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ABSTRACT: Rechargeable aqueous zinc-ion batteries (ZIBs)
have shown extraordinary potential in recent years due to their
prominent superiority including resource sustainability, non-
toxicity, excellent energy density of the zinc anode, and better
safety. Nevertheless, the development of ZIBs is still hindered by
the lack of suitable cathode materials possessing a high discharge
voltage, sufficient specific energy density, and long-term cycle life.
Herein, our work reported a layered phosphate, Zn0.4VOPO4·
0.8H2O, by topochemical incorporation of zinc ions into the
VOPO4·2H2O framework. The incorporation of zinc ions makes
no change in the in-plane atomic arrangement and coordination
environment. The resulting Zn0.4VOPO4·0.8H2O depicted a
specific capacity of 161.4 mAh·g−1, a discharge plateau of 1.45
V, and excellent cycling stability over 1000 cycles. The energy density of our Zn//Zn0.4VOPO4·0.8H2O battery was as high as 219.8
Wh·kg−1 at a power density of 136.2 W·kg−1. A typical zinc ion intercalation/deintercalation mechanism has been revealed in this
layered cathode. This work provides a layered hydrated phosphate as a robust cathode for ZIBs and also sheds light on modulation
of multivalent-ion storage performance by a topochemical strategy in layered materials.
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1. INTRODUCTION

As one of the most popular energy storage devices, secondary
zinc-ion batteries (ZIBs) have shown extraordinary develop-
ment potential in recent years due to their prominent
superiority including relative resource sustainability (abundant
zinc resource reserve), better safety, environment friendliness
(aqueous-based electrolytes), and excellent volumetric energy
density (nearly 5855 mAh·cm−3 compared to 2061 mAh·cm−3

for lithium-ion batteries).1−4 Nevertheless, the development of
ZIBs is still hindered by the lack of suitable cathode materials
possessing sufficient specific energy density and long-term
cycle life. Up to date, the most commonly studied cathodes are
Mn-based and V-based oxides. Mn-based oxides show high
specific capacity due to their remarkable diversity of crystal
structure and unique tunnel structure for facile zinc ion
transport.2−14 However, Mn-based oxides generally suffer from
Mn2+ dissolution and poor cycling stability caused by the
Jahn−Teller effect.2,5 On the other hand, V-based oxides
exhibit longer cycle lives and higher rate performances, but
their low discharge voltage around 0.6−0.8 V significantly
limits the energy density of the battery.8−10 Thus, the
development on cathode materials that combine both high
discharge voltage and excellent cycling stability is highly
desired and also very challenging.

Layered phosphate compounds have attracted considerable
research interests on ZIBs owing to their unique layered
structure and enriched electrochemical activity.15−18 Among
them, layered hydrated phosphate (VOPO4·2H2O) is a bilayer
structure where the adjacent layers are held together by weak
bonding interactions with the characteristic of corner-shared
VO6 octahedra linking to PO4 tetrahedra as a host layer,19,20

and it has been already reported as a promising cathode
material for pseudocapacitors,21 Li+,19 Na+,22 and Mg2+23

secondary batteries. Most recently, it has been reported that
VOPO4 could be utilized as a Zn2+ intercalation host cathode
of aqueous ZIBs, taking advantage of the rich chemical valence
states of V (V5+, V4+, and V3+) and the open interlayer spacing
(7.43 Å) of the two-dimensional (2D) structure.16−18

Recent advances demonstrated that modulating the
interlayer structure by employing intercalated polymer
molecules or metal cations could significantly boost the
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capacity and cycle performance of the cathode. For instance,
Wang et al. designed and fabricated a polyaniline-intercalated
MnO2 that served as the cathode of aqueous ZIBs, which
showed excellent long-term stability of 5000 cycles at a
utilization of 40% of the theoretical capacity.24 This emerging
report inspires us to consider the following question: could
Zn2+ be incorporated into the layered VOPO4·nH2O frame-
work to form a phase for zinc-ion storage?
Motivated by this consideration, herein, we report a layered

