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Structure evolution and energy storage
mechanism of Zn3V3O8 spinel in aqueous zinc
batteries†
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Spinel-type materials are promising for the cathodes in rechargeable aqueous zinc batteries. Herein,

Zn3V3O8 is synthesized via a simple solid-state reaction method. By tuning the Zn(CF3SO3)2 concentration

in electrolytes and the cell voltage ranges, improved electrochemical performance of Zn3V3O8 can be

achieved. The optimized test conditions give rise to progressive structure evolution from bulk to nano-

crystalline spinel, which leads to capacity activation in the first few cycles and stable cycling performance

afterward. Furthermore, the energy storage mechanism in this nano-crystalline spinel is interpreted as the

co-intercalation of zinc ions and protons with some water. This work provides a new viewpoint of the

structure evolution and correlated energy storage mechanism in spinel-type host materials, which would

benefit the design and development of next-generation batteries.

Introduction

As one of the most promising next-generation batteries, the
rechargeable aqueous zinc-ion battery (AZIB) with mild acid
electrolytes has recently attracted much attention, mainly due
to the low cost, high ionic conductivity, and high safety of the
aqueous electrolytes.1–4 Seeking a suitable cathode material is
significant for the practical application of AZIBs. Nowadays,
the electrode performances of several cathode materials have
been intensively investigated in aqueous batteries, including
vanadium oxides,5,6 manganese oxides,7,8 Prussian blue
analogues,9,10 organic species,11,12 etc. Although they exhibit
excellent electrode performances, their synthesis methods
might be too complex for mass-production, and the undesir-
able cost may be a crucial factor for the application of ZIBs. In
this sense, more research needs to be done to select high-per-
formance cathode materials synthesized via facile solid-state
synthesis, which is a general mass-production method in the
industry.13–15

Spinel-type crystals, such as ZnMn2O4,
16,17 ZnV2O4,

18

MgV2O4,
19 etc., have high research value. Solid-state reactions

which suit the requirement of mass production can be
applied. However, compared with pure metal oxides, the
spinel-type materials usually suffer from low capacity delivery
due to the relatively low valence of transition metal ions, as
well as the limited ion diffusion kinetics in dense face-cen-
tered cubic lattices.20,21 Thus, recent research studies on
spinel-type cathodes mainly highlight the optimization strat-
egies to enhance the capacity delivery, including defect engin-
eering, tuning electronic/coordination environments, structure
evolution, etc. The cation-defective ZnMn2O4

17 and the in situ
oriented Mn deficient ZnMn2O4@C16 were reported to achieve
high capacity delivery in aqueous Zn-ion batteries, in which
the defect engineering opens up additional pathways for easier
migration of more carrier ions.

The environments of TM–O coordination (TM represents
transition metal ions) in spinel are usually modulated via
metal doping. For example, Ji et al.22 reported that regulating
the electronic state of Mn–O via Co2

+/3+/4+ doping in Mn3O4

plays a role in promoting ion diffusion and inhibiting the
Jahn–Teller effect in discharge products. Pan et al.23 reported
that Ni and Mn doping in ZnCo2O4 spinel can stabilize the
spinel structure during Zn2+ insertion/extraction processes,
and multiple conversions of Mn4+/Mn3+, Ni4+/Ni3+/Ni2+ and
Co4+/Co3+ are responsible for the enhanced capacity. Besides,
Zuo et al.24 revealed that the Li/Mn disorder in LiMn2O4 spinel
can prevent the Mn3+–O bonds from distorting along one
direction, which enhances the structural stability and activates
more electrochemically active sites. Also, Tao’s group25
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reported Mn4+ rich Mg2MnO4 with remarkable discharge
capacity and structural stability in aqueous batteries.

