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–shell microspheres for zinc ion
battery cathodes: activation responsible for
enhanced capacity and rate performance†

Rui Li,ab Huamin Zhang, a Qiong Zheng *a and Xianfeng Li *a

Rechargeable aqueous zinc ion batteries have attracted significant attention for practical energy storage

due to their low cost and high safety, however, it is still a hard task to find suitable cathode materials to

meet the demand of both high capacity and rate performance. Here, we propose a high-performance

anhydrous V2O5 yolk–shell cathode via a facile template-free solvothermal technique. Owing to its

porous structure, the V2O5 cathode could largely facilitate rapid electrolyte transportation and restrain

structural collapse during cycling. Moreover, it is interesting to find that the interlayer spacing expands

from 4.37 to 13.45 Å through an interesting activation process, as a result, the prepared V2O5 cathode

demonstrated high reversible capacities of 410 mA h g�1 at 0.1 A g�1 and 182 mA h g�1 at 20 A g�1 and

a capacity retention of 80% can be achieved over 1000 cycles at 5.0 A g�1, which is superior to those of

most commonly reported anhydrous V2O5 cathodes. Therefore, this paper demonstrates the potential of

V2O5 for achieving high energy/power densities as a cathode material in ZIBs.
1. Introduction

As global warming is attracting more and more attention,
renewable energy sources such as wind and solar energy are
playing more and more important roles in future sustainable
energy systems.1–3 Nevertheless, due to the random and inter-
mittent nature of these renewable energies, electrical energy
storage systems (ESSs) are vital to realize wide application or
increase the reliability of these renewable energies. Nowadays,
Li-ion batteries (LIBs) have occupied a leading position in the
commercial ESS market compared to other rechargeable
batteries owing to their attractive properties of high energy
density and a long cycle life, yet the ever-growing demands for
low cost and safety have motivated the pursuit of alternative
battery systems when it comes to large-scale applications.
Rechargeable aqueous zinc-ion batteries (ZIBs) are considered
as one of the most promising candidates because of the abun-
dant distribution of zinc sources and mild aqueous electrolyte.
What's more, zinc possesses a low redox potential (�0.76 V vs.
standard hydrogen electrode) and a high theoretical capacity
(820 mA h g�1, 5851 mA h cm�3) compared with other metal
anodes,4 providing the battery with a high energy density in an
aqueous system.
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However, the multivalent nature and large size of Zn2+ are
a huge hindrance for the development of ZIBs that require
a suitable cathode material to intercalate Zn2+.5,6 To date,
materials with large open frameworks, such as manganese-
based oxides,7–13 Prussian blue analogs14–16 and NASICON-type
polyanion compounds,17–19 have been reported as hosts for Zn2+

intercalation, however, they all suffer from a poor cycling life or
limited specic capacity.

Very recently, a series of vanadium-based compounds pos-
sessing a layered or tunnel structure have received much
attention for their low cost and multiple oxidation states of
vanadium.20 For example, Nazar et al. reported Zn0.25V2O5-
$nH2O as a cathode,21 which showed a considerable capacity of
300 mA h g�1 (50 mA g�1) and excellent rate performance. Later,
MxV2O5$nH2O (M ¼ Mg,22 Ca,23 Ag,24 Na,25 K,26 Li,27 and NH4

28

etc.) with different morphologies were reported with enhanced
performance by introducing different metal ions. Typically, the
intercalatedmetal ions24 and H2Omolecules29 play a crucial role
in expanding the V–O layer to facilitate the transport of Zn2+ and
enhance its rate performance, however, they will inevitably
sacrice their theoretical specic capacity compared with
anhydrous V2O5 at the same time. So Yu30 et al. and Liang31 et al.
have tried to adopt anhydrous V2O5 as a cathode, but unlike
bilayered V2O5$nH2O (space group C2/m), it is disappointing
that the distance between the two single chains in ortho-
rhombic V2O5 is only 4.4 Å, which leads to greater coulombic
interaction with the intercalated Zn2+ ion thus hindering its
diffusion across the electrode. Therefore, they demonstrated
low reversible capacity or rapid capacity fading resulting from
This journal is © The Royal Society of Chemistry 2020
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strong electrostatic interaction and poor structural stability
during the Zn2+ ion de/intercalation.

