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Stretchable Solid-State Zinc lon Battery Based on Cellulose
Nanofiber-Polyacrylamide Hydrogel Electrolyte and
Mg0.23V205‘1.0H20 Cathode

Wangwang Xu?, Chaozheng Liu®, Qinglin Wu® *, Weiwei Xie¢, Won-Young Kimd, Sang-Young Lee?
and Jaegyoung Gwon®

In comparison with well-protected rigid batteries with liquid electrolytes, solid-state battery (ssB) is more beneficial to offer
high flexibility, high wearability and leakage prevention. Currently, ssB with the capability of bending and twisting has been
extensively studied. However, it remains a challenge to develop to a highly stretchable ssB with the maintenance of high
performance. Herein, we report a stable solid-state zinc ion battery (ssZIB) based on cellulose nanofiber (CNF)-
polyacrylamide (PAM) hydrogel electrolyte and Mg ,3V,05-1.0H,0 cathode. The designed CNF-PAM hydrogel shows a high
stretchability and robust mechanical stability. Moreover, the porous CNF-PAM hydrogel electrolyte provides efficient
pathways for the transportation for zinc ions. And the robust layered structure of V,05-1.0H,0 pillared with Mg?* ions and
water support the fast insertion/extraction of zinc ions in lattice. Therefore, the designed ssZIB shows unprecedent high
capacity at high current with durable cycling life. At the current density of 5 A/g (charging time of around 3 minute), the
ssZIBs can deliver high reversible capacity of 216 mAh/g after 2000 cycles, and retain 98.6% of the initial capacity, showing
a high capacity and long-life durability at high currents. Furthermore, the designed spring ssZIBs are workable under
stretching with the strain reaching 650%. And the designed ssZIBs are still operational even under repeated bending,
freezing, and heating conditions. The ssZIBs show robust mechanical stability, high stretchability and impressive
electrochemical performance, providing a potential pathway to expand the application of ZIBs to broad practical energy

storage devices.

1. Introduction

The development of flexible and wearable electronic devices has
triggered extensive research on batteries with special features such
as flexibility, safety and high performance.’ 2 3 In comparison with
well-protected rigid batteries with liquid electrolytes, solid-state
batteries (ssBs) are more beneficial to offer high flexibility, high
wearability and leakage prevention.*® In the past several decades,
lithium ion batteries (LIBs) have dominated the market of energy
storage devices due to their high energy density.” & ° However, it is
still very challenging to expand their application to a larger field,
especially flexible energy storage devices.’® 11 Most of reported
flexible LIBs show a series of hidden safety issues such as explosion
and fire due to the flammable and toxic electrolytes.’? The flexible
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aqueous LIBs also suffer from poor cyclic stability and low energy
density.’® 14 In recent years, novel zinc ion batteries (ZIBs) are
emerging as the promising energy storage devices to substitute LIBs
for large-scale applications due to low cost, abundant resources, and
environmental friendliness. 31 15-18 The rechargeable ZIBs are able to
perform with low-flammability and high-safety hydrogel electrolyte
due to the low redox potential of Zn?*/Zn (-0.76 V).1* 20 |n addition,
the high flexibility of hierarchical polymer electrolyte can give the
wearability and superior shear resistance for ssZIBs.?!

ssZIBs are composed of four components including cathode, anode
(zinc metal), solid electrolyte and current collectors.?? 23 The gel
electrolyte is sandwiched between the cathode and anode. Each
component has a significant effect on the performance of the whole
battery. Currently, various gel electrolytes have been studied and
have been applied in ZIBs.?* 2522 However, the performance of ssZIBs
are still not comparable with the batteries using liquid electrolyte,
especially high rate capability, due to the low ionic conductivities of
the gel electrolytes. To realize high ionic conductivity, ideal gel
electrolyte requires a high-water content, efficient ion migration
channels, combined with reasonable mechanical property. As one of
the most principal natural polymers, cellulose nanofibers (CNFs) are
widely used as a sustainable reinforcing additive in various
composites.3% 31 |n addition, the hydrophilic skeleton of CNFs and
their three-dimensional fiber network with large space can help
stabilize the channels for chargers transportation. 22 Furthermore,
due to the abundant hydroxyl groups on the surface of CNFs, it is
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facile to link the CNFs with polyacrylamide (PAM) molecular chains
through hyrogen bonding.?%32 The combination of CNF and PAM can
serve as effective solid electrolyte with high mechanical properties
and high ionic conductivity. Due to the high thermal stability of
hydrogel polymers, ssBs are also able to operate at both low and high
temperature condition, which is critical for the applications of
batteries at some harsh environments such as cold/frozen regions,
and flying airplanes in space.?? 2>,