In addition to the above two strategies, tuning the spinel
phase evolution process during cycling is another pathway to
achieve high electrode performances. For example, Liu et al.18

reported a significant electro-activation reaction in spinel
ZnV2O4 with self-adaptive adjustment of the lattice structure,
which guarantees outstanding electrochemical performance.
Luo’s group19 proposed that the formation of a new phase
from order to disorder during cycling is responsible for the
remarkable electrode performance of the spinel MgV2O4

cathode in AZIB. Lu et al.26 reported a rapid in situ transform-
ation of V2O5 atomic layers into Zn3V2O7(OH)2·2H2O clusters
with a high concentration of reactive sites for H+ and Zn2+

storage. Tang et al.27 presented the electrochemically induced
formation of the disorder/order structure in FeVO4 spinel to
improve the structural stability during Mg2+ storage. Although
the above reports illustrate the significance of structure evol-
ution in activating the capacity delivery of spinel hosts, their
viewpoints and explanations are controversial. Thus, nowa-
days, research studies on structure evolution and energy
storage behaviors of spinel host materials in aqueous batteries
are far from clear.

Herein, for the first time, we provide the structure evolution
and energy storage mechanism of spinel-type Zn3V3O8 in mild
aqueous Zn-ion batteries. We find that the capacity of the
Zn3V3O8 electrode can be effectively activated under high-
voltage scanning in 3 M Zn(CF3SO3)2 electrolyte, and the struc-
ture evolution from bulk to nanocrystalline spinel is respon-
sible for this capacity activation process. A proton and Zn2+ co-
intercalation mechanism with a certain amount of water is
illustrated for energy storage in this nanocrystalline spinel
host, featuring a pseudo-capacitive intercalation behavior with
superior diffusion kinetics. Consequently, the Zn3V3O8 spinel
presents enhanced capacity and excellent cycling performance.

Experimental
Synthesis of Zn3V3O8

The Zn3V3O8 sample was synthesized via a traditional solid-
state method. Zinc acetate and vanadium oxide were added to
the mortar as a mole ratio of Zn : V = 1.05 : 1. After homo-
geneous mixing for about half an hour, the sample was pre-
heated to 500 °C for 3 h and then heated to 800 °C for 8 h in
an Ar atmosphere. The heating rate was ∼5 °C min−1.

Materials characterization

The X-ray diffraction (XRD) patterns were obtained with a
Bruker D8-Advance diffractometer using Cu-Kα radiation (λ =
1.5406 Å), and the structure Rietveld refinement was per-
formed using Fullprof. The size and morphology of the as-pre-
pared Zn3V3O8 were observed using a scanning electron micro-
scope (SEM, ZEISS SUPRA55, Carl Zeiss) and a field emission
transmission electron microscope (TEM, JEM-3200FS, JEOL).
The elemental composition of the samples is characterized by

inductively coupled plasma-optical emission spectroscopy
(ICP-OES, JY2000-2). The chemical states were evaluated by
X-ray photoelectron spectroscopy (XPS, Thermo Fisher
ESCALAB 250Xi).

Electrochemical tests

The powder of active materials was mixed with acetylene black
and polyvinylidene fluoride (PVDF) with a weight ratio of
7 : 2 : 1 in N-methyl pyrrolidone (NMP) solvent. The mixture
was stirred to form a homogeneous slurry, which was then
pasted on a Ti foil and dried in a vacuum oven at 110 °C for
12 h. Zn metal was used as the anode and paired with cathode
materials to fabricate a 2032 coin-type coin cell. The glass fiber
served as the separator and the aqueous Zn(CF3SO3)2 solution
(1 M/2 M/3 M) as the electrolyte. All the coin cells were
assembled under an ambient environment. The galvanostatic
charge/discharge tests were applied using a battery test system
(Neware Battery Cycler, Shenzhen, China). Cyclic Voltammetry
(CV) was measured using a CH instrument electrochemical
workstation. For comparison, the galvanostatic charge/dis-
charge and CV were tested in different cut-off voltages (0.4–1.4
V, 0.4–1.7 V, and 0.4–2.0 V). The Galvanostatic Intermittent
Titration Technique (GITT) was tested using a MACCOR Model
MC-16 battery system with 10 minute discharging/charging
and 30 minute resting.

