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1. Introduction

Layered materials, based on the layered crystallographic structure 
and liquid-exfoliation behavior, have been particularly studied in 
rechargeable battery application for their unique intercalation 
mechanism.[1,2] Especially, layered hydrated vanadyl  phosphate 
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(VOPO4⋅2H2O) with the characteristic 
of corner-shared [VO6] octahedra orderly 
linked with PO4 tetrahedra as a host 
layer[3] has been reported as very prom-
ising cathode material for ZIBs. The most 
intriguing feature of layered VOPO4⋅2H2O 
should be attributed to its high discharge 
plateau (≈1.1–1.2 V vs Zn2+/Zn) benefitting 
by the “inductive effect” originated from 
the strong PO covalent bonds inside its 
in-plane structure remarkably enhances the 
iconicity of the VO bonds,[3,4] and thus in 
favor of the higher energy density compared 
to other V-based oxides and derivatives. 
In addition, the expansive 2D interlayer 
spacing (≈7.4 Å) is also in support of the 
facile transport channel for fast zinc-ion 
diffusion.[5,6] Previous study demonstrates 
that VOPO4⋅2H2O is very interesting and 
promising cathode materials for various 
metal-ion batteries, including sodium-ion 
batteries (SIBs), potassium-ion batteries 
(PIBs), magnesium ion battery (MIBs), cal-
cium-ion battery (CIBs), and aluminum-ion 

batteries (AIBs).[7]

The most recent progress also reveals layered VOPO4⋅2H2O 
can be considered as a promising cathode candidate for 
aqueous rechargeable zinc-ion batteries (ZIBs) owing to 
its high discharge plateau originated from the aforemen-
tioned inductive effect.[8,9] The first development of layered 
VOPO4⋅2H2O used in ZIBs cathode was reported by Wang et al. 
in 2018, who revealed the zinc-ion storage mechanism of lay-
ered VOPO4⋅2H2O framework and simultaneously study the 
influence of water content in the ZIBs system on the zinc-ion 
diffusion ability.[10] After this, Chen and co-workers developed 
a high concentration water-in-salt electrolyte to restrict the O2 
evolution and active the oxygen redox process in a high voltage 
range (>1.8  V), leading to an increased capacity property and 
higher voltage plateau of the cathode.[5] Sun and co-workers 
have designed a H3PO4 contained aqueous electrolyte (13 m 
ZnCl2/0.8 m H3PO4) to inhibit the decomposition and dissolu-
tion reaction of VOPO4⋅2H2O cathode in aqueous electrolyte 
and promote the voltage and capacity stabilities.[6]

In spite of the high discharge plateau nature of VOPO4⋅2H2O, 
the energy density of VOPO4⋅2H2O-based ZIBs is still sig-
nificantly limited by its excessively low specific capacity. 
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Considering the various valence change of V in VOPO4 frame-
work during the electrochemical reaction, the theoretical spe-
cific capacity of layered VOPO4⋅2H2O should be higher than 
300 mAh g−1.[11,12] Nevertheless, up to date, the reported optimal 
capacity of VOPO4⋅2H2O cathode in aqueous ZIBs is less than 
170 mAh g−1. The main reason should be attributed to the slug-
gish diffusion of Zn2+ and strong electrostatic interactions 
between Zn2+ and VOPO4⋅2H2O host.[6]

In general, introduction of vacancy generally regulates the 
electrochemical properties by energy band modification and 
increase of electrochemical active sites.[13] To reveal the case 
in layered VOPO4⋅2H2O, we utilize density functional theory 
(DFT) calculations to explore the change of band structure after 
[Vo˙˙] introduction. As shown in Scheme 1a,b and Figure  S1 
in the Supporting Information, both VOPO4⋅2H2O bulk and 
single-layer atomic crystals exhibit a similar bandgap (Eg) of 
1.5  eV, suggesting the decreased thickness of VOPO4⋅2H2O 
crystal has no remarkable influences on the electronic con-
ductivities. Interestingly, such a case is quite different with the 
presence of [Vo˙˙], and a much smaller Eg of 0.2  eV has been 
detected, while the resulted Vd orbit energy drops below the 
Fermi level and is served as the top of valence band with effec-
tive electron filling at 0 K (Scheme 1c). Accordingly, we consider 
this considerable change on energy band structure should be 
favorable for the zinc-ion transport. Unfortunately, it remains 
a challenge to realize high-concentration [Vo˙˙] in layered 
VOPO4⋅2H2O.

