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lifetime means that alternative solutions 
are needed.

Many types of aqueous rechargeable 
batteries using multivalent metal ions 
(e.g., Zn2+, Mg2+, and Al3+) as charge 
carriers have been proposed.[6–8] This is 
because rechargeable cells employing 
multivalent ions can, in principle, deliver 
higher storage capacity due to multiple 
electron transfers. Among them, inter-
calation chemistry based on Zn2+ ions in 
aqueous Zn-ion batteries (ZIBs) is par-
ticularly promising thanks to the high Zn 
metal anode capacity (820 mA h g−1).[9] In 
addition, Zn offers several attractive attrib-
utes including low cost (USD $2 kg−1),[5] 
high electrical conductivity,[10] nontox-
icity,[11] easy processing, and a more suit-
able redox potential (−0.76 V vs standard 

hydrogen electrode) in aqueous electrolyte.[10] Further, previous 
studies have demonstrated that dendritic zinc issues, while 
prevalent in alkaline electrolytes, are virtually eliminated using 
neutral (or slightly acidic) pH electrolyte,[5] making the aqueous 
ZIBs attractive from a safety standpoint. Aqueous ZIB was 
first introduced by Kang and co-workers,[7] where tunnel-type 
MnO2 was used as cathode in 1 m ZnSO4 or Zn(NO3)2 aqueous 
electrolyte. After this pioneering demonstration, only Prussian 
blue analogs (ZnHCF[12] and CuHCF[13,14]) and polymorphous 
of MnO2

[15] were seriously investigated as potential Zn2+ ion 
host materials, but they suffer from either limited capacity 
(≈50 mA h g−1) or very poor cycling stability. Hence, the devel-
opment of stable ZIB cathode with higher energy density is 
crucial to realize aqueous ZIBs for large-scale energy storage.

Very recently, layered and tunnel-type vanadium-based 
compounds (Zn0.25V2O5·nH2O,[5] LiV3O8,[8] Na3V2(PO4)3,[10] 
VS2,[16] and VO1.52(OH)0.77

[17]) have been reported as potential 
cathode materials for aqueous ZIBs. The reported performance 
improvements were attributed mainly to their open-framework 
crystal structure and the tendency of vanadium to exist in mul-
tiple oxidation states. To capitalize on these features, herein, 
we have developed a microwave approach to rapidly synthesize 
ultralong zinc pyrovanadate (Zn3V2O7(OH)2·2H2O or ZVO) 
nanowires with a porous crystal framework (Figure 1A), which 
can facilitate the electrochemical (de)intercalation of Zn2+ ions 
into the ZVO lattice. We demonstrate that the ZVO cathode can 
deliver high capacities of 213 and 76 mA h g−1 at current densi-
ties of 50 and 3000 mA g−1, respectively. Further, we show that 
the Zn2+ ion uptake/removal process occurs without porous-
framework collapse, suggesting that ZVO anodes synthesized 

In this work, a microwave approach is developed to rapidly synthesize ultra-
long zinc pyrovanadate (Zn3V2O7(OH)2·2H2O, ZVO) nanowires with a porous 
crystal framework. It is shown that our synthesis strategy can easily be 
extended to fabricate other metal pyrovanadate compounds. The zinc pyrova-
nadate nanowires show significantly improved electrochemical performance 
when used as intercalation cathode for aqueous zinc–ion battery. Specifically, 
the ZVO cathode delivers high capacities of 213 and 76 mA h g−1 at current 
densities of 50 and 3000 mA g−1, respectively. Furthermore, the Zn//ZVO 
cells show good cycling stability up to 300 cycles. The estimated energy  
density of this Zn cell is ≈214Wh kg−1, which is much higher than commercial 
lead–acid batteries. Significant insight into the Zn-storage mechanism in the 
pyrovanadate cathodes is presented using multiple analytical methods. In 
addition, it is shown that our prototype device can power a 1.5 V temperature 
sensor for at least 24 h.