Results and discussion
Material characterization

The spinel-type Zn3V3O8 product was synthesized by a tra-
ditional solid-state reaction between zinc acetate and
vanadium oxide. The ICP-OES result indicates that the molar
ratio of Zn/V in the product is ∼1.11 (Table S1†). Fig. 1a shows
the XRD pattern of the product, which can be well indexed to
the Zn3V3O8 standard spinel card (space group of Fd3̄m,
PDF#31-1477). Furthermore, the Rietveld refinement is con-
ducted using Fullprof, showing a great fit between the
observed and calculated patterns (Rwp = 6.73%). The corres-
ponding atomic occupancies (Occ.) of Zn, V, and O in the
spinel-type product are shown in Fig. 1b, and the corres-
ponding crystal structure is shown in Fig. 1c, in which the Occ.
of Zn in 8a and 16d sites are 1.03 and 0.282, Occ. of V in the
16d site is 0.718, and Occ. of O in the 32e site is 1.05,
respectively.

The irregular micro-morphologies of Zn3V3O8 are presented
in Fig. S1 and S2.† It can be seen that the Zn, V, and O
elements are uniformly distributed throughout the whole par-
ticle. The high-resolution transmission electron microscopy
(HRTEM) is further applied to investigate the crystal structure
of Zn3V3O8 (Fig. 1d). Two well-resolved lattice fringes are
observed, with an interlayer spacing of d111 = 0.484 nm and
d220 = 0.296 nm, respectively, and the corresponding diffrac-
tion pattern is also consistent with the HRTEM results.
Furthermore, the existence of Zn and mixed chemical valences
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of V3+ and V4+ in Zn3V3O8 is depicted by the XPS results in
Fig. 1e and f.

Electrochemical performance

To evaluate the electrochemical performance of Zn3V3O8, coin-
type Zn/Zn3V3O8 cells are assembled, in which the Zn plate
works as the anode, Zn3V3O8 as the cathode, and the aqueous
Zn(CF3SO3)2 solution as the electrolyte. On tuning the Zn
(CF3SO3)2 concentration in the electrolyte and cell voltage
ranges an optimized electrode performance can be achieved,
as shown in Fig. S3.† It can be seen that the best cycling per-
formance is achieved in the cell voltage range of 0.4–1.7 V in
the concentrated electrolyte. Higher or lower cut-off voltages
(2.0 V or 1.4 V) are inferior to capacity release, mainly due to
the uncontrolled structure collapse and the insufficient redox
reaction, respectively. All cycling profiles follow the same char-
acter, i.e., the discharge capacity increases rapidly to a peak
value in initial cycles, then declines slowly in the following
cycles. The inevitable capacity activation process indicates a
structure evolution process in initial cycles, which will be
depicted in the later part. Fig. 2a shows the cyclic voltammo-
gram (CV) curves of the Zn/Zn3V3O8 cell in the initial 5 cycles
with a low scanning rate of ∼0.1 mV s−1. It can be observed
that a towering oxidation peak is located at around 1.61 V in
the 1st cycle, mainly due to facile Zn2+ extraction from the pris-
tine Zn3V3O8 electrode. After the 1st cycle, two pairs of redox
peaks are observed located at 0.90/0.98 V and 0.56/0.72 V,
respectively. Meanwhile, the redox current values increase

gradually upon cycling, which corresponds well to the capacity
activation in the initial cycles.

Fig. 2b and c show the rate performance of Zn3V3O8 after
the initial capacity activation process (pre-cycling 20 cycles at
500 mA g−1), as well as the galvanostatic charge/discharge
(GCD) profiles at various rate currents. The results show dis-
charge capacities of 294, 289, 275, 260, 245, and 229 mA h g−1,
at increasing rate currents of 100, 200, 500, 1000, 1500, and
2000 mA g−1, respectively. Furthermore, the cycling perform-
ances of Zn/Zn3V3O8 cells at rate currents of 500 mA g−1 and
2000 mA g−1 are also provided in Fig. 2d and e. When operated
at a current of 500 mA g−1, the discharge capacity first
increases to 272 mA h g−1 in the initial 37 cycles (capacity acti-
vation, as pointed by the arrow), and then decreases slowly to
200 mA h g−1 from 37 to 400 cycles, with a high capacity reten-
tion of ∼73.8%. When tested at a current of 2000 mA g−1, the
discharge capacity first rises to 231 mA h g−1 in the initial 114
cycles (capacity activation, as pointed by the arrow), then
decreases slowly to 170 mA h g−1 from 114 to 1200 cycles, with
a high capacity retention of ∼74.6%. The capacity, rate, and
cycling performances of the Zn3V3O8 cathode are among the
best-reported electrode performances of spinel-type host
materials (Table S2†).