phosphate, Zn0.4VOPO4·0.8H2O, by topochemical incorpo-
ration of zinc ions into the VOPO4·2H2O framework. The
incorporation of zinc ions makes no change in the in-plane
atomic arrangement and coordination environment. The
resulting Zn0.4VOPO4·0.8H2O depicted a specific capacity of
161.4 mAh·g−1, a discharge plateau of 1.45 V, and excellent
cycling stability over 1000 cycles. The energy density of our
Zn//Zn0.4VOPO4·0.8H2O battery was as high as 219.8 Wh·
kg−1 at a power density of 136.2 W·kg−1. A typical zinc ion
intercalation/deintercalation mechanism has been revealed in
this layered cathode. This work provides a layered hydrated
phosphate as a robust cathode for ZIBs and also sheds light on
modulation of multivalent-ion storage performance by a
topochemical strategy in layered materials.

2. RESULTS AND DISCUSSION
A. Zn0.4VOPO4·0.8H2O Phase. A VOPO4·2H2O (called as

VOP) precursor was synthesized via a conventional refluxing
method reported previously (Scheme 1).21,25 A yellow

precipitate was observed during the refluxing process (Figure
1a). The corresponding transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) character-
izations demonstrate that the VOPO4·2H2O was crystallized in
plate-like morphology with a uniform rectangular shape
(Figure 1b and Figure S1). Interestingly, after solvothermal
treatment of these precursor platelets in dimethoxyethane
(DME) solution containing 0.5 M ZnI2, the color of the
sample changed from bright yellow into dark green (Figure
1c), suggesting the possible phase evolution and valence
change of the V element during this procedure. The
solvothermal condition has been optimized at 150 °C for 12

h to obtain the sample with high purity (Figure S2). The SEM
and TEM images of the sample after this solvothermal
treatment confirm that the rectangular morphology was well
retained (Figure 1d−f). Moreover, the energy dispersive
spectrum (EDS) mapping images demonstrate uniform
distribution of Zn, V, O, and P elements in the platelet after
the solvothermal treatment (Figure 1f). This result indicates
that the Zn element has been successfully incorporated into
the VOPO4·2H2O, resulting in the formation of a Zn-rich
phase. Inductively coupled plasma optical emission spectrom-
etry analysis further confirms that the mole ratio in the Zn-rich
product was 0.4:1:1 for Zn:V:P (Anal. Calcd (%): Zn, 24.1%;
V, 47.2%; P, 28.7%. Found (%): Zn, 23.1%; V, 45.5%; P,
31.4%). The number (n) of coordinated water molecules was
calculated to be 0.8 according to thermogravimetric analysis
(TGA) (Figure S3). Accordingly, the chemical composition of
the as-obtained sample can be determined as Zn0.4VOPO4·
0.8H2O (called as ZVOP). Note that the coordinated water
highly decreased during the zinc ion intercalation procedure.
This solvothermal reaction should be proposed as follows

· +

→ · + +

5VOPO 2H O 2ZnI

5Zn VOPO 0. 8H O 2I 6H O
4 2 2

0.4 4 2 2 2 (1)

To better understand the chemical bonding information of
this Zn0.4VOPO4·0.8H2O phase, Raman, Fourier transform
infrared spectroscopy (FTIR), and X-ray photoelectron
spectroscopy (XPS) were performed subsequently. By
comparing the Raman and FTIR spectra between the

Scheme 1. Schematic Illustration of the Zn2+ Incorporation
in Layered VOPO4·2H2O by an Appropriate Solvothermal
Process

Figure 1. (a) Optical photograph for the synthesis of the VOPO4·
2H2O precursor. (b) Typical TEM image of VOP platelets. (c)
Resulting green Zn0.4VOPO4·0.8H2O powder sample. (d, e)
Characteristic SEM images. (f) TEM image and EDS mappings of
Zn0.4VOPO4·0.8H2O. In-plane SAED patterns of (g) VOPO4·2H2O
and (h) Zn0.4VOPO4·0.8H2O platelets. (g) In-plane atomic
configuration of the Zn0.4VOPO4·0.8H2O crystal along the c axis.
(h) X-ray diffraction (XRD) patterns of VOPO4·2H2O and
Zn0.4VOPO4·0.8H2O.
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VOPO4·2H2O precursor and Zn0.4VOPO4·0.8H2O product
(Figures S4 and S5), one can see that the hydrogen bond
interaction between the H2O molecules and the PO4

