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ABSTRACT

Agueous zinc-ion batteries (ZIBs) are attracting considerable attention because
of their low cost, high safety and abundant anode material resources. However, the
major challenge faced by aqueous ZIBs is the lack of stable and high capacity cathode
materials due to their complicated reaction mechanism and slow Zn-ion transport
kinetics. This study reports a unique 3D ‘flower-like’ zinc cobaltite (ZnCo0204.) with
enriched oxygen vacancies as a new cathode material for aqueous ZIBs. Computational
calculations reveal that the presence of oxygen vacancies significantly enhances the
electronic conductivity and accelerates Zn?* diffusion by providing enlarged channels.

The as-fabricated batteries present an impressive specific capacity of 148.3 mAh gt at
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the current density of 0.05 A g%, high energy (2.8 Wh kg ) and power densities (27.2
W kg ) based on the whole device, which outperform most of the reported aqueous
Z1Bs. Moreover, a flexible solid-state pouch cell was demonstrated, which delivers an
extremely stable capacity under bending states. This work demonstrates that the
performance of Zn-ion storage can be effectively enhanced by tailoring the atomic
structure of cathode materials, guiding the development of low-cost and eco-friendly
energy storage materials.
Keywords: Zinc cobaltite; Oxygen vacancies; Aqueous zinc-ion batteries; Flexible
solid-state pouch cell
1. Introduction

Stimulated by the growing demands for flexible and wearable electronics,
enormous efforts have been focused on the design of flexible rechargeable batteries [1-
3]. Lithium-ion batteries have been successfully commercialized, especially in the
fields of wearable and portable devices [4—6]. However, lithium-ion batteries have
attracted increasing concerns about the limited lithium resources and the high cost [7,8].
Moreover, the flammability and toxicity of the organic electrolytes in lithium-ion
batteries raises important safety issues, particularly when they are used in wearable and
implantable applications [9-11]. Since aqueous electrolytes exhibit the advantages of
lower cost, improved safety and higher ionic conductivity compared with organic
electrolytes, it is highly promising to investigate aqueous batteries and further explore
their possible application as flexible power resources [12,13]. In this regard, remarkable
advancements have been made in aqueous metal-ion (e.g. Mg?*, Zn%*, Ca?*, AI*)
batteries [14-17]. Among these agueous metal-ion systems, Zn-ion batteries (ZIBs) are
particularly promising due to the massive merits of low cost (ca. 2.3 $ kg ™), low
toxicity, high theoretical capacity (820 mAh g?) and suitable redox potential (-0.76 V
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vs. standard hydrogen electrode) [18,19].

To date, various aqueous Zn-ion batteries have been developed and gained
impressive progress. MnO2, VO and Prussian blue analogues have been extensively
explored and showed considerable specific capacities [20-23]. Besides, recent work
has demonstrated that cobalt-based materials acted as the suitable cathodes of aqueous
Z1Bs with outstanding electrochemical performance, such as Co304s@NiO, C0304-
Co(IlI)and CoS [24-26]. Compared with binary transition metal oxides, ternary metal
oxides display superior electrochemical activities due to their higher electron
conductivity and multi-valence states of two transition metals [27]. For instance, Shang
et al. constructed a Zn battery using self-assembled nanostructured NiCo0.04, showing
a specific capacity of 164.25 mAh g%, and after 1000 discharge-charge cycles, the
capacity retention is 63.23% [28]. To further improve the stability of spinel structured
materials, other candidates and strategies need to be explored.

Spinel ZnCo204 materials with bivalent Zn at tetrahedral sites and trivalent Co
occupying octahedral sites are widely used for lithium-ion batteries and supercapacitors
due to the low cost and superb electrochemical activity [29-31]. Moreover, spinel
structured ZnCo204 is a prospective material for aqueous ZIBs due to the well
intercalated Zn-ions in the structure. Recently, Pan and coworkers doped Al in ZnC0204
and used the material as a cathode for aqueous ZIBs, and ZnAlxCo2-xOs4 material
showed capacity of 114 mAh g* for 100 cycles [32]. Hence, the main issues of
ZnCo,04 cathodes are their inferior kinetics and insufficient Zn-ion storage sites. It
remains a challenge to inherently improve the kinetics and further induce broader Zn-
ion storage channels of ZnCo0204 based cathode materials.

