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Polymer electrolytes have been extensively applied in zinc-ion batteries, especially those based on
hydrogels; however, the densification of the hydrogel electrolytes during cycling affects the durability,
resulting in capacity attenuation. It is revealed in this work that the surface electrical resistance of
hydrogels is particularly affected by the aging effect. Hence, an adhesive bonding solid polymer
electrolyte (ABSPE) for zinc-ion batteries was developed exhibiting significantly enhanced anti-aging
properties, where the surface resistance remains constant for over 200 hours, twice that of conventional
hydrogel electrolytes. For the hydrogel electrolyte, the surface resistance only remains constant for less
than 100 hours which is half of the time achieved by the ABSPE. The ionic conductivity increases with

plasticizer loading, reaching 3.77 x 107 S cm™. The kinetic mechanism probed in this work revealed
Recelved 20th July 2020 diffusion-controlled mechanism for Zn/ABSPE/B-MnO, instead of itive dominated i
Accepted 3rd September 2020 a diffusion-controlled mechanism for Zn B-MnO, instead of a capacitive dominated process in
the hydrogel electrolyte. In addition, a flexible device was fabricated using a carbon fibre-reinforced

DOI: 10.1035/d0ta07086f polymer composite; this device showed superior power supply performance even under twisting, cutting
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Introduction

Flexible batteries, integrating a constant electrical power supply
and physical flexibility, break the constraints of the current
rigid battery design and have applications in wearable elec-
tronics, roll-up displays and implantable electronics." The
liquid electrolytes used in conventional batteries have the
challenges of leakage, flammability and mechanical stability
that inhibit the development of flexible batteries.> Considerable
efforts have been made to commercialise thin-film lithium
batteries by replacing the liquid electrolyte with ceramic mate-
rials such as lithium phosphorus oxynitride (LiPON)* and
organic polymer electrolytes such as polyethylene oxide (PEO).**
However, their poor ionic conductivity (10™*-1077 S em™')*”
limits the volumetric energy density (100 W h L™"),® and strin-
gent fabrication conditions restrict commercialisation.

To date, an alternative strategy, the flexible zinc-ion batteries
(Z1Bs), have attracted considerable interest owing to the high
specific capacity of zinc (5855 mA h cm™®),%' inherently supe-
rior safety characteristics and the availability of robust
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manufacturing methods. Attributed to the pioneering work in
rechargeable aqueous zinc-ion batteries (AZIBs),"*™” hydrogel
electrolytes have been developed that combine the benefits of
aqueous electrolytes with the flexibility offered by polymers.
Zhi'™?° and co-workers made a significant contribution in
evaluating ionic conductivities of hydrogel polymer electrolytes
(HPEs) and integrating additional functionalities such as anti-
freezing® and self-healing® abilities. As summarised in Table
S1,1 the average ionic conductivity of solid polymer electrolytes
is around 10™° S cm™", and the hydrogel polymer electrolyte
based on a polyacrylamide (PAM) framework even achieves
107> S em™' with a similar specific capacity to AZIBs
(306 mA h g~ '). Moreover, the water molecules that existed in
the hydrogel electrolyte enhance the contact of the solid-solid
interface between the electrodes and electrolyte, resulting in
continuous chemical reactions through the interface. While
these results are very promising, there remain challenges
associated with aging of the hydrogel electrolyte that leads to
performance degradation. As such, ‘anti-aging’ properties need
to be integrated into this component to achieve a viable
commercial offering. In addition, Zhi et al. have noticed the side
effect of induced hydrogen evolution reaction (HER) in the
aqueous system and hence developed hydrogen-free and
dendrite-free all-solid-state zinc ion batteries by complexing
ionic liquid 1-ethyl-3-methyl-imidazolium tetrafluoroborate
([EMIM]BF,) with 2 M zinc tetrafluoroborate (Zn(BF4),) into the
polymer matrix poly(vinylidene fluoride-hexafluoropropylene)
(PVDF-HFP).*® Assembled with the cobalt hexacyanoferrate
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cathode, the as-fabricated solid state zinc-ion batteries deliv-
ered a stable cycling capability with nearly 100% coulombic
efficiency.

For hydrogel electrolytes, a higher ionic conductivity
requires a greater amount of aqueous electrolyte absorbed in
the porous polymer framework. The more water molecules
absorbed, the greater the free volume provided for the
segmental motion of Zn®>* in the quasi-solid-state electrolyte.
However, the evaporation of water from the hydrogel densifies
the electrolyte during cycling, resulting in increasing internal
resistance and capacity loss.

