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Zinc-ion batteries are promising candidates for large-scale energy storage, and gel polymer electrolytes
(GPEs) play an important role in zinc-ion battery applications. Metal-organic frameworks (MOFs) are
characterized by large specific surface areas and ordered pores. This highly ordered microporous
structure provides a continuous transport channel for ions, thus realizing the high-speed
transmission of ions. In this paper, an MOF-modified dendrite-free GPE was designed. The
incorporation of MOF particles not only reduces the crystallinity of the polymer, increases the
motility of the molecular chains, and facilitates the transfer of Zn?*, but also attracts anions to reduce
polarization during electrochemical reactions. It was shown that this MOF-modified gel polymer
electrolyte has a higher ionic conductivity compared to other PVDF-based polymer electrolytes
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Accepted 29th April 2024 (approximate range of 2 x 107" to 3 x 107> S cm ), with a very high conductivity (1.63 mS cm™)
even at —20 °C. The Zn/Zn symmetric cell could maintain operation for more than 3600 h at

DOI: 10.1035/d4ra02200a a current density of 1 mA cm™2, and SEM showed that the MOF-modified gel electrolyte had uniform
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Introduction

The excessive consumption of fossil fuels aggravates the energy
crisis, and renewable energy sources such as solar, wind power,
and tidal energy require the support of energy storage devices
since they highly rely on time and location.'* Therefore, elec-
trochemical energy storage devices, such as batteries and
supercapacitors, play a crucial role in overcoming the world-
wide energy challenges and realizing sustainable
development.®® Currently, zinc-ion batteries (ZIBs) have
become a hot research topic in battery systems due to their
advantages of low cost, high safety, and environment-
friendliness.”** Additional enthusiasm for ZIBs has been
motivated by the unique advantages of metallic Zn, such as high
theoretical capacity (820 mA h ¢~ " and 5855 mA h cm ™), higher
redox potential (E, = —0.76 V vs. standard hydrogen electrode),
high abundance (about 300 times higher than lithium), and
insensitivity to oxygen and a humid atmosphere, which
broadens the range of applicable electrolytes.'*™"”

As one of the most important components of a battery,
electrolytes provide the basic operating environment to guar-
antee the transmission of Zn>" between the cathode and Zn
anode during the charge-discharge processes. Electrolytes can
be categorized into liquid electrolytes and gel electrolytes.
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Liquid electrolytes are widely used in ZIBs due to their high
ionic conductivity, which reaches up to 7-60 mS cm .18
However, most aqueous electrolytes still have a large amount
of free water in them,*** which will continually erode the Zn
anode to produce H,, resulting in poor compatibility.**>* In
addition, liquid electrolyte electrical properties are poor at low
temperatures because most conventional liquid electrolytes
based on aqueous solutions or organic solvents will freeze,
resulting in insufficient ionic conductivity below the freezing
point.”**® Compared with conventional liquid electrolytes, gel
polymer electrolytes (GPEs) are mainly composed of a polymer
matrix solvent containing electrolyte salts and additives.?*?*°
Although the gel polymer electrolyte has a liquid component, it
also has a certain geometrical shape, strength, elasticity, etc.,
and the ionic conductivity is greatly improved compared with
the pure polymer electrolyte.*"** The entangled polymer chains
in the gel polymer impart viscoelasticity to the electrolyte,
thereby inhibiting the electroconvection of the fluid and
modulating the ionic flux. In addition, due to its three-
dimensional network structure, the gel polymer electrolyte
can inhibit the growth of zinc dendrites
batteries.****

Most current aqueous zinc-ion batteries still have various
challenges at low temperatures, especially the sharp drop in ionic
conductivity at low temperatures. Therefore, addressing the low
conductivity of electrolytes at low temperatures is an important
aspect. Ionic liquids (ILs) are potential alternatives to aqueous
electrolytes due to their good thermodynamic stability, high ionic
conductivity, non-flammability and non-volatility.*® ILs are

in zinc-ion
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organic salts composed of organic cations and organic/inorganic
anions, also known as low-temperature molten salts.***” With
these advantages, ILs are currently used as electrolyte compo-
nents in metal-ion batteries.***° However, the main disadvantage
of using ILs as an electrolyte material is their relatively high
viscosity, which can inhibit charge transport in the electrolyte.**
Therefore, high ionic conductivity and chemical stability of
electrolytes based on ILs deserve further investigation.