In this work, we found a liquid-exfoliation strategy in iso-
propanol can introduce a large number of [Vo˙˙], producing a 
high-yield oxygen-vacancy rich, bilayered nanosheets (noted 
as bilayer-VOP nanosheets, Scheme  1d). Galvanostatic inter-
mittent titration technique (GITT) measurement confirm 
almost 6 orders of magnitude higher zinc-ion coefficient of 
the [Vo˙˙]-rich bilayer-VOP nanosheets (4.6 × 10−7  cm−2 s−1) 

compared with the [Vo˙˙]-poor VOPO4⋅2H2O bulk sample. DFT 
simulation also shows an extremely low diffusion barrier of 
≈0.08 eV for optimized Zn2+ transport in such a 2D nanosheets 
cathode, thus leading to ultrafast diffusion kinetics and supe-
rior electrochemical performance. The ZIBs composed of the 
bilayer-VOP nanosheets exhibits a greatly enhanced capacity of 
313.6  mAh  g−1 (at 0.1  A  g−1), an intrinsic high discharge pla-
teau of 1.1  V, and prominent rate capability (168.7  mAh  g−1 at 
10  A  g−1), conferring practical applicability for next-generation 
energy storage systems to address the safety and cost issues 
toward commercial lithium-ion secondary batteries.

2. Results

2.1. Oxygen Vacancy in Bilayer-VOP Nanosheets

Bright-yellow VOPO4⋅2H2O powder (bulk-VOPO4) with rec-
tangular plate-like morphology (length: ≈20  µm, width: 
≈10  µm) was synthesized via a modified oil-bath refluxing 
method as-reported in the previous work[3,14] (Figure S2, Sup-
porting Information). We compared the exfoliation behavior 
of the bulk-VOPO4 when in contact with various solvents 
including  deionized (DI) water, ethanol, acetone, and for-
mamide. After continuous stirring for 24 h, we found bulk-
VOPO4 generally dissolved/decomposed in DI water. Colloidal 
suspensions were also not obtained for these samples in eth-
anol, acetone, and formamide, and the mixtures remained 
turbid (Figure 1a). Only in isopropanol solvent can we obtain a 
high-quality colloidal suspension (concentration: 10 mg mL−1) 
with a typical Tydall effect (Figure  1b,c), suggesting the pos-
sible exfoliation of VOPO4⋅2H2O 3D crystal. Transmission 
electron microscopy (TEM) observations of this colloidal sus-
pension also confirms typical 2D nanosheet morphology with 

Scheme 1.  a–c) Calculated band structure diagram of bulk VOPO4⋅2H2O, VOPO4⋅2H2O single atomic layers and [Vo˙˙]-rich single atomic layers, respec-
tively. d) Schematic of liquid-phase exfoliation and predictable oxygen vacancy formation in bilayer-VOP nanosheets.
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a lateral size of several micrometers (Figure  1d). The corre-
sponding high-resolution transmission electron microscopy 
(HRTEM) taken from the individual nanosheet exhibits clear 
lattice fringes indexed to (200) and (020) planes, respectively. 

Cubic-arranged sharp diffraction spots were observed in the 
corresponding selected area electron diffraction (SAED) pat-
terns with [001] zone axis, demonstrating the single crystal 
nature can be well maintained during the liquid-exfoliation 

Figure 1.  a) Photograph of the colloidal nanosheet suspension from the Bulk-VOPO4 sample in isopropanol and the turbid dispersion in DI water, 
ethanol, acetone, and formamide after long-term ultrasonic treatment. b) Large-scaled preparation of the bilayer bilayer-VOP nanosheets colloidal 
suspension with a maximal concentration of 10 mg mL−1. c) Tyndall effect of the colloidal suspension. d) TEM and e) HRTEM image of an individual 
bilayer nanosheet. Insert is the corresponding SAED pattern. g) AFM image and g) three typical height curves of the nanosheets. h) Zeta-potential 
distribution curve of the colloidal suspension. i) XRD pattern of bulk-VOPO4 and dried bilayer-VOP nanosheets powders, respectively. j) SEM image. 
k) Raman spectrum.
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procedure (Figure 1e). Atomic force microscope (AFM) image 
further demonstrates its thickness of ≈1.5  nm with rather 
atomically smooth surface. According to the theoretical thick-
ness (≈0.7  nm) of VOPO4⋅2H2O monolayer reported in the 
previous work,[3] the as-observed thickness in our work should 
be consistent with a bilayer model of layered VOPO4⋅2H2O 
(Figure  1f,g). Given by the Zeta potential test, the nanosheet 
suspension delivers an average potential of ≈54.2  mV, 
revealing their positive charge of the exposed nanosheet sur-
face (Figure  1h). Figure  1i shows the X-ray diffraction (XRD) 
patterns of the bulk-VOPO4 (JCPDS: 84–0111) and the bilayer-
VOP nanosheets sample after liquid-exfoliation, respectively. 
It is evident that the as-exfoliated bilayer-VOP nanosheets 
sample shows a much lower diffraction intensity compared 
to their bulk counterpart, indicating the decrease in crystal-
linity during the swelling/exfoliation process and also usually 
observed in other liquid-exfoliation treatment. Corresponding 
scanning electron microscope (SEM) image of further implies 
its ultrathin morphology as shown in Figure  1j. More impor-
tantly, Raman spectrum (Figure 1k) suggests possible [Vo˙˙] for-
mation for the bilayer nanosheets. The featured band located 
at around 550, 940, and 1040 cm−1 is assigned to δ(O-P-O), 
υ(O-P), and υ(VO) mode, respectively.[15,16] With the breaking 
of hydrogen bonds between the interlayer H2O and O in [PO4], 
O-P stretching shifts to a lower energy due to the mitigatory 
steric hindrance.[3] Meanwhile, the featured peak of υ(V-O) 
mode located at ≈700 cm−1 dramatically decreases to a very 
low intensity, implying the possible [Vo˙˙] formation in [VO6] 
octahedra with a weaken υ(V-O) mode.[3,17] Such a result is 
consistent with the lower crystallinity from the XRD charac-
terization and also agrees well with the electron paramagnetic 
resonance (EPR) and O 1s X-ray photoelectron spectroscopy 
(XPS) spectrum as discussed below.

