An investigation of a biomass hydrogel electrolyte naturally stabilising cathodes for zinc-ion batteries
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ABSTRACT: Aqueous zinc-ion batteries (AZIBs) have the potential to be utilised in grid-scale energy storage system owing to their
high energy density and cost-effective properties. However, the dissolution of cathode materials and the irreversible extraction of
pre-intercalated metal-ions in the electrode materials restrict the stability of AZIBs. Herein, a cathode stabilised zinc-ion batteries
(Z1Bs) strategy is reported based on a natural biomass polymer sodium alginate as the electrolyte coupling with a Na* pre-intercalated
8-Nao.esMn,04-1.31H,0 cathode. The dissociated Na* in alginate after gelation directly stabilises the cathodes by preventing the
collapse of layered structures during charge processes. The as-fabricated ZIBs deliver a high capacity showing 305 mAh gtat 0.1 A
g, even 10% higher than the ZIBs with an aqueous electrolyte. Further, the hybrid polymer electrolyte possessed excellent coulombic
efficiency above 99% and capacity retention of 96% within 1000 cycles at 2 A g. A detailed investigation combining ex-situ exper-
iments uncover the charge storage mechanism and the stability of assembled batteries, confirming the reversible diffusions of both
Zn% and pre-intercalated Na*. A flexible device of ZIBs fabricated based on vacuum-assisted resin transfer molding (VARTM)
possesses an outstanding performance of 160 mAh gtat 1 A g, which illustrates their potential for wearable electronics in mass

production.

Introduction

With increasing interest of wearable and implantable elec-
tronics in healthcare® and bendable displays?, flexible and bio-
compatible energy storage devices have attracted significant at-
tention. Lithium-ion batteries (LIBs), a technology possessing
high energy density®, dominated the energy storage sector for
several decades*. However, the high cost ($190/KWh)®, limited
lithium resources, safety issues and the complex manufacturing
conditions®, are barriers to uptake broader applications”®. As an
promising alternative secondary battery, the aqueous zinc-ion
battery (AZIB) with mild acidic aqueous electrolyte, is the sub-
ject of intense interest attributing to its superior abundance, rel-
atively low cost®, environmental benignity and less toxicity°
compared to LIBs. Theoretically, zinc anodes offer a high grav-
imetric capacity of 820 mAh g*, and a volumetric capacity of
5855 mAh cm=.1 The redox potential of Zn/Zn?* is -0.763 V
versus standard hydrogen electrode (SHE), which is suitable for
them to use in aqueous electrolyte system.

To date, cathode materials employed for AZIBs can be di-
vided into four categories, manganese-based oxides'?4, vana-
dium-based oxides'>"’, Prussian blue analogs'®'® and other
cathode materials including inorganic molybdenum sulphates?,
molybdenum oxides??2, and organic quinone compounds?324,
These materials function as the insertion host for AZIBs, where
Zn?* ions with an ionic radius (0.74 A) intercalate into the host

structure during the reversible charge/discharge process con-
tributing to a high specific capacity. However, because of the
repulsion of the electrostatic interaction between Zn?* ions and
the cathode host, the insertion process is sluggish. Hence, guest
species from metal ions with large ionic radius are pre-interca-
lated into the pristine cathode materials to expend the host chan-
nels for insertions. Concerning manganese-based oxides, -
MnO, exhibits the layered framework and is beneficial for the
modification of pre-intercalated ions. However, during the
charge process, the pre-intercalated ions are under the risk of
releasing from the host and resulting in the collapse of struc-
tures. Wang et al.®>2® made a significant contribution in Mn-
based cathode materials. H* and Zn?* intercalation mechanism
was proposed, and the as-prepared AZIBs delivered excellent
specific capacity above 300 mAh g.