Metal-organic frameworks (MOFs) are also a way to improve
the low-temperature conductivity of electrolytes.*>** MOFs are
a class of crystalline porous materials with a periodic network
structure formed by interconnecting inorganic metal centers
(metal ions or metal clusters) with bridging organic ligands
through self-assembly.***® The tunable porous structure and
high specific surface area of MOFs provide an ideal structure for
ionic conductivity, so MOFs can enhance the ionic conductivity
performance of electrolytes and promote the migration and
transport of ions in electrolytes.*”~** Therefore, they can be used
as inorganic fillers in combination with polymer matrices to
improve the low-temperature conductivity of gel polymer elec-
trolytes. Meanwhile, inorganic particles not only inhibit polymer
crystallinity and form ion transport pathways at the interface or
within the polymer electrolytes; they also compensate for the
degradation of mechanical properties caused by low polymer
crystallinity.*® In addition, the use of MOFs as an additive can
reduce the polarization effect of the battery, which helps to
improve its cycling stability and safety.>® MOFs have been used in
Li-ion batteries due to their tunable porous structure and high
specific surface area. However, the use of MOFs as electrolyte
materials in Zn-ion batteries has been rarely investigated, and
they have mostly been used in the diaphragm modification of
ZIBs or in zinc anode modification. For example, Liu et al*
successfully developed a MOF series of functionalized electro-
statically spun polyacrylonitrile nanofiber diaphragms through
a precision surface grafting strategy and used them as dia-
phragms for high-efficiency aqueous zinc-ion batteries.

Herein, a MOF-modified dendrite-free GPE was designed, in
which ZIF-8 MOF absorbed an ionic liquid organic electrolyte
and then was introduced into a PVDF-HFP matrix to prepare the
GPE (named PHILZM). Compared to GPE without MOF nano-
particles (named PHILZ), PHILZM exhibited high ionic
conductivity even at low temperatures. The use of PHILZM in
the Zn/Zn symmetric cell resulted in better cycling stability and
longer cycling time than PHILZ, which indicated that ZIF-8 was
effective in inhibiting zinc dendrites as well as side reactions.
The enhancement of the electrical properties as well as the
cycling performance of the gel electrolyte by the addition of ZIF-
8 particles was investigated by N, adsorption-desorption, DSC,
XRD, SEM and AFM tests. The results showed that the incor-
poration of MOF provided an ordered mesoporous structure
that facilitated the rapid diffusion of ions within it, thus
improving the ionic conductivity of the electrolyte. It also
inhibited the side reactions at the electrode interface and
reduced electrode polarization. As a result, the cycle time of
PHILZM symmetric batteries was three times higher than that
of gel electrolytes without MOFs.
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Results and discussion
Synthesis of gel polymer electrolyte

The gel polymer electrolyte was synthesized by a simple
solution-casting method and was translucent, as shown in
Fig. 1. The gel polymer electrolyte with MOF nanoparticles were
named PHILZM, and the gel polymer electrolyte without MOF
nanoparticles was named PHILZ.

The morphology and XRD patterns of ZIF-8 are shown in
Fig. 2(a and b). ZIF-8 has an average particle size of 74 nm
(Fig. S2, ESIT). As shown in Fig. 2(a), the spatial shape of ZIF-8
was rhombic dodecahedron, with a positive charge (about
24.1 mV, Fig. S1 and Table S2, ESIt). The larger the particle size,
the more regular the shape of ZIF-8 became. The X-ray dif-
fractogram (Fig. 2(b)) showed that the ZIF-8 XRD peaks syn-
thesised in this paper matched both the standard card in the
crystal library and the ZIF-8 XRDs reported in other
literature,>**® with distinctive 110, 200, 211, 220, 310, and 222
facets, indicating the successful synthesis of the purer ZIF-8.
The prepared ZIF-8 had (110) facets, corresponding to the 12
exposed facets in the SEM.