3− group
was weakened in Zn0.4VOPO4·0.8H2O, inducing the mitigation
of the steric hindrance of O−P−O stretching vibration.
Accordingly, a shift to the lower wavenumber of the symmetric
O−P−O stretching modes has been observed,21,26,27 and the
relatively broader and weaker band of Zn0.4VOPO4·0.8H2O
compared to VOP phase suggested a lower water content.28

From the V 2p XPS, two split peaks among the V 2p3/2 region
of Zn0.4VOPO4·0.8H2O located at 518.3 and 517.1 eV assigned
to V5+ and V4+ have been detected, respectively. This
observation demonstrated the presence of V4+ after solvother-
mal treatment (Figure S6). The peak area ratio of V5+/V4+ can
be estimated as 0.24, which is well consistent with the
stoichiometric value (0.25) in Zn0.4VOPO4·0.8H2O.
We then tried to determine the crystal structure of this

Zn0.4VOPO4·0.8H2O phase. Figure 1g,h depicts the in-plane
selected area electron diffraction (SAED) pattern taken from
an individual platelet along the c axis of VOPO4·2H2O and

Zn0.4VOPO4·0.8H2O platelet, respectively. Both samples
exhibited typical cubic diffraction spots with the [001] zone
axis, demonstrating the single-crystal nature of an individual
platelet. More importantly, the in-plane lattice parameters were
estimated from these SAED patterns as follows: a = b = 6.22 Å
(VOPO4·2H2O) and a = 6.21 Å, b = 6.23 Å (Zn0.4VOPO4·
0.8H2O), indicating the apparent similarity on the in-plane
lattice size after Zn2+ incorporation. From these results, we
could propose that Zn2+ has been intercalated only into the
interlayer gallery of the VOPO4·2H2O crystal with no change
in the in-plane atomic arrangement and coordination environ-
ment. In general, a topochemical reaction can be defined as
adding, extracting, or substituting elements from precursors for
synthesis of new materials, which retain the structure or
morphology of precursors.29 Accordingly, our strategy for the
Zn0.4VOPO4·0.8H2O synthesis can be considered as a
topochemical route.
Figure 2a shows the laboratory XRD patterns of the samples

using Cu Kα radiation (λ = 1.5405 Å) with a graphite
monochromator. One can see that the (001) peak of

Figure 2. (a) XRD patterns of VOPO4·2H2O and the Zn0.4VOPO4·0.8H2O powder sample. (b) Tyndall scattering effect in VOP nanosheet
colloidal suspension and (c) the sedimentation of the Zn0.4VOPO4·0.8H2O bulk in isopropanol. (d) Schematic of Zn0.4VOPO4·0.8H2O single
crystal diffraction and the corresponding SXRD pattern along the c axis. (e) SXRD pattern of the Zn0.4VOPO4·0.8H2O single crystal along the b
axis. (f) Schematic of the proposed arrangement of Zn2+ sites in the VOPO4 host layer.
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Zn0.4VOPO4·0.8H2O shifted to a higher degree of 12.7°
compared with that of the VOP precursor, indicating a smaller
interlayer d-spacing of 7.0 Å. A similar phenomenon has also
been reported recently in Niu’s work, and this reduction in d-
spacing should result from the strong electrostatic attraction
between the inserted Zn2+ ions and oxygen in the [VOPO4]
host layer.17 The increased electrostatic attraction has also
been confirmed by the distinctive liquid exfoliation behavior
between VOPO4·2H2O and Zn0.4VOPO4·0.8H2O. The
VOPO4·2H2O powder can be well dispersed in isopropanol,
and after a moderate ultrasonic treatment, uniform colloidal
suspension was easily formed due to exfoliation of the layered
bulk (Figure 2b).21 However, the colloidal solution cannot be
observed in the Zn0.4VOPO4·0.8H2O bulk by the same
treatment (Figure 2c). The absence of liquid exfoliation
behavior of the Zn0.4VOPO4·0.8H2O phase indicated much a