Polymer electrolytes in ZIBs, attracting considerable attention,
can provide fast ion mobility and solve the safety issues by pro-
hibiting the zinc dendrite penetrating through the separator thus
to avoid the short circuit. Regarding the polymer electrolyte in
a flexible device, additional mechanical properties of the poly-
mer electrolyte offer the battery with robustness in bending,
twisting and cutting tolerance. Previous studies dissolved zinc
trifluoromethanesulfonate (Zn(CFsSOs),) into the solid poly-
mers polyethylene oxide (PEO)%, polyvinylidene difluoride
(PVDF)¥®, polyacrylonitrile (PAN)® and poly(vinyl alcohol)
(PVA)*2, which delivered relatively low ionic conductivities
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from 10 to 103 S cm™. It is generally agreed that conventional
ion transportation in the polymer electrolyte occurs by segmen-
tal motion®. Similar to lithium-ion transportation in polymer
electrolytes, zinc ions in the salt-polymer complex hop from
one coordination site of a functional group to another one.33¢
The low active segmental motion of Zn?* ions among the cova-
lent soft chains of solid organic polymer electrolytes results in
low ionic conductivity, the inducing of water content, such as
forming hydrogel electrolyte, in the polymer electrolyte be-
comes a prospective way. Recent progress in hydrogel electro-
lytes for ZIBs complies the advantage of aqueous ZIBs such as
a high electron conductivity in the magnitude of 102 S cm* 3"~
%9 however, the ion transport mechanism in the hydrogel ZIBs
has not been investigated in details. Zhi et al*®*? indicated that
increasing concentrated aqueous electrolytes in hydrogel elec-
trolyte has profound influences on electrochemical stability.
Furthermore, Liang et al***® comprehensively investigated the
mechanism in AZIBs, especially for electrolytes, indicating that
a less water content could result from a higher interfacial charge
transfer associated with activation energies and Zn?* desolva-
tion at the cathode interface. In addition, most of the previous
work regarding polymer/solid-state electrolytes for different
secondary batteries focused on the improvement of ion

transport, and the suppression of zinc dendrite for zinc anode*,
whereas the influence of the electrode materials has been sel-
domly discussed.

Here, we introduce a robust and flexible ZIBs based on a cath-
ode stabilised hydrogel electrolyte (CSHE) from sodium algi-
nate, accompanying with a sodium pre-intercalated cathode ma-
terial 8-NagesMn204-1.31H,0. Attribute to the affinity of natu-
ral alginates, the alginate hydrogel electrolyte could form when
divalent transition metals ions are replaced with Na* ions, where
the affinity is in the order of Pb?* > Cu?*> Cd?* > Ca?* > Fe** >
Ni?* > Zn?* > Mn?* % The free dissociated Na* ions in the hy-
drogel electrolyte prevent the irreversible loss of the pre-inter-
calated Na* ions in the active materials, and further stabilise the
layered structure to achieve an intrinsic specific capacity of 305
mAh gtat0.1 A g To address the energy storage mechanisms
of the superior biomass hydrogel ZIBs, the electrodes during
cycling were investigated by multiple ex-situ characterisations
confirming the reversible intercalations of Zn?*, and Na"* ions.
The as-prepared flexible device also exhibits an excellent
stretchability.
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Figure 1. (a) SEM image; (b) XRD pattern; (c) TEM image of as-obtained 3-Nao.ssMn,04-1.31H,0, respectively; (d) Crystallographic
structure of sodium pre-intercalated MnO,. (Z-axis is perpendicular outwards); (e) TGA results with the temperature up to 600°C; (f),
(9), (h) and (i) XPS spectra for Na 1s, Mn 2p, O 1s and Mn 3s, respectively.
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Figure 2. Schematic diagram of the synthetic route of the hybrid polymer electrolyte SA-PAM in three steps. PAM is firstly
polymerised by free radical polymerisation forming covalent crosslinking. The gelation of alginate by ionic bonding generates the