Ideal hydrogel electrolyte alone is not enough to realize high rate
performance for ssZIBs. Cathode material is also crucial. Even though
the ionic radius of Zn?* ions is small, the diffusion of Zn?* ions in
cathode materials is sluggish due to the large solvation sheath and
high charge of Zn?* ions.3% 34 In recent years, tremendous research
effort has been devoted in designing advanced cathode materials for
ultrafast ZIBs. For example, to design a superfast cathode, Yang et al.
synthesized vanadium dioxide (VO, (B)) nanofibers for Zn?* ions
insertion and extraction.3> With unique and big tunnel structure, VO,
(B) nanofibers can accommodate super-fast intercalation of zinc ions
with little structure change. Therefore, VO, (B) nanofibers show
excellent rate capability. At current of 51.2 A/g, VO, (B) nanofibers
deliver the specific capacity of 171 mAh/g. However, compared with
layered V,0s, VO, (B) shows lower theoretical capacity and fewer ion
diffusion  pathways. Synthesizing V,0s with  chemically
preintercalated ions is an effective way to enhance the rate
capability due to the larger interlayer spacing and stable pillared
layered structure. For example, Liang et al. designed Li* ion
intercalated V,0s5:nH,0 as cathode for ZIBs.3® The Li,V,05:nH,0
shows high rate performance and long cycling life. At current of 10
A/g, Li,V,05:nH,0 supported specific capacity of 192 mAh/g for 1000
cycles. The remarkable performance attributes to the enlarged layer
spacing to facilitate the fast diffusion of Zn?* ions. Compared with the
radius of hydrated lithium ions (0.38 nm), the radius of hydrated
magnesium ions is much larger (0.43 nm). V,05 pillared with
magnesium ions can maintain the bilayer crystal structure and show
larger interlayer spacing. Moreover, compared with most metal
elements (K, Fe, Ca, and Al e. g.), the molar mass of Mg is smaller.3”
Therefore, it is expected that the V,0s pillared with Mg2* can possess
higher theoretical capacity and rate capability.

Herein, we report a superfast and stable ssZIB based on CNF-PAM
hydrogel electrolyte and Mgg,3V,05:1.0H,0 (MVO) cathode. The
hydrogel electrolyte was prepared using natural CNFs combined with
PAM via a free radical polymerization of acrylamide monomers. And
the MVO cathode was synthesized via a facile hydrothermal method.
The designed ssZIBs show unprecedent high capacity at high currents
with durable cycling life. At the current density of 5 A/g, the ssZIBs
can provide the reversible capacity of 216 mAh/g within charging
time of only 3 minutes for over 2000 cycles, showing a high capacity
and long-life durability. Moreover, at the extremely high current
density of 20 A/g (charging time of around 12 seconds), the ssZIBs
can deliver the reversible specific capacity of about 62 mAh/g after
20000 cycles, showing long-life stability at high rates. This excellent
electrochemical performance attributes to both CNF-PAM hydrogel
electrolyte and the novel MVO microspheres cathode. The porous
CNF-PAM hydrogel electrolyte provides efficient pathways for the
transportation for zinc ions. In addition, the robust layered structure
of MVO microspheres supports the fast insertion/extraction of zinc
ions in lattice. Ex-site XRD, Raman spectrum, XPS and TEM
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techniques were used to systemically study the electrochemical
reaction mechanism of the material and the structure change with
the accommodation of zinc ions. More importantly, the designed
CNF-PAM hydrogel shows a high stretchability (730%) and high
strength (200 kPa), which enables the robust mechanical
performance of the designed ssZIBs. For demonstration, a spring-
type ssZIB was made to power a digital clock, which was still
workable under repeated stretching.

2. Experimental section
2.1 Preparation of polymer electrolyte for ssZIBs

To assemble the ssZIBs, the polymer electrolyte was synthesized via
polymerization of PAM combined with CNFs. Specifically, 1.33 g CNFs
(1.5 wt % water suspension, University of Maine, Orono, ME, USA)
were first dispersed in 20 ml 1 M Zn(CF3S0s), solution with extensive
high-speed stirring.3® After that, 50 mg ammonium persulfate, 3 g
acryl amide (AM) monomers and 50 mg N, N’-
methylenebisacrylamide (BIS) were added to the suspension. After
being stirred at 25 °C for 2 h, the mixture was cast onto a glass petri
dish. Then, the formed membrane was put in an oven and heated at
60 °C for half an hour. During this heating treatment, acrylamide was
grafted onto the CNF surface through free radical polymerization.
Finally, after being cooled to room temperature, the crosslinked CNF-
PAM film was obtained. The prepared polymeric film shows high
flexibility, appliable as solid-state separator directly.

2.2 Synthesis of MVO microspheres

In a typical process,3” 1.09 g V.05 was dispersed in 48 mL deionized
water and the mixture was stirred for 5 minutes. Then, 12 mL
hydrogen peroxide (30%) was dropwise added into the suspension.
After stirring for one hour, a transparent red suspension was
obtained. After that, 0.528 g Mg(NOs), was dissolved in a separated
10 mL deionized water. Next, the Mg(NOs), suspension was dropwise
added into the above solution under continuous stirring. The mixture
was then transferred into a Teflon-lined autoclave and heated at 200
°C for 48 h. After the autoclave was cooled to room temperature,
red-color precipitates were collected by centrifuging and washed
with deionized water and alcohol for several times separately. After
being dried at 60 °C for overnight, the MVO microsphere sample was
obtained.

