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Rechargeable and affordable aqueous zinc-ion batteries (ZIBs) with high energy density are needed for large-
scale energy storage systems. However, the development of ZIBs has stagnated due to the lack of stable high-
capacity cathode materials. Here, a typical spinel ZnV,04 has been investigated as a ZIB cathode, and a sig-
nificant electroactivation reaction was observed during the initial electrochemical cycles. After electroactivation,
ZnV,04 exhibits a high reversible capacity of 312 mAh g~! and retains a capacity of 206 mAh g~! over 1000
cycles at a high rate of 10 C. The electroactivation process was then analyzed via in-situ XRD, ex-situ PDF, ex-situ
HADDEF-STEM, ex-situ XPS, and various electrochemical measurements. The electroactivation enhances the
surface electrochemical reaction with self-adaptive adjustment of the lattice structure. This guarantees
outstanding electrochemical performance. The encouraging results deepen our understanding of rechargeable
aqueous batteries and offer insight into the design of high-performance electrode materials for rechargeable

aqueous ZIBs.

1. Introduction

Large-scale energy storage technologies are critical for the integra-
tion of amounts of distributed renewable energy and power in-
frastructures to improve grid reliability and utilization [1,2]. Although
lithium-ion battery technologies continue to mature, their application
in grid-scale energy storage has still been limited due to cost and safety
concerns [3,4]. Low-cost and high-safety aqueous rechargeable batteries
with earth-abundant, inexpensive materials as charge carriers are a
promising alternative [5,6]. The low redox potential of Zn/Zn%*
(—0.76 V versus standard hydrogen electrode (SHE)) combined with a
two-electron-transfer electrochemical reaction is a high energy density
electrochemical system—especially for aqueous zinc-ion batteries (ZIBs)
[6-9]. However, the reported cathode materials for aqueous ZIBs face
various challenges: Prussian blue analogs with stable structures are
constrained by low capacity [10,11], while high capacity
manganese-based oxides suffer from drastic capacity fading due to
irreversible structural changes caused by Mn2" dissolution [1 2,13].

Due to the low-cost (~US $7.85/1b) and stable open framework of
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vanadium oxides—as well as the stable long-cycle life and high specific
capacity—vanadium-based materials have been intensively studied as
electrode materials in aqueous ZIBs [14,15]. Among various
vanadium-based materials, layered vanadium oxides have attracted
much attention. Due to their tunable layer spacing, layered vanadium
oxides are often described as ideal hosts for various metal-ions [16,17].
Ever since layered Zng5V20s5 was reported as a high-performance
cathode for aqueous ZIBs [7] by Nazar and her colleagues, additional
layered structural materials have been described including LiV,Os [18],
NaV30g [19], Cag.25V20s [20]. These all apply the same strategy of
pre-intercalated metal-ions in the interlayers of vanadium oxides to
store free-moving ions in aqueous batteries. Meanwhile, various
tunnel-type vanadium-based compounds (VO3 [21], LiVo(PO4)s [22],
and Zn3V,07(0OH), [23]) have also been reported as potential candidate
electrode materials for aqueous ZIBs. However, these previous reports
mainly attributed their electrochemical energy storage performance to
the diversity of vanadium oxidation states and suitable open-framework
structures. Spinel cathodes have good application in various aqueous
batteries and benefit from the stable tunnel structure [24,25]. Here, a
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typical spinel ZnV,04 was first investigated as a high-performance
cathode material for aqueous ZIBs although its crystallographic struc-
ture has been reported over the past few decades [26-28].

In this study, we demonstrate spinel ZnV,04 as a stable high-capacity
cathode material for aqueous ZIBs. Electrochemical measurements show
that the spinel ZnV204 undergoes a significant electroactivation process
during the initial electrochemical cycles. After electroactivation, the
cathode material exhibits an extremely high reversible capacity of 312
mAh g~! and retains capacity of 206 mAh g~! over 1000 cycles at a high
rate of 10 C. The electroactivation process and electrochemical reaction
mechanism of spinel ZnV,04 electrodes have been investigated sys-
tematically. The results suggest that electroactivation-induced spinel
ZnV,04 has high capacity and excellent cyclic stability, which is ad-
vantageous for cathodes in aqueous ZIBs.