Herein, we present a novel V2O5 yolk–shell microsphere
(V2O5-YS) as the low-cost ZIB cathode, showing high capacity,
excellent rate performance and a long cycle life. In this design,
yolk–shell architectures of V2O5 could achieve an outstanding
performance in ZIBs for the following reasons: (i) an increased
contact area for electrodes and electrolytes and shortened paths
for Zn2+ and electronic transport, providing a superior rate
capability and (ii) easy accommodation of the strain due to zinc-
ion (de)intercalation, enhancing its cycling stability. Moreover,
it is worth noting that an interesting activation process
expanding its lamellar spacing has been discussed as shown
schematically in Fig. 1a, which involves H+/Zn2+ co-insertion
during the activation.

2. Results and discussion

In this work, water-free V2O5-YS is synthesized via a simple
template-free solvothermal method. The crystal structure of the
as-prepared V2O5 is determined by Rietveld renement by
assuming an orthorhombic structure in the Pmmn(59) space
group (Fig. 1b). All characteristic peaks are in accordance with
the standard card of V2O5 (JCPDS card no. 41-1426), demon-
strating its high purity and good crystallinity. The morphology
andmicrostructures of the as-prepared V2O5-YS are investigated
by eld emission scanning electronmicroscopy (SEM) and high-
Fig. 1 (a) Schematic of the as-prepared V2O5-YS microspheres with the
ray diffraction (XRD) pattern, (c) SEM image, (d) TEM image, and (e) HRT

This journal is © The Royal Society of Chemistry 2020
resolution TEM (HRTEM). As shown in Fig. 1c and S1,† the as-
prepared products display porous spheres with a diameter of 1–
2 mm, which are assembled from pieces of nanosheets with
a width of about 100 nm. The yolk–shell morphology can be
seen in some broken balls and the thickness of their shell is
dozens of nanometers (Fig. S2†). To further prove the micro-
structure, a typical TEM image of an individual yolk–shell
structure is illustrated in Fig. 1d. Its HRTEM image is shown in
Fig. 1e, where fringes are clearly visible and the d-spacing of
4.37 Å matches well with the (001) plane of V2O5.

In order to investigate the electrochemical performances of
V2O5-YS, CR-2016 coin-type cells are fabricated in ambient air,
where zinc foil and 3 M Zn(CF3SO3)2 are adopted as an anode
and an electrolyte, respectively. The V2O5-YS cathode shows
a remarkably high reversible capacity of 410 mA h g�1 at
a current density of 0.1 A g�1 (Fig. 2a) and simultaneously
demonstrates superior rate performance at the current densi-
ties ranging from 0.1 to 20 A g�1 (Fig. 2b). Even at a current
density of 20 A g�1, a superior capacity of 182 mA h g�1 can be
obtained. This result could be ascribed to its unique construc-
tion. Likewise, the powder possesses a larger specic surface
area than commercial layered V2O5 (Fig. S3†), which facilitates
the inltration of the electrolyte and thus shortens the diffusion
distance of Zn2+. Meanwhile, the yolk–shell structure of V2O5

can also buffer the volume expansion and maintain its archi-
tecture during the charge and discharge process (Fig. S4†) thus
improving the cycling performance (Fig. S5†). Compared with
H+/Zn2+ co-insertion process. (b) Rietveld refinement results of the X-
EM image of the V2O5-YS microspheres.

J. Mater. Chem. A, 2020, 8, 5186–5193 | 5187
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Fig. 2 Electrochemical performance of the Zn//V2O5-YS battery: (a) galvanostatic discharge/charge profiles at a current density of 0.1 A g�1

(inset: the corresponding dQ/dV curve (blue) and CV curves (red)); (b) rate capability; (c) long cycling performance at 5.0 A g�1.