Zn-Ion Batteries

Cost-effective, environmentally friendly, and reliable energy 
storage is critical for widespread utilization of renewable 
energy sources.[1,2] Even though lithium intercalation cells with 
high energy density have clearly dominated our daily life, they 
still face challenges to scale up for large-scale applications, such 
as grid-level storage. This limitation is due to the cost, safety, 
lifespan, and toxicity of the Li cell components. The desire to 
achieve a truly sustainable future has brought significant atten-
tion to aqueous rechargeable batteries, especially for stationary 
grid-level storage of renewable energies,[3] where fast-response-
balancing systems for frequency regulation are crucial.[2,4] This 
is because aqueous electrolytes offer much higher ionic con-
ductivities (≈1 S cm−1) compared to nonaqueous electrolytes 
(≈1–10 mS cm−1), which favors high-rate capabilities.[5] More 
importantly, the aqueous rechargeable batteries (such as lead–
acid system) are much safer, cheaper, and easier to scale up 
than organic Li-ion cells. These characteristics are particularly 
important in stationary applications, where operational safety 
and low cost are more important than weight.[3,5] While the 
lead–acid batteries account for more than half of the global bat-
tery market, the use of toxic lead with their limited energy and 
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by the simple microwave process is indeed a potential Zn2+ 
host in aqueous ZIBs.

Zinc pyrovanadate crystallizes in the trigonal system  
(P3m1), and its structure is built up of zinc oxide layers sepa-
rated by V–O–V pillars (V2O7

4− group) (Figure 1A). The brucite 
type of layer is formed by close-packed terminal O atoms of 
pyrovanadate and hydroxide groups. The Zn atoms occupy three 
of four octahedral sites in a close-packed layer of O atoms.[18] 
The water molecules randomly fill in the large cavities. Such 
an open-framework and expanded interlayer spacing (0.719 nm 
vs 0.576 nm of VS2) offer a good possibility for electrochemical 
insertion/extraction of Zn2+ ions. Moreover, our microwave 
approach is more appealing than traditional hydrothermal 
processes because it enables rapid synthesis and higher yield. 
More importantly, we show that this microwave technique can 
easily be extended to fabricate other metal pyrovanadate, e.g., 
Cu3V2O7(OH)2·2H2O (Figure S1, Supporting Information). 
The XRD pattern of as-prepared product is shown in Figure 1B.  
It is clear that all the diffraction peaks can be indexed to 
Zn3V2O7(OH)2·2H2O (JCPDS 50-0570), indicating that single-
phase ZVO has been formed. It is interesting to note that 
the XRD intensity ratio I(001)/I(012) of the ZVO prepared by 
our process shows a dramatic enhancement in comparison to 
hydrothermally synthesized ZVO nanosheets,[19] nanoplates,[20] 

and microflowers.[21] Moreover, the preferential orientation 
of ZVO made by our process along the [001] direction (c-axis) 
may provide better access for guest Zn2+ ions into the available 
sites. The typical nanowire morphology of as-prepared ZVO is 
shown in the scanning electron microscope (SEM) and trans-
mission electron microscope (TEM) images of Figure 1C,D and 
Figure S2 (Supporting Information), which show the nano
wires to be tens of micrometers long and ≈100 nm wide. The 
energy-dispersive X-ray spectroscopy (EDS) analysis (inset in 
Figure 1D) also confirms the purity of the ZVO nanowires. A 
lattice fringe with d-spacing of 0.298 nm can be observed in 
the high-resolution TEM image, corresponding to (012) plane 
of ZVO nanowire (Figure 1E). In addition, we show that the 
ZVO nanowires are ≈10 nm thick, as determined by atomic 
force microscopy (Figure 1F; Figure S3, Supporting Informa-
tion). It is believed that these morphological features can effec-
tively shorten the diffusion pathway of Zn2+ ions in ZVO, thus 
enhancing its rate behavior.