In this work, an adhesive bonding solid polymer electrolyte
(ABSPE) was developed for zinc-ion batteries by combining
a polymer framework (poly(ethylene glycol)diglycidylether
(PEGDGE)), a zinc-ion salt (zinc trifluoromethanesulfonate
(znOTY{)) and a plasticizer (propylene carbonate (PC)). Owing to
the presence of hydroxyl groups and the aromatic rings in the
diglycidylether, interfacial contact could be enhanced by the
adhesive bonding between the solid-solid interface via attrac-
tive interactions, largely avoiding the aging issue in hydrogel
electrolytes. Hydroxyl groups (-OH) formed in the polymerisa-
tion induce bond formations or strong polar attractions to oxide
or hydroxyl surfaces. The as-fabricated solid polymer electrolyte
exhibits an ionic conductivity of 3.77 x 10°* S ecm™" and
excellent aging stability, maintaining a constant surface resis-
tance (Ry) for at least 200 hours, examined using periodic elec-
trochemical impedance spectroscopy (EIS) testing. Using
carbon cloth as the substrate for commercial electrodes based
on B-MnO, and zinc powder, the as-assembled battery can be
regarded as a carbon fibre-reinforced polymer composite
capable of delivering constant power under various physical
deformations.

View Article Online
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Results and discussion

The adhesive bonding solid polymer electrolyte was synthesised
based on an epoxy-based thermosetting polymer poly(ethylene
glycol)diglycidylether (PEGDGE, M,, = 500) as shown in the
schematic diagram (Fig. 1a) by free radical polymerisation. A
zinc-ion salt, zinc trifluoromethanesulfonate (Zn(OTf), =98%),
was dissolved into the polymer framework PEGDGE, stirring for
at least 3 hours until a homogeneous transparent solution was
obtained. Afterwards, the curing agent triethylenetetramine
(TETA, =97%), an aliphatic amine, was added into the com-
plexe in the molar ratio of 1:4 (TETA : PEGDGE). Propylene
carbonate (PC, anhydrous), a common organic solvent for ionic
salts, was also added into the solution. Since the maximum
solvability for ZnOTf in PC is 0.04 mol L™" (ref. 24), PC is
regarded as a filler, expanding the free volume for ionic trans-
portation. To address the relation between ionic conductivity
and the plasticizer in zinc-ion batteries, ABSPEs with various
quantities of PC were fabricated. Differential scanning calo-
rimetry (DSC) was applied to determine the polymerisation
curing temperature (see Fig. S11). All chemicals were supplied
from Sigma-Aldrich UK and the experimental details are in the
ESL.f PEGDGE and TETA were polymerised by free radical
polymerisation, in which the diglycidylether ring of PEGDGE
opens and reacts with two primary amino groups in TETA, as
shown in Fig. S2.f The polymerisation mechanism of the
epoxide ring opening process was also evaluated by Raman
spectroscopy analysis (Fig. S10T). Compared to pure PEGDGE,
the missing peaks centered at 1256 cm ™' and 1133 cm ™' belong
to the epoxide ring deformation,* while the missing peak at
912 cm™ " corresponded to an epoxide ring breathing-mode.?
The polymer film exhibits a light brown color, as shown in

Ay PEGDGE g/JrO“Jrf‘/‘Z

WA TETA WA,

CHy
—~
® PC 0_0
Y
0
Q
® ZnOTf zn® o‘—§—c% \/\
(o] LE

Fig. 1

100 —~—~— ——PEGDGE/TETA/PC
95%
80 4
2
~ 60+
1
[}
©
= 404
20 \
0 T T

0 200 400 600 800
Temperature (°C)

(a) Schematic diagram of the synthesis process for the polymer electrolyte; (b) optical image of the polymer electrolyte film PEGDGE/

TETA/PC/ZnOTf; (c) optical microscopy image of the polymer electrolyte; (d) TGA of the polymer electrolyte.
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Fig. 1b. Due to the low contrast, the structure is characterized by
optical microscopy (Fig. 1c), where the crystalline zones
observed are located in the amorphous background with
a transparent structure.*® The as-fabricated solid polymer elec-
trolyte is homogeneous as shown by the Energy-dispersive X-ray
spectroscopy (EDX) mapping images (Fig. S3f). As shown in
Fig. 1d, good thermal stability of the polymer electrolyte was
obtained, for which rapid degradation occurred at 313 °C. The
5% weight loss observed at 119 °C is likely caused by the loss of
the PC.