egg-box shaped structure

Results and discussion

Hydrated sodium pre-intercalated 8-MnO, (NMO) was syn-
thesised by a facile co-precipitation method (details in Support-
ing Information) and utilised as the active material for the cath-
ode. Scanning electron microscopy (SEM) image (Figure 1a)
presents the morphology of the Na,Mn,O, where microscale ir-
regular nanosheets are attained. The X-ray diffraction (XRD)
pattern exhibited in Figure 1b coincides well with Birnessite
Nao5sMn204-1.5H,0 (JCPDS no. 43-1456), where a = 5.175(3)
A, b =2849(1) A, ¢ =7.338(5) A, o =y = 90° and B =
103.19(4)°, V = 105.3(6) A%. The compositional ratio between
pre-intercalated Na and Mn determined from the energy-disper-
sive X-ray spectroscopy (EDS) (Figure S2) is 0.327, hence the
molecular formula is Na, 4sMn,0, with an average oxidation
state of 3.67 for Mn. Figure S2 also clarifies the homogeneity
of the elements Na, Mn and O for the as-obtained cathode ma-
terials. Transmission electron microscopy (TEM) was charac-
terised to determine the interlayer spacing and the nanostruc-
ture. As shown in Figure 1c, the d-space of the interlayer is 2.22
A, which is close to the XRD pattern showing the lattice plane
of (201). Meanwhile, with the pillars of Na* ions and crystal
waters, the measured interlayer spacing is 0.58 nm, which is
conducive to ion intercalation. Extra TEM images shown in
Figure S11 also reveal the similar interlayer spacing. The de-
tailed crystal structure in Figure 1d reveals that the Na* and wa-
ter molecules are positioned between the Mn-O sheet, in which
each Mn atom connects with six O atoms forming the octahedra
structure. The number of crystal water molecules hydrated in
Nao.esMn,04 was determined by the thermogravimetric analysis

(TGA) (see Figure 1e). The highlighted region is where the
crystal water sublimed from 120 to 480°C, and the 10.64%
weight loss corresponds to 1.31 water molecules, hence the as-
prepared cathode material is NagesMn,O4, matching well with
the standard XRD pattern (JCPDS no. 43-1456). X-ray photoe-
lectron spectroscopy (XPS) was utilised to investigate the aver-
age oxidation state (AOS) of each element on the surface of the
material. Na is observed as shown in Figure 1f (Na 1s) with a
characteristic peak at 1071 eV. Mn 2p has two separate peaks
with the binding energy difference of 11.6 eV, whereas the dif-
ference is 4.69 eV for Mn 3s spectrum. Based on the binding
energy difference of the Mn 3s peak, the average oxidation state
of Mn is calculated to be 3.68 according to the formula
AOS=8.956- 1.126AE;™, where the Mn valence state is close to
the value deduced from the elemental composition. In terms of
O 1s (Figure 1h), the spectrum is convoluted from three corre-
sponding peaks which are assigned to adsorbed water H-O-H
(533.4 eV), surface adsorbed oxygen ions Mn-OH (532.2 eV)
and lattice oxygen species Mn-O-Mn (529.8 eV), respec-
tively.>?

To stabilise the active materials in cathodes, a cathode stabi-
lised hydrogel electrolyte (CSHE) was developed based on a
biomass material sodium alginate (SA). Sodium alginate is the
most commercial alginic acid salt refined from brown sea-
weeds. It is comprised of mannuronic acid (M unit) and gulu-
ronic acid (G unit), arranging in blocks rich in G units, blocks
rich in M units, and blocks of alternating G and M units. In an
aqueous solution, the G blocks in different alginate chains form
ionic crosslinks through divalent cations resulting in a network
of alginate hydrogel.5® The gelation mechanism is beneficial for