2.2. Great Enhancement of ZIB Performance

CR-2032 coin cells were assembled employing the bulk-VOPO4 
and bilayer-VOP nanosheets as cathode of aqueous ZIBs, 
respectively. In short, zinc foil and 2 m ZnSO4 aqueous solu-
tion was used as anode (counter electrode) and electrolyte, 
respectively. Zn/ZnSO4/bulk-VOPO4 and Zn/ZnSO4/bilayer-
VOP nanosheets cells show the similar cyclic  voltammetry 
(CV) curves at 1.0 mV s−1. Two main sharp redox peaks can 
be observed at 0.8–1.0  V and 0.95–0.7  V, respectively, corre-
sponding to multiple redox reactions of V5+ in the VOPO4⋅2H2O 
nanosheets (Figure 2a). Note that bilayer-VOP nanosheets-
based battery exhibits obviously higher response current den-
sity with resulted larger specific capacity in CV curve. Apparent 
difference was also probed in typical galvanostatic charge–dis-
charge (GCD) curve at a current density of 100 mA g−1. As 
shown in Figure  2b, the bilayer-VOP nanosheets cathode dis-
plays a much higher specific capacity of 313.6 mAh g−1 with an 
average discharge plateau of 1.1 V. It is surprising that bilayer-
VOP nanosheets cathode delivers a greatly enhanced Zn-ion 
storage capacity which is about 2.2 times higher than that of 
bulk-VOPO4 cathode (139.4 mAh g−1). In addition, it possesses 
superior rate ability with a specific capacity of 313.6, 288.4, 
263.3, 234.2, 201.5, and 168.7  mAh  g−1 at the current of 0.1, 

0.5, 1.0, 2.0, 5.0, and 10.0  A  g−1 respectively, and also a recov-
ered capacity of 292.3 mAh g−1 when the current density is set 
back to 0.1  A  g−1. In contrast, the rate capacity of the pristine 
bulk-VOPO4 is only 139.4, 118.3, 102.1, 79.5, 51.4, 32.7, and 
113.8 mAh g−1 under the same rate conditions (Figure 2c,d). It 
is worth noting that the as-observed rate-capability of bilayer-
VOP nanosheets exceeds that of recently reported cathode 
materials in aqueous ZIBs including conventional Mn-based 
oxides (α-MnO2,[18] Mn2O3,[19] and Mn3O4

[20]) and V-based com-
pounds (Na3V2(PO4)3,[21] Zn3V2O7(OH)2⋅2H2O[22]) and Co3O4

[23] 
(Figure S3, Supporting Information).

Poor cycling stability is another pivotal issue of lay-
ered  VOPO4⋅2H2O bulk in zinc-ion storage. It is known that 
VOPO4⋅2H2O cathode undergoes severe capacity/voltage 
fading originated from the decomposition/dissolution of 
VOPO4⋅2H2O in aqueous electrolyte reported recently.6 Such a 
capacity fading of only 50.7% capacity retention (70.7 mAh g−1) 
after 500 cycles is also observed in our case for the bulk sample 
at a current density of 0.1  A  g−1 (Figure  2e). In contrast, our 
bilayer-VOP nanosheet cathode displays superior cycling sta-
bility with a 94.6% capacity retention (296.8  mAh  g−1) after 
500 cycles at this low current density. Especially, even cycled at 
a high current density of 5.0 A g−1, the bilayer-VOP nanosheets 
cathode likewise deliver a 76.8% retention (158. 5  mAh  g−1) 
after 2, 000 cycles (Figure S4a, Supporting Information). Ex 
situ XRD patterns clearly reveal the phase evolution of these 
two cathodes during the long-term charge/discharge cycling. 
For VOPO4⋅2H2O bulk, the layered structure was completely 
destroyed after 300 cycles at 5 A g−1, which gradually converted 
into some new phase (Figure S4b, Supporting Information). 
In contrast, the bilayer bilayer-VOP nanosheets well retained 
the initial phase structure after this long-term cycling with 
almost the same X-ray diffraction intensity as the one before 
cycling. SEM observation confirms the loss of 2D morphology 
and obvious aggregation after cycling of the bulk sample, while 
the nanosheet sample can well retain its initial morphology 
(Figure  S4c, Supporting Information). Typical Nyquist plots 
suggest a higher electrochemical impedance of bulk-VOPO4 
cathode when compared with bilayer-VOP nanosheets cathode 
(Figure S5, Supporting Information). The rapidly increased 
impedance during the long-term cycle should be mainly 
ascribed to the incident structure collapse and impurity for-
mation of bulk-VOPO4 cathode, which is demonstrated in 
Figure 2f,g. All results provide evidence that the electrochem-
ical stability and reversibility is significantly improved in the 
ultrathin bilayer-VOP nanosheets.