Although the zinc ion transfer mechanism in the polymer
electrolyte has not been fully investigated, a reasonable ion
mechanism could be deduced, according to the detailed
observation in the lithium-ion gel polymer. There is general
agreement that ion transmission happens by the segmental
motion of the small chains in the amorphous region of the
polymer host.”””® When ZnOTf is added, PEGDGE with
sequential polar groups, such as -O- and C-N, dissolves the

View Article Online
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zinc salts and form polymer-salt complexes, as shown in
Fig. 1a. As to further increase the content of the amorphous
phase, the plasticizer PC, was used because of its low glass
transition temperature and high dielectric constant. Incorpo-
rating the polymer host with low molecular weight compounds,
the intermolecular and intramolecular forces between the
polymer chains are reduced, consequently reducing the rigidity
of the three-dimensional structure.””***® As a common organic
solvent, only 0.04 mol L™" ZnOTf can be dissolved in PC;**
hence, PC is regarded as a low-molar-mass filler impeding chain
folding and increasing free volume and speed segmental
relaxation.”*

The X-ray powder diffraction (XRD) pattern for the polymer
electrolyte (Fig. 2a) showed incoherent broad scattering
around 10° that demonstrates that most regions of the polymer
are in the amorphous phase. The amorphous phase enables
Zn>* ion transport through the polymer electrolyte to the
electrodes. The crosslinking mechanism has also been verified
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(a) XRD pattern for PEGDGE/TETA/PC/ZnOTf; (b) XPS spectra for O 1s; (c) FTIR spectrum of ABSPEs with different amounts of PC.
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by X-ray photoelectron spectroscopy (XPS), where the hypoth-
esis of zinc ion transportation has also been confirmed. As
displayed in the spectra for O 1s (Fig. 2b), the presence of the
ionic bond of Zn-O at a binding energy of 530.5 eV proves that
zinc ions will couple with the oxygen in the free hydroxylic
groups, hopping to the neighbouring sites. Spectra for Zn 2p,
shown in Fig. S8d,T also reveal that Zn-O has a binding energy
of 1045 eV. In the conventional 2p spectra, the area enclosed by
Zn 2p4) and S 2p;, is half that of the area enclosed by Zn 2P;,
and S 2P;,, respectively. Fourier-transform infrared spectros-
copy (FTIR) (see Fig. 2c) was used to elucidate the polymeri-
sation mechanism of the polymer. In the background
spectrum of ZnOTf, C-F groups and S=O groups are observed
at 1229 ecm™ " and 1039 cm™, respectively. Focusing on the
polymer with PC, there is an additional band at 1700 cm™*
compared to the polymer without PC, which is due to the
stretching of C=0. The peak at 1095 cm ' is in the region for
C-0 stretching in the polymer PEGDGE. Hydroxyl groups -OH
formed during the -crosslinking between PEGDGE and
aliphatic amine are observed at ca. 3476 cm ™', related to free
non-hydrogen bonded groups. The majority of zinc cations are
bonded with free-electron donors, -OH, forming coordinated
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bonds, while the addition of plasticizer PC offers C=0 free
groups to form polymer-salt complexes. As displayed in
Fig. 1a, the transportation of zinc ions in the polymer is
amenable to segmental motion.

The solid-state ZIBs for electrochemical tests were assem-
bled in a coin cell (CR2032) under open-air conditions with
a zinc foil anode, fabricated B-MnO, cathode, and the solid
electrolyte ABSPE. The cathode was fabricated by casting the
commercial active cathode material, f-MnO, onto the carbon
paper before assembling in the sandwich structure. The cyclic
voltammograms (CV) (Fig. 3a) investigated under scan rates of
0.5mVs 'to5mVs?, from 0.8 V to 2.0 V, exhibit a reduction
peak and oxidation peak located at 1.69 V and 1.21 V at a scan
rate of 1 mV s~ ', respectively. The redox peaks were assigned to
the change of the valence state for Mn in B-MnO, from Mn** to
Mn®" at 1.69 V accompanying the redox reaction of Zn to Zn>" at
the anode. To further understand the kinetic process for the
epoxy-based solid-state ZIBs, diffusion-controlled and capaci-
tive contribution to performance (Fig. 3b and c) were analysed
based on the following relations:**

i=a’
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Fig.3 (a) CV curves for Zn/ABSPE/B-MnQO; at scan rates 0.5, 1, 2, and 5 mV s™%; (b) diffusion—capacitive contribution with log(i) vs. log(v) plots for
two peaks C1 and D1in CV curves; (c) diffusion—capacitive control contribution presented in the bar chart; (d) EIS plots of Zn/ABSPE/B-MnO, in
different amounts of PC; (e) EIS equivalent circuit; (f) flexible device configuration; (g) flexible device powering a digital temperature—humidity