Fig. 3 (a) CV curves of the V2O5-YS cathode at various scan rates, (b)
plots of log(peak current) versus log(scan rate) based on the four main
peaks, (c) ratio of capacitive and diffusion-controlled capacities at
multiple scan rates, and (d) CV curve displaying the capacitive
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the cycling performance of pristine V2O5 (Fig. S6†) and other
V2O5-based materials (Table S1†), V2O5-YS demonstrates
a better capacity of 200 mA h g�1 (a capacity retention of 80%)
aer 1000 cycles at 5 A g�1 as shown in Fig. 2c.

Since no clear plateau can be observed from the charge and
discharge curves, the corresponding differential capacity (dQ/
dV) curve (the inset of Fig. 2a, blue line) is tted, where two
couples of peaks at 0.62/0.68 V and 0.97/0.98 V in accordance
with the cyclic voltammetry (CV) curves at a san rate of 0.2 mV
s�1 (the inset of Fig. 2a, red lines) can be observed, suggesting
the multistep (de)intercalation of Zn2+. It is worth noting that
the discharge capacity increased slowly from 150 to 250 mA h
g�1 within the rst 15 cycles, which can be due to the activation
process of V2O5-YS, which was similar to those reported in
previous articles31–33 while there is a lack of specic explanation.
A detailed exploration in this respect will accelerate the
understanding of the energy storage mechanism, which is still
controversial in rechargeable ZIBs. Herein, the activation
process was investigated in detail. More impressively, aer the
activation and high-rate cycling, the capacity could recover back
to 320 mA h g�1 at 0.1 A g�1, even a bit higher than that in the
beginning.

To explain the high-rate performance, CV measurements
were performed to investigate the electrochemical kinetics of
the V2O5-YS cathode in detail. Fig. 3a exhibits representative CV
curves measured at different scan rates and the CV proles
(peak 1–4) retain their shapes while increasing the scan rates
from 0.1 to 1.0 mV s�1. To further understand the charge
storage kinetics in the V2O5 hosts, we calculated the capacitive
5188 | J. Mater. Chem. A, 2020, 8, 5186–5193
contribution of measured current using the following
equation34

i ¼ avb (1)

where i is the current, v is the scan rate, and a and b are the
adjustable parameters. The b values of peaks 1–4 are found to be
contribution (shadow area) to the total current at 1.0 mV s .

This journal is © The Royal Society of Chemistry 2020
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1.02, 0.97, 1.05, and 0.94 (Fig. 3b), respectively, indicating the
electrochemical reaction is dominated by capacitive behavior.
Eqn (1) can also be depicted as another equation35 where the
current response, i(V), is assumed to be a combination of
capacitor-like and diffusion-controlled processes

i(V) ¼ k1v + k2v
1/2 (2)

where k1v is the fraction of current determined by the capacitive
process and k2v is that determined by the diffusion-controlled
process. According to eqn (2), the proportion of the capacitive
contributions at different scan rates is calculated and summa-
rized in Fig. 3c, in which the capacitive contributions always
play a dominant role (>75%) in the charge storage process.
Compared with recently reported vanadium-based elec-
trodes,30,36–39 the capacitive contribution is much higher.
Furthermore, the capacitive contribution becomes higher at
a higher scan rate. Taking a scan rate of 1.0 mV s�1 as an
example (Fig. 3d), the capacitive part contributes 89.80% of the
total capacity, accounting for the excellent high rate perfor-
mance of the cathode.