A discharge plateau versus specific capacity diagram for 
mainstream cathodes of aqueous ZIBs reported in recent 
years (V-based oxides,[22,24–33] Mn-based compounds,[19,34,35] 
Prussian Blue analogs,[36–38] polyanion compounds,[10,21,39–42] 
organics,[43–47] and other chalcogenides[23,48–50]) in Figure 3a 
clearly verifies the merits of our bilayer-VOP nanosheets. Sub-
sequently, its high energy density as well as the power density 
is also shown in the Ragone plot of Figure 3b. One can see an 
energy density of 301.4 and 148.7¡−1 at a power density of 93.6 
and 8798.9 W kg−1 can be achieved, respectively, which is one 
up on numerous vital and hot participants for ZIBs cathode 
such as V3O7⋅nH2O,[26] α-MnO2,[8] ZnMn1.86O4,[34] ZnHCF,[36] 
and CuHCF.[51]

Adv. Funct. Mater. 2021, 31, 2106816
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In order to figure out the zinc-ion storage mechanism of 
our bilayer-VOP nanosheets, ex situ XRD characterization was 
subsequently carried out in a complete discharge–charge cycle 
(Figure 4a). During the discharge process (zinc-ion interca-
lation), the (001) diffraction peak gradually shifted to higher 
degree and finally located at 13.5°, corresponding to an interlayer 
spacing of ≈6.6 Å. When charging to the high voltage (zinc-ion 
deintercalation), (001) peak shifted back toward lower degree 
and ultimately located at the similar position compared to that 
of the initial state (matching with the initial interlayer spacing 
of ≈7.4 Å, Figure  4b). No impurity diffraction peaks have been 
detected in all of the XRD results, demonstrating a typical inter-
calation/deintercalation mechanism for zinc-ion storage in our 
bilayer-VOP nanosheets. Due to the enhanced electrostatic attrac-
tion between intercalated zinc-ion and oxygen in the layers, the 
interlayer spacing is decreased accompanied with zinc-ion inter-
calation during the discharge process as reported previously.[5,41] 
Additionally, the XPS characterization also indicates a reversible 

Zn2+ intercalation/ deintercalation mechanism in our bilayered 
ultrathin nanosheets similar with that of bulk VOPO4⋅2H2O.[5] 
It is clear the V 2p spectrum by ex situ XPS characterization of 
the initial cathode shows clear characteristic peaks of V5+ with 
a featured binding energy of 518.3  eV, while the appearance of 
V4+ peak at 517.1  eV suggests the existence of [Vo˙˙]. The V 2p 
spectrum at the fully discharged state of 0.2 V identifies the dis-
appearance of V5+ with emergence of V3+ peak at 516.4  eV.[11,13] 
When charging to the high voltage of 1.9  V, the featured peak 
of V5+ appeared again accompanied with the V4+ peak originated 
from [Vo˙˙], indicating reversible valence change of V element 
during the charge/discharge process (Figure  4c). Meanwhile, 
the Zn 2p spectrum displays prominent peak of Zn at fully dis-
charged state of 0.2  V, corresponding to the zinc-ion intercala-
tion in discharge stage. For the fully charged state at 1.9 V, the 
intensity of this characteristic signal was significantly decreased 
(Figure 4d), implying some partial residue of Zn2+ after the effi-
cient de-intercalation.[48,49]

Figure 2.  a) CV curves at the scan rate of 1.0 mV s−1, b) GCD curves at 100 mA g−1, and (c) rate performance of the Zn/ZnSO4/bulk-VOPO4 and Zn/
ZnSO4/bilayer-VOP nanosheet ZIBs, respectively. d) GCD curves of Zn/ZnSO4/bilayer-VOP nanosheets battery at different current densities. e) Com-
parison of the long-term cycle performance at a low current density of 0.1 A g−1 of the nanosheet and bulk cathode samples.
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2.3. Diffusion Kinetics Analysis

Zinc-ion storage kinetics was then revealed by the galvano-
static intermittent titration technique (GITT) measurement 
(Figure 5a,b). Especially, a drastic increased zinc-ion diffu-
sion coefficient has been detected in bilayer-VOP nanosheets 
(≈4.6  ×  10−7  cm−2 s−1), which is about 6 orders of magnitude 
higher than that in bulk-VOPO4 (≈6.1 × 10−13  cm−2 s−1). Mean-
while, in terms of the CV curves of these two batteries at different 
scan rate (Figure S6, Supporting Information), dependence of the 

logarithm of peak current density and the scan rate is derived. In 
principle, the peak current (i) and sweep rate (v) in one CV scan 
follows the rule as the following relationship[52,53]

=i avb	 (1)

where a and b are adjustable values. A b value of 0.5 indicates a 
semi-infinite diffusion mechanism of the ions, while a b value 
of 1.0 suggests capacitive behavior. In our case, b value for the 
predominant peaks of Zn /ZnSO4/ bulk-VOPO4 (peak  A, B) 

Figure 3.  a) Discharge voltage plateau versus specific capacity diagram and b) Ragone plot of bilayer-VOP nanosheets and conventional ZIB cathodes.