2. Result and discussion
2.1. Structure and morphology analysis

X-ray diffraction (XRD) analyzed the lattice structure. The XRD
pattern of the obtained ZnV,04 powder with Rietveld refinements is
represented in Fig. 1b. The Bragg reflection peaks are readily indexed in
the Fd3m cubic space group. The refined profile agrees well with the
experimental data indicating the formation of standard face-centered
cubic spinel structure (Fig. 1a). The scanning electron microscopy
(SEM) image of ZnV,04 powder (Fig. S1) reveals a nanoparticle
morphology, and the corresponding energy dispersive X-ray spectros-
copy (EDX) elemental mapping indicates that the Zn, V, and O elements
are homogeneously distributed.

The transmission electron microscopy (TEM) image (Fig. 1c) further
shows that the nanograins are uniformly distributed and separated with
a diameter of 30-100nm. Meanwhile, the high-magnification TEM

(b) S —0— Observed
Ce Calculated
& —— Obs-Calc
;:: Bragg position
ol
z
z
-]
2
=
—

Nano Energy 67 (2020) 104211

image in Fig. 1d reveals lattice fringes with a d-spacing of 0.296 nm
corresponding to a (022) face. The d-spacing values calculated from the
inserted selected area electron diffraction (SAED) are 0.146, 0.241, and
0.296 nm, which reflect the (044), (222), and (022) diffraction rings of
spinel ZnV;0y4, respectively.

As a broadly insightful characterization tool to probe local atomic
structure, atomic pair distribution function (PDF) provides local struc-
tural information for nanoparticles. Here, PDF analysis gives atomic-
scale insight into the crystal structure of ZnV,04. Well-defined peaks
in the PDF profile are related to atom-atom distances and bond lengths,
and the spatial extent of peaks within the PDF directly corresponds to
the ordered structure over the length scale [29,30]. The obtained PDF
profile nicely fits with the crystallographic structure model of ZnV,04
derived from the Rietveld refinement at the range of 0-50 A (Fig. S2).
Fig. 2 gives a direct view of the assignment of the significant peaks
within the PDF corresponding to the bond lengths and atom-atom dis-
tances among Zn, V, and O atom from 0 to 10 A.

2.2. Electrochemical performance of the ZnV20y4 electrode

The electrochemical performances of spinel ZnV,04 cathode was
investigated with a CR2032 type coin cells that uses metallic zinc as the
anode and 2M Zn(ClO4)2 aqueous solution as the electrolyte. Fig. 3a
displays the cyclic voltammetry (CV) curves of the 1st and 10th cycle. In
the first cycle, there are two anodic peaks at 1.12 and 0.80V (vs. Zn/
Zn?") and only one cathodic peak at 0.58 V (vs. Zn/Zn?*). Interestingly,
with the electrochemical reaction undergoing 10 cycles, the sharp
oxidation peak at 1.12 V broadens while a new reduction peak appears
at 0.94V indicating that a new redox reaction process occurs.

Furthermore, the electrochemically active area of the 10th cycle in
the CV curve is nearly 1.5 times larger than that of the 1st cycle. The
increasing active area of the CV curve means an increase of the total

Fig. 1. a) Crystal structure of the spinel ZnV,0,4. b) XRD pattern of the ZnV,04 powder and its Rietveld refinement result. ¢) TEM image. d) High-magnification TEM

image with SAED patterns.
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Fig. 2. The refinement of PDF in the model of cubic phase of spinel ZnV,04 and the main assignment of the PDF peaks from 0 to 10 A.
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Fig. 3. Electrochemical behavior of Zn/ZnV,04 batteries with 2-M Zn(ClO,); as electrolyte. a) CV curves in the first and 10th cycle. b) Charge-discharge curves in
the first and 10th cycle. c) EIS curves in the first and 10th cycle. d) Discharge profiles at varying C rates. e) Long-term cyclic performance.



Y. Liu et al.

electrochemical capacity. The comparison of the curve profile is plotted
in Fig. 3b. The changes in the CV curves and the charge/discharge
profiles suggest that there would be an electroactivation process during
the initial cycles. The greatly reduced electrochemical impedance
(Fig. 3c) also reveals a faster charge transfer kinetic occurred after
electroactivation, which agrees well with the CV and charge/discharge
curves. The rate capability of the Zn/ZnV;04 cells cycling in the voltage
range of 0.2-1.4V (vs. Zn/Zn?") is shown in Fig. 3d with average
discharge capacities of 312, 289, 271, 244, 222 and 174 mAh g ! at a
rate of 0.5, 1, 2, 5, 10, and 20 C, respectively. The Zn/ZnV;04 cells are
discharged/charged at 10C to evaluate the long-cycle stability.
Remarkably, the cycling performance shows that the initial discharge
capacity is 117 mAh g™'; the capacity rapidly increases to 252 mAh g~!
in the initial few cycles, which could be attributed to the gradual elec-
troactivation of the active material (Fig. 3e). Importantly, the reversible
capacity retains at 206 mAh g~ over 1000 cycles with a Coulombic
efficiency approaching 100%.