Under the galvanostatic condition of 50 mA g−1 current den-
sity, the electrochemical profiles representing Zn2+ (de)interca-
lation into ZVO host are presented in Figure 2A. The discharge 
and charge plateau-like regions which are located, respectively, 
at 0.85/0.58 and 0.74/1.0 V are obviously observed in the 
second and third charge–discharge (CD) cycles, which probably 
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Figure 1.  Structural characterizations of as-synthesized ZVO nanowires. A) Crystal structure viewed along the b-axis of ZVO, which shows a layered 
structure with porous framework. The Zn atoms in ZnO6 and V atoms in V2O7 polyhedra are depicted in blue and yellow, respectively. The gray atoms 
in the crystal cavities represent the lattice water. B) Typical θ–2θ XRD pattern of ZVO nanowires. C–E) SEM, TEM, and high-resolution TEM images 
of ZVO nanowires. Inset in (D) shows the EDS spectrum of as-obtained ZVO, showing the existence of O, Zn, and V elements. F) AFM images of an 
individual ZVO nanowire, revealing an average thickness of ≈10 nm.
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correspond to the insertion/extraction of Zn2+ ions from 
ZVO crystal. A very high discharge capacity of 213 mA h g−1  
is initially obtained in the first cycle, corresponding to an 
≈3.8 electron redox process, of which 205 mA h g−1 is recov-
ered upon charging. Figure 2B shows the cycling performance 
of Zn//ZVO cell at an average voltage of ≈1.33 V (vs Zn/Zn2+). 
Note that for the estimation of the average voltage, the integral 
of the voltage–charge curve was divided by the total charge.[13] 
The battery delivers a reversible capacity of 101 mA h g−1 (68%) 
after 300 cycles and the Coulombic efficiency approaches >96% 
in all cycles. It is worthwhile to note that a rapid capacity deg-
radation occurs in the initial 30 cycles. We attribute this abrupt 
capacity fading to the formation of byproducts on the ZVO 
surface which may have been decomposed by the ZnSO4 elec-
trolyte,[17] as discussed later. However, the formation of surface 
sulfate suppresses further dramatic capacity fading. This pro-
cess is consistent with the reduced amount of capacity fading 
in the subsequent cycles, and hence, a stabilized capacity was 
observed over hundreds of cycles (100th to 300th cycles). The 
good rate capability of ZVO cathode is illustrated in Figure 2C, 
where the current density was increased stepwise from 50 to 
3000 mA g−1 and returned to 500 mA g−1. The discharge capaci-
ties at 50, 100, 300, 500, 800, 1000, 2000, and 3000 mA g−1 
are ≈200, 166, 145, 122, 105, 84, 75, and 54 mA h g−1, respec-
tively. Impressively, when the current density was returned to  
500 mA g−1, the discharge capacity recovered to 112 mA h g−1, 
suggesting only a slight structural modification of ZVO during 
intense current fluctuation.

Cyclic voltammetry (CV) measurements were performed 
to further investigate the Zn-ion storage behavior of the ZVO 

nanowires. Figure 2C exhibits representative CV curves of the 
ZVO cathode measured at diffident scan rates. The three dis-
tinct pairs of peaks at around 1.28/1.37 V (C1/A1), 0.84/1.05 V 
(C2/A2), and 0.58/0.79 V (C3/A3) can be attributed to a three-
step reaction associated with Zn2+ ion intercalation and extrac-
tion through the ZVO lattice, which are in agreement with 
previous reports.[22] For instance, two pairs of reduction/oxida-
tion peaks located at 0.8/1.1 and 0.65/0.79 V are observed for 
LiV3O8 when used as cathodes for ZIBs.[8] Furthermore, with 
the continuous increase of the scan rates from 0.1 to 0.5 mV s−1, 
the CV profiles retain their shapes, showing the good stability 
of ZVO cathodes. To further understand the charge storage 
kinetics in the ZVO host, we quantitatively separated the dif-
fusion-controlled and capacitive contributions to the measured 
current using sweep voltammetry.[23] Generally, the relationship 
between the measured peak current (i) and sweep rate (v) in a 
CV scan can be described by the following equation

i avb= � (1)