2.3 Preparation of spring ssZIBs

The spring battery was designed via using a polyurethane spring
tube. The cathode electrodes were first prepared by coating a
homogeneous slurry of 80 wt.% MVO, 20 wt.% carbon black, 10 wt.%
polyvinylidene fluoride (PVDF) in 1-methyl-3- pyrrolidone (NMP)
solvent on a narrow stainless-steel film and then dried in oven at
60°C for 12 h. Zinc metal wire was used as anode. After the cathode
and anode electrodes inserted into the spring tube, the spring tube
was filled with the mixed solution of electrolyte (1.33 g CNFs, 3 g
acrylamide, 50 mg ammonium persulfate and 50 mg BISin 20 ml 1 M
Zn(CF3S03); solution). Then, the spring tube was put in an oven and
heated at 60 °C for half an hour. During this heating treatment, the
electrolyte was solidified due to the polymerization of acrylamide
and crosslinking of PAM and CNFs. After being cooled to room
temperature, the spring ssZIBs were obtained.

2.4 Characterization

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Schematic of the synthesis route to form solid-state electrolyte by grafting PAM on CNFs via a facile free radical polymerization
approach; (b) optical photos, (c) SEM image, (d) FTIR spectra of the obtained CNF-PAM film, (e) AC impedance of the CNF-PAM films with
frequency range from 10 KHz to 0.01 Hz. Optical photos of (f) initial length and (g) stretched length (>700% stretching) of the prepared CNF-

PAM film.

The x-ray diffraction (XRD) patterns of the samples were measured
by a Rigaku MiniFlex XRD instrument (RIGAKU, Austin, TX, USA) with
Cu Ka radiation (A = 1.5405 A) from 10° to 90° 26 range at a scan rate
of 1 °/min. Thermogravimetric analysis (TGA) was conducted using a
Q50 analyzer (TA Instruments Inc, New Castle, DE, USA) with the
heating rate of 1 °C/min from 20 °C to 600 °C in nitrogen gas. Fourier
Transform Infrared (FTIR) spectroscopy was carried out on a Thermo
Scientific Nicolet 6700 (Waltham, Boston, MA, USA) spectrometer.
The chemical states of all the products were studied by X-ray
photoelectron spectroscopy (XPS) on an AXIS165 spectrometer
(MRFN, Manchester, UK). Energy dispersive spectroscopic (EDS)

This journal is © The Royal Society of Chemistry 20xx

mapping and sample morphology were performed by a FEI Quanta
3D FEG field emission scanning electron microscopes (SEM) (FEl,
Boston, MA, USA). High resolution transmission electron microscopy
(HRTEM) images and selected area diffraction patterns (SAED) were
conducted in a JEM-1400 (JEOL USA Inc., Peabody, MA, USA).
Mechanical property of the gel electrolyte film was tested in tension
with a model 5900R Instron machine (Instron Inc., Norwood, MA,
USA).

2.5 Electrochemical Measurements

The electrochemical data was collected using assembled 2032-coin
cells. The cathode electrode was prepared by mixing as-prepared

J. Name., 2013, 00, 1-3 | 3
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MVO  microspheres or V,05:nH,0, carbon black and
polytetrafluoroethylene (PTFE) binder at a weight ratio of 6:3:1. The
coin cells were assembled using the prepared cathode, zinc metal as
the anode, and the prepared PAM-CNF film as electrolyte and
separator. Galvanostatic charge/discharge electrochemical test were
performed on an eight-channel LAND battery analyzer (CT3001A,
LAND Electronics Corporation, Wuhan, China) with the voltage range
of 0.2 - 1.6 V. Cyclic voltammetry (CV) measurements were carried
out on an electrochemical workstation (CHI 760e) with the potential
range of 0.2-1.6 V. Electrochemical impedance spectroscopy (EIS)
data were carried out by applying an AC potential of 5 mV amplitude
with the frequency range of 0.01-100 kHz. Freeze-resistance test was
carried out at -18 °C in a freezer. Heat-resistance properties were
tested in EQ-DHG-9015 oven (MTI Inc, Richmond, CA, USA).

