a third of the original
state after the first cycle (5.6 Q after the first cycle). The spectra
of NVO electrode at different cycles are collected as shown in
Figure 3a. The R increases during the former 30 cycles, and the
R, of different cycles (1st, 5th, 30th 50th, 80th, and 100th) are
5.6, 10.0, 11.5, 16.1, 13.8, 11.2, and 13.0 €, respectively (Table
S1, Supporting Information). Meanwhile, the EIS spectrum of
V,05 electrode after the first cycle is shown in Figure 3b and
Table S2 (Supporting Information). The R of V,0s electrode
is 8.7 Q, which it is 1.5 times larger than the charge transfer
resistance of NVO electrode. In order to further verify the
results above, the NVO and V,0s single nanowire devices
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3T of 0.2 A g1. The four major peaks, located at
9.3°, 12.2°, 18.7°, and 29.0°, shift repeatedly
during the galvanostatic discharge and charge
processes, which reflect the variation of (100),
(002), (200), and (104), respectively. A new
phase is observed during the discharge pro-
cess, as illustrated in Figure 4c. In the voltage range of 0.7-1.6 V,
there is only a small change of the XRD patterns, indicating
a slight change of the interlayer distance in low zinc content
(Zn,Nag33V,0s, 0 < x < 0.42). Interestingly, three peaks, located
at 6.6°, 13.2°, and 19.7°, sharply appear and gradually strength
when discharging from 0.7 to 0.2 V (corresponding to the zinc
content of 0.42 < x < 0.96), which is attributed to the forming/
disappearing of the new phase (Zn,Na,33V,0s), resulting from
the increase of the Zn?* content. In contrast, these three peaks
gradually weaken and disappear during the charge progress. To
further explain the phase transform process, in situ XRD pat-
terns are collected as shown in Figure S12 (Supporting Infor-
mation). A reversible phase transform between Na,;3V,0s5 and
the new phase is observed during the charge/discharge process.
Also, not all the initial phase (Nag33V,0s) is converted to the
intercalated phase, which is in accord with the ex situ XRD
result (Figure 4a). The intensity and position evolution of the
selected peaks, located at 29.0° and 41.3°, shift to lower angles
after fully discharge process, clearly show that the structure
continues to evolve upon Zn** insertion. Based on the Rietveld
refinement results of different charged/discharged state, the
new peaks can be indexed to the inserted Zn,Na, 35V,05 phase,
and the structural change of NVO is a highly reversible process
(Figure S13, Supporting Information). The Raman spectrum of
NVO samples at different charge/discharge states are shown in
Figure S14 (Supporting Information). The highest peak located
at 144.5 cm™, which is tightly coupled with the layered struc-
ture, becoming weaker and broader when the NVO electrode
is discharging to 0.2 V, and gradually returning to the original
state when it is recharging to 1.6 V, indicating a stable layered
structure. The ex situ XPS analysis (Figure S15, Supporting
Information) of NVO electrodes in original and discharged
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Figure 4. a) The ex situ XRD patterns of NVO electrode at different charge/discharge states, and b) corresponding galvanostatic charge and discharge
curves at 0.2 A g7'. ¢) Schematic illustration of the zinc-storage mechanism in the NVO electrode. d) TEM and e) TEM-EDX element mapping images
at a full discharge state of NVO electrode after 3 cycles. f) The SAED pattern and g) HRTEM image of NVO electrode after 100 cycles.