A b value of 0.5 indicates that the current is controlled 
by semiinfinite diffusion, while b = 1 indicates capacitive 
behavior.[24] For ZVO, the b-values of the six peaks are 0.8, 0.55, 
0.75, 0.68, 0.87, and 0.78 (Figure 2D), indicating mainly capac-
itor-like kinetics. We also quantitatively separated the diffusion-
controlled and capacitive contributions using an analysis where 
the current response, i (V), is assumed to be a combination of 
capacitor-like and diffusion-controlled processes

V 1 2
1/2i k v k v( ) = + � (2)
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Figure 2.  Electrochemical performance of the ZVO cathodes. A) Galvanostatic charge–discharge profiles for ZVO electrodes at a current density of 
50 mA g−1. B) Cycle performance at a current rate of 200 mA g−1. C) Rate capability of the ZVO cathode. D) Cyclic voltammetry curves at different scan 
rates. E) The b-values of different redox peaks, determined from the log(i) versus log(v) plots. F) The k1 analysis of ZVO electrode at 0.3 mV s−1. These 
data show the contribution to capacitive charge storage as a function of potential.
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By determining k1, it is possible to estimate, as a function 
of potential, the fraction of current contributed by capacitor-
like processes.[23] As shown in Figure 2E, 62% of the current 
can be attributed to the capacitive response at a scan rate of 
0.3 mV s−1, which is responsible for high-rate capability of 
the cell. Additionally, the galvanostatic intermittent titration 
technique (GITT) was employed to calculate the Zn2+ ion dif-
fusion coefficient in ZVO cathode (Figure 3A,B, see details in 
Note S2 in the Supporting Information). Despite the divalent 
nature of the Zn2+ ion, the GITT-determined diffusion coeffi-
cient is ≈10−9 to 10−10 cm2 s−1, which is 102–104 higher than the 
Li+ diffusion in LiFePO4,[25] Li3V2(PO4)3,[26] LiV3O8,[27] TiO2,[28] 
and LiCoO2

[29] in organic or aqueous cells. This result clearly 
shows that the open-framework structure of the ZVO cathode 
allows fast Zn2+ immigration, leading to good rate capabilities. 
The high-rate performance of our Zn//ZVO cell is compared 
to other reported Zn2+ ion cells as shown in the Ragone plot 
(Figure 3C). It can be seen that our cells offer better perfor-
mance than cells based on CuHCF,[13] VS2,[16] FeFe(CN)6,[30] and 
Na0.95MnO2

[31] cathodes. To visually illustrate the potential of 
this Zn cell for practical applications, we show that our proto-
type device (two cells in series) can power a 1.5 V temperature 
sensor (1.5 V, 0.15 mW) for at least 24 h (Figure 3D).

In order to gain insight into the electrochemical intercalation 
process in the ZVO host, ex situ XRD analysis was carried out. 
Figure S4A (Supporting Information) shows that Bragg peaks 
corresponding to ZVO phase shift to lower angles in the fully 
discharged state (0.2 V) in the first cycle, and nearly return to 