Herein, 3D flower-like ZnC0204 material was fabricated via a simple solvothermal
method and abundant oxygen vacancies (ZnCo204.x) were carefully introduced to boost
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its Zn-ion storage performance. This multi-layer 3D ‘microflower’ structure could
reduce inherent resistance and improve reaction kinetics, thus providing fast Zn-ion
transport channels. Oxygen vacancies not only enhance the concentration of storage
sites, but also optimize the electronic conductivity and diffusion channels. As expected,
ZnCo.04 materials after introducing the oxygen vacancies (ZnCo204x) achieve an
admirable capacity of 148.3 mAh g* at the current density of 0.05 A g*. Furthermore,
a high energy density of 2.8 Wh kg ?, together with a maximum power density of 27.2
W kgt based on the mass of whole cell, are achieved by the as-fabricated ZIBs. As a
proof-of-concept, a flexible pouch cell ZIB with a solid-state electrolyte was assembled,
suggesting stable specific capacity in flatting, folding and bending states.

2. Experimental

2.1. Preparation of ZnCo,04 and ZnCo0204.x

The ZnCo0.04 was synthesized through a solvothermal method. 0.297 ¢
Zn(NOs3)2-6H20, 0.583 g Co(NO3)2:6H20, and 0.30 g urea were dissolved in a 40 mL
of deionized water (DI water) and ethylene glycol (EG) solvent (Vpi water: Vec = 1:1).
After being magnetically stirring for 30 min, the resultant solution was loaded into a
Teflon-lined stainless-steel autoclave with 50 mL capacity, and maintained in a
mufflefurnace at 120 °C for 3 h. After reaction, the autoclave was cooled down to room
temperature naturally, and the product was harvested, washed several times with DI
water and ethanol, respectively, and dried at 80 °C in a vacuum. Later on, the sample
was calcined in air at 400 °C for 2 h.

To obtain ZnCo0204x, the as-prepared ZnCo,0s sample was added in a
homogeneous solution of 1.5 g NaOH and 40 mL EG. After maintaining at 140 °C for
12 h, the product was taken out, washed with DI water ethanol for several times, and
dried in a vacuum oven at 80 °C overnight.
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2.2. Electrochemical measurements

To assess the ZIB performance, the cathode was prepared by mixing active
material, acetylene black and polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1
by N-methyl-2-pyrrolidone (NMP), and then casting this slurry on carbon paper. After
vacuum drying at 80 °C for 12 h, the cathode with ~1.5 mg cm™2 active material was
achieved. Zinc foil was used as the counter electrode, glass-fiber membrane as the
separator, and 1 M ZnSOy as the electrolyte.

The charge/discharge measurements of the cells were tested at different current
densities using a LAND battery tester (LAND). Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) tests were performed by an
electrochemical workstation (CHI 660, Chenhua).

2.3. Assembly of the flexible solid-state ZnCo,04.x//Zn battery
2.3.1. Pretreatment of carbon cloth

The carbon cloth (CeTech Co., Ltd) was cleaned firstly by acetone and DI water
under ultrasonic condition for 20 min. Then, the cleaned carbon cloth was immersed
into solution of 65% HNO3z at 90 °C for 6 h.

2.3.2. Preparation of Polyacrylamide (PAM )/ZnSO4 hydrogel electrolyte

10 g acrylamide was dissolved in 10 mL DI water under vigorously stirring at 40
°C for 10 min. Then 10 mg N,N'-methylenebisacrylamide and 25 mg potassium
persulfate were added into the solution and reacted for 2 h. The obtained mixture
solution was poured into a disc mold. In addition, the free-radical polymerization was
conducted at 70 °C for 1 h. Finally, the PAM film hydrogel electrolyte was achieved by
soaking in solution of 2 M ZnSO4 overnight.