Electrode/electrolyte interfacial reaction during cycling

Revealing the electrode reaction mechanism is vital for under-
standing the charge storage mechanism and the correlated
electrode performances of Zn3V3O8. Fig. 3a presents the XRD
patterns of the pristine Zn3V3O8 electrode, the electrode

Fig. 1 Material characterization of spinel-type Zn3V3O8. (a) XRD refinement result of Zn3V3O8 powder using Fullprof, (b) the atomic occupation of
Zn, V, and O elements, (c) crystal structure, and (d) HRTEM morphology and diffraction pattern. XPS analysis of (e) Zn 2p and (f ) V 2p peaks in
Zn3V3O8 powder.
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immersed in the electrolyte for 12 h, and the electrodes at
charged/discharged states in 1st, 2nd, and 5th cycles. The
corresponding SEM morphologies are shown in Fig. 3b–i. After
being immersed in 3 M Zn(CF3SO3)2 electrolyte for 12 h, some
nano-sheet by-products occur on the electrode surface, indicat-
ing a spontaneous side reaction (Fig. 3c). This by-product is
also observed in other electrodes, including the charged elec-
trode in the 1st cycle (Fig. 3d), and the discharged electrodes
in the 1st, 2nd, and 5th cycle (Fig. 3e, g and i). Note that the by-
products in the 1st cycle may result from the immersion
(Fig. 3b) instead of the charging process, which can be corro-
borated by the irregular electrochemical reactions in CV pro-
files (Fig. 2a). A sharp peak at 2θ = 12.50° refers to this by-
product (Fig. 3a and S7†), which is proved to be the character-
istic peak of zinc hydroxide vanadium oxide hydrate
(Zn3(OH)2(V2O7)(H2O)2, ZOVH, PDF#87-0417, hexagonal, P3̄m1
(164)). The generation of ZOVH is further confirmed by TEM
results (Fig. 3j and k), in which the Zn, O, and V elements are
uniformly distributed, while no S and F elements are observed.

The crystal structure of ZOVH is presented in Fig. 3l. Since
the formation of ZOVH needs a certain amount of OH− and
V2O7

4− ions, which can’t be directly obtained from the original
Zn(CF3SO3)2 electrolyte, there must be a spontaneous reaction
between the electrolyte and electrode in immersing. Some H+

ions from H2O may insert into the electrode, leaving some
OH− ions on the electrode surface, and some V2O7

4− ions are
released from Zn3V3O8. Then, the emerged OH− and V2O7

4−

ions react with the Zn2+ ions in the electrolyte, generating
ZOVH deposits on the electrode surface, and the reaction
occurs as given in formula (1):

3Zn2þ þ 2OH� þ V2O7
4� þ 2H2O ! Zn3ðOHÞ2ðV2O7ÞðH2OÞ2

ð1Þ

For the electrode at charged states in the 1st cycle, the inten-
sity of ZOVH remains unchanged, and the Zn/V ratio in the
electrode (ZOVH on the electrode surface is removed by
diluted H2SO4) decreases to 0.39 (obtained from the ICP
results, Fig. S5†). This result indicates that a certain amount of
Zn2+ is extracted from the electrode during the 1st charging
process. Furthermore, the amount of ZOVH increases dramati-
cally after the 1st discharge process (at 0.4 V) (Fig. 3a and e),
demonstrating that plenty of protons are inserted into the elec-
trode and more V2O7

4− ions are released from the electrode
during discharge. In subsequent cycles, the ZOVH generates/
disappears reversibly (Fig. 3f–i), indicating a reversible proton
intercalation/extraction during the discharge/charge processes.
Besides, the characteristic peaks of Zn3V3O8 weaken and disap-
pear after the 1st cycle (Fig. 3a), demonstrating that the spinel
phase of Zn3V3O8 converts gradually to a short-range ordered
spinel phase upon cycling.