larger bonding force between the adjacent host layers in the
Zn0.4VOPO4·0.8H2O crystal. We further performed single-
crystal XRD (SXRD) characterization via synchrotron to
deeply identify the crystallographic information. The recon-
structed (hk0) section from the SXRD data showed a sharp
cubic pattern (Figure 2d), which was well consistent with the
SAED pattern in Figure 1h, demonstrating the unchanged
VOPO4 framework among the layer compared to that of VOP
(Figure 2e). Nevertheless, the reconstructed (h0l) and (0kl)
sections showed apparent streaking patterns, suggesting the
presence of a large number of stacking faults parallel to the
(hk0) plane in the present Zn0.4VOPO4·0.8H2O crystal. More
than 10 measured single crystals showed similar results (Figure
2f and Figure S7). Furthermore, the synchrotron X-ray powder
diffraction (XRPD) also showed the splitting of the (001) peak
into three subpeaks between 6.8 and 7.2 Å (Figure S8). This

Figure 3. (a) Cyclic voltammetry (CV) curves of the Zn0.4VOPO4·0.8H2O-based battery at different scan rates. (b) Logarithm dependence of peak
current density and scan rate of the ZVOP-based ZIB in the CV test. (c) Capacitive and diffusion effect contribution ratios at different CV scan
rates. (d) CV curve containing the schematic of the capacitive and diffusion effect contribution at a scan rate of 1.0 mV·s−1. (e) Charge−discharge
curves of the battery at a current density of 100 mAh·g−1 at first, second, and third cycles. (f) Rate capacity at current densities of 100, 200, 500,
1000, and 2000 mA·g−1. (g) Long-term cycle stability of VOPO4·2H2O and Zn0.4VOPO4·0.8H2O cathodes at a current density of 100 mA·g−1.
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result also implied the uniformed interlayer distance and an
unstable layered stacking of our Zn0.4VOPO4·0.8H2O.
Unfortunately, the refinement of SXRD data was unsuccessful
due to the presence of a large amount of stacking faults in the
Zn0.4VOPO4·0.8H2O crystal, and it is still difficult to clearly
know the crystal structure and the accurate Zn2+ occupancy in
Zn0.4VOPO4·0.8H2O.
2.2. Stable Zn//Zn0.4VOPO4·0.8H2O Aqueous Battery.

CR-2032 coin cells were assembled employing active
Zn0.4VOPO4·0.8H2O as the cathode (mass loading: 2 mg·
cm−2), zinc foil as the anode, glass fiber as the separator, and 2
M Zn(CF3SO3)2 aqueous solution as the electrolyte. The CV
curves of the resulting battery at various scan rates from 0.1 to
2.0 mV·s−1 exhibited distinct oxidation peaks and correspond-
ing reduction peaks located between 1.5 and 1.7V and 1.1 and
1.2 V, revealing the typical electron transfer process within a
wide voltage window (0.2−1.9 V) (Figure 3a). From the
dependence of log(id) and log(v) of all the scan rates (Figure
3b), the contribution rates of the capacitive effect were
calculated to be 21.7, 22.4, 23.8, 24.8, 28.7, and 31.5% at the
scan rates of 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 mV·s−1, respectively
(Figure 3c,d). Although the major capacity contribution during
the variation of the scan rate was always the battery-type effect,
a gradual increase in the capacitive effect was observed with the
increase in the scan rate, which should be attributed to the
typical 2D morphology of our sample. Such a capacity
contribution was also detected in the VOP precursor electrode
at different scan rates as well (Figure S9).
The galvanostatic charge−discharge (GCD) curves (Figure

3e) for the initial cycles of the battery suggested an activation
process in the first cycle, which is attributed to the initial
irreversible cycle as well as the electrochemical activation
process of the cathode.24 Although the discharge plateau is
lower than some other phosphate cathodes such as LiVPO4F
(1.9 V)30,31 recently reported, it is still higher than most of the
traditional cathode materials including VOPO4·2H2O (1.15 V)
(Figure S10), Na3V2(PO4)3 (1.1 V),13 LiV2(PO4)3 (1.3 V),14

vanadium oxides and derivatives (around 0.75 V),32−36,10 and
manganese oxides (around 1.25 V).3,37−39 The high potential
should be ascribed to the “inductive effect” of strong P−O
covalent bonds that drive the electron density away from the V
center in the V−O−P layers, thus weakening the covalence of
the V−O bonds.26,40 As a result, the lower covalency of the V−
O bonds led to the higher potential of Zn0.4VOPO4·0.8H2O.