2.3.3. The preparation of deposited-Zn on carbon cloth electrode
The deposited-Zn on carbon cloth was prepared by a facile electrochemical
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deposition method using two-electrode setup. In detail, 6.25 g ZnSO4-7H20, 6.25 g
Na2SO4 and 2 g H3BOs were dissolved in 50 mL DI water and used as electrolyte. A
two-electrode cell was used with graphite rod as counter electrode and a piece of carbon
cloth as work electrode. Electrodeposition was performed with a constant current
density of 20 mA cm™2 for 20 min at room temperature. The loading mass of Zn is ~9.6
mg cm 2.
2.3.4. Assembly of the flexible solid-state ZnCo204.x//Zn battery
The ZnCo204.x electrode was made in the same way as the ZnCo0.04.//Zn battery,
except for coating on carbon cloth. The flexible solid-state ZnC0204.x//Zn battery was
assembled by sandwiching a piece of PAM/ZnSO4 hydrogel between ZnCo0204.x
cathode and deposited-Zn on carbon cloth anode, with two Al strips, used as the leads.
The battery was assembled in open air conditions and sealed by Al-plastic films by a
vacuum sealing system.
2.4. Calculations

The specific capacity (Cm) was calculated from charge/discharge curves
according to Eq.(1):

Cm=— 1)

Where the 1 is the applied current, At is the discharging time and m is the mass

loading of the active material.

The energy density (E) and power density (P) were calculated from galvanostatic

charge/discharge curves according to Eq.(2) and Eq.(3) :
1 var

)

p=2= 3)
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Where 1 is the discharging current, U is the voltage, At is the discharging time and
m is the total cell mass (excluding packaging).
2.5. Characterization

The microstructures and compositions of samples were analyzed using scanning
electron microscopy (SEM, Zeiss/Auriga Focused ion beam SEM), transmission
electron microscopy and high-resolution transmission electron microscopy (TEM and
HRTEM, FEI TalosF200S), X-Ray diffraction (XRD, D8 ADVANCE), Laser Raman
Spectrometer (Raman, LabRAM HR Evolution), X-ray photoelectron spectroscopy
(XPS, VG ESCALAB 220I-XL), Electron paramagnetic resonance (EPR, Bruker
EMX_Plus). The specific surface area of the sample was evaluated by Brunauer-
Emmett-Teller (BET) method, and the nitrogen (N2) adsorption-desorption isotherms
were measured on an adsorption apparatus (ASAP 2460 Micromeritics instrument) at
77 K. Pore size distribution was estimated from the desorption isotherm by Barrett-
Joyner-Halenda (BJH) method.
2.6. Computational method

All the density functional theory (DFT) calculations were performed via the
Vienna Ab initio Simulation package (VASP) [33-36], and the projector-augmented
plane wave (PAW) pseudopotentials were used for the elements involved [37]. The
generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)
was used to treat the exchange-correlation between electrons [38]. The conventional
cell of spinel ZnCo204 is shown in Fig. 1. The electron wave function is expanded in
plane waves and a cutoff energy of 600 eV is chosen. The Monkhorst-Pack meshes of
(9, 9, 9) were adopted for the Brillouin zone (BZ) of the primitive cell [39]. The
convergence in the energy and force were set to be 10“eV and 0.01 eV/A, respectively.

3. Results and discussion
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The fabrication of 3D ZnCo0204.x flower-like structures with massive oxygen
vacancy defects involved a solvothermal and annealing method to form pure ZnCo204,
followed with a reduction process by using ethylene glycol under alkaline condition to
generate oxygen vacancies (ZnCo204.x). The average bond length between O and
neighboring metal atoms is 2.72 A, thus, the extra space induced by O vacancy (Ov)
besides the occupied Zn atoms space will enhance the Zn-ion diffusion, as displayed in

Fig. 1.

O zn
© Co
o0

O O Vacancy

Calcination| '@

p——
Reduction

Precursors ZnCo,0, ZnCo 0,

Fig. 1. Schematic illustration of the synthetic process of spinel 3D ZnCo204 and
ZnCo204 flower-like structures.