2.3. Electrochemical mechanisms

Vanadium oxides usually exhibit good surface capacitive effects
induced by the multiple redox reactions of vanadium-ions at the inter-
face between the electrode and electrolyte [31]. To clarify the capacitive
and diffusion-controlled effects, we investigated the electrochemical
kinetics of the ZnV504 electrode in detail. Fig. 4a shows CV profiles with
similar shapes at various scan rates from 0.2 to 1 mV/s. These profiles
display two couples of broad cathodic and anodic peaks with increasing
scan rates. The peak currents (i) usually obeys a formula with the scan
rate (v) as [32] i= avb; here, b can be calculated by the slope of the log(i)
vs. log(v) plots. Generally, the coefficient b varies in the range between
0.5 and 1.0 while the b-value of 0.5 and 1.0 represents
diffusion-controlled and capacitive effects, respectively. The b values are
0.76 and 0.74 during the discharging process, respectively, based on the
peak current of the activated ZnV,04 electrodes (Fig. 4b). The results
indicate that the capacitance effect dominates in the electrochemical
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process.

Additionally, the capacitive contribution ratio can be further quan-
tified by separating the response current at a fixed potential into
capacitive effects and diffusion-controlled reactions. The equation can
be described as below [33]:

iV)=kv + kov'?

Here, k;v corresponds to the capacitive effects while kov'/? repre-
sents the diffusion-controlled effects. By determining k; and kg, the
calculated capacitance ratios at various scan rates are exhibited in
Fig. 4c. The consequences indicate that the capacitive effects play an
essential role in the capacity and the capacitive contribution increases
gradually with the increasing scan rate.

Next, the galvanostatic intermittent titration technique (GITT)
measurement was used in which current pulses (0.1Ag™!) of equal
duration (10 min) were applied followed by 20 min’ relaxation for each
current pulse. This GITT experiment further investigated the electro-
chemical reaction kinetics of Zn?* diffusion during electrochemical
cycling. The charge/discharge curves and calculated diffusion co-
efficients of Zn®" for activated ZnV,04 are presented in Fig. 4d. For the
(de-)insertion process, the apparent diffusion coefficient of Zn?* un-
dergoes two fluctuations that correspond to two oxidation/reduction
process. Moreover, the average Dz, value in ZnV,0y is calculated to be
about 71071 em? s71, which is superior to the diffusion coefficient of
Zn?* in spinel ZnMn,04 [24]. The Nyquist plots in Fig. 3¢ also demon-
strate that the activated ZnV,04 exhibits fast ionic diffusion as well as
excellent charge transfer kinetics that are favorable for fast energy
storage and conversion.

To determine the electroactivation mechanism, in situ XRD was
performed to investigate the structural evolutions during the initial two
galvanostatic charge-discharge cycles. Fig. 5a shows a 2D contour map
of the in situ XRD pattern. This pattern shows that the (111) peak
maintains the same position and intensity throughout the entire elec-
trochemical process while the (220) and (331) peaks of ZnV,04 decrease
gradually in the first charge process. This proceeds until the second cycle
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Fig. 4. Electrochemical performances of the activated Zn/ZnV,0, batteries cycling in a range of 0.2-1.4 V. a) CV curves at different scan rates. b) Log (current) vs.
log (scan rate) plots of four peaks in the CV curves during cycling. ¢) The contribution ratio of the capacitive capacities and diffusion-limited capacities. d) GITT

profiles and calculated Zn?* diffusion coefficient.
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Fig. 5. a) In situ XRD measurement of the ZnV,0, electrode during the first two cycles. b) Ex situ PDF analysis of the ZnV,04 electrode from 0 to 10 A.