polymer electrolyte utilised in ZIBs, where hydrogel electrolyte
is generated when sodium alginate reacts with Zn?* or Mn?*,
Na* ions dissociated in the hydrogel alleviate the decomposition
of the cathode material NagssMn,04-1.31H,0 naturally during
charging process resulting in a high capacity similar to the the-
oretical value of 3-MnO,. Covalent crosslinking polyacryla-
mide (PAM) is incorporated into the hydrogel electrolyte en-
hancing the polymeric framework, the additional covalent
bonds offer a robust 3D porous structure for the hierarchical hy-
drogel electrolyte sodium alginate-polyacrylamide (SA-PAM).
The biomass hydrogel electrolyte was synthesised in three steps
(Figure 2) by combining alginate and polyacrylamide to form a
co-polymer. Pristine sodium alginate (SA) was firstly dissolved
into the deionised water under intensive stirring before adding
the acrylamide (AAM) monomer, obtaining a light brown ho-
mogeneously mixed solution. The crosslinker N,N'-meth-
ylenebisacrylamide (MBAA), the photo-initiator ammonium
persulfate (APS) and the accelerator N,N,N’,N’-tetramethyleth-
ylenediamine (TEMED) were added into themixture sequen-
tially with continuous stirring for 30 min. The homogeneous
mixture was then poured into a glass Petri dish followed by rad-
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ical polarisation at 5°C for 5 hours where upon a polyacryla-
mide hydrogel film was formed by molecular level covalent
crosslinkings. Eventually, the network of alginate in the sodium
alginate-polyacrylamide (SA-PAM) hydrogel was formed by
immersing the well-prepared film into a solution of 1 M ZnSQO4
and 0.2 M MnSOQ, for 24 hours ensuring alginate G blocks to
form gelation with divalent cations in the aqueous salt solution.
Due to the metal ions affinity to the carboxylic acid, Na* was
replaced by the divalent cations. Negatively charged carboxylic
acid -COO" groups from the G blocks facilitate ionic bonding
with Zn?* and Mn?* forming an egg-box shaped structure con-
necting two alginate chain together. Hydrophilic pendant
groups of alginate and polyacrylamide attract and absorb the
water molecules by dipole-dipole bonding. Hence, the light
transparent alginate polyacrylamide co-polymer electrolyte (see
Figure 3a) with two polymer crosslinks referred to as SA-PAM
was fabricated. As for comparison, a pristine sodium alginate
polymer electrolyte film referred to as SA, was fabricated by a
simple evaporating process at 40°C followed by the immersing
process as illustrated above.
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Figure 3 (a) Optical photos for both hybrid and pristine alginate electrolytes; (b) SEM of pristine SA polymer electrolyte; (c) SEM
of hybrid SA/PAM polymer electrolyte; (d) EDS mapping of hybrid SA-PAM; (e) FTIR spectra; (f) XRD patterns; (g) TGA analysis;
(h) EIS results for SA-PAM under full cell evaluation using a NaossMn,04 cathode; (i) EIS results for SA under full cell test using a

Nag.esMn,04 cathode
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Figure 4 SA-PAM electrolyte under full cell test. (a) CV curves scan rates ranging from 0.1 mV s to 1 mV s?; (b) diffusion-
capacitive contribution with log(i) vs log (v) plots of two peaks in CV curves; (c) diffusion-capacitive control contribution presented
in the bar chart; (d) Charge/discharge rate performance of current densities from 0.1 to 5 A g*; (e) Galvanostatic charge/discharge
profiles for SA-PAM-NMO full cell at different current densities; (f) Long-term cycling stability under the current density of 2 A g°

1 The insert plot is the activation process for the first 50 cycles.

In terms of microstructures, although the optical images of
SA-PAM and SA have a similar appearance as light-transparent
films (Figure 3a), the SEM images reveal that the copolymer
SA-PAM possesses a highly porous 3D structures (Figure 3c)
compared with less porous structures for the pristine SA elec-
trolyte film (Figure 3b). The porous architecture enables a
higher aqueous solution absorption, which may increase the
ionic conductivity and mechanical tensile strain ability. The
EDS mapping (Figure 3d) reveals that the SA-PAM electrolyte
is homogenous under the synthetic method demonstrated above.
XPS results (Figure S3) provide further evidence of the ele-