During cycling, the ZOVH generates/disappears reversibly
in the 2nd and 5th cycles. The ZOVH formation indicates that
the extraction of V2O7

4− ions and the proton insertion occur
simultaneously upon discharge. So, we wonder where the
extracted V2O7

4− ions go when they are recharged to 1.7
V. Assuming that there exist three kinds of reactions for V2O7

4−

ions upon charging: (i) in situ depositing on the Zn3V3O8 elec-
trode, (ii) dissolving into the electrolyte, and (iii) moving
forward to the Zn anode and forming ZOVH deposits upon
cycling. Fig. S6† shows the evaluation of the variations of V

Fig. 2 Electrode performance of the Zn3V3O8 electrode. (a) CV curves of the Zn/Zn3V3O8 cell at 0.1 mV s−1 in the cell voltage range of 0.4–1.7 V, in
3 M Zn(CF3SO3)2 electrolyte. (b) Rate performances of the Zn3V3O8 electrode in 3 M Zn(CF3SO3)2 electrolyte, and (c) corresponding GCD curves in
different rate currents. (d and e) Cycling performance at ∼500 mA g−1 for over 400 cycles, and at ∼2000 mA g−1 for over 1200 cycles.
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concentrations (using ICP-OES results) in electrolytes (col-
lected in coin cells) in 100 cycles, which shows no free V2O7

4−

ions in the electrolytes. Also, the XRD and SEM results of the
Zn plate after cycled in the Zn/Zn3V3O8 cell (Fig. S7 and S8†)
are characterized, showing no characteristic peaks of ZOVH or
enrichment of V elements existing on the Zn anode. Thus, the
V2O7

4− ions dissolved upon charging are in situ deposited on
the pristine Zn3V3O8 electrode and form short-range ordered
V-based deposits. Therefore, in this part, we reveal a spon-
taneous interfacial reaction between Zn3V3O8 and aqueous
electrolytes, i.e., the reversible intercalation/extraction of
protons and the formation/disappearance of ZOVH during
cycling.

Structure evolution of Zn3V3O8 during cycling

The HRTEM characterization studies are applied to reveal this
structure evolution of Zn3V3O8 upon cycling (Fig. 4). Before the
HRTEM characterization studies, the ZOVH by-product on the
electrode is pre-removed using dilute sulfuric acid. The spinel-
type structure of Zn3V3O8 remains unchanged after immersing
in the electrolyte for 12 h (Fig. S9†), indicating no structure

evolution upon immersing. After being charged to 1.7 V in the
1st cycle, the characteristic XRD peaks of Zn3V3O8 (2theta =
30.1° and 35.5°) remain stable (Fig. 3a), but with much-
lowered intensities, the structural transformation to a short-
range ordered spinel-type phase is illustrated. This spinel-type
structure can be further confirmed by the HRTEM results in
Fig. 4a, which shows clear lattice fringes of the (311) planes
with a lattice spacing of ∼0.263 nm. When discharged to 0.4 V
in the 1st cycle (Fig. 4b), the characteristic XRD peaks of
Zn3V3O8 are re-enhanced, and the diffraction pattern features
an interlayer spacing of ∼0.496 nm of the (111) planes.

When it comes to the 2nd cycle, the characteristic XRD
peaks of Zn3V3O8 spinel disappeared at the charged state and
re-emerged at the discharged state (Fig. 3a). At the charged
state, some lattice fringes of the (311) planes are observed in
localized areas with a layer spacing of ∼0.258 nm, as verified
by HRTEM results and diffraction patterns in Fig. 4c. However,
at the discharged state (Fig. 4d), a diffraction ring is observed
with a lattice spacing of ∼0.273 nm of the (220) plane, indicat-
ing a short-range ordered Zn–V–O spinel. Thus, a structure
evolution from bulk to nanocrystalline spinel is obtained in