the intensity of the peaks decreases by nearly 95%, which indicates a
micro-crystallization process of ZnV504. The peak at 43.1° is due to the
stainless-steel mesh current collector. Interestingly, a very weak peak
appears at 50.5° during the initial charge process. The variations of XRD
patterns suggest the emergence of a new Zn-poor Zn,V,04 phase due to
the extraction of Zn?". Upon discharge, the magnified XRD peak at 50.5°
shifts to 48.7°, which could be related to the simultaneous intercalation
of Zn?* into the tunnels parallel. The shift of the principal peak also
reveals the lattice expansion at the Zn?* insertion state. When dis-
charging from 1.4 to 0.2V, the peak shifts reversibly to the original
location and retains cyclical fluctuation in the next galvanostatic charge-
discharge cycle indicating good reversibility of Zn?* (de-)insertion in
activated ZnV904. The new reversible peak also agrees well with the
emergence of the second CV redox peaks around 0.94 V. The structural
evolutions occasionally accompanying metal ion (de)insertion are so
complex that the XRD pattern is difficult to interpret with no direct
demonstration of the structural evolution trend [34].

Ex situ PDF analysis (Fig. 5b) leads to atomic-scale insight into the
structural evolution process of spinel ZnV,04 during the galvanostatic
charge—discharge cycles. The overall intensity of the curve decreases
gradually as the electrochemical cycle continues, which indicates a
decrease in particle size. The size of the particle or coherent domain
dominates the intensity of the PDF peaks [35-37]; thus, the phenome-
non that the peaks converge at much smaller r value further confirms the
micro-crystallization process (Fig. S3). Compared with the 1st charge
state (blue line), the intensity of the peaks at the 1st discharge state
(orange line) is higher due to the Zn?" insertion. The intensity of these
peaks is much lower until the 2nd charge state (pink line). This regular
fluctuation demonstrates a Zn®" (de-)insertion process. Fig. 5b shows
that there is a positive shift of the peaks at 3.51 A and 5.94 A, which
corresponds to Zn-Zn, Zn-V, and Zn-0, indicating that lattice distortion
appears. This can be attributed to the adaptive adjustment of lattice
structure accompanying Zn%t migration [38]. Due to numbers of Zn%*
extracted from the spinel ZnV,0,4 lattice at the charged state, the in-
tensity of the peak at 5.94 A decreases so much that it is incorporated
into the adjacent peak to form a broader peak. However, there is no
obvious shift in the position of major peaks suggesting that the lattice
framework of ZnV,04 remains stable during the galvanostatic

charge-discharge cycles. The obvious local distortion reveals a dramatic
reduction of the Zn-Zn bond ratio, which cause the lattice defects. The
intensity of the peaks at 5.42 A, 6.90 A also has a remarkable decrease
due to the reduction of the ratio of Zn-V and Zn-O bond caused by the
extraction of Zn?". These results clarify the micro-crystallization process
and the Zn?" (de-)insertion mechanism of spinel ZnV,04 at the atomic
scale.

To gain further insight into the structure evolution process during
the electrochemical cycle, we next investigated the ex situ high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) of the electrode. Fig. 6a presents HADDF-STEM images
and the corresponding EDX maps of Zn, V, and O of the ZnV,04 elec-
trode in the second charge state. A significant structural change can be
observed compared with the original state of ZnV,04 particles (Fig. 1c):
the particles dissociate into some interconnected smaller plates. More
clearly, the non-uniformity elemental distribution of Zn-V-O mapping
confirms the dissociation process. The elemental content analysis of the
selected zone A and B (Fig. S4) also reveals the dissociation process due
to the extraction of Zn?*. The inside nanopores and lattice defects
further verify the beginning of the micro-crystallization process
(Fig. 6b). Meanwhile, the lattice fringe with a spacing of 0.272 nm is
slightly smaller than the original state upon extraction of Zn?*, and the
material maintains the integral frame structure.

Fig. 6c further analyzes the HADDF-STEM images of ZnV,04 elec-
trode at the 10th discharge state. A 3D interconnected network structure
is presented in Fig. 6¢ and is believed to contribute to the enhanced
electrochemical kinetics. Examining the associated EDX element maps
in Fig. 6¢, the bulk distribution of these elements remains uniform, and
the elemental content analysis of the selected zone C indicates the
insertion of Zn?* (Fig. S4b). However, various lattice distortions can be
observed in the skeleton of the network due to the reversible extraction
of some zinc ions from ZnV,04 (Fig. 6d). The rings seen in the SAED
patterns reveal that a micro-crystallization process occurs to the active
material during the electrochemical cycles, which is confirmed by the in
situ XRD and ex situ PDF results. Compared with the extraction state, the
lattice spacing of (222) at the insertion state increases slightly from
0.235nm to 0.242 nm, which confirms the Zn®" insertion reaction. The
calculated d-spacing values are 0.139, 0.198, and 0.242nm, which
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of the Zn, O, and V.