3. Results and Discussion
3.1 Fabrication of CNF-PAM Hydrogel Electrolyte

Fig. 1 displays the synthesis route of the CNF-PAM hydrogel
electrolyte. During the heating process, acrylamide monomers were
polymerized via free radical polymerization and grafted onto the
CNFs by connecting with the numerous hydroxide and carboxyl
bonds on the surface of CNFs. Optical photos in Fig. 1b and S1 reveal
that the white, flexible, and all-solid-state CNF-PAM electrolyte was
obtained. The thickness of CNF-PAM electrolyte was around 753.17
pum (Fig. S2). Fig. 1c and S3, S4 display the SEM and TEM micrographs
of pure CNFs, pure PAM film and CNF-PAM electrolyte film. As shown
in Fig. S3, the CNF itself can form a three-dimensional network
morphology with large space, promoted by the long length of the
fibers (5-200 mm). And the freeze-dried PAM film shows uniform
micropores with the diameter ranging from 5-10 mm (Fig. S4a, b).
While the PAM-CNF film shows much larger pores with the diameter
of 5-30 mm. Compared with more individualized fibers of CNFs and
clean PAM film, the CNF-PAM film shows a honeycomb-like
morphology (Fig. S4c, d). In the PAM-CNF film, the CNF network
serves as stable three-dimensional framework and PAM is anchored
on the surface of CNF fibers, forming an integrated porous film. The
pores are available for the filling of electrolyte, supporting efficient
transportation pathways for charge carriers. As shown in Fig. 1d, the
FTIR spectrum of the CNFs displays absorbance band at 3329.8,
2928.1, 1420.1 and 1045.2 cm?, which can be assigned to the bonds
of O-H stretching vibration, C-H stretching, CH, bending, C-O bond of
aliphatic C-OH vibration respectively. The FTIR spectra of the CNF-
PAM film shows more absorption bands at 3265.1, 1616.5 cm™?,
which are attributed to the mode of N-H stretching vibration and C=0
stretching vibration from PAM composition, indicating that CNF and
PAM were both present in the prepared CNF-PAM electrolyte. In
addition, as shown by the tensile sample picture and stress-strain
curve in Fig. S5, the strength of CNF-PAM hydrogel film can reach 192
kPa, with a large strain of about 730%. As displayed in Fig. 1f and g,
the CNF-PAM electrolyte film can be easily stretched to reach the
strain rate of over 700% without apparent breakage, showing
remarkable elastic property. The high strength and strain are
attributed to the confinement of the network of CNFs and

2| J. Name., 2012, 00, 1-3

polyacrylamide chains. Moreover, due to the large and stale pores
available, the synthesized CNF-PAM gel electrolyte could absorb
water over 100% of its own weight, with a high-water content of
61.55 wt%. Therefore, the high ionic conductivities of CNF-PAM gel
electrolyte can be achieved. It is impressive that the CNF-PAM
electrolyte exhibits a high ionic conductivity of 6.8 mS/cm. The high
ionic conductivity of CNF-PAM electrolyte supports the high rate
capability of MVO/Zn solid-state battery (SSB).

3.2 Formation Mechanism and Characterization of MVO
Microspheres

The bilayer structured MVO microspheres were synthesized via a
hydrothermal method. During the first step of the formation of V,05
sol, V,05 was partially reduced by H,0,, leading to the phase
transformation from VOs square pyramids to VOg octahedra. As a
result, the bilayer structured V,05 was formed with a large number
of water molecules embedded into the interlayer space. The large
interlayer space provided many pathways for the diffusion of the
subsequent inserted Mg?* ions. The intercalated Mg?* ions resulted
in the slippage and shrinkage of the layers due to the formation of
magnesium oxygen octahedra. The coordination of magnesium and
oxygen served as pillars between layers, supporting high stability of
the lattice. Finally, the bilayer structured MVO was formed with
thermodynamic driving.

As shown in Fig. 2a, the XRD pattern of Mgy ,3V,05-1.0H,0
microspheres shows sharp diffraction peaks and is dominated along
the pronounced (001) direction, indicating high preferred orientation
along c-axis. Moreover, the (001) peak located at 6.422 indicates the
wide interlayer spacing of 13.88 A, showing much broadened
interlayer spacing than that of V,05 - nH,0 (Fig. S6). Similar XRD
results are also observed in 6-V,0s5 with other preintercalated
cations, such as CaV,0s,3° Zng ,5V,05,%° and Mgy 3V,05-1.1H,0%7. We
further calculated the structural parameter to be a= 13.111,
b=6.1634, and c=4.48; a=90 deg, =92 deg, and y=90 deg. As the
structure shown in Fig. 2b and S7, the MgOg octahedra and water
molecules act as pillars between the double-sheet V,0s layers,
similar to the o-phase Zng,5V,05-nH,0 platelets.*> 42 The MgOg
octahedra pin the V,0s layers in a-b plane, which can accommodate
the fast Zn?* insertion, thus leading to high rate capability. Raman
and FTIR spectrum further confirm the structure of
Mgo.23V,05-1.0H,0 microspheres. The Raman spectrum (Fig. 2c)
shows bands at 139.4, 192.5, 281.6, 404.7, 525.0, 691.4, and 990.8
cmt, which are the clear signature of layered vanadium pentoxide.*>
44 As the crystal structure shown in Fig. 2d, the Raman peaks at 990.8
and 691.4 cm™ are assigned to the stretching vibration of the V-0,
(terminal oxygen) and V-O, (doubly coordinated oxygen) bonds,
respectively. The peak at 526 cm™ corresponds to the V-Oy (triply
coordinated oxygen) stretching mode. The peaks located at 404.7
and 281.6 cm™ are owing to the displacements of O, atoms along X
and Y directions. The peak at 195 cm™ corresponds to oscillating
along the x axis. And the dominate peak at 139.4 cm™ involves the
shear motion and rotations of the ladders. The high intensity of this
peak indicates the long-range order of the vanadium oxygen layers
along the plane. The bending vibration mode of skeleton at 139.4 cm~
1and the stretching mode of V-0, at 990.8 cm are the characteristic
peaks of perfect layer-type structure of