Fig. 3 Electrode reactions of Zn3V3O8 in 3 M Zn(CF3SO3)2 electrolyte. (a) XRD patterns and corresponding SEM morphologies of the Zn3V3O8 elec-
trode at different states, (b) pristine, (c) immersed, (d) charged and (e) discharged in the 1st cycle, (f ) charged and (g) discharged in the 2nd cycle, and
(h) charged and (i) discharged in the 5th cycle. ( j) TEM morphology of Zn3V3O8, (k) EDS-mapping of O, Zn, V, F, and S elements, (l) schematic illus-
tration of the crystal structure of Zn3(OH)2(V2O7) (H2O)2.
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the 2nd cycle. Subsequently, in the 5th cycle, the characteristic
XRD peaks of Zn–V–O spinel can still be observed for electro-
des at the discharged state (Fig. 3a). The diffraction rings are
observed in both the charged and discharged electrodes, as
illustrated in Fig. 4e and f, indicating a stabilized nanocrystal-
line spinel. Besides, accompanying the structure evolution, the
Zn/V ratio in the charged electrode decreases from 0.39 (in the
1st cycle) to 0.11 (in the 10th cycle) (Fig. S5†), indicating a con-
tinuous Zn2+ extraction from the lattice framework of Zn3V3O8

during cycling, which may be responsible for the structure
evolution. Thus, in this part, the structural evolution of
Zn3V3O8 from spinel to nanocrystalline Zn–V–O spinel is
revealed upon cycling, which plays a vital role in activating the
capacity of spinel-type Zn3V3O8 in aqueous Zn-ion batteries.

In addition to the structure evolution, the XPS analyses are
further applied to investigate the energy storage behavior in
nanocrystalline Zn–V–O spinel (in the 5th cycle, a current of
∼200 mA g−1). Fig. 5a and d show the XPS analyses of O 1s
peaks at the charged and discharged states, respectively. We
observe that the relative intensities of H–O–H and V–O–H
peaks are enhanced greatly after discharge, which illustrates
the successful intercalation of H2O and H+. As reported in pre-
vious reports, the co-intercalation of H2O benefits the
diffusion kinetics of carrier ions.28–30 Fig. 5b and e show the
XPS analyses of Zn 2p peaks of amorphous Zn3V3O8 at the
charged and discharged states, respectively. The relative inten-
sity of Zn 2p peaks is also enhanced slightly after discharge,
illustrating the successful Zn2+ intercalation. The Zn2+ interca-
lation can also be confirmed by the TEM-mapping results
shown in Fig. S10,† in which an obvious Zn enrichment is

observed in the discharged Zn3V3O8. Besides, the chemical
valence of V in the amorphous Zn–V–O compound is also
reduced upon discharge (Fig. 5c and f). Based on the above
results, we conclude a H+/Zn2+ co-intercalation with a certain
amount of H2O to dominate the capacity of Zn3V3O8 during
cycling, similar to the vanadium oxides in previous works.31–33

Discussions

As discussed above, the structure evolution is significant for
activating the capacity delivery of Zn3V3O8 spinel in aqueous
batteries. Fig. 6 presents the schematic illustration of the struc-
ture evolution mechanism of the Zn3V3O8 spinel during
cycling. Two types of reactions occur during cycling, i.e., the
interfacial reaction and electrode reaction. The interfacial reac-
tion refers to the reversible formation/disappearance of ZOVH
on the electrode surface during cycling, and the electrode reac-
tion refers to the electrochemical structure evolution of
Zn3V3O8, and the correlated H+/Zn2+ intercalations.18,19,26

When immersed in 3 M Zn(CF3SO3)2 electrolyte, some
spontaneous reactions occur, including a H+ insertion, V2O7

4−

dissolution, and subsequent formation of ZOVH by-products.
During the 1st charging process, only some Zn2+ ions are
extracted, leaving the Zn3V3O8 spinel framework with less
Zn2+. Then, during the subsequent discharging process, H+/
Zn2+ ions are re-inserted into the spinel framework. In the 2nd

charging/discharging process, there exists a reversible H+/Zn2+

co-intercalation in the short-range ordered Zn–V–O spinel.
After several cycles under the optimized test conditions, the