ments present on the surface of the hydrogel, for which dissoci-
ated Na* is detected. Fourier-transform infrared spectroscopy
(FTIR) was utilised (Figure 3e) to exploit the polymerisation
mechanism. As for alginate, the characteristic absorption peaks
at 1600 cm'* and 1420 cm*represent asymmetric and symmetric
-COO stretching owing to the Zn?* and Mn?* cations. Bands at
1298 cm* for C-H deformation, and the other sharp bands at
1076 cm™ and 1030 cm* are assigned for C-O stretching in CH-
OH and C-O-C structures, respectively. With regard to PAM,
two separate bands at 1649 cm™ and 1429 cm are for N-H
bending and C-N stretching in -CO-NH-. The band at 1670 cm’



1 should be C=0 stretching and the NH, in-plane rocking is de-
tected at 1113 cmL. As for the co-polymer SA-PAM, after add-
ing PAM to sodium alginate, the broad bands around 3200 cm-
! for both hybrid polymer SA-PAM and PAM represent the
combination of O-H and N-H stretching vibration, while for
pristine alginate, only O-H stretching should be observed and
the band shift to 3300 cm™. The hybrid polymer possesses the
peaks for both SA and PAM, while transmittances of C-O
stretching at 1085 cm?, N-H bending at 1647 cm™ and C-N
stretching at 1427 cm'* are all reduced compared with the pris-
tine electrolyte. Regarding the XRD spectrum (Figure 3f), the
broad reflection observed instead of the characteristic reflec-
tions for both alginate and the hybrid SA-PAM reveals that
most regions of those polymer electrolytes are in the amorphous
state. Thermal stabilities of the SA and hybrid SA-PAM were
determined by TGA from 25 to 800°C at a rate of 10°C min‘™.
As displayed in Figure 3g, there are three pyrolysis stages for
the thermal degradation process for both pristine and hybrid
polymers. However, the first stage degradation temperature of
hybrid SA-PAM is 155°C which is higher than that of SA
(120°C) and PAM (110°C). The combination of ionic and cova-
lent crosslinking process improves the thermal stability of the
polymers. The ionic conductivities and inherent resistance
shown in Figure 3h and 3i were investigated by electrochemical
impedance spectroscopy (EIS). According to the bulk resistance
(R,) of the polymer internal resistance, even pristine alginate
polymer electrolyte storing Zn?" in the “egg box” structure
achieves a high ionic conductivity of 3.51x10 S cm™. Com-
plexing with PAM, the hybrid SA-PAM exhibits a relatively
higher ionic conductivity of 2.92x102 S cm'?, which could re-
sult in the 3D hierarchical architecture provided by PAM ex-
panding the free volumes for ion transportation.

Cyclic voltammetry (CV) of the hybrid SA-PAM exhibited
in Figure 4a was analysed under different scan rates from 0.1
mV stto 1 mV s?. At a lower rate of 0.1 mV s, two pairs of
reduction and oxidation peaks are observed, with reduction
peaks at 1.36 and 1.23 V; and oxidation peaks at 1.57 and 1.64
V. With increasing the scan rates, two pairs of redox peaks over-
lap to a single pair of redox peaks at a higher rate at the voltage
of 1.3 and 1.65 V. Comparing with pristine alginate electrolyte
SA (Figure S5a), it also maintains the same redox peaks located
at the same potentials. To further investigate the kinetic process
regarding different electrolytes to the cathode material, diffu-
sion-controlled and capacitive contribution of SA-PAM were
evaluated based on two peaks as shown in Figure 4a. Calcula-
tions are described in the supporting information.