As mentioned above, the reversible capacity increases
signicantly in the beginning and eventually remains constant
aer several cycles (Fig. 4a). Such an electrochemical
phenomenon was reported in previous articles32,40 and
explained simply for the gradual utilization of active mate-
rials30 in the activation process, where their intrinsic nature is
still retained in the dark. As shown in Fig. 4a, during the rst
Fig. 4 (a) Galvanostatic discharge/charge profiles and the corresponding
blue curves) and stable cycles (at 0.5 A g�1, red curves), (b) CV curves at a
curves after activation), (d) discharge GITT profiles and (e) the correspond
discharge profiles at a current density of 0.05 A g�1 in different electroly

This journal is © The Royal Society of Chemistry 2020
discharging at 0.1 A g�1, a plateau appears at�0.98 V, followed
by a slope area gradually dropping to the cutoff of 0.4 V,
delivering a total capacity of 160 mA h g�1. To clearly see the
reactions during the discharging process, differential capacity
curves are shown in Fig. 4a, where we can observe the variation
of two peaks. During the activation, the peak corresponding to
the plateau area stays still and that assigned to the slope area
gradually appears. Therefore, we assume that the discharge
process can be divided into a two-phase reaction region
(Region I) and a solid-solution region (Region II). However, the
plateau disappears in the subsequent charging curve, indi-
cating an irreversible electrochemical process. Interestingly,
although the specic discharge capacity increases in the
following 10 cycles, the plateau retains a capacity of �100 mA
h g�1 and its voltage versus Zn2+/Zn, suggesting that the slope
area accounts for most of the increasing capacity. It is well
known that a single-phase reaction would not form phase
boundaries and thus lead to a superior rate performance.41 As
the capacity becomes stable aer several cycles, the plateau
region is not obvious anymore and the discharge and charge
curves become more symmetrical, implying that the faradaic
reaction has becomemore favorable. Meanwhile, the electrode
polarization indicated by the voltage difference at this
moment is smaller than that in the beginning, which agrees
with the sharp decrease of the charge-transfer resistance (Rct)
value as revealed by the electrochemical impedance spectra
(EIS, Fig. 4c, S7 and Table S2†). V2O5-YS presents a Rct value of
380 U in the initial state and the value decreases to 39.8 U aer
differential capacity curves during the activation process (at 0.1 A g�1,
scan rate of 0.1 mV s�1, (c) EIS curves (inset: the magnified profile of EIS
ing diffusion coefficient before and after activation and (f) galvanostatic
tes.

J. Mater. Chem. A, 2020, 8, 5186–5193 | 5189
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Fig. 5 Typical discharge–charge curve at 0.05 A g�1 and ex situ XRD
patterns of the V2O5-YS cathode at different voltages vs. Zn2+/Zn (a) in
the first cycle (b) and in the 11th cycle.
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activation. Similar observations were interpreted as the inter-
calated H2O can effectively shield the electrostatic reaction.29

Furthermore, the peaks of CV curves could also suggest that it
becomes more reversible aer activation. As illustrated in
Fig. 4b, the CV prole in the rst cycle only has a pair of redox
peaks which gradually turns into two pairs of reversible peaks
in the following cycles, which resembles to some V2O5$nH2O
electrodes.29,42 This may be attributed to the trapped H2O
acting as interlayer pillars consequently stabilizing the struc-
ture during the (de)intercalation of Zn2+.

Additionally, in order to gain insights into the electro-
chemical behavior, the Zn2+ diffusion coefficient (DZn

2+) of the
V2O5-YS cathode at different states was calculated by the gal-
vanostatic intermittent titration technique (GITT, see details
in the ESI†). As seen in Fig. 4d and e, during the rst discharge,
the GITT curve conrms the plateau region (Region I, above
0.8 V) and the slope area (Region II, 0.4–0.8 V). It is worthwhile
to note that the overvoltage in Region I is much smaller than
that in Region II, indicating a signicant difference in kinetics
between the two regions. According to Fig. 4e (see detailed
calculations in the ESI†), the calculated DZn