The gel polymer electrolyte was tested by infrared spectros-
copy. As shown in Fig. 2(c), the characteristic peaks of the PVDF-
HFP matrix all appeared in the spectrum of the PHIILZM
matrix, indicating that the addition of ZIF-8 particles did not
affect the functional group structure of the pristine polymer.
The peaks at 1410, 1170, and 1070 cm ™" could be attributed to
the bending vibration of ~CH,, the asymmetric stretching of -
CF,, and the crystalline phase, respectively. The peak at
1660 cm™ " could be attributed to the C=C stretching vibration
of the imidazole ring, and the peak near 3150 cm™ " could be
attributed to C-H stretching. The broad peak near 3450 cm ™
was related to the telescopic vibration of N-H. The peaks at
1570 cm ' and 1170 cm™ ' were associated with the stretching
vibration of the C=N group and the C-N group, respectively,
and corresponded to the characteristic peaks of ionic liquids.
The in-plane bending vibration peaks at 1300 and 1170 cm ™'
and the out-of-plane bending vibration at 750 and 690 cm " for
the imidazole ring could be observed distinctly. The out-of-
plane imidazole ring bending peaks below 800 cm ' come
from the nanoparticles, where the 426 cm™" N-H stretching
corresponds to the most dominant structure of the ZIF-8
framework. However, in the nanocomposite gel polymer elec-
trolyte PHZILM, the N-H stretching was slightly blue-shifted,
and the absorption peaks were weakened. The above results
were mainly attributed to the electrostatic interaction between
the BF,  anions and Zn metal clusters in the ionic liquid
weakening the interaction between the Zn metal centers and the
linker molecules.””

Conductivity properties of gel polymer electrolytes

EIS diagrams were used to calculate the ionic conductivity.
Fig. 3(a), S3 and S4 (ESI)} show the ionic conductivity of the
PHILZM and PHILZ at different temperatures. Fig. S31 shows
that the component with PVDF-HFP/ILs/MOF = 1:3:1 had
a higher ionic conductivity compared to the other components.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of gel polymer electrolyte.
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Fig. 2 (a) SEM image of ZIF-8. (b) XRD of ZIF-8. (c) FTIR spectrum of
From Fig. 3(a), it could be seen that the ionic conductivity of the
gel electrolyte increased with increasing temperature, and the
ionic conductivities of PHILZM were higher than those of
PHILZ at each temperature. For example, PHILZM exhibited 1.9
times higher ionic conductivity than PHILZ (1.63 x 10 > Scm ™"
vs. 8.58 x 10~* S em ™) at low temperature (—20 °C). The ionic
conductivities of PHILZM and PHILZ at 0 °C were 3.68 X
10 *Scem ' and 3 x 107* S cm ™ ?, respectively. However, both
PHILZM and PHILZ exhibited low conductivity (<2 x
10~*S cm ™ *) when the temperature dropped below —40 °C. This
would be related to the crystallization of the molecular chains.®
The ionic conductivity of PHILZM was 7.3 x 10> S cm ' at
room temperature, which is higher compared with other PVDF-
HFP-based polymer electrolytes (Table S1, ESI{). Two reasons
could make the ionic conductivity of PHILZM higher than that
of PHILZ. One factor is mainly attributed to the porous struc-
ture of MOF nanoparticles, which facilitated ion transport,
enabling PHILZM to have better conductivity than PHILZ.>*% As

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 3(b), the N, adsorption-desorption profile of ZIF-8
exhibited typical microporous structural features without
hysteresis loops, corresponding to a specific surface area of
1020.1 m* g~ " and a pore volume of 0.36 cm > g. ZIF-8 nano-
particles had extremely high specific surface area and porosity,
which meant that more ion transport paths were available per
unit mass of particles. As a result, an electrolyte containing the
MOF had more ion transport paths under the same conditions,
which increased the overall ionic conductivity.® The metal ions
and organic ligands in ZIF-8 build a reticular three-dimensional
skeleton. As can be seen in Fig. 3(c), the average pore size of the
ZIF-8 particles was 1.77 nm, and this pore structure provided
a continuous channel in which zinc ions (0.082 nm) were able to
move freely, thus increasing their conductivity.®* In addition,
according to the Lewis acid-base theory, Zn>* could be regarded
as a Lewis acid in nano ZIF-8, which could form a ligand bond
with the anion, thus restricting the movement of the anion and
releasing more free Zn>" to participate in ion transport.**