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Structural characterization of MVO microspheres. (a) XRD pattern, (b) crystal structure, (c) Raman spectrum, (d) vanadium

environments in MVO crystals, (e-f) SEM, (g)

EDS elemental

mapping, (h) HRTEM images and (i) SAED pattern

Mg 23V,05:1.0H,0. The FTIR spectra (Fig. S9) confirms the structure
of Mgg,3V,05:1.0H,0 microspheres. The peaks shown at 674, 924,
and 451 cm™ are attributed to v (V-04-V), vas (V-0,-V), and vg (V-0;-
V) modes respectively. And the peak at high wavenumber of 1006
cmis owing to the v4(V=0) band. The large broad peak appeared at
742 cmis assigned to symmetric stretching mode of v,5(V-0,-V). The
feature of FTIR result shown in Fig. S9 implies the layered structure
of MVO. Specifically, the interlayer spacing can accommodate more
H atoms bonding with O atoms due to the H-bonding effects, leading

to the decreased intensity of V=0 bond and intensified V-O,-V bond.
FESEM and TEM were performed to study the morphological
structure of MVO. As seen in Fig. 2e-f, MVO shows uniform
microsphere morphology with porous and rough surface. The
average diameter of microspheres is 7.4 um. Moreover, as the
magnified SEM images shown in Fig. 2f, numerous pores are present
on the surface of MVO microspheres. The porous structure is
beneficial for the electrolyte penetration and charge carrier
diffusion. In comparison, the synthesized V,0s:nH,0 possesses
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Figure 3. Electrochemical performance of MVO/Zn ssBs. (a) cycling performance at current density of 500 mA/g, (b) rate performance and
(c) related charge/discharge profiles. Long cycling performance at the high current densities of (d) 5, (e) 20 A/g. (f) An optical photo of nine
LED lights powered by two MVO/Zn ssBs with bending degree of 902. Cycling performance at the current density of 500 mA/g with
temperature condition of (g) -18 °C, (h) 40 °C and 50 °C. (i-k) the optical photos of a designed spring battery powered a watch.

nanowires morphology (Fig. S10). EDS mapping of MVO indicative of uniform compositions of MVO. From the XPS survey, the
microspheres was performed to confirm the elemental composition.  characteristic peaks of all elements (Mg, V, O) are displayed (Fig.
As shown in Fig. 2g, the magnesium, vanadium and oxygen signals  S11). The atomic ratio of Mg/V calculated from the peak area is close
were overlapped uniformly across the entire sample, which is to 23:200, which agrees with to the result of EDS mapping. In
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addition, from the magnified XPS spectra of vanadium shown in Fig.
S11c, the two peaks at binding energy of 516.2 and 517.7 eV can be
assigned to vanadium at valance state of +4 and +5 respectively,
further confirming the V,05 framework was partially reduced with
the preintercalation of Mg ions. As shown in Fig. S12, the 7.5 %
weight loss  suggests the stoichiometric formula  of
Mgo23V,05-1.0H,0 for the obtained sample. The high-resolution TEM
images display the crystallographic structure of MVO microspheres.
The measured lattice fringes of 0.610 and 0.347 nm can be indexed
as (003) and (005) planes. The SAED pattern shown in Fig. 2i confirms
the polycrystalline nature of the as-prepared MVO microspheres.
3.3 Electrochemical Performance of ssZIBs