(at the potential of 0.2 V) states are further applied to verify
the result of XRD. The survey spectrum indicates that the
sample consist of Na, V, O, and C (the addition of acetylene
black) elements in original state, while Zn 2p core level spectra
appeared at discharged state. High resolution spectra in the
range of 512-526 eV and 1018-1052 eV are recorded to further
understand the valence states of V (Figure S15b, Supporting
Information) and the intensity of zinc (Figure S15c, Sup-
porting Information), respectively. Two peaks located at 514.8
and 516.5 eV are observed in the range of 512-520 eV, corre-
sponding to the binding energy of V*" and V** (V 2p;, band),
respectively.’¥ Similarly, two different peaks located at 523.3 and
524.7 eV are observed in the range of 520-526 eV, corresponding
to the binding energy of V 2p,,; band. Note that the peak area
ratio of V#* and V>* changes greatly from the original to the dis-
charged state. The V** signal intensifies strongly upon discharge
(a small amount of V3* component is included in the broad
peak of V#), which is in accord with the reduction to an average
valence of V3%7* based on the electrochemistry. Furthermore,
the intensity of Zn 2p of the original state is far below to that of
discharged state, which confirmed the insertion of Zn?* into the
NVO electrode. TEM and TEM-EDX element mapping images at
a full discharge state of NVO electrode after 3 cycles are collected
(Figure 4d,e). The morphology of NVO nanowire is well main-
tained and the HRTEM image (inset in Figure 4d) shows a clear
lattice fringe, indicating a high stable crystallinity. The elements
of Zn, Na, V, and O are uniformly distributed as shown in TEM-
EDX element mapping images (Figure 4e; Figure S16, Sup-
porting Information). Combining with the XRD, Raman, XPS,
and TEM results, the storage mechanism of Zn//NVO battery
can be well illustrated. A reversible zinc ions insertion/extrac-
tion in/out the NVO material can be confirmed from all aspects.
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To confirm the NVO active material in the subsequent cycles,
TEM images of the electrode at full charge state after 100 cycles
are collected (Figure 4f,g; Figure S17, Supporting Information).
The TEM image shows that the NVO material still maintains
nanowire morphology. Similar results are obtained by the SEM
images of NVO nanowire after 3rd, 100th, 1000th, 2000th cycle
(Figure S18, Supporting Information). The morphology of NVO
nanowire is well maintained after 1000 cycles, even after 2000
cycles with little cracks. However, the morphology of V,05 suffers
great damage, with many cracks of the nanowires (Figure S19,
Supporting Information). The SAED pattern confirms the single
crystalline of NVO (Figure 4f), and the HRTEM image shows a
clear lattice fringe with a spacing of 0.728 nm, corresponding to
the (002) planes of NVO (Figure 4g). In addition, the inductively
coupled plasma optical emission spectroscopy analysis (ICP-OES)
of the electrolyte after different cycles is tested through a three-
electrode measurement (Table S3, Supporting Information). The
result shows that only little variety of the amount of vanadium
and sodium elements are captured in the electrolyte, indicating
little dissolution (<1% of the active material) of the active mate-
rial. The result of the ICP-OES analysis of the electrodes at dif-
ferent states show that the sodium content is stable at different
states (Table S4, Supporting Information), which is in accordance
with the previous ICP-result of the electrolyte. In other words,
the sodium ion does not change during charge/discharge pro-
cess, and it cannot be extracted from NVO during the charge
process. Also, the XRD patterns of NVO at different cycles show
no obvious change after 200 cycles, indicating that the 3D tunnel
framework of NVO is maintained by the Na* between the [V,01,],
layers, which acts as “pillars” to maintain the structural stability
during the charge/discharge progress (Figure S20, Supporting
Information). However, the XRD pattern of V,0s after 100 cycles
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is different from the initial (Figure S21, Supporting Informa-
tion). The peak located at 20.3° shifts to 21.2°, corresponding to
a decrease of (001) crystalline spacing, which results from the
structure degradation. Together with the SEM and TEM results,
it can be concluded that the 3D tunnel structure of NVO are well
maintained during the charge/discharge progress, which owes to
the stable Na* between the [V,0,), layers.

In summary, aqueous Zn//NVO battery is designed and con-
structed for the first time, which comprises of NVO nanowire
cathode, 3 M Zn(CH;3F3;S0;3), electrolyte and a zinc anode. The
NVO electrode delivers a high capacity (367.1 mA h g! at
0.1 A g!), exhibits long-term cyclic stability (with a capacity
retention over 93% for 1000 cycles) and good rate performance.
The improvement of electrical conductivity, resulted from the
intercalation of sodium ions between the [V,0q,], layers, is
studied by single nanowire device. Furthermore, the reversible
intercalation reaction mechanism is also confirmed by XRD,
Raman, XPS, SEM, and TEM analysis. The outstanding per-
formances can be attributed to the stable layered structure and
high conductivity of NVO. This work also indicates that layered
structure materials show great potential for the cathode of ZIBs
and the indigenous ions can act as pillars to stabilize the lay-
ered structure, thereby ensuring an enhanced cycling stability.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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