meter; (h) twisting the device; (i) cutting the device.
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Hence,

log(i) = log(a) + b log(v)

where i refers to the peak current and v is the scan rate. a and
b interpreted from the log-log plot (Fig. 3b) are variables related
to the diffusion-controlled and capacitive contribution; where,
if b is close to 0.5 the kinetic process is mainly influenced by
diffusion control, otherwise, if b is close to 1, a capacitive
process is dominating. The b values for redox peaks C1 and D1
are 0.73 and 0.63, respectively, indicating the kinetic process is
mainly diffusion-controlled, rather than under capacitive
control. A detailed estimation of diffusion and capacitive
contributions is shown in Fig. 3¢ which further reveals that the
electrochemical reaction is dominated by ionic diffusion;
whereas as the scan rate is increased, there is an increasing
proportion of pseudocapacitance, reaching 48% at a scan rate of
5 mV s~ . The ionic conductivities for Zn/ABSPE/B-MnO, were
determined by electrochemical impedance spectroscopy (EIS)
for the polymer electrolytes with varying amounts of PC.
Focusing on Nyquist plots (see Fig. 3d), the two semi-circles
attained reveal the equivalent resistance series (ESR) consist-
ing of a bulk resistance (Rp,), a surface resistance (Rf) and
a charge transfer resistance (R.) as displayed in Fig. 3e. Ionic
conductivities, summarised in Table S2,T were calculated based
on Ry, As displayed in Fig. S9a,t the ionic conductivity increases
with plasticizer (PC) content, reaching 3.77 x 10™* S em™ ',
which correlates with the hypothesis that the free volumes are
expanded by PC for the segmental motion of Zn**, resulting in
higher ionic conductivity. However, there is a decrease in ionic
conductivity over an optimal concentration ratio of PC (56 wt%).
When PC is over 50 wt% in the polymer electrolyte, the lower
amounts of ZnOTf (Fig. S9bt) result in a slight reduction in
ionic conductivity. As shown in Fig. S13a, the as-prepared
solid-state Zn/B-MnO, battery exhibits a specific capacity of
177 mA h g ' at a current density of 0.1 Ag !, evenat 2 Ag ' it
can deliver a specific capacity of 47 mA h g~'. The charge/
discharge rate performance (Fig. S13bf) exhibits two typical
voltage plateaus at 1.7 V and 1.2 V, which are consistent with the
two pairs of redox peaks in the CV curves (Fig. 3a). Meanwhile, it
also exhibits a stable cycling ability at 0.5 A g, for which there
is a 100% coulombic efficiency with a capacity retention of 85%
after 300 cycles.

A flexible device referred to as a carbon fibre-reinforced
polymer composite was fabricated in a sandwich structure
with the substrate carbon cloth acting as the electrodes. As
shown in Fig. 3f, a glass fibre mat was applied in the middle of
the stack to avoid short-circuiting and improve the mechanical
properties. The entire device was manufactured by the vacuum
resin molding strategy, as shown in Fig. S7.7 The as-fabricated
flexible device can power a temperature-humanity meter (see
Fig. 3g) as an indicator of continuous operation. As a flexible
device, it can still generate power during twisting, bending and
even cutting, as shown in Fig. 3h and i, respectively. Moreover,
as revealed in Fig. S13d,T under the deformation, the device still
exhibits a high coulombic efficiency above 95% at a current
density of 2 A g™,

This journal is © The Royal Society of Chemistry 2020
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Owing to the absence of water molecules in the polymer
electrolyte, the ionic diffusion in ABSPE exhibits a wider elec-
trochemical stability window, as shown in Fig. S5, where
a symmetric Zn/ABSPE/Zn cell was tested. Scanning the poten-
tial over the range —3 to 3 V, zinc plating was detected at 1.9V
during the first cycle. Due to the irreversible zinc deposition at
the surface of the electrodes (see Fig. S37), the potential window
was reduced to +1.2 V for the second cycle, coupled with
a reduction in the peak current. The presence of the cathodic
and anodic peaks is related to the reversible reaction of the
polymer electrolyte ABSPE in which Zn < Zn>" + 2e . Generally,
zinc stripping/deposition for aqueous and hydrogel ZIBs occurs
at £0.3 V in symmetric cells; the large operational voltage
window (—1.9 V to 1.9 V) for ABSPE is beneficial for ZIBs to
achieve high voltage, avoiding the hydrogen evolution reaction
(HER) at the cathode.