The ssZIBs were assembled using MVO as cathode, CNF-PAM film as
electrolyte and separator, and zinc metal as anode. It should be
noted that this process of assembling is facile and efficient and has
potential for the industrial production. Fig. S13, S15 and 3a-h display
the electrochemical performance of the as-assembled MVO/Zn solid-
state batteries. Fig. S13 shows the CV curves of MVO microspheres
in first three consecutive cycles. In the first cycle, two well defined
reduction peaks are resolved at 0.92 and 0.50 V. Meanwhile, two
corresponding anodic peaks located at 0.80 and 1.25 V can be
observed as well. The cathodic peaks at 0.92 and 0.50 V are
attributed to the intercalation of a certain amount of Zn ions into the
interlayer space of MVO the related phase
transformation. While the anodic peaks are ascribed to the oxidation
of vanadium and return back into MVO with the extraction of zinc
ions. In subsequent cycles, the peak position and peak shape of the
third cycle are very close to that of the second cycle, showing high
reversibility of Zn?* ions insertion/extraction in MVO. Fig. 3a shows
the cycling performance at the low current density of 500 mA/g. The
MVO/Zn ssBs can deliver the high initial specific capacity of 367
mAh/g, which is comparable with the capacity of the aqueous
MVO/Zn batteries.*> While, the pure V,0s - nH,0 can only deliver the
reversible capacity of 281 mAh/g. (Fig. S14) After 180 cycles, the
MVO/Zn ssBs still maintained the capacity of 300 mAh/g, with 81.7
% of the initial capacity retained, showing excellent capacity
retention capability. In addition, from the rate performance
illustrated in Fig. 3b, the MVO/Zn ssBs delivered the discharge
capacity of 393, 330, 293, 257, 190, 130 mAh/g at the current density
of 0.2, 0.5, 1, 2, 5, and 10 A/g, respectively. Moreover, when the
current density recovered stepwise from 10 to 0.2 A/g, the capacity
recovered to the previous value at each step of current, indicating
excellent rate capability. The related galvanostatic charge-discharge
plots during rate test are shown in Fig. 3c. The obvious plateaus are
consistent with the CV results shown in Fig. S13. Then, the cycling
stability was tested the at high current density of 5 and 10 A/g,
respectively.*® As illustrated in Fig. 3d and S13, after 2000 cycles, the
batteries can still deliver the discharge capacity of 216 and 134
mAh/g, maintaining 98.6% and 75.3 % of the maximum value,
showing high capacity and excellent capacity retention at high
currents. To further test the ultralong-life cycling stability, we ran the
batteries at the super-high current density of 20 A/g for over 20000
cycles. As displayed in Figure 3e, the maximum specific capacity was
119 mAh/g after 20000 cycles, the discharge capacity was
maintained at 62 mAh/g (charging time of around 12 seconds),
achieving about 52.1% capacity retention and almost 100%

lattice and
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Coulombic efficiency. The capacity loss at initial cycles is attributed
to the sluggish diffusion of Zn?* ions in gel electrolyte and within the
electrode materials at super high current.*”> 48 Moreover, current
density is also the key parameter for the zinc anode performance. At
super high current density, the intensity of electric field at zinc
dendritic sites is much higher than that on the other areas. The
dendritic growth during Zn electrodeposition leads to the capacity
loss during cycles.*” The comparison with other reported
performance of ZIBs is listed in Table S1. It is worthy to note that the
current MVO/Zn ssBs afford unprecedented long cycling life with the
current density as high as 20 A/g for ssZIBs. Furthermore, we also
evaluated the flexibility of MVO/Zn ssBs. As shown in Fig. 3f and the
video shown in Supporting Information II, the MVO/Zn ssBs were
still operational with the repeated bending from -1802 to 1809,
demonstrating excellent durability against mechanical deformation.
To test the freeze-resistance capability of our MVO/Zn ssBs, the
batteries were tested in a freezer at temperature of as low as -18 °C
with current density of 500 mA/g. As shown in Figure 3g, the
batteries still maintained the specific capacity of 267 mAh/g for over
100 cycles without obvious capacity decaying, showing outstanding
stability and anti-freezing capability. Moreover, under other
conditions, such as cutting (Fig. S16), burning (Fig. S17) and high
temperature of 40 °C and 50 °C (Fig. 3h), the MVO/Zn ssBs showed
high stability and reliability.

The stretchability was also tested through stretching the developed
spring ssZIBs. First, a spring solid-state battery was prepared by
sealing the cathode, anode, and CNF-PAM hydrogel electrolyte in a
spring-type plastic tube. As shown in Fig. 3i, the digital clock was
powered by the developed blue spring solid-state battery. As the
figure shown in Fig. 3j-k and the video shown in Supporting
Information I and IV, the spring solid-state battery still worked well
under repeated tension and contraction. This demonstrates the
robust stability, high stretchability and flexibility of our ssZIBs.

3.4 Kinetics Analysis of Solid-state MVO/Zn Batteries

To intercalation behavior of zinc ions in MVO electrode is further
investigated. As shown in Fig. 4a, with the increase of scan rate from
0.1 to 2.0 mV/s, the anodic peaks shift to higher potential and the
cathodic peaks move to lower potential, which is ascribed to the
increase of diffusion resistance with the increased scan rate. In
principle, electrochemical kinetics can be analyzed via power-law
formula as below: 4°
i=avb (1)
wherw i is the current (A), a and b are variable parameters and v is
the scan rate (V/s). In general, the b value represents the type of
electrochemical charge storage reaction. If b value is closed to 0.5,
the electrochemical reaction is dominated by diffusion-limited
process; while if b equals 1, it is surface-controlled capacitive
process. To calculate b value, log(i) is plotted versus log(v). As shown
in Fig. 4b, the b value calculated from the slope of peak 1, 2, 3, 4 are
0.773, 0.823, 0.968 and 0.874, respectively, suggesting the capacity
contributes from both diffusion and capacitive processes. Moreover,
the power-law formula i = av? can be divided into two parts to
quantify the capacitive (k,v) and diffusion (k,v'/2) contributions:

i=kqv + kpv/? (2)
or
i/ VY2 =kwt2+ k, (3)
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where k; and k, represent the capactive and diffusion contributions
respectively. The calculated results of the contribution ratios at
different scan rates are displayed in Fig. 4c. For example, at a scan
rate of 0.2 mV/s, ~53.1% of the current is contributed by capactive
process, (Fig. S18) revealing that the electrochemical reactions of
MVO are main affected by the capactive process. With the increase
of scan rate, the contribution of the capacitive contribution
increases. To study the kinetics of MVO cathode, GITT is carried out
and shown in Fig. 4d. The diffusion coefficient Dz, (cm?/s) can be
determined based on the equation below:

412 AE 2

it GaE, (4)

where L equals to the thickness of electrode, t is the time of applied
current pulse, AEs is the variation of steady-state potential for the
related step, and AE} is the potential change of a one-step GITT test
after eliminating the iR drop. Fig. 4e displays the calculated Zn%
diffusion coefficients of the MVO electrode at each step of GITT test.
The average value of Dz,,, for charging and discharging process is
about 1x10732 and 1x107-%5 cm?/s respectively, showing much higher
value than that of V,05-1.0H,0 electrode (1x107-74 and 1x10°77¢ for
charging and discharging respectively, Fig. $S19) and the results
published before. 2* The high Zn?* diffusion coefficient value indicates
fast charge-transfer kinetics. The EIS test was also carried out to
investigate the interfacial charge transfer resistence. As shown in Fig.
4f, the MVO electrode displays the charge-transfer resistance as low
as 127 Q, much lower than that of V,05:1.0H,0 electrode (313 Q).
The high diffusion coefficients and low resistence are attributed to
the lattice water, which can shield the charge of intercalated Zn?,
and also reduce the interaction between Zn?* and and host material,
serving as “lubricant” to faciliate the diffusion process of Zn?* ions.>®

Dzna+ =

3.5 Zinc-storage Mechanism in MVO Cathode
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Figure 4. (a) CV curves at the scan rates of 0.1, 0.2, 0.5, 1, 2 mV/s, (b)
Randles-Sevcik plot of cathodic and anodic peaks, (c) contribution
ratio of the capacitive capacities and diffusion-limited capacities, (d)
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GITT profiles of MVO electrode, (e) diffusion versus different Zn?*
insertion/extraction states, (f) Nyquist plots of MVO/Zn and V,0s/Zn
batteries.

Fig. 5a-c display the XRD patterns of MVO at different
charge/discharge states during the first two cycles. As shown in Fig.
5a, the intensity of characteristic (001) peak at 6.43° decreased
dramatically during the initial discharge process, which is attributed to the
structural change and the decrease of crystallinity with the intercalation
of Zn?* ions. Also, as observed in the magnified XRD patterns (Fig. 5¢), the
(001) peak shifts to higher angles after fully discharge. This is attributed to
the contraction of the interlayer spacing. The formation of hydrogen
bonds between inserted Zn?* ions, structural oxygen and water pulled the
layers closer. Moreover, from Fig. 5a and S19, obvious new peaks
appeared at 33.1° and 69.2°, which can match well with Zng »V,05 (PDF#:
24-1480), suggesting that the new phase Zng,V,05 forms during the
discharging process. This is probably attributed to the decrease of valance
state of vanadium with the intercalation of zinc ions and ultimately the
framework of monoclinic MVO is partially transformed into
rhombohedral Zng,5V,0s. While, at the completely charge state, the new
peaks disappear and the (001) peak returns to 6.66°, indicating high
structural reversibility with the insertion/extraction of zincions. To further
confirm the structure change, Raman spectra at different
charge/discharge states are also measured. As shown in Fig. 5d, the
intensity of dominate peak at 139.4 cm™ decreases a lot with the
voltage discharge to 0.2 V, suggesting the significant increase of the
long-range disorder of the vanadium oxygen layers along the plane
with the insertion of Zn?*. Moreover, after the initial discharge to 0.2
V, the bands at 281.6, 404.7, 512.0 cm? shifts to lower frequency at
251.8, 370.1 and 491.8 cm™, respectively. The shift in frequency of
these bands is probably attributed to the lengthening of the V-O; and
V-Oy bonds for the Zn,Mg,V,0s phase. Notably, the band at 687.1 cm?
completely vanishes; the band at 990.5 shifts to 865.2 cm? and
strengthens significantly. These changes of vibration modes attribute to
the change of MVO crystal structure upon the intercalation of zinc ions.
The large interlayer spacing accommodates inserted Zn?* ions and water
molecules, which are bonded with lattice oxygen. Consequently, the
formation of more H-bonding between H atoms and lattice oxygen leads
to decrease the strength of V=0 and strengthen the V-O-V, resulting the
shift of the bond vibration. The HRTEM images and SAED patterns in Fig.
Sh-k further confirm that the phase transformation and structure change
during charge/discharge. As shown in Fig. 5f, the measured lattice fringe
of 0.274 nm can be indexed to the (104) plane of the appeared new phase
Zngo29V,0s. As SAED pattern observed from Fig. 5g, it is obvious that the
new phase disappeared, indicating that the structure change with the
insertion/extraction of zinc ions are reversible. To further confirm the
chemical state of MVO with the intercalation of zinc ions, XPS spectra
were measured at different charge/discharge states. Fig. S22 and Fig. Sh-
k display the XPS survey, high-resolution XPS spectra of V 2p, O 1s, Zn
2p and Mg 1s, respectively at the initial, fully discharge and charge
states. The XPS survey in Fig. S22 and EDS mapping in Fig. 523 confirm
the existence of Zn after the fully discharging. And as shown by the
high-resolution XPS data (Fig. 5h), the V>* signal at 516.4 eV largely
increased upon the discharging state. This is attributed to the
reduction of the valance value of V with the intercalation of zinc ions.
At the fully charged state, the V°* returns back to the dominate
species, indicating reversible electrochemical redox reactions with