As presented in Figure 4c, the electrochemical reaction is
more reliant on capacitive control when the sweep rate increases
from 0.1 to 1 mV s%. Considering the pristine alginate SA, the
kinetic process is dominated by the diffusion-controlled process
with b values of 0.66 and 0.69 (Figure S5b). However, as the
sweep rate increasing, the entire battery is more affected by the
capacitive control, which is consistent with the results of SA-
PAM (see Figure S5c). Compared with the aqueous battery, CV

rate experiments for the AZIBs were also investigated with the
same cathode material NaogsMn204-1.31H,0 and an aqueous
electrolyte of 1M ZnS0O, and 0.2M MnSO, solution. Results
(Figure S6¢) demonstrate that the aqueous battery is mainly in-
fluenced by capacitive control, which is the same as the hybrid
SA-PAM batteries. With the increase of hydroxylic groups in
the hybrid polymer, SA-PAM is more hydrophilic than the pris-
tine SA and the hybrid electrolyte SA-PAM exhibits a similar
capacitive performance to the aqueous battery. Charge/dis-
charge rate performances of SA-PAM, SA and aqueous ZIBs,
displayed in Figure 4d, S5d and S6d, respectively, were inves-
tigated under stepwise current densities from 0.1 to 5 A g with
5 cycles for each current density. Impressively, the SA-PAM
battery could achieve 305 mAh g at 0.1 A gt with an outstand-
ing coulombic efficiency (CE) of 96.2 % compared to 258 mAh
g! with 91.6% coulombic efficiency (CE) for the pristine SA
battery (see Figure S5d). The rate performance of the hybrid
hydrogel battery was measured at current densities of 0.1, 0.2,
0.5, 1, 2,5 A g'and exhibiting a good recovery ability with 305,
273, 203, 152, 110 and 55 mAh g%, respectively. The specific
capacity of SA-PAM at a low current rate (0.1 A g?) is 10%
higher than the aqueous battery (277 mAh g1), whereas the val-
ues of SA-PAM at a higher current density(5 A g?) is 22%
lower than that of the aqueous battery (70.6 mAh g?). These
differences could be attributed to the interfacial effect and the
dissolution of cathode materials in aqueous solutions. A benefit
of the solid-solid interface between cathode and electrolyte is
that the dissolution of the cathode material into the aqueous
electrolyte is inhibited by the hydrogel electrolyte. Meanwhile,
the dissociated Na* ions in the hydrogel electrolyte stabilise the
crystal structure of the active material preventing the permanent
deintercalation of the Na* ions into the electrolyte, hence offer-
ing a high capacity compared with the AZIBs at a lower current
density. At a higher current density, the incomplete chemical
reaction at the solid-solid interface results a less ion transporta-
tion compared to the reaction in the aqueous solution, hence re-
sulting in a relatively lower capacity.

Galvanostatic charge/discharge profiles for SA-PAM at dif-
ferent current densities are illustrated in Figure 4e. During the
discharge process at 0.1 A g%, the first plateau positioned at 1.4
V is attributed to H* insertion; and the second plateau around
1.2 V is attributed to Zn?* insertion®®. For the charging process,
corresponding deintercalations of H* and Zn?* are assigned to
the plateau at 1.55 V and 1.7 V. Both the pristine and hybrid
hydrogel electrolyte batteries possess the plateaus at the same
voltages as the aqueous battery, which implies that there is no
obvious ion-transport reduction by utilising these hydrogels
even for the pristine alginate (Figure S5e and S6e). Long-term
cycling stability was determined under 2 A g for SA-PAM, SA
and aqueous batteries (see Figure 4f, S5f and S6f) accompany-
ing with the electrolyte 3M ZnSO, and 0.2M MnSO4. An acti-
vation applied at the beginning of the cycling test is to entirely
polarise the solid-solid interface between the cathode and hy-
drogel electrolyte SA-PAM exhibited a superior
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capacity retention of 96% over 1000 cycles comparing with
70.1% capacity retention for pristine SA and 92% for aqueous
electrolyte. Because of the weak electrostatic attraction-ionic
bonding and the low ionic conductivity of SA, pristine SA elec-
trolyte is not sufficient stable to reach a high capacity close to
the intrinsic value. The fluctuation appeared in these figures are
influenced by the ambient temperature change. Zn plating/strip-
ping performance of the Zn//Zn symmetric cell shown in Figure
S8 also indicates the stability with respect to aqueous electro-
lyte. SA-PAM maintains a stable performance throughout the
250-hour test, whereas the aqueous electrolyte could only keep
130 hours. As to verify the stabilising effect of additional Na*
ions from alginate-PAM hydrogel electrolyte, both CV and cy-
cling tests have performed under the electrolyte 3M ZnSO,
0.2MnS0O4 and 0.2 Na;SO,4. As shown in the CV plot (Figure
S15a), there is no additional redox peaks compared with SA-
PAM and aqueous ZIBs (See Figure 4a and Figure S6a respec-
tively). Regarding the charge/discharge cycling performance,
the battery with additional sodium salt delivers a capacity reten-
tion of 95.2% (Figure S15b), greater than the one without so-
dium salt.