The aging stability of the polymer electrolytes (see Fig. 4a)
was investigated by recording the EIS spectra every 10 hours for
400 hours under ambient conditions so as to simulate under
realistic working scenarios. As shown in Fig. 4b, Ry, remains
constant at ~200 Q through the 400 hours test, while R¢
remains constant at ~2000 Q for ~200 hours. The smoothed
curve for Ry indicates a substantial increase, nearly an expo-
nential growth, in surface resistance after 200 hours. For
comparison, the aging effect for a conventional alginate
hydrogel electrolyte was also investigated (see Fig. 4c). As dis-
played in Fig. 4d, R, of the hydrogel electrolyte remains
constant at ~6 Q for 170 hours; however, the resistance
subsequently jumps to 20 Q. Rf remains constant around 300 Q
for 100 hours followed by an exponential increase, as observed
for ABSPE. For both ABSPE and HPE, the good stability of the
internal resistance reveals that the ion transportations in the
pristine polymer electrolyte are less influenced by the aging
effect, whereas surface resistances are more sensitive to aging
issues. The different phenomena of ABSPE and HPE in bulk
resistance could be explained by the thermal stability. As the
ionic conductivity for HPE generally increases with higher
water content,**** the densification of HPE itself induced by
the evaporation of the water molecules will result in lower
ionic conductivity and hence a greater bulk resistance. TGA
results for HPE (Fig. S117) also prove the thermal stability
where the degradation temperature for HPE is below 100 °C
compared to 313 °C for ABSPE as shown in Fig. 1d.

The attenuation of ion transmission at the electrode-poly-
mer interface could be ascribed to the densification of the
polymer at the surface and the growth of zinc deposits on the
anode. Densification was identified as the primary reason and
is induced by solvent evaporation, such as water for HPEs and
PC in ABSPEs, which reduces the surface wettability between
electrodes and electrolyte; hence, surface resistances are likely
to be influenced by the aging effect. Compared with HPEs,
epoxy-based polymer electrolytes exhibit relatively high
stability in R;. Owing to the diglycidyl ether groups in the
ABSPEs, hydroxylic groups and amine groups formed after the
ring-opening reaction®® generate a strong intermolecular bond
and hydrogen bond at the interface,® which restricts the
evaporation of the PC solvent. As reported by Fourche,*®

J. Mater. Chem. A, 2020, 8, 22637-22644 | 22641
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electrolyte (Zn/HPE/Zn); (d) bulk and surface resistances for alginate hydrogel polymer electrolyte; (e) surface intermolecular forces for ABSPEs;

(f) surface intermolecular forces for HPEs.

chemical bonding takes place extensively in the case of poly-
mer-metal interfaces; moreover, metal-polymer adsorption
bonds (M-O-C) are observed for metals such as Al, Fe and Ni
coated with epoxy.*® Therefore, the covalent bonds (Zn-O-C)
shown in Fig. 4e could form for ABSPEs under the Lewis acid-
base reactions activated by the interfacial electrical field.** The
metal-polymer adsorption bonds strongly stabilise the inter-
face, avoiding the aging effect. For HPEs, water molecules
present on the surface of the hydrogel enhance the wettability
for ionic diffusion, whereas the intermolecular coulombic
forces are lost as a result of the ingress of media with a high

22642 | J Mater. Chem. A, 2020, 8, 22637-22644

dielectric constant, such as water*' (see Fig. 4f). Because of the
greater evaporation rate of water (BuAc = 0.3 (ref. 42))
compared with PC (BuAc = 0.005 (ref. 43)), free dissociated
water molecules absorbed in the HPEs, interacting via dipole-
dipole forces, are easily lost, resulting in a shorter aging time.
Nazarov,*® who also investigated a zinc/epoxy interface, indi-
cated that water adsorption and desorption rapidly changed
the potential drop across the zinc/polymer interface. The
potential variation during water drying and restoration
processes reflect the sensitive change in the surface
resistances.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

In summary, an adhesive bonding solid polymer electrolyte was
developed for rechargeable zinc-ion batteries and exhibited
excellent anti-aging properties and a large electrochemical
window. With an increasing amount of the plasticizer (PC), the
ionic conductivity could be increased to 3.77 x 10~ * S em ™.
The carbon fibre reinforced polymer composite fabricated by
VARTM provides a reliable power supply under bending,
twisting and cutting. In relation to the aging effect, it is obvious
that the surface resistance is more sensitive for both polymer
and hydrogel electrolytes compared to the polymer bulk resis-
tance. Interface intermolecular interactions and densification
of the solvent were identified as the explanation for the atten-
uation in capacity during cycling at the interface.
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