RSC Adv, 2024, 14,15337-15346 | 15339


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02200a

Open Access Article. Published on 13 May 2024. Downloaded on 11/8/2025 11:42:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

~
Qo
~

)
e

View Article Online

Paper

[ PHILZ
[ PHILZM

300

w
b

"

2

[ 4

N oW
h &
o
S
S

2
S
2

7

2

2
e ——

Temperature (°C)

n

Lncensssesseses

Poes———

e
o
-

La\'erage pore diameter:1.77 nm

Quantity Adsorbed (cm¥/g STP)™~

Tonic conductivity (mS/cm

e

=60 —-40 -20 0 20 40 60 80
Temperature (°C)

~—~
o,
~
~
(¢
~

0?0 IJ:Z 0:4
Relative Pressure (P/Po)

dV/dD Pore Volume (cm’/g-nm)&,

0.6 0.8 Lo 0 50 100 150 200

Pore Diameter (nm)

5

‘},\ 4 PHILZ TRy —— PHILZ PVDEMEE
3 N & iz s GtBoR i e PYORI
AR} | S ) @o0r110)
2 — a1 . |
E t 2 - 00 1\
1 = m 3 !
% \k’ X E=27.12J mol S = / \
720 £,=27.12 J mo = =4 \
E \ ' g gl /I
-] | o \
%! . NOX = i gl I \
E E,=30.20 J mol \ N 5 y — 2 ».-f’/ \W
. & =
= LY
s /
B ~101°C
25 30 35 40 45 50 0 40 60 8 100 120 140 0 20 30 40 S50 60 70
1000/T(K™) Temperature (°C) 2 Theta (degree)

Fig. 3

(a) The ionic conductivities of PHILZM and PHILZ. (b) BET curves of ZIF-8. (c) Pore size distribution of ZIF-8. (d) The ionic conductivity—

temperature curve of the gel polymer electrolytes fitted by the Arrhenius formula. (e) DSC of PHILZ and PHILZM. (f) XRD of PVDF-HFP and

PHILZM.

Secondly, the molecular motion of the polymer chain
segments could have an effect on ion transport. Ions had greater
mobility as they moved along the polymer chain segments. As
the polymer chain expanded at higher temperatures, charge
carriers were able to move more easily, and therefore, ionic
conductivity increased.® The ionic conductivity was fitted using
the Arrhenius formula:

o = A exp[—E./RT],

where o is the conductivity; A and R are constants—A is the
frequency factor, and R is the molar gas constant; E, is the
activation energy required for the conduction process. It could
be seen from Fig. 3(d) that the curve was fitted to the Arrhenius
formula with decent linearity at high temperatures but with
severe deviation at low temperatures due to crystallization of the
molecular chains. Further activation energies calculated by the
Arrhenius formula showed that the activation energy of
PHILZM (27.12 J mol~") was less than that of PHILZ (30.20 ]
mol™"), which suggested a faster kinetic behavior of the
molecular chains in the PHILZM gel polymer electrolyte.

It could be observed from the DSC diagram (Fig. 3(e)) that
the melting temperature and enthalpy of melting of PHILZM
(96 °C, 13.52 ] g ') were slightly lower than those of PHILZ
(101 °C, 16.64 J g ). The enthalpy of melting is related to the
crystallinity, indicating that PHILZM is less crystalline than
PHILZ. The interaction of the Lewis acidic center Zn element in
ZIF-8 with the Lewis basic center F element in the PVDF-HFP
chain segments reduced the symmetry of PVDF-HFP, leading
to reduced crystallinity and increased chain segment motion,

15340 | RSC Adv, 2024, 14, 15337-15346

which improved the transport of Zn>".*® Moreover, the XRD
spectra (Fig. 3(f)) of PVDF-HFP and PHILZM showed two
specific diffraction peaks at 18.1° and 20.2°, corresponding to
the (100) face of the a-phase and the (200/110) face of the f-
phase of PVDF-HFP, respectively.”” The decrease in intensity
and half-width of the two peaks in PHILZM suggested that the
incorporation of MOF particles reduced the crystallinity of the
polymer electrolyte.®® The low crystallinity indicated that the
polymer chains could move faster in PHILZM, meaning that the
zinc ions could migrate more efficiently. The DSC results of
Fig. 3(e) and the XRD results of Fig. 3(f) were also in agreement
with the results calculated from the Arrhenius formula, both
demonstrating the fact that the zinc ions in PHILZM had greater
mobility when they moved along the polymer chain segments.