26

The Zn0.4VOPO4·0.8H2O cathode exhibited high specific
capacities of 161.4, 140.9, 122.3, 97.1, and 82.6 mAh·g−1 at
the current densities of 100, 200, 500, 1000, and 2000 mA·g−1

and recovered to 156.1 mAh·g−1 when the current density
returned back to 100 mA·g−1 (Figure 3f and Figures S11 and
12). Long-term cycling stability was further studied based on
different salt electrolytes at a current density of 100 mA·g−1

(Figure S13), demonstrating the optimal performance by
choosing Zn(CF3SO3)2 aqueous solution as the electrolyte.
Remarkably, the as-constructed Zn0.4VOPO4·0.8H2O-based
ZIBs exhibited excellent cycle stability with a 71.4% capacity
retention after 1000 cycles with a first-cycle Coulombic
efficiency of 90.7% (Figure 3g and Figures S14 and 15). The
energy density of our Zn//Zn0.4VOPO4·0.8H2O battery is
219.8 Wh·kg−1 at a power density of 136.2 W·kg−1, which
significantly surpassed those of Prussian Blue,11,12 VS2,

10

todorokite,41 zinc manganate spinel, metal ion-doped man-
ganese oxides,42,43 and NASICON13 counterparts recently
reported. The superiority in high discharge platform and

energy density of our Zn0.4VOPO4·0.8H2O is summarized in
Figure 4a,b, respectively.

To clarify the zinc ion storage mechanism of our
Zn0.4VOPO4·0.8H2O, we performed ex situ XRD to reveal
the phase evolution during the GCD procedure (Figure 5a,b).
It is noteworthy that the position of the (001) peak was
located at 13.5° with a d-spacing of 6.5 Å after the first
discharge stage to a low potential of 0.2 V, which was slightly
smaller than that (7.0 Å) of the pristine Zn0.4VOPO4·0.8H2O
phase in Figure 2a. During the second charge process, the
location of the (001) peak gradually shifted to lower 2θ and
eventually located at 12.3° at the end of a charging potential of
1.9 V (from A to E), indicating an increased interlayer spacing
from 6.5 to 7.2 Å caused by Zn2+ deintercalation. During the
second discharge process (from E to J), this peak gradually
shifted back to a higher degree accompanied by the Zn2+

intercalation into the layered structure. At the end of the
discharge process at 0.2 V, the d-spacing of the (001)
diffraction (6.5 Å) was well consistent with the initial one
(point A).The decrease in the interlayer distance after Zn2+

intercalation should be attributed to the enhanced electrostatic
attraction between Zn2+ and oxygen in the layers, as reported
previously.16 In addition, according to ex situ XPS result of V in
the completed second GCD cycle (Figure S16), the character-
istic position of the V 2p peak gradually shifted to a high value
of the binding energy in the charge process. It shifted back to
the initial value with high reversibility in the discharge stage,
corresponding to the oxidation/reduction of the V element
accompanied by the deintercalation and intercalation of Zn2+,
respectively. This XPS result was in well agreement with the ex
situ XRD result in the GCD procedure. The electrochemical
impedance spectrum (EIS) showed two semicircles in the
high-frequency area and a line in the low-frequency area

Figure 4. (a) Comparison of the discharge platform between our
work and typical cathode materials of aqueous ZIBs previously
reported.3,10,13,14,32−39 (b) Ragone plot of the Zn0.4VOPO4·0.8H2O-
based ZIB compared to other ZIBs based on conventional
cathodes.10−13,41−43

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c00318
ACS Appl. Energy Mater. 2020, 3, 3919−3927

3923

http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00318/suppl_file/ae0c00318_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00318?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00318?ref=pdf