Adv. Funct. Mater. 2021, 31, 2106816
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are determined to be 0.62, 0.66, whereas the b value for cor-
responding peaks (peaks C and D) in Zn /ZnSO4/ bilayer-VOP 
nanosheets are calculated to be 0.83 and 0.79, respectively 
(Figure S7, Supporting Information). Notably, the capacitor-
like electrochemical process of (66.2%, 71.8%, 77.6%, 83.1%, 
and 88.4% at the scan rate of 0.1, 0.2, 0.5, 0.8, and 1.0 mV s−1, 
respectively) in bilayer-VOP nanosheets cathode is more promi-
nent than that in bulk-VOPO4 cathode (28.4%, 33.2%, 38.9%, 
42.8%, and 47.5% at the scan rate of 0.1, 0.2, 0.5, 0.8, and 
1.0  mV  s−1, respectively) (Figure S8, Supporting Information). 

This difference should be attributed to a high specific surface 
area of 627.3 m2 g−1 of the bilayer-VOP nanosheets compared to 
that of bulk-VOPO4 (16.8 m2 g−1).

To deeply clarify the underlying mechanism for the supe-
rior electrochemical properties, investigation on structure and 
electron configuration of the bulk-VOPO4 and bilayer-VOP 
nanosheets was further conducted. Figure 5c shows the elec-
tron paramagnetic resonance (EPR) spectrum of bulk-VOPO4 
and bilayer-VOP nanosheets, respectively. Interestingly, the 
spectrum shows an apparent response signal with a g factor 

Figure 4.  a) GCD curve and the d-spacing variation of the bilayer-VOP nanosheets cathode during a complete discharge–charge procedure. b) Corre-
sponding ex situ XRD patterns recorded at different voltage states. c) Ex situ XPS spectrum of V 2p and d) Zn 2p, respectively. e) Schematic illustration 
of the intercalation/deintercalation mechanism in the bilayer-VOP nanosheets.

Adv. Funct. Mater. 2021, 31, 2106816
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Figure 5.  a) GCD curves of the Zn//bulk-VOPO4 and Zn//bilayer-VOP nanosheets batteries under GITT mode. b) Calculated zinc-ion diffusion coef-
ficient in bulk-VOP and bilayer-VOP nanosheets, respectively. c) EPR spectrum of bulk-VOPO4, bilayer-VOP nanosheets and VOPO4⋅2H2O treated by 
ethanol, acetone, and formamide, respectively. d) XPS V 2p and e) O 1s spectrum of bulk-VOPO4 and bilayer-VOP nanosheets. f) NEXAFS of O K-edge. 
Schematic illustration of charge distribution for VOPO4 layers g) without [Vo˙˙] and h) after [Vo˙˙] introduction. Zn2+ diffusion path in [Vo˙˙]-rich bilayer-
VOP nanosheets along i) [00l] and j) [010] zone axis, respectively. k) Zinc-ion diffusion barrier curve of bulk-VOPO4 (without [Vo˙˙]) and bilayer-VOP 
nanosheets ([Vo˙˙]-rich), respectively.
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of 1.96 for bilayer-VOP nanosheets sample, corresponding to 
paramagnetic tetravalent V4+.[54] However, the signal intensity 
of bulk-VOPO4 is very weak and almost negligible.[55,56] Con-
sidering the high phase purity reflected by XRD patterns of 
both the two samples, the appearance of V4+ indicates the for-
mation of a nonstoichiometric VOPO4 host layer due to the 
existence of numerous [Vo˙˙].[54,57] We found that the [Vo˙˙] con-
centration is highly dependent on the solvent category during 
the exfoliation process. EPR spectrum of the VOPO4⋅2H2O 
bulk treated by the other solvents (ethanol, acetone, and for-
mamide) using the same exfoliation strategy is also shown 
in Figure  4c. It is clear the response signals of these three 
samples are much lower than the one in isopropanol. Since 
the exfoliation behavior is only observed in isopropanol 
(Figure  1a), it is rational that the high concentration [Vo˙˙] is 
generally produced during the exfoliation process. Moreover, 
EPR data for the bilayer-VOP nanosheets cathode after 500 
long-term cycles is also shown in Figure S9, Supporting Infor-
mation. Both of the spectra before and after cycling show an 
apparent response signal with a g factor of 1.96. Although 
the signal intensity of the sample after 500 cycles is slightly 
decreased, such a result may provide evidence that [Vo˙˙] in 
bilayer-VOP nanosheets can be well maintained during long-
term charge/discharge cycling. We speculate this excellent sta-
bility of [Vo˙˙] during the charge/discharge process might be 
ascribed to that zinc-ion intercalation/deintercalation process 
just occurs in the interlayer spacing rather than the intralayer 
of the layered framework. Our recent work also clarifies the 
zinc-ion intercalation/deintercalation occurred in the inter-
layer spacing of layered VOPO4⋅2H2O framework by means 
of single-crystal XRD (SXRD) characterization via synchrotron 
and in-plane SAED characterizations.[41] Accordingly, the con-
centration change of [Vo˙˙] in the host layer during the charge/
discharge process is very slight and can be neglectful. We fur-
ther carried out XPS characterization to identify the chemical 
state change of V element. For V 2p spectrum of bilayer-VOP 
nanosheets sample (Figure 5d), the characteristic peak located 
at 518.3 eV in 2p3/2 region is assigned to V5+, while the nearby 
split peak at 517.1 eV is the evidence of formation of V4+.[11,41] 
The same resulted can be also observed from the V 2p1/2 
region. While for bulk-VOPO4 sample, only the characteristic 
peaks attributed to V5+ can be detected. Meanwhile, O 1s spec-
trum gives a likewise evident proof of [Vo˙˙] formation in the 
exfoliated sample (Figure 5e). In addition to the characteristic 
peak at 533.2 and 533.9  eV ascribed to intrinsic lattice O in 
VOPO4 framework, respectively, an extra peak is detected at 
≈535  eV for bilayer-VOP nanosheets sample, which is attrib-
uted to the defective oxygen.[58] No obvious difference has 
been identified from the P 2p spectrum of these two sample, 
manifesting the stability of [PO4]  tetrahedron together with 
unchanged valence of P element during the liquid-exfoliation 
(Figure S10, Supporting Information). In this regard, it is 
rational that the abundant [Vo˙˙] is stabilized in the corner of 
[VO6] octahedron rather than the [PO4] tetrahedron. Moreover, 
an X-ray absorption near edge structure (XANES) profile for O 
element of bulk-VOPO4 and bilayer-VOP nanosheets is shown 
in Figure 5f, respectively. Apparently, the normalized absorp-
tion curve of bilayer-VOP nanosheets sample shows much 
decreased intensity with broadening peak feature in contrast 