2+ values in Region
I are two orders of magnitude higher than those in the slope
area. We assume that it may also involve H+ insertion due to its
much smaller size and higher reaction kinetics in Region I,
whereas overvoltage in Region II is mainly attributed to the
Zn2+ insertion. Considering that the pH value of 3 M Zn(CF3-
SO3)2 electrolyte is 4.8, a three-electrode cell test was per-
formed on the V2O5-YS cathode in 0.01 M H2SO4 electrolyte
without Zn2+. As illustrated in Fig. 4f, the discharge curve of
the Zn2+-absent electrolyte displays only one plateau with
similar voltage and capacity to those of the Zn2+ contained
electrolyte in Region I, conrming that H+ ions can be inserted
into V2O5. In addition, with the decrease of the H+ concen-
tration (Fig. S8†), the capacity provided by H+ will accordingly
decrease, suggesting that Zn2+ ions partly contribute to the
capacity of the Zn(CF3SO3)2 electrolyte as well. These results
could also give an explanation for the variation of CV curves
aer activation. The peaks in the rst cycle refer to H+ inser-
tion and gradually decay on account of Zn2+ insertion. To
investigate the reaction kinetics of the cathode aer activa-
tion, the GITT experiment is carried out on the V2O5-YS
cathode aer activating for 10 cycles at 0.05 A g�1 (Fig. 4d and
e). It is observed that the overvoltage during each pulse aer
activation is drastically decreased and the corresponding
diffusion coefficient of Zn ions shows a reverse variation. The
high ionic conductivity can be ascribed to the activation
process and may provide an effective Zn2+ diffusion path in the
discharge and charge process to achieve excellent rate
performance.

To conrm the charge storage mechanism, the phase tran-
sitions in the electrochemical process were detected by ex situ
XRD and the patterns in the initial and aer activation are
shown in Fig. 5a and b, respectively. As can be seen in Fig. 5a,
the XRD pattern of the V2O5-YS electrode displays only peaks of
V2O5 and Ti foil (JCPDS no. 89-2762) in the initial phase and the
peaks at 15.35�/26.13�/31.00�/34.28�, corresponding to the
(200), (110), (040) and (310) planes of V2O5, respectively, shi
5190 | J. Mater. Chem. A, 2020, 8, 5186–5193
noteworthily to a lower degree upon being soaked in an aqueous
electrolyte, indicating the increasing of the interlayer spacing as
a result of the water molecule intercalation. Meanwhile, several
new peaks are observed at 12.29�/16.90�/30.10�/36.46�, which
indicate the formation of a new phase of Zn3V2O7(OH)2$2H2O
(JCPDS no. 50-0570) and accordingly release of more H+ ions in
the aqueous electrolyte. What's more, these peaks will not
change during cycling due to the strong electrostatic interaction
between the inserted Zn2+ and the vanadium–oxygen layer.43 It
could also be found in SEM images (Fig. S9†) that present
nanoake shapes. As discussed above, the XRD patterns can be
divided into two regions consistent with the rst discharge
curve. In Region I, the V2O5 phase remains during the dis-
charging process with the peaks slightly shiing le. Taking the
(200) and (110) planes as an example, the insertion of hydrated
Zn2+ and H+ ions into V2O5 enlarges the lattice spacing, but at
the same time the intensity of diffraction planes diminishes
little by little until it discharges to 0.8 V. Meanwhile, a new
layered phase of ZnxV2O5$nH2O was found for a series of new
peaks located at 14.18�/21.28�/28.62�/43.48�, corresponding to
a series of (00l) reections with the interlayer distances of 6.24,
4.16, 3.12 and 2.08 Å, respectively. This indicates a larger
interlayer spacing which agrees with recent reports on bi-
layered V2O5$nH2O29,44,45 and the CV tests above. Besides, some
new peaks also appeared, such as the peak at 26.38�, whose
This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/c9ta11750d


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 3
1 

ja
nu

ar
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

.1
2.

20
25

. 0
0.

14
.3

1.
 