Fig 2(a) shows the scanning electron microscopy (SEM) images of the micro-
structured ZnCo204. It is clear that the 3D ZnCo204 microflowers with a size of ~5 um
are dominant. These spherical microflowers consist of nanosheets, and most of these
radiate from the center, enhancing the active surface area for Zn-ion
adsorption/desorption processes, compared with the large-layered or the nanosheets
morphology of 2D materials. Fig. 2(b) demonstrates that the structure of ZnCo204.x

exhibits great similarities with ZnCo204, indicating the reduction treatment did not
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change the structure and morphology of 3D microflower. When ZnC0204.is used as a
cathode for Zn-ion batteries, this hierarchical 3D microflower structure leads to reduced
contact resistance and further fast Zn-ion transport at the electrode/electrolyte interface.
Moreover, the ‘petal’ of the microflower shortens the diffusion pathway of Zn-ions and
thereby increases the utilization of active materials. Further structural features were
elucidated by transmission electron microscopy (TEM). The low-magnification TEM
image of an individual ZnCo204.x microflower is shown in Fig. 2(c), which is consistent
with the SEM observations. Fig. 2(d) reveals that the ZnCo204.x nanosheet is composed
of a mass of small grains. Furthermore, Fig. 2(e) marks out three clear crystal lattice
fringes with interplanar spacings of 0.235, 0.260 and 0.308 nm (from left to right),
which correspond to the (222), (311) and (220) lattice planes of ZnCo204, respectively.
The SAED patterns in the inset of Fig. 2(e) are indexed to the (440), (511), (422), (220),
(311) and (400) planes, which indicates a polycrystalline nature of the materials. The
HRTEM image of ZnCo204 (Fig. S2) indicates the formation of a polycrystalline
structure and is similar to the structures of ZnCo204.x, Suggesting the advantage of the
mild solvothermal reduction process. The elemental mapping shown in Fig. 2(f)
provides clear information about the elemental distribution within the structures, which

further confirms the formation of ZnCo>04 materials.
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(220) 311

(440) (511) (422)

Fig. 2. SEM images of (a) ZnCo204, (b) ZnCo204, insets showing a single particle of
the materials; (c) low-magnification TEM and (d) high-magnification TEM images of
ZnCo0204.x. (€) The corresponding lattice-resolved HRTEM image and SAED pattern
of ZnCo204x. (f) High angle annular dark-field scanning transmission electron

microscope image and corresponding elemental mapping of ZnCo0204..
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The structural information of the materials was provided by X-ray diffraction
(XRD), as shown in Fig. 3(a). The diffraction peaks of ZnCo0204 material are well-
indexed to the spinel ZnCo0204 (JCPDF No.23-1390) structure and align with the SAED
patterns (Fig. 2e). Meanwhile, ZnCo0204 still maintained the original spinel ZnC0204
structure in spite of the introduction of oxygen defects, suggesting no structural
destruction happened during the mild reduction process [40,41]. Raman spectra for the
ZnCo0204 and ZnCo204.x materials show four peaks centered at 476, 515, 594 and 678
cm™L, attributing to the Epg, F@,g, FMyq and A1 fundamental vibrational models of
ZnCo,04, respectively (Fig. S1). It is found that the peak at 476 cm ™ is assigned to the
characteristic peak determined by the tetrahedral oxygen and zinc ions of the spinel
structure. The peaks at 515, 594, 607 cm ™ have been assigned to the characteristic peak
of the octahedral oxygen and cobalt ions. Compared with pristine ZnCo0204, the Raman
peak at 594 cm™* for ZnCo,0a- shifted to a lower wave number due to the decreased
concentration of Co?" at octahedral sites on the surface [41,42]. To illustrate the
introduction of oxygen vacancies, X-ray photoelectron spectroscopy (XPS) was
collected for ZnCo0204 and ZnCo,04x materials. The O 1s core level XPS spectra are
compared in Fig. 3(b), the peak at 531.2 eV corresponds to the oxygen defects, which
belongs to the formation of oxygen vacancy, and another peak at 529.3 eV is typical
for metal-oxygen bonds [31,32]. Referring to the evident intensity increase in oxygen
defects, it can confirm the introduction of oxygen vacancies for ZnCo204x. The
normalized Co 2p spectra of both materials are displayed in Fig. 3(c), showing two
characteristic Co 2ps2 and Co 2p12 peaks. For the ZnCo204.x materials, the intensities
of the Co®" peaks are dramatically weak while the intensities identified with the
enhancement of Co?" peaks, suggesting that Co®" species are reduced to Co?* during
the reduction process [34]. As for the peak positions of Zn 2p in ZnCo204.x materials,
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no change in ZnCo204 peaks indicates they have the same valence state as Zn?* (Fig.
S3). XPS survey spectrum strongly suggests that the reduction treatment did not destroy
the structure and the Zn:Co ratios (Fig. S4a). Energy dispersive X-ray spectroscopy
(EDX) provide additional support for this conclusion (Fig. S4b). Electron paramagnetic
resonance (EPR) spectroscopy was also performed to verify the magnetically active
sites of ZnCo204 crystalline structures. As shown in Fig. 3(d), at a g value of 2.075, a
strong signal peak attributed to Co?* is noticed for the ZnCo,0a4.x materials, revealing
the generation of Co?* species during the reduction treatment, which is consistent with