with the bulk-VOPO4. Such a result is similar with that 
reported by Lu and co-workers and Wang and co-workers,[58,59] 
and also provides direct evidence for the formation of [Vo˙˙] in 
the bilayer nanosheets.

DFT simulation is then employed for visually identifying 
the change of electron structure with [Vo˙˙] introduction. The 
noteworthy negative charge distribution (red region) around 
O atom is thereupon observably centralized to V atom when 
[Vo˙˙] is introduced in the [VO6] unit (Figure 5g,h). The nega-
tive charge center is thus overall shifted toward the VOPO4 
layers and far away from the interlayer transport channel, 
hence the powerful electrostatic interaction between zinc-ion 
and VOPO4 layers will be permanently released for superior 
diffusion kinetics. A Climbing-image nudged elastic band 
(CI-NEB) method is performed for better understanding how 
[Vo˙˙] plays a decisive role in the improvement of Zn2+ diffu-
sion kinetics and storage capacity. As shown in Figure 5i,j, a 
preferred site for Zn2+ absorption is determined on the top 
site of the corner-shared oxygen atom of [PO4] tetrahedron and 
[VO6] octahedron, while the optimized transport path for Zn2+ 
is from the top site of the first corner-shared O atom (S1), via 
the adjacent corner-shared O atom (S2), to the next periodic 
corner-shared O atom site (S3). Clearly, the introduction of 
O vacancy in [VO6] octahedron will not change the preferred 
absorption site and transport path. However, the energy bar-
rier is much reduced especially when Zn2+ migrating through 
the top site of [VO6]. Similar zinc-ion transport path is also 
simulated in the interlayer spacing of [Vo˙˙] poor framework 
with more distinct movement along c axis due to the stronger 
electrostatic interaction between zinc-ion and the lattice 
oxygen in [VO6] (Figure S11, Supporting Information). The 
energy barrier of a complete diffusion process shows a drastic 
decrease from 0.13 to 0.08 eV of bulk-VOPO4 and bilayer-VOP 
nanosheets, respectively (Figure 5k). Accordingly, the Zn2+ dif-
fusion kinetics can be significantly improved due to such a 
drastically decreased energy barrier (≈0.08  eV) in [Vo˙˙]-rich 
bilayer-VOP nanosheets.

The successful introduction of [Vo˙˙] also results in 
an improvement of electron conductivity confirmed by a 
Mott–Schottky (impedance-potential) measurement. The posi-
tive slope of Mott–Schottky plots demonstrate n-type semi-
conductor property of both samples (Figure S12, Supporting 
Information). In accordance to the inverse proportion between 
carrier concentration and the slope,[58,60] an ≈57-fold increased 
carrier concentration of bilayer-VOP nanosheets can be 
obtained compared to the precursor bulk-VOPO4. Such a result 
is well in consistent with the bandgap decrease from the cor-
responding DFT simulation in Figure  1c. The as-observed 
enhanced conductivity and boosting zinc-ion transport by 
a  smaller energy barrier should be the origin of the superior 
battery performance on specific capacity, energy density, rate-
capability and long-term cyclability. In addition, rich oxygen 
vacancies in our bilayered nanosheets are favorable to suppress 
the needless phase transition of the electrode so as to well stabi-
lize the phase structure during the long-term charge/discharge 
process.[61–63] Especially, further study on the facile preparation 
and electrochemical investigation of [Vo˙˙]-rich VOPO4⋅2H2O 
bulk may be also interesting and valuable to see if any changes 
can be observed without its ultrathin feature.