This journal is © The Royal Society of Chemistry 20xx
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the insertion/extraction of zinc ions.® 32 The reversible
electrochemical reactions are also verified by the XPS spectra of the
O 1s. As shown in Fig. 5i, at pristine and fully charged states, the O 1s
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Figure 5. Ex situ structure and chemical state characterization of the Mgy »3V,05-1.0H,0 microspheres during the charge/discharge process.
(a, c) XRD patterns and (d) Raman spectrum collected at different charge/discharge states, (b) the corresponding charge-discharge profiles
in first two cycles; HRTEM images at (e) initial, (f) fully discharge, (g) fully charge states. XPS spectra of (h) V 2p, (i) O 1s and (j) Zn 2p (k) Mg

1s, at initial, fully discharge and charge states.

and 534.0 eV. The appeared two new peaks are ascribed to the
inserted H,0 molecules and oxygen bonded with zinc ions in
ZMVO0.>% >* In addition, the Zn 2p core level spectra provide a clear
evidence for the reversible intercalation of Zn?* ions during charging
and discharging process. As shown in Fig. 5j, at the discharging state,
two new pairs of Zn?* peaks located at 1029/1052 and 1026/1047 eV
are assigned to the bondings of the inserted Zn?* ions in MVO. At the
charging state, these new peaks disappeared, implying the extraction of
Zn%* in MVO. More importantly, it is obvious that the intensity of Zn 2p
from insertion states is much higher than these at the extraction and
initial states, suggesting the insertion/extraction of Zn?* in/out of the
MVO interlayer spacing. The Mg 1s region at different states is displayed
in Fig. 5k. As shown in Fig. 5k, the signals of Mg are barely seen in the
electrode material at discharge and charge states during the second cycle,
indicating that most of the Mg?* was deintercalated during the initial
cycle. And the formed Zn,V,0s serves as the cathode material for the
future cycles. Such phenomenon is known as the
displacement/intercalation reaction mechanism, and it has also been

This journal is © The Royal Society of Chemistry 20xx

observed in Agg 4V,05 Mg,V,05-nH,0 and NasV,(PO,)s for ZIBs. (5545
56, 57]

Based on the results and discussion, we proposed the
electrochemical reactions as shown in Fig. S24. The detailed
reactions at each step are summarized as below.

During the initial discharge on cathode:

Mgo23V20s + x Zn?* + 2xe” > ZnyMgo3Vo0s + 6Zng11V1g90s
(1)

Initial charge:

ZnyMgo 3V,05+6Zng.11V1.8605>ZNn,V,05+(y+0.116-
2)Zn?*+0.23Mg?*+2(y+0.1186-z+0.23)e"

(2)

The subsequent cycles:

Cathode: Zn,V,0s + 0Zn% + 20e" €> ZNny.03V20s + 8Zng11V1890s
(3)

Anode: Zn € Zn?* + 2¢ (4)

J. Name., 2013, 00, 1-3 | 3
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4, Conclusions

A superfast and stable ssZIB based on CNFs-PAM hydrogel electrolyte
and Mgy »3V,05-1.0H,0 cathode was successfully developed from this
work. The designed CNF-PAM hydrogel shows a high stretchability
and robust mechanical stability. Moreover, the porous CNF-PAM
hydrogel electrolyte provides efficient pathways for the
transportation for zinc ions. And the robust layered structure of
V,05-1.0H,0 pillared with Mg?* ions and water support the fast
insertion/extraction of zinc ions in lattice. The prepared ssZIB shows
remarkable high rate capability and long cycling performance. At the
high current density of 5 A/g, the ssZIB provides a high specific
capacity of about 216 mAh/g within charging time of only three
minutes for over 2000 cycles, maintaining 98.6% of the initial
capacity. Furthermore, with the designed CNF-PAM hydrogel
electrolyte, the spring ssZIB was also obtained. The spring ssZIB is still
workable under repeated stretching. Even under some critical states,
such as repeated bending, freezing, and heating, the ssZIB shows
high stability and reliability. The ssZIB shows extraordinary
electrochemical performance, robust stability, high stretchability,
which helps bring new opportunities for ZIBs for practical large-scale
storage devices.
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