the XPS results [40].

a b
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Fig. 3. (a) XRD patterns, (b) O 1s XPS, (c) Co 2p XPS, (d) EPR spectra of ZnC0204
and ZnCo204.x materials, respectively.

The electrochemical performances of 3D ZnCo0204 and ZnCo204.x flower-like
nanostructures as cathodes for ZIBs were investigated in assembled CR2032-type coin
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cells. Fig. S5 compares the cyclic voltammetry (CV) curves of the ZnCo.04 and
ZnCo,0a4electrodes at the scan rate of 1 mV s tin the potential range of 0.2~1.9 V vs.
Zn?*/Zn, from which two distinct peaks are observed for both curves. It is noted that
the ZnCo204.x materials exhibit larger current densities than that of the ZnCo204 ones,
demonstrating the positive influence of the introduction of oxygen vacancies. To further
reveal the electrochemical kinetics of the ZnCo204.x electrodes, the linear relationship
between the square root of the scan rate (v''?) and the cathodic peak current densities (i)
at different scan rates is presented in Fig. 4(a), indicating that the redox reaction at the
ZnCo204 electrode is a diffusion-controlled process [43,44]. Fig. 4(b) shows the

charge/discharge curves of the ZnCo,04 (the theoretical capacity~216 mAh g ') and

ZnCo,04 electrodes at the current density of 0.05 A gt within 0.2~1.75 V. Compared
to ZnCo204 electrodes (89.7 mAh g?), the capacity of ZnCo,04« electrodes has
increased by more than 65 %, which reaches up to 148.8 mAh g L. Such high specific
capacity of ZnCo0,204. electrode exceeds other ZIB cathodes reported recently, such as
Zn(Fe(CN)s)2 (65.4 mAh g 1) [45], NisS; (148 mAh g 1) [46], NiHCF (76.2mAh g 1)
[47], ZnHCF@MnO,@Ni foil(118 mAh g ) [48], NasV2(PO4)s/C (92 mAh gt) [49],
CuHCF (53mAh g1) [50], revealing the boosted capacity of this material after
introducing oxygen defects (Table S1). Fig. 4(c) and Fig. S6 record the rate
performance of two materials for 35 continuous cycles; ZnCo,04.x materials produce a
higher capacity at any discharge current densities. Even at a high current density of 2 A
gL, the capacity of ZnCo,0a4-xelectrodes still retains 47.5 mAh g1. After cycling back
to 0.05 A g%, an average discharge capacity recovers to 148.3 mAh g%, indicating its
remarkable rate capability and stability. Additionally, it is noteworthy that after the
initial several cycles, the Coulombic efficiency of ZnCo.04.x electrodes increases to

approximately 100%, indicating excellent reversibility during charge/discharge
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processes. This superior capacity is based on the following Faradaic redox reaction
between ZnCo0,04 cathodes and Zn anodes with mild electrolyte [51-54]:

Cathode reaction:

ZnC0204 = Zn1xC0204+XZN% +2xe"
Anode reaction:

XZNn?*+2xe = xZn

Full cell reaction:

ZnC0,04 = Zn1.4C0204+xZn%*
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Fig. 4. (a) The relationship between the redox peak currents and the square roots of the
scan rates for ZnCo204.x materials from CV curves, (b) charge/discharge curves at the
current density of 0.05 A g%, (c) rate performances, (d) nyquist plots of the ZnCo20.4
and ZnCo.04.x materials, inset showing the equivalent circuit to simulate the resistance,
respectively, (e) cycling performance of the ZnCo20..x materials over 1000 cycles.
The improved electrochemical performance of the ZnCo204.x electrode was further
demonstrated by electrochemical impedance spectroscopy (EIS). The corresponding

equivalent circuit and fitting results for the ZnCo0204 and ZnCo204.x materials are
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depicted in Fig. 4(d) [52]. The diagram is composed of four electronic components,
where Rs is the purely ohmic resistance, the CPE stands for the constant phase element,
the Rct is the charge transfer resistance, and the Wi represents the Warburg impedance.
The plot for ZnCo,04.x electrodes shows a smaller semicircle in the high-frequency
area, which suggests that it has a much smaller charge-transfer resistance (=160 Q) than
the ZnCo0204. electrodes (=272 Q), indicating the substantially enhanced electronic
conductivity due to the introduction of the oxygen defects. Furthermore, the Brunauer—
Emmett—Teller (BET) surface area of ZnCo0,04x (100.6 m? g™1) is larger than that of
ZnCo,04 materials (77.3 m? g 1) (Fig. S7), demonstrating that the ZnCo,04.x material
has the higher surface reactivity which contributed to faster reaction kinetics. The as-
fabricated Zn-ion battery reveals both remarkably high-power density of 27.2 W kg™
and energy density of 2.8 Wh kg based on the mass of whole cell (excluding
packaging). Impressively, the battery exhibits a high capacity retention of 84% and
Coulombic Efficiency about 100% after 1000 cycles at 0.5 A g~* (Fig. 4e) with highly
similar charge/discharge curves during long-term examination (Fig. S8).

To reveal the electronic properties of the materials, the band structure and density
of states are calculated via DFT method. As shown in Fig. 5(a), the band gap of pristine
ZnCo0204 is 0.91 eV which is too large since better electron conductivity for energy
storage materials is encouraged. The density of states indicates that the valence band
maximum (VBM) and the conduction band minimum(CBM) mostly originate from Co-
3d and O-2p states (Fig. 5b). Zn-3d states locate deeply under Fermi energy level and
contribute nearly nothing to VBM and CBM. Thus, introducing Oy is a promising way
to tune the energy gap. Then, one O atom from the primitive cell was removed and the
band structure and density of states are shown in Fig. 5(c and d), respectively. Oy, a
typical n-type defect, can induce donor state above VBM as marked out with a red

15/22



arrow in Fig. 5¢ and the band gap is decreased to 0.76 eV. The density of states, as
shown in Fig. 5d, indicates that the composition of VBM and CBM remains unchanged
but extra states arise around them which is consistent with the analysis above. If another
O atom is removed, more donor states will be introduced and the band gap will be
further decreased to 0.5 V (Fig. S9) and better conductivity can be expected.
Furthermore, the average bonding length between O and neighboring metal atoms is
about 1.95 A. Thus, the diameter of the extra channel caused by Oy is about 3.9 A
(initial diameter: 1.95 A), which will make enough space for Zn-ion diffusion as shown
in Fig. 1. Therefore, it is found that the Oy would promote charge conductivity and

further enhance electrochemical kinetic and Zn storage ability [52,54-55].
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Fig. 5. (a) Band structure, (b) density of states of pristine ZnCo204 materials; (c) band
structure, (d) density of states of ZnCo204 materials with one Oy