Combined ex-situ XRD, XPS and SEM-EDS analysis were
performed to investigate the energy storage mechanism for the
hydrogel ZIBs at the specific voltage as shown in Figure S13.
Crystal structural evolution of NagesMn,O; in the hydrogel ZIB
was investigated by ex-situ XRD measured at specific state of
charge (SOC) from 0.8 V to 1.9 V for the 1 and 10" cycles
under the current density of 0.1 A g. According to the XRD
patterns shown in Figure 5a, there is no significant phase varia-
tion during the charge/discharge processes, besides only 1°
peak shift at the characteristic peak (001) and peak (111). Alt-
hough a small phase shift is observed, the entire layered struc-
ture remains stable during the charge/discharge process. Owing
to Zn?" intercalation/deintercalation mechanism, intensity of
these characteristic peaks is reduced during cycling. However,
because of the Na* from the biomass sodium alginate, there is a
supplement of Na* for the pre-intercalated 8-
Nao.ssMn204-1.31H,0 during cycling. Therefore, these charac-
teristic peaks can still be recognized after 10 cycles for SA-
PAM comparing with the ex-situ spectra for aqueous ZIBs
shown in Figure S14, where the peak (001) has almost disap-
peared at 10" cycle at 1.9V. Similar to aqueous ZIBs, the
flower-like ZnsSO4(OH)e-5H,0 is observed from SEM images
(Table S1), while the depositions disappear during the charging
process, which reveals the reversible Zn?* intercalations. Quan-
titative analysis of EDS also reveals reversible ion transporta-
tions in cathodes (Figure 5e), where the contents of both Na*
and Zn?* increase in the discharge process and decrease in the
charge process. Under the same electric field, Na* in the bio-
mass electrolyte simultaneously insert into the cathode with
Zn? serving as the supplement to the pre-intercalated Na* in the
cathode suppressing the Na* extraction during charging/dis-
charging. Theoretically, the amount of Na* and Zn?* in the hy-
drogel electrolyte SA-PAM (Figure 5f) is expected in contrast
with the cathode. However, because of the abundant Na* and
Zn?* exhibited in the electrolyte, there is no notable intensity
variation during the charge/discharge processes. Dissociated
Na* in the hydrogel stabilises the cathode material by intercalat-
ing into the interlayer, hence avoiding the collapse of the crystal
structure. Regarding the spectra of Mn 2p (Figure 5b), there is

a 1.0 eV peak shift for the doublet peak at the binding energy of
665.0 eV from fully discharged state to fully charged state.
Spectra of Mn 3s is used to determine the variation of average
oxidation state of Mn during cycling, whereas the overlaps of
Zn 3p at 80-95 eV make it complicated to identify the exact
valence state. However, the disappearance of the characteristic
peak at 84 eV of Mn 3s in the fully discharged state confirms
the oxidation state change of Mn during the charging/discharg-
ing process. The profile of Zn 2p in Figure 5e provides the evi-
dences of formation of Zn,SO4(OH)s-5H,0O where the area en-
closed by the Zn 2p 3/2 peak (1022.2 eV) in the fully discharged
state is greater than that in the fully discharged state (1021.6
evV).

Therefore, the chemical reaction could be illustrated as below
by combining the intercalation and chemical conversion reac-
tions.