(Figure S17), indicating a diffusion-controlled battery-type
mechanism of the Zn0.4VOPO4·0.8H2O cathode,44,45 well
consistent with the zinc ion intercalation/deintercalation
process demonstrated above. Therefore, the abovementioned
ex situ XRD and XPS patterns suggest the Zn2+ intercalation/
deintercalation mechanism of the layered Zn0.4VOPO4·0.8H2O
cathode as follows34 (Figure 5c)

· + +

↔ ·

+ −n

m

Zn VOPO H O 0.48Zn 0.96 e

Zn VOPO H O
0.4 4 2

2

0.88 4 2 (2)

2.3. Wearable, Solid-State Zn//Zn0.4VOPO4·0.8H2O
Batteries. Finally, we successfully constructed a flexible,
solid-state ZIB based on the ZVOP cathode and broaden its
application potential in the wearable electronic field. Figure 6a
shows the sandwich structure of the as-fabricated device, which
was assembled employing ZVOP@CFC as the cathode
(loading mass: 2 mg·cm−2), Zn@CFC as the anode,
Zn(ClO4)2@PVA as the solid-state electrolyte, and facile filter
paper as the separator. Notably, Zn(ClO4)2 employed here
served as the electrolyte salt due to the higher solubility of the
salt than those of Zn(CF3SO3)2 and ZnSO4 in PVA aqueous
solution. The SEM image of the Zn@CFC anode (Figure 6b)

demonstrated that the CFC surface was densely covered by the
electrodeposited Zn thin layer. The GCD curves of the single
device and two devices in series both exhibited a steady charge
and discharge platform in the operation windows of 0.2 to 1.9
V and 0.4 to 3.8 V, respectively (Figure 6c). Two assembled
and fully charged flexible ZIBs could easily drive a group of
LEDs in series (Figure 6d). Two pieces of the devices were
equipped on the glove after full charging. With the bending
angle of the devices changing from 0° to 45°, 90°, and returned
back to the normal state, a group of LEDs can be illuminated
continuously without flicker (Figure 6e−h), demonstrating the
outstanding flexibility of our devices and potential applications
in the wearable electronics.

3. CONCLUSIONS
In summary, we demonstrated a layered Zn0.4VOPO4·0.8H2O
synthesized topochemically by incorporation of zinc ions into
the VOPO4·2H2O framework as a robust cathode material for
rechargeable ZIBs. The incorporation of zinc ions makes no
change in the in-plane atomic arrangement and coordination
environment. This layered compound combines both high
discharge voltage (1.45 V) and excellent cycling stability (over
1000 cycles). The energy density of our Zn//Zn0.4VOPO4·
0.8H2O battery was as high as 219.8 Wh·kg−1 at a power
density of 136.2 W·kg−1, surpassing those of Prussian Blue,
VS2, todorokite, metal ion-doped manganese oxides, and
NASICON counterparts recently reported. A typical inter-
calation/deintercalation storage mechanism has been revealed
in this layered compound. Our work opened up a new avenue
on the modulation of multivalent-ion storage performance by a
topochemical strategy in layered compounds. In the next work,
we will continue to optimize the battery behavior by carefully
controlling Zn/V atomic ratios in this layered phosphate series.

4. EXPERIMENTAL SECTION
4.1. Material Synthesis. The precursor VOPO4·2H2O (VOP)

was synthesized according to a convenient oil bath refluxing method
reported in the early literature. In the typical procedure, 4.8 g of V2O5,
26.6 mL of H3PO4, and 115.4 mL of DI water were added into a
three-necked flask, followed by a short-time magnetic stirring and
then heating at 110 °C in the oil bath with reflux condensation. After
the reaction system was cooled down to room temperature naturally,
the yellow precipitate was collected by centrifugation and washed with
DI water and acetone three times. The resulting sample was dried at
60 °C in a vacuum oven so as to obtain VOPO4·2H2O. Then, 0.3 g of
oven-dried VOPO4·2H2O and 5.8 g of ZnI2 were added into 60 mL of
DME, and the mixture was kept under stirring for 30 min to form a
homogeneous yellow-green solution. The mixture was then trans-
ferred into a 100 mL Teflon-lined strainless steel autoclave and kept at
150 °C for 12 h in the oven. The dark-green precipitate at the bottom
of the reactor was collected by filtration and washed with DME
several times. The sample was then dried in a vacuum oven at 60 °C
for 8 h to obtain the Zn0.4VOPO4·0.8H2O (ZVOP) product. For the
liquid exfoliation experiment, 30 mg of the powder sample (ZVOP or
VOP bulk) was dispersed in 20 mL of isopropanol solvent, followed
by a moderate ultrasonication treatment for 30 min.