Adv. Funct. Mater. 2021, 31, 2106816
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2.4. Application Potential for Flexible Battery

To further verify the practical application in flexible and wearable 
device, soft-packed battery pouch based on slurry-coated bilayer-
VOP nanosheets @ carbon fiber cloth (CFC) flexible cathode, 
1 m Zn(ClO4)2 @ polyvinyl alcohol (PVA) electrolyte and elec-
trodeposited Zn @ CFC anodes were assembled successfully. 
ZnSO4 electrolyte was replaced by Zn(ClO4)2 here because of the 
higher solubility of Zn(ClO4)2 in PVA aqueous solution.[41] SEM 
image of a CFC-based Zn electrodeposited anode reflects the 
well-covered surface with Zn thin layer (Figure S13, Supporting 
Information). A continuous GCD test of an assembled pouch 
battery as well as two batteries in series under different bending 
states (0°, 30°, 90°, 180°, and recovered) shows stable charge–dis-
charge curve (Figure 6a), respectively, implying its satisfied flex-
ibility and folding ability. Further cyclic charge–discharge test at 
1.0  A  g−1 also confirms its long lifespan with reliable flexibility 
(94.4% capacity retention in 200 cycles) (Figure  6b). Further-
more, the well-packaged pouch battery could likewise drive a 
red light emitting diode (LED) steadily under the varied bending 
state in fully charged status (Figure 6c–h).

3. Conclusions

In summary, we realized a large scale produce of [Vo˙˙]-rich 
bilayer bilayer-VOP nanosheets via a facile liquid exfoliation 
strategy. The high-concentration of [Vo˙˙] was carefully con-
firmed by XPS, EPR, and XANES characterizations. As the 
cathode of aqueous ZIB, the bilayer-VOP nanosheets exhibits 
much improved specific capacity (313.6  mAh  g−1 at 0.1  A  g−1), 
rate capability (168.7 mAh g−1 at 10 A g−1) and long-term stability. 
Compared with the sluggish diffusion kinetics in bulk-VOPO4 
with a low coefficient of 6.1 × 10−13 cm−2 s−1, almost 6 orders of 
magnitude higher diffusion coefficient have been found in the 
bilayer-VOP nanosheets (4.6 × 10−7  cm−2 s−1). DFT simulation 
identifies the barrier energy for zinc-ion diffusion is also remark-
ably decreased from 1.3 to 0.08 eV after the introduction of high 

concentration [Vo˙˙]. Mott–Schottky (impedance-potential) meas-
urement also demonstrates a great increase on electronic con-
ductivity with ≈57-fold increased carrier concentration owing 
to its high-concentration [Vo˙˙]. Our study provides a novel 2D 
bilayer-VOP nanosheets to boost zinc-ion transport properties by 
introducing high-concentration oxygen vacancies. Owing to their 
outstanding electrochemical performance, safety and flexibility, 
these 2D bilayer-VOP nanosheets may hold promise in the next-
generation energy storage devices.

4. Experimental Section
Synthesis of VOPO4⋅2H2O Bulk (Bulk-VOPO4) and Fabrication of Bilayer 

VOPO4 Nanosheets (Bilayer-VOP Nanosheets): The precursor bulk-VOPO4 
is synthesized based on a convenient oil bath refluxing method reported in 
the early literature. In a typical procedure, 4.8 g of V2O5, 26.6 mL of H3PO4, 
and 115.4 mL DI water were added into a three-necked flask, followed by 
a short-time magnetic stirring and then heated at 110 °C in the oil bath 
with reflux condensation. After the reaction system was cooling down to 
the room temperature naturally, the yellow precipitate was collected by 
centrifugation wash of DI water and acetone for 3 times, respectively. The 
resulting sample was dried at 60 °C in the vacuum oven so as to obtain 
bulk-VOPO4. bilayer-VOP nanosheets is obtained by dispersing certain 
amount of bulk-VOPO4 (0.5 g) into the isopropanol solvent (50 mL) and 
followed by a continuous stirring for 24 h. The finally formed transparent 
colloidal solution was centrifuged at 8000  rpm for 10  min to obtain the 
bilayer-VOP nanosheets at the bottom of tube, which can be collected and 
dried in an oven at 60 °C for further study.