View Article Online
corresponding species are difficult to nd and remain to be
further investigated. When discharged to 0.4 V, in the XRD
pattern of the newly formed phase there is hardly any change
observed. However, for the (004) reection (see the magnied
image in Fig. S10†), it is found that the peak shis to a higher
degree and then turns reversely when it charges to 1.2 V, further
suggesting that the charged material undergoes a solid-solution
reaction in Region II. The contraction of the interlayer distance
results from the expulsion of water from the interlayer and the
strong electrostatic interaction between the intercalated zinc
ions and the V–O layer.21 Although the good structural revers-
ibility of the material is proven by reappearance of the diffrac-
tion pattern in the charged state, the slightly le shiing of the
XRD pattern aer the rst cycle proves the pristine structural
evolution, namely the activation process, from V2O5 to
V2O5$nH2O as well. Besides, SEM images could also reect the
structural change during the discharge and charge process, as
shown in Fig. 6. It can be clearly observed that a new phase is
formed vertically on the nanosheets inside and outside the
structure during the discharge process which then fades away in
the subsequent charging.

Aer activating for 10 cycles, the insertion mechanism was
further investigated as shown in Fig. 5b. It was found that the
charged state of the XRD pattern was remarkably different from
the initial state. Compared with the initial pattern, only a few
Bragg reections are detectable in a typical XRD test as a result
of the low crystallinity of V2O5$nH2O,44 and a set of peaks
located at 16.75�/33.58�/51.88� appears, corresponding to the
interlayer distance of 5.29, 2.66 and 1.76 Å, respectively. This
value indicates that the interlayer distance of the (00l) plane has
broadened sharply from 4.37 to 10.58 Å ascribed to the activa-
tion process. In Region I, only a small expansion of the inter-
layer distance is observed for the considerably lower amount of
inserted zinc ions. With further intercalation of zinc ions, a set
of peaks assigned to the layered ZnxV2O5$nH2O phase occurs at
6.56�, 13.08�, 19.66�, 26.30�, 33.50� and 47.36�, suggesting that
the d-spacing of the (001) plane ultimately enlarges up to 13.45
Å. Interestingly, it is worth noting that the change of d-spacing
(007) in Region II (Fig. S10†) demonstrates a different tendency
Fig. 6 The ex situ SEM images of the V2O5-YS cathode at different
voltage states (a and b) 1st discharged to 0.98 V (c and d) 1st fully
discharged to 0.4 V (e and f) 1st fully charged to 1.6 V.

This journal is © The Royal Society of Chemistry 2020
from that of the (004) plane in the initial cycle. The interlayer
distance exhibits an increase with the zinc content and follows
the reverse evolution of discharge. This could be attributed to
the increased screening of the interlayer electrostatic repulsion
as the Zn2+ content increases.

Based on the analysis and discussion outlined above, we
proposed the storage mechanism as illustrated in Scheme 1. In
the rst few cycles, the V2O5-YS cathode undergoes the activa-
tion process where hydrated vanadium oxide is produced with
the insertion of water and H+. Owing to the dissociation of
water, Zn3V2O7(OH)2$2H2O would come into being as a by
product in the meantime. In the subsequent cycles, reversible
insertion of Zn2+ takes place in V2O5$nH2O, which corresponds
to the cycles with stable capacity. For better understanding the
charge and discharge process, the electrode reaction formulas
are shown as follows:

The rst few cycles on the V2O5-YS cathode

H2O / H+ + OH�

By-product:

3Zn2+ + 6OH� + V2O5 / Zn3(OH)2V2O7 + 2H2O

Discharge:
Region I:

V2O5 + nH2O + me� + xZn2+ + mH+ / ZnxHmV2O5$nH2O

Region II:

ZnxHmV2O5$nH2O + 2ye� + yZn2+ + mH+ /

Znx+yHmV2O5$nH2O
Scheme 1 Schematic illustration of the energy storage mechanism
during activation and cycling processes.