their initial positions upon discharging to 1.8 V. Interestingly, 
the ZVO electrode preserves its crystal structure after 100 con-
tinues CD cycles (Figure S4B, Supporting Information), indi-
cating highly reversible Zn2+ intercalation of ZVO host without 
breakdown of its porous framework. It is worth noting that the 
formation of Zn4SO4(OH)6·4H2O byproduct due to the reac-
tion with the electrolyte was observed after the first discharge 
(Figure S4A, Supporting Information). This result is probably 
responsible for the abrupt capacity fading at the initial cycles. 
However, most of the basic zinc sulfate byproduct was dimin-
ished after subsequent charging process. Furthermore, we did 
not observe any impurity signals from XRD analysis after 100 
CD cycles (Figure S4B, Supporting Information), which is con-
sistent with the significantly reduced trend in capacity fading 
in the subsequent cycles. Figure 4A displays the evolution of 
the (001) peak of ZVO electrode in detail during the second CD 
scan. Upon continues voltage increase, the (001) peak gradu-
ally shifts from 12.58° to 12.26°, revealing an interlayer expan-
sion process of the brucite-type layer, which can be immediately 
recovered upon voltage reversal. This reversibility and gradual 
shifting of the (001) peak confirms that the related process 
is associated with Zn2+ uptake/removal from ZVO lattice. It 
is worth noting a small amount of Zn2+ may have remained 
trapped in the crystal structure which caused less than 100% 
recovery of the (001) peak from 0.2 to 1.8 V at the second cycle. 
This phenomenon is likely another reason that contributes to 
the gradual capacity fading. The ex situ high-resolution TEM 
analysis (Figure 4B) also shows reversible changes of the 
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Figure 3.  Performance assessment of the Zn/ZVO cell. A) Charge–discharge GITT curves for the ZVO cathode at a current density of 30 mA g−1, and 
B) the corresponding Zn2+ coefficients as a function of the Zn2+ composition during CD scan of the ZVO cathode. C) The Ragone plot of Zn//ZVO cell,  
in comparison with other aqueous ZIBs (Zn//VS2 (ref. [16]), Zn//CuHCF (ref. [13]), Zn//FeFe(CN)6 (ref. [30]), and Zn//Na0.95MnO2 (ref. [31])).  
D) Digital image of a 1.5 V temperature sensor powered by two Zn/ZVO cells in series.
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lattice spacing of the ZVO (001) plane during the second cycle, 
which is consistent with the XRD study and also supports the 
reversible intercalation reaction mechanism. These results 
were subsequently substantiated by ex situ X-ray photoelec-
tron spectroscopy (XPS) analysis. The pristine (Figure 4C) and 
fully charged (Figure 4E) ZVO electrodes show only one Zn 2p 
(2p3/2: 1022 eV)[32] component due to the native Zn2+ sites in 
the ZVO lattice. However, in fully discharged state (Figure 4D), 
we observe a second Zn contribution where the Zn 2p3/2 peak 
is located at 1024 eV, which corresponds to the intercalated Zn 
in ZVO. In addition, reversible electrochemical reduction of 
V–O–V pillars as a consequence of Zn2+ insertion is also evi-
dent in the V 2p XPS region. The peak fitting analysis of the 
pristine ZVO electrode shows that its V 2p3/2 peak is located  
at 517 eV (Figure 4F), corresponding to V5+ species.[33] When dis-
charging to 0.2 V, another V 2p3/2 feature appears (Figure 4G),  
indicating partial reduction of V5+ to Vδ+ (δ < 5). As shown in 
Figure 4H, the Vδ+ contribution is almost diminished upon 
charging (for detailed discussion see Note S3 in the Supporting 

Information), confirming the reversibility and stability of the 
ZVO crystal. Based on the above discussions, the electrochem-
ical reaction of Zn//ZVO cell at current density of 50 mA g−1 
can be described using the following equations

Zn V O OH 2H O+1.9Zn + 3.8e

Zn V O OH 2H O
3 2 7 2 2

2+

4.9 2 7 2 2

( )
( )
⋅

↔ ⋅

−

� (3)

Zn + 2e Zn2+ ↔− � (4)

Considering the low cost of both Zn (≈USD $2 kg−1) and 
V (≈USD $2.5 lb−1),[5] the combination of a high-capacity, 
dendrite-free Zn anode and a stable ZVO cathode in a mild 
aqueous electrolyte presents a potentially safe, durable, and 
cost-efficient device for large-scale energy storage.