4.2. Material Characterization. The structure morphology and
structure characterization were characterized by SEM (Phenom Pro
X), high-resolution TEM, and laboratory XRD (Bruker D8-A25
diffractometer using Cu Kα radiation (λ = 1.5406 Å)). The SAED and
EDS mapping were carried out during the TEM measurement
(Philips CM 200 FEG field emission microscope) process to gather
detailed information of the phase structure and chemical element
distribution of the sample. Further information of the chemical
bonding condition and the microscopic was recorded by means of
XPS (PHI 5000C EACA), Raman spectroscopy (RENISHAW inVia),

Figure 5. (a) XRD patterns of the cathode at different voltages in the
second GCD cycle. (b) Corresponding GCD curve and the selected
voltage points. (c) Schematic illustration of the topochemical
transformation and the interlayer d-spacing evolution of the layered
phosphate during the solvothermal treatment and charge/discharge
process.
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FTIR (Bruker Tensor II), TGA (SDT Q600), and inductively
coupled plasma atomic emission spectrometry (PerkinElmer Optima
8000). Synchrotron XRPD and SXRD data were collected at PD and
MX2 beamlines, Australian Synchrotron (ANSTO), respectively. For
the ex situ XRD characterization, the ZVOP-based battery was first
discharged to the lower limit of the voltage (0.2 V) with a complete
Zn2+ intercalation procedure, and we then carried out the ex situ XRD
characterization in the second GCD cycle.
4.3. Electrochemical Measurement. The ZVOP electrode was

prepared by mixing ZVOP, acetylene black, and poly(vinylidene
difluoride) on the basis of a mass ratio of 7:2:1 with the moderate
addition of 1-methyl-2-pyrrolidinone; then, the uniform slurry was
coated onto a piece of 304 stainless steel foil and dried at 80 °C for 10
h in a vacuum oven. The slurry-coated foil cut into Φ10 mm
electrodes served as the cathode (mass loading: 2 mg·cm−2), while the
zinc foil washed with ethanol and the glass fiber membrane were used

as the anode and separator, respectively, and 2 M Zn(CF3SO3)2 (2 M
ZnSO4, 2 M Zn(ClO4)2) aqueous solution was prepared as the
electrolyte. The CR-2032 cell was assembled in air using the
beforehand electrodes and other relevant components. A LAND
battery test system (CT2001A) was employed to evaluate the
electrochemical performance of the battery. The CV test and EIS with
a frequency range from 1 MHz to 0.1 Hz and an applied AC of 5 mV
were performed on the electrochemical workstation (CHI660E). The
similar method was also applied to the preparation and evaluation of
the VOP-based ZIB.

4.4. Fabrication and Functional Test of the Flexible All-
Solid-State Battery. A quasi solid flexible zinc-ion battery was
fabricated using the aforementioned slurry-coated carbon fiber cloth
(CFC) as the cathode (mass loading: 2 mg·cm−2), CFC with a layer
of zinc electrodeposited coating as the anode, a piece of filter paper as
the separator, and 2 M Zn(ClO4)2@poly(vinyl alcohol) (PVA) as the