To determine the potential applications of as-designed batteries in a real
application under different working conditions, flexible solid-state ZnCo0204//Zn
rechargeable batteries were assembled. To realize the outstanding electrochemical
performance of the aqueous ZnCo204.x//Zn batteries in pouch cells, the flexible solid-
state rechargeable ZnCo0204x//Zn batteries were assembled with a sandwich
configuration. As illustrated in Fig. 6(a), the flexible solid-state ZnC0204.x//Zn batteries
were assembled by coating a flexible Zn-deposited anode and ZnCo204.x cathode on
each side of the polyacrylamide (PAM)/ZnSO4 hydrogel electrolyte, and then sealed by
Al-plastic films. The Zn-deposited anode displays a uniform nanosheet structure and
carbon cloth has a porous structure as shown in Fig. S10, which is conducive to
immersing of the electrolyte and Zn-ion transfer. Fig. S11 shows that the hydrogel
electrolyte is about 0.6 mm thick and exhibits a low resistance. It is noted that the
fabrication of the flexible solid-state batteries is facile and safe, lending the technology
to ease of scaling up. Besides, because of the flexibility of the electrodes and the
hydrogel electrolyte, the solid-state batteries reveal a remarkable flexibility to sustain
multiple deformations including folding and bending. Fig. 6(b) depicts the CV curve at
5 mV s !, which shows similar shapes with those tested in aqueous electrolyte,
demonstrating that the outstanding Zn?* intercalation/deintercalation behavior of
ZnCo204.« cathode is also applicable in solid-state electrolyte. The EIS of the flexible
solid-state ZnCo0204//Zn battery is displayed in Fig. S12. The performance of the
flexible solid-state ZnCo204.x//Zn batteries still present an excellent specific capacity
of 64.5 mAh gt at 0.5 A g* based on the total mass of ZnCo,04x materials on the
cathodes. Fig. 6(c) further displays the charge/discharge curves of the batteries under
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flatting, folding in 90°, folding in 180° and bending conditions. It is important to note
that the difference between these four curves is negligible. Moreover, as shown in Fig.
6(d), after the battery recovered from bending to the flat state after 40 cycles, the
specific capacity of 62.8 mAh g was retained, proving its feasibility in flexible
electronics. To verify the practical viability of the flexible solid-state ZnCo0204.x//Zn
batteries, two ZnCo204x//Zn batteries were connected in series. They can light up a
green light-emitting diode (LED) under flatting, folding and bending states (Fig. 6e and
Fig. S13), emphasizing the flexibility of these solid-state ZnCo204//Zn batteries. In
addition, a humidity thermometer is also powered by two flexible solid-state ZnC020a.
x//Zn batteries in tandem (Fig. S14), further showing the practical application of the

ZnCo204-/1Zn battery in flexible and wearable energy storage devices.
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Fig. 6. (a) Schematic diagram of the flexible solid-state ZnCo,04.x//Zn battery, (b) CV
curves at the scan rate of 5 mV s for the flexible solid-state ZnC0,04.x//Zn battery, (c)
charge/discharge curves at 0.5 A g%, (d) cycling performance at 0.5 A g* under
different mechanical deformations of the flexible solid-state ZnCo204.x//Zn battery. (e)

Photographs of an LED light powered by two flexible solid-state ZnCo020a4-x//Zn
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batteries in tandem.
4. Conclusions

In summary, 3D ZnCo204 flower-like nanostructures with carefully induced
oxygen vacancies forming ZnCo204x have been synthesized successfully and used as
cathode materials for aqueous ZIBs. This unique structure is expected to not only
enhance the active surface area, but also improve the Zn-ion diffusion channels and
electronic transfer. These important features make ZnCo204. deliver a capacity of
148.3 mAh gt and good long-term stability with capacity retention of more than 84%
after 1000 cycles. Moreover, the flexible solid-state pouch ZnCo204.x//Zn batteries are
assembled, achieving a stable energy storage ability under different mechanical
deformations. The atomic structural engineering strategy presented in this work is
expected to improve the electrochemical performances of other electrode materials in
aqueous electrolyte. Additionally, this work reveals great potentials for ZIBs as flexible
and wearable rechargeable devices.
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Journal Pre-proofs

A unique 3D flower-like zinc cobaltite (ZnCo0204x) with oxygen vacancies is
designed and fabricated and a flexible solid-state ZIB was demonstrated, which delivers

an extremely stable capacity under bending states.
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