Material Characterization: The structure morphology and structure 
characterization were characterized by scanning electron microscopy 
(SEM, Phenom Pro X), high-resolution transmission electron microscopy 
(TEM) and X-ray diffraction (XRD, Bruker D8-A25 diffractometer using 
Cu Kα radiation (λ  = 1.5406 Å)). The selected electron diffraction 
(SAED) and energy-dispersive spectrum (EDS-mapping) were carried 
out during the TEM measurement (Philips CM 200 FEG Field Emission 
Microscope) process to gather detailed information of phase structure 
and chemical element distribution of the sample. Further information 
of the chemical bonding condition was recorded by means of X-ray 
photoelectron spectrum (XPS, PHI 5000C EACA), Raman spectrum 
(RENISHAW inVia), Fourier  transform  infrared  spectroscopy (FTIR, 
BRUKER TENSOR II) and electron paramagnetic resonance (EPR, Bruker 

Figure 6.  a) GCD curves of a Zn//bilayer-VOP nanosheets pouch battery and two batteries in series under various bending state (normal, 30°, 90°, 180°, 
and recovered), respectively. b) Lifespan test of the pouch battery at 1.0 A g−1 under various bending states. c) Soft-packed Zn//bilayer-VOP nanosheets 
battery and d–h) LED driving test under varied bending state, respectively.
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A300 spectrometer), respectively. The X-ray absorption spectra were 
collected on the beamline BL20A1 in NSRRC, and technically supported 
by Ceshigo Research Service. The radiation was monochromatized by a Si 
(111) double-crystal monochromator. XANES and EXAFS data reduction 
and analysis were processed by Athena software. Specific surface area 
was performed using Brunner-Emmet−Teller method (Quadrasorb evo).

Electrochemical Measurement: Bulk-VOPO4 and bilayer-VOP 
nanosheets cathode for aqueous ZIBs was prepared by mixing 
as-prepared sample, acetylene black and polyvinylidene fluoride as 
(PVDF) on the basis of a mass ratio of 7:2:1 with the moderate addition 
of 1-methyl-2-pyrrolidinone (NMP), respectively. Then, the uniform 
slurry was coated onto a piece of 304 stainless-steel foil and drying at 
110 °C for 12 h in a vacuum oven. The slurry-coated foil was cut into 
Φ15 mm electrodes served as the cathode, while the zinc foil washed 
with ethanol and glass fiber membrane were used as the anode and 
separator, respectively, and 2 m ZnSO4 was prepared as the electrolyte. 
The mass loading of the coated slurry on the substrate is ≈2 mg cm−2 
on average. The CR-2032 cell was assembled in air using the beforehand 
electrodes and other relevant components. LAND battery test system 
(CT2001A) was employed to evaluate the electrochemical performance 
of the battery, including galvanostatic charge–discharge (GCD), rate 
capability and long-term cycle performance. Cyclic  voltammetry (CV) 
test at different scan rate and Mott–Schottky plot (impedance-potential 
test) under a frequency of 1 kHz  is performed on the electrochemical 
workstation (CHI660E), respectively.

Fabrication of the Pouch Battery: The pouch battery was fabricated 
using 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 @polyvinyl alcohol (PVA) as the 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 2h and gathering the gel-like 
sample when the system is cooled down to the room temperature. The 
electrochemical deposition of zinc layer on the CFC was carried out on 
CHI660E using potentiostatic model at −0.7 V (vs Zn2+/Zn) for 2000 s. 
The fully assembled pouch battery was finally sealed with aluminum foil 
as a sandwich structure.

Calculation Methods: The calculation method for the capacity 
contribution is based on the following equation

p 1 2

1
2I C v C v= + 	 (2)

where Ip (A g−1) is the peak current density at different scan rate, v 
(mV s−1) is the specific scan rate, and C1 and C2 are the corresponding 
constant factors of the capacity contribution of 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= + 	 (3)

The specific energy density (Wh kg−1) and average specific power 
density (W kg−1) of the Zn/VSe2 batteries were calculated in terms of the 
following equations:

s s
0

1∫ ( )=E C V
V

V 	 (4)

P
E
ts
s= 	 (5)

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 are the voltage lower limit and voltage 

upper limit of discharge procedure, respectively, and t is the discharge 
time (h).

Diffusion coefficient of zinc-ion (DZn
2+) can be experimentally 

calculated by GITT method in terms of the following equation

D
n V

S
E
E
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∆





 	 (6)

where D is the diffusion coefficient of zinc ion, τ is the relaxation time 
of current pulse, nm, Vm, and S are the corresponding mole number, 
mole volume, and the exposed surface area of active material, severally; 
ΔEs and ΔEt are the voltage change produced by current pulse and the 
galvanostatic charge/discharge, respectively.

Simulation Details: The modeling in this study was performed 
in the framework of the DFT as implemented in the Vienna Ab 
initio Simulation Package (VASP). The functional of Perdew–Burke–
Ernzerhof based on generalized gradient approximation (GGA) was 
applied to describe the exchange-correlation energy. In addition, the 
zero damping DFT-D3 dispersion correction method of Grimme was 
accounted for VdW interaction in the system. A vacuum space of 
15 Å was adopted. The plane-wave cutoff energy was set to be 480 eV, 
and the k-mesh was determined to be 7 × 7 × 1 according to the 
convergence test, which makes the energy accuracy within 1.0 × 10−3 eV 
atom−1. Finally, a double-layered VOPO4 model was constructed, with 
the corresponding interlayer spacing obtained from the previous XRD 
and HRTEM analysis, thereby the diffusion of zinc ion between VOPO4 
layers was simulated using the climbing-image nudged elastic band 
method.
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