Figure 6. (a) Sandwich structure of the flexible battery. (b) SEM image of the carbon fiber cloth undergoing zinc electrodeposition. (c)
Dependence of voltage and time of single battery/batteries in series during the charge and discharge procedures. (d) Photograph of a group LEDs
driven by two fully charged batteries in series. (e−h) Exhibition of the stable output performance of the flexible batteries with different bending
angles.
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electrolyte. The electrolyte was prepared by adding 3 g of PVA to 30
mL of 2 M Zn(ClO4)2 aqueous solution little by little with continuous
stirring, followed by oil bath treatment at 80 °C for 2 h and gathering
of the thick sample when it cooled down to room temperature. The
electrochemical deposition of the zinc layer on the CFC was executed
on CHI660E using a potentiostatic model at −0.7 V (vs Zn2+/Zn) for
2000 s. The ultimate flexible all-solid-state battery was assembled and
sealed with the polyimide (PI) film to form a stable sandwich
structure.
4.5. Calculation Methods. From the dependence of log(id) and

log(v) of all the scan rates (Figure S10), the capacity contributed by
the capacitive effect and battery-type effect (diffusion effect) can be
clearly distinguished by the following equations46,47

=I avb
p (3)

= +I C v C vp 1 2
1/2

(4)

where Ip (A·g−1) is the peak current density at different scan rates, v is
the corresponding scan rates varied from 0.1 to 2 mV·s−1, a and b are
adjustable values due to the kinetic process, C1 and C2 are the
constant factors of the capacity contribution of the surface
pseudocapacitive effect and battery-type effect, respectively.
With a deformation of the above equation, the specific contribution

rate of different internal mechanisms can be solved according to the
following equation

= +
I

v
C v Cp

1/2 1
1/2

2 (5)

The specific energy density (Wh·kg−1) and average specific power
density (W·kg−1) of the ZVOP- and VOP-based batteries were
calculated in terms of the following equations

∫=E C V( )
V

V

s s
0

1

(6)

=P
E
ts

s
(7)

where Es is the calculated specific energy density (Wh·kg−1), Ps is the
average specific power density (W·kg−1), Cs (mAh·g−1) is the specific
capacity of the battery, V0 and V1 is the voltage lower limit and voltage
upper limit of the discharge procedure, respectively, and t is the
discharge time (h). All of the properties including specific capacity,
energy density, and power density are calculated based on the mass
loading of the active material (ZVOP or VOP) in the coated slurry on
the substrate.
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Schenk, H. Structure Determination of Two Intercalated Compounds
VOPO4·(CH2)4O and VOPO4·OH-(CH2)2-O-(CH2)2-OH; synchro-
tron powder diffraction and molecular modelling. Acta Crystallogr.,
Sect. B: Struct. Sci. 2001, 57, 178−183.
(21) Wu, C.; Lu, X.; Peng, L.; Xu, K.; Peng, X.; Huang, J.; Yu, G.;
Xie, Y. Two-Dimensional Vanadyl Phosphate Ultrathin Nanosheets
for High Energy Density and Flexible Pseudocapacitors. Nat.
Commun. 2013, 4, 2431.
(22) He, G.; Kan, W. H.; Manthiram, A. A 3.4 V Layered VOPO4

Cathode for Na-Ion Batteries. Chem. Mater. 2016, 28, 682−688.
(23) Ji, X.; Chen, J.; Wang, F.; Sun, W.; Ruan, Y.; Miao, L.; Jiang, J.;
Wang, C. Water-Activated VOPO4 for Magnesium Ion Batteries.
Nano Lett. 2018, 18, 6441−6448.
(24) Huang, J.; Wang, Z.; Hou, M.; Dong, X.; Liu, Y.; Wang, Y.; Xia,
Y. Polyaniline-Intercalated Manganese Dioxide Nanolayers as a High-
Performance Cathode Material for an Aqueous Zinc-Ion Battery. Nat.
Commun. 2018, 9, 2906.
(25) Dupre,́ N.; Gaubicher, J.; Ngenault, J.; Quarton, M.
Electrochemical study of intercalated vanadyl phosphate. J. Solid
State Eletrochem. 2004, 8, 322−329.
(26) Fang, Y.; Liu, Q.; Xiao, L.; Rong, Y.; Liu, Y.; Chen, Z.; Ai, X.;
Cao, Y.; Yang, H.; Xie, J.; Sun, C.; Zhang, X.; Aoun, B.; Xing, X.; Xiao,
X.; Ren, Y. A Fully Sodiated NaVOPO4 with Layered Structure for
High-Voltage and Long-Lifespan Sodium-Ion Batteries. Chem 2018,
4, 1167−1180.
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