J. Mater. Chem. A, 2020, 8, 5186–5193 | 5191
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Charge:

Znx+yHmV2O5$nH2O � 2(x + y + m)e� /

V2O5$nH2O + mH+ + (x + y)Zn2+

The subsequent cycles:

V2O5$nH2O + 2xe� + xZn2+ 4 ZnxV2O5$nH2O

(H+ is negligible here)

The reaction on the zinc anode:

Zn 4 2e + Zn2+

3. Conclusions

In summary, we have synthesized V2O5-YS by a simple sol-
vothermal method followed by an annealing process as
a cathode for ZIBs in an aqueous electrolyte. The V2O5-YS
cathode delivers high capacities of 410 and 182 mA h g�1 at
current densities of 0.1 and 20 A g�1, respectively. A combina-
tion of varieties of tests was carried out to illustrate the activa-
tion process from V2O5-YS to V2O5$nH2O with the insertion of
water and H+. Meanwhile, the interspace accordingly changes
from 4.4 Å to 13.5 Å, which facilitates Zn2+ insertion and
stabilizes the structure during cycling. Moreover, owing to the
porous yolk shell microstructure, the cavities and holes could
alleviate the volume expansion and thus exhibit excellent
reversibility as well, showing promising application as a ZIB
cathode material.

4. Experimental
4.1 Preparation of V2O5 yolk–shell

V2O5-YS was prepared using a modied method reported in the
previous research.45 In a typical synthesis, 2 mmol NH4VO3 and
2 mmol citric acid monohydrate (C6H8O7$H2O) were dissolved
in 10 mL de-ionized water at 60 �C in a water bath with constant
stirring for 30 min until a dark blue solution was obtained, and
then 40 mL of isopropanol and 20 mL of glycerol were added.
The resulting precursor solution was transferred into a sealed
100 mL Teon-lined autoclave and heated to 200 �C for 10 h.
Aer naturally cooling to room temperature, the as-synthesized
product was collected and rinsed with de-ionized water and
ethanol and dried in a vacuum at 60 �C for 6 h. Finally, the as-
obtained precursor was annealed in air at 400 �C at a heating
rate of 1 �C min�1 for 2 h.

4.2 Materials characterization

X-ray powder diffraction (XRD) patterns and ex situ XRD
patterns were recorded on a powder X-ray diffractometer
(Rigaku Ultima IV) with Cu Ka radiation at l ¼ 1.5418 Å. The
morphologies and nano-crystalline nature of the samples were
observed using a scanning electron microscope (SEM, JSM-
5192 | J. Mater. Chem. A, 2020, 8, 5186–5193
7800F) and a transmission electron microscope (TEM, JEM-
2100). Energy dispersive X-ray spectra (EDS) were recorded
using an Oxford EDS IE250 system.
4.3 Electrochemical measurements

Electrochemical tests of the V2O5-YS and pristine V2O5 cathodes
were performed with CR-2016 coin-type cells and three-elec-
trode cells. The working electrode was fabricated by mixing the
active material (70 wt%), conductive carbon (Super-P, 20 wt%)
and polyvinylidene uoride (PVDF, 10 wt%), and then the slurry
was cast onto Ti foil and dried in a vacuum oven at 60 �C for 8 h.
The cathode was cut into F14 with an active material mass
loading of �1.0 mg cm�2. In a CR-2016-type cell, zinc foil and
a glass ber membrane were used as an anode and a separator,
respectively, and 3 M zinc triuoromethanesulfonate (Zn(CF3-
SO3)2) aqueous solution was used as an electrolyte. In a typical
three-electrode cell, the V2O5-YS cathode was adopted as the
working electrode, Pt foil as the counter electrode and Hg/
Hg2SO4 as the reference electrode.

CR-2016-type coin cells were assembled in the air atmo-
sphere to evaluate the electrochemical performances with
a LAND battery testing system (CT2001A) at 25 �C. Galvanostatic
charge–discharge tests and the galvanostatic intermittent
titration technique (GITT) were performed on a LAND battery
testing system. In the GITT test, a battery was charged or dis-
charged at a current density of 0.05 A g�1 for 5 min, followed by
a 1 h rest. The procedure was repeated until the battery reached
the cut off voltage. The tests for cycling at 0.2 A g�1 or 5 A g�1

were performed aer full activation for 10 cycles from 0.4 V to
1.6 V at 0.1 A g�1. The tests for rate performance were performed
aer activation for 10 cycles from 0.4 V to 1.4 V at 0.1 A g�1.
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were carried out on an electrochemical worksta-
tion (Biologic VMP3 station).
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