Fig. 4 Electrochemical structure evolution process of Zn3V3O8 spinel. HRTEM analysis of the Zn3V3O8 electrode at (a) the charged state (1.7 V) of
the 1st cycle, (b) the discharged state (0.4 V) of the 1st cycle, (c) the charged state (1.7 V) of the 2nd cycle, (d) the discharged state (0.4 V) of the 2nd

cycle, (e) the charged state (1.7 V) of the 5th cycle, (f ) the discharged state (0.4 V) of the 5th cycle.
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Fig. 5 Synthetic H+/Zn2+ intercalation mechanism of the converted amorphous Zn–V–O compound. XPS analysis of (a) O 1s, (b) Zn 2p, and (c) V 2p
spectra of the electrode at the charged state in the 5th cycle. XPS analysis of (d) O 1s, (e) Zn 2p, and (f ) V 2p spectra of the electrode at the dis-
charged state in the 5th cycle.

Fig. 6 Schematic illustration of electrode reactions of Zn3V3O8 spinel during cycling in 3 M Zn(CF3SO3)2 electrolyte.
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Zn3V3O8 completely converts to the nanocrystalline Zn–V–O
spinel, and H+ and Zn2+ co-intercalation dominates the elec-
trode capacity. It can be concluded that the nanocrystalline
spinel is beneficial for capacity release.

We notice that aqueous electrolyte is significant for activat-
ing the “spinel to amorphous” phase conversions. When
measured in the non-aqueous electrolyte, i.e., 0.3 M Zn
(CF3SO3)2 in dimethyl sulfoxide (DMSO), the bulk spinel
framework of Zn3V3O8 remains well after cycles (Fig. S11†),
indicating that the “bulk to nanocrystalline” structure evol-
ution is depressed in non-aqueous electrolytes. As a conse-
quence, the reversible capacity in the non-aqueous electrolyte
is very low (21 mA h g−1 at a current of 200 mA g−1) (Fig. S12†).
Such results also demonstrate that the nanocrystalline struc-
ture is vital for capacity activation. Benefiting from the “bulk
to nanocrystalline” structure evolution, the superior reaction
kinetics of the Zn3V3O8 electrode is achieved. To illustrate the
reaction kinetics of the electrodes, CV curves at different scan-
ning rates, and corresponding calculations for log(ip) − log(ν)
curves are presented in Fig. S13,† where ip represents the
current density values of redox peaks (mA mg−1), and ν is the
scan rate (mV s−1).34,35 The calculated b values for O1, O2, R1,
and R2 peaks are 0.836, 0.965, 0.869, and 0.905, respectively,
indicating a pseudo-capacitive diffusion character for proton
and Zn2+ insertion/extraction upon cycling. The nanocrystal-
line structure may have shortened diffusion channels for Zn2+,
which contribute to the polarization alleviation and the rate
performance improvement. The galvanostatic intermittent
titration technique (GITT) results in Fig. S14† presents a high
average diffusion coefficient of ∼7.78 × 10−10 cm2 s−1, which is
at a high level for V-based cathode materials in aqueous Zn-
ion batteries (Table S3†).

Conclusions

In this work, we synthesize a spinel-type Zn3V3O8 via a simple
solid-state reaction method. By tuning Zn(CF3SO3)2 concen-
trations in electrolytes and cell voltage ranges, an optimized
electrode performance is achieved with a capacity activation
process. We reveal a “bulk to nanocrystalline” structure evol-
ution in Zn3V3O8 spinel for the capacity activation and propose
a proton and Zn2+ co-intercalation mechanism for energy
storage behavior in this nanocrystalline Zn–V–O spinel. The
nanocrystalline Zn–V–O spinel presents a pseudo-capacitive
diffusion character with excellent diffusion kinetics, which
enables superior electrode performance. This work provides a
new viewpoint of the charge storage mechanism in spinel-type
host materials, which benefits the design and development of
next-generation batteries.
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