At the cathode: Zn?* + 2e” + 2MnO; < ZnMn;0,
3Zn% + 60H" + ZnSO;4 +5H,0 <> ZnSO4[Zn(OH)]s-5H.0
At the anode: Zn < Zn®* + 2e

Encouraged by the impressive cathode stabilised hydrogel
properties, a flexible device was fabricated based on the vac-
uum-assisted resin transfer moulding (VARTM) technique®+%.
This approach lends itself to scale-up from the experimental de-
monstrator to the industrial mass production. Carbon fibre fab-
rics were selected as the current collector to provide flexibility.
Each layer as shown in Figure 6a was assembled using a simple
lamination process. However, aiming to apply the VARTM and
avoid short-circuit, a layer of filter paper was infused into the
polymer electrolyte inserted between the electrodes. When the
vacuum was applied, the hydrogel electrolyte SA-PAM was
fully immersed through the electrodes and filled the entire bat-
tery. A layer of peel ply and breather were positioned on top of
the laminates assembly to provide extra air vent for the as-as-
sembled batteries. The rest process for polymerisation is the
same as illustrated in Figure 2. The length of the resultant de-
vice is approximately 7 cm, which is of a scale suitable for port-
able electronic devices. By way of demonstration, connecting
two devices in series, a light-emitting diode (LED) display
panel can be powered by the device (Figure 6b). As demon-
strated in Figure 6c, the 1.39V open-circuit potential of the flex-
ible ZIB is the same as the coin cell assembly, which supports
the approach as a suitable fabrication strategy. In order to
demonstrate physical robustness of the device, the flexible ZIBs
were connected to a digital temperature and humidity meter to
act as an electrical load and subjected to mechanical stress.
Bending, twisting and cutting was performed (Figure 6f, 6g and
6h), and the ability to power the meter was unaffected. To fur-
ther assess the device’s electrochemical performance, a gal-
vanostatic charge/discharge experiment was performed (Figure
6b). At a current density of 1 A g%, a surprisingly high specific
capacity of 160 mAh g* was obtained for a device-level demon-
strator and is of a consistent level to that obtained from coin cell
testing (Figure 4d). Tensile test proceeded (see Figure S9) also
indicates an excellent stretchability for the hydrogel electrolyte.
A SA-PAM with carbon fabrics composite was mechanically
robust and electrochemically reliable. Supplementary Videos
attached further demonstrate the device’s physical flexibility
and robustness.
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Figure 6 (a) Schematic illustration of the flexible device; (b) galvanostatic charge-discharge results of the flexible device at a current
density of 1 A g*. The internal graph shows the LED board powered by the devices connected in series; (c) open-circuit potential of
the as prepared device; (d) dimension of the device; (e) initial state of the device which can power a digital temperature-humidity
meter; (f) bending the device; (g) twisting the device; (h) cutting the device.

Conclusion

A cathode-stabilised hydrogel-state ZIB was fabricated by
combining a layered 6-Nag esMn,04-1.31H,0 and a cathode-sta-
bilised hydrogel electrolyte (CSHE). The pristine biodegrada-
ble alginate electrolyte SA exhibits a specific capacity of 258
mAh g, while the hybrid hydrogel electrolyte SA-PAM further
enhances the electrochemical stability and mechanical proper-
ties, offering the a superior specific capacity and ionic conduc-
tivity of 305 mAh g and 2.92x102 S cm™?, respectively. The
ex-situ tests in XRD, XPS and EDS employed precisely inves-
tigate the electrochemical reactions for hydrogel ZIBs. The re-
versible intercalations of Zn?* and Na* observed on the cathode
materials reveal that dissociated Na* in the hydrogel electrolyte
alleviate the collapse of the active material’s crystal structure,
thus offering a superior specific capacity. The fabricated flexi-
ble device also possesses a specific capacity of 160 mAh g*
under 1 A g, as well as superior mechanical properties being
resistant to binding, twisting and cutting.
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