reflect the (244), (133), and (222) diffraction rings of origin spinel
ZnV304, respectively. The results reveal that the appropriate structural
change accompanies the (de-)insertion of Zn?t,

Ex situ X-ray photoelectron spectroscopy (XPS) analysis (Fig. 6e)
reveals the oxidation state evolutions of zinc and vanadium during the
electrochemical reaction. The pristine electrode shows only one Zn 2p
component (2ps/o: 1021.4 eV) due to the native Zn site in ZnV204. Upon
extraction state, the peak of Zn 2p shifts to a higher binding energy (2ps,
2: 1022.4 eV). The distinct shift in the binding energies can be ascribed
to the change in the coordination environment of zinc with oxygen and
vanadium atoms in the compound. The change of bonding interactions
would lead to a proper bonding rearrangement accompanying Zn>*
migration resulting in an excellent electrochemical performance.

The peak area of Zn 2p in the extraction state is far lower than the

insertion state, which confirms the (de-)insertion of Zn". In the original
state, the V3% signal (2ps/2: 516.1eV) accompanied by V** (2ps/a:
517.4 eV) component reveals a mixed valence state. During charging,
the extraction of Zn?* results in a sharp decrease of the characteristic
peak of V3 while the V** peak dominates. The V3" signal increases due
to the Zn?* insertion after discharge.

3. Conclusions

In summary, an aqueous rechargeable zinc-ion battery is assembled
with a promising cathode material—an electroactivation-induced spinel
ZnV504. The (de-)insertion of Zn?* leads to the electroactivation process
caused by the micro-crystallization of ZnV,04. The electroactivation-
induced ZnV504 delivers an ultra-high specific capacity of 250 mAh



Y. Liu et al.

g~ ! at the high rate of 10 C with a remaining reversible capacity of 206
mAh g1 after 1000 cycles. These features are due to the formation of a
3D interconnection network and self-adaptive adjustment of local lattice
structure caused by the electroactivation. The aqueous ZIBs have sig-
nificant potential for electrochemical energy storage because they are
low-cost, safe, and eco-friendly. The development of such low-cost and
high-capacity transition-metal oxides as electrode materials would
certainly inspire future development of aqueous ZIBs.

4. Experimental section
4.1. Material synthesis

All chemicals and solvents were purchased from Alfa Aesar Chemical
Co., Ltd. (China) and used without further purification. In a typical
synthesis, Zn(CH3COO)2 (10 mmol) and NH4VO3 (20 mmol) were mixed
with constant grinding for 0.5h to form a precursor powder. The final
spinel product was obtained by heating the precursor powder at 800 °C
for 10 h in argon/hydrogen mix (containing 5% hydrogen) atmosphere.

4.2. Characterization of materials

The morphological and chemical composition characterizations were
observed via a field-emission scanning electron microscope (FESEM, FEI
Nova NanoSEM 45) equipped with EDX. More structural details were
characterized by a field-emission transmission electron microscopy
(FETEM, FEI Talos F200X). The surface chemical compositions were
studied by X-ray photoelectron spectroscopy (XPS, Shimazduo) using a
Kratos Axis Ultra DLD spectrometer. X-ray diffraction (XRD) patterns
were measured on a Panalytical X’pert PRO MRD (the Netherlands) with
Cu Ka radiation. To perform PDF experiments, the active material was
scraped from electrodes and then loaded into a Kapton capillary sealed
with glue in an argon-filled glove box. The total scattering experiments
were performed by PANalytical Empyrean with Ag Ka radiation and a
GaliPIX 3D detector. The raw data were processed using GudrunX [39],
and the PDF data are refined using PDFgui [40].

4.3. Electrochemical measurements

The cathode was fabricated by mixing active material with acetylene
black and polytetrafluoroethylene in the weight ratio of 7:2:1 using
isopropyl alcohol as a wetting agent. Electrochemical tests were per-
formed with CR2032 coin-cells using Zn foil, non-woven fabric, and
stainless steel mesh as the anode, separator, and current collector,
respectively. A 2-M Zn(ClO4)2 aqueous solution was employed as the
electrolyte. The cells were assembled in an argon-filled glove box. Cyclic
voltammograms and electrochemical impedance spectra were measured
on Parstat MC 500 (AMETEK). Galvanostatic charge-discharge data
were recorded on a BT-2043 Arbin Battery Testing System.
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