In summary, we report a simple microwave approach 
to synthesize layered metal pyrovanadate nanowires 
(Zn3V2O7(OH)2·2H2O or ZVO) as cathodes for ZIBs in 
aqueous electrolyte. The ZVO cathode delivers high capacities  

Adv. Mater. 2018, 30, 1705580

Figure 4.  Analysis of the Zn-storage mechanism in ZVO cathode. A) Ex situ XRD patterns of (001) Bragg peak of the ZVO electrode during second 
charge–discharge scan as a function of discharge and charge voltage. B) High-resolution TEM of the ZVO nanowire at initial, fully discharged (0.2 V) 
and charged (1.8 V) state. Ex situ high-resolution XPS spectra of the C–E) Zn 2p and F–H) V 2p regions in pristine, fully discharged, and charged state 
of the ZVO electrodes.
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of 213 and 76 mA h g−1 at current densities of 50 and 3000 mA g−1,  
respectively. Excellent rate behavior was demonstrated, and the 
Zn//ZVO cells show good cycling stability up to 300 cycles. The 
estimated energy density of our Zn cell is ≈214 Wh kg−1 which 
is much higher than commercial lead–acid batteries. Mecha-
nistic details of the Zn-storage mechanism based on Zn2+ ions 
intercalation were elucidated. The high capacity, low cost, and 
safety make our devices promising for stationary grid storage 
applications.

Experimental Section
Synthesis of Ultralong Zn3V2O7(OH)2·2H2O Nanowire: In a typical 

synthesis, 1.5 mol commercial Zn(NO3)2·2H2O was first dissolved in 
20 mL deionized (DI) water. Then, 1.0 mol commercial NH4VO3 powders 
were added into another 20 mL DI water and stirred at 80 °C for 10 min 
to form a homogeneous yellow solution. Next, the above NH4VO3 
solution was dropwise added to the zinc solution and stirred for 5 min. 
The above homogenous solution was transferred to a sealed glass vessel 
and placed in a CEM Discover SP microwave synthesis system. The 
system temperature was raised to 180 °C in 2 min and maintained for 
6 h. After cooling, the as-synthesized product was collected and rinsed 
with ethanol and DI, and dried in a vacuum at 60 °C for 24 h.

Structural Characterization: The as-synthesized samples were 
characterized using a Bruker D8 ADVANCE X-ray diffractormeter (XRD) 
using Cu Kα radiation (λ = 1.5406 Å), an FEI Nova Nano 630 scanning 
electron microscope, and an FEI Titan 80-300 ST (300 kV) transmission 
electron microscope with energy dispersive X-ray spectroscopy capabilities. 
X-ray photoelectron spectroscopy measurements were performed using a 
Kratos Axis Ultra DLD spectrometer with Al Kα radiation (hν = 1486.6 eV). 
All XPS spectra were calibrated by shifting the detected adventitious 
carbon C 1s peak to 284.4 eV. Atomic force microscopy (AFM) images 
were recorded using a Digital Instrument Multi-Mode AFM with a 
Nanoscope 4 controller operating in tapping mode.

Zn-Ion Battery Performance Measurement: To assess the battery 
performance, 2032 coin-type (MTI, Inc.) devices were fabricated. Self-
supported Zn3V2O7(OH)2·2H2O membrane was fabricated using a 
vacuum filtration method to serve as the working electrode. Typically, 
zinc pyrovanadate nanowires were mixed with conducting Super P and 
a water-based composite binder (carboxymethylcellulose) and styrene–
butadiene rubber in a 70:27:2:1 weight ratio. The composite film was 
punched into ≈1 cm−2, and the active material mass loading is around 
4–5 mg cm−2. Zinc foil was used as the counter and reference electrode, 
and Celgard 3501 microporous membrane as separator. 1 m ZnSO4 
in water was used as electrolyte. Stainless steel was used as current 
collector. The electrochemical performance of the assembled cells was 
measured at different current densities in the voltage window from 0.2 to 
1.8 V versus Zn/Zn2+ using an Arbin battery tester (Arbin BT-2143-11U, 
College Station, TX, USA). Cyclic voltammetry was performed to examine 
the reduction and oxidation peaks in the voltage range of 0.2–1.8 V 
versus Zn/Zn2+ at a scan rate of 0.1–1 mV s−1 using VMP3 Biologic 
potentiostat (Biologic, France).

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