Cycling stabilities of Zn/Zn symmetric cells

Zn/Zn symmetric cells were employed to estimate the Zn>*
stripping/plating performance of the gel polymer electrolyte. As
shown in Fig. 4(a) and S5 (ESI),} the symmetrical cells assembled
with PHILZM exhibited great cycling stability and low polariza-
tion voltage (~20 mV) for nearly 3600 hours at a current density of
1 mA cm 2 and a capacity density of 1 mA h cm™2. In contrast,
symmetrical batteries using PHILZ could only cycle for just under
1000 hours. At a current density of 5 mA cm > (Fig. 4(b) and S6,
ESIT), a symmetrical battery with PHILZM could be operated for
more than 3000 hours, and the polarization voltage increased
less (~10 mV) with cycling. However, the cycle life of symmetrical
batteries using PHILZ was only about 800 hours, and the polar-
ization voltage fluctuated widely. This suggested that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Galvanostatic Zn plating/stripping in Zn/Zn symmetrical cells
with (@ 1mAcm =2 1mAhcm 2 (b) 5mAcm 2 5mAhcm 2 (c) CV
curves of the Zn/Ti cell at different scan rates. (d) Rate performance of
Zn/Zn cells with PHILZM. (e) CA curves of PHILZM and PHILZ.

addition of MOF gave PHILZM a longer cycle time and more
stable cycling stability. ZIF-8 has a highly ordered pore structure
in which ions could move freely. This structure helped to increase
the transport rate of zinc ions in the electrolyte, thereby reducing
the polarization effect during battery cycling. In addition, ZIF-8
could form a more stable interface with the electrode material,
which helped to reduce the interfacial resistance between the
electrode and the electrolyte.*

To understand the reversibility of Zn plating/stripping
chemistry, a Zn/Ti asymmetric cell was formed using PHILZM
as an electrolyte, and its electrochemical behaviour was
measured by cyclic voltammetry (CV). Fig. 4(c) shows the cyclic
voltammetry curves of the asymmetric cell at a scanning rate of
1,5 and 10 mV s~ . As shown, the Zn/Ti asymmetric cell system
exhibited obvious redox peaks. With the increase of the number
of scanning cycles and the scanning rate, the peak position
values of the oxidation peaks and the reduction peaks changed
less. It was shown that PHILZM, as an electrolyte, exhibited
a reversible redox reaction. Fig. S9 (ESI)t shows the electro-
chemical window of 2.6 V for PHILZM. To demonstrate that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PHILZM has some multiplicative performance, Fig. 4(d) and S8
(ESI)T shows the results of increased current density from 0.5
mA cm > to 10 mA cm . PHILZM had excellent multiplier
performance and very stable polarization voltage. When the
current density decreased, the polarization curve had good
repeatability at the same current density. In contrast, the PHILZ
polarization voltage was unstable, and reproducibility was poor
compared to PHILZM when reduced to the same current density
(Fig. S8, ESIT). The charge transfer assumed by zinc ions could
reflect the unique charging and discharging characteristics of
conventional batteries. In addition to limiting the increase in
energy and power density, a lower zinc ion transfer number
caused more anions to accumulate on the electrode surface,
increasing concentration polarization and thus the over-
potential. This would exacerbate the formation of zinc
dendrites.” Therefore, the increase in the mobility number of
zinc ions was favorable for the conductivity as well as electro-
chemical stability of the electrolyte. The chronoamperogram
(CA) tests at a constant overpotential of 10 mV for 400 s based
on PHILZ and PHILZM are shown in Fig. 4(d) and S9 (ESI).} It
was observed that PHILZM had a higher zinc ion mobility
number (¢z,2+: 0.68 vs. 0.37) compared to PHILZ. In addition, the
curve based on PHILZM was smoother, which meant that
PHILZM could effectively reduce the polarization concentration
on the anode surface and obtain more uniform ion concentra-
tion and deposition morphology.

To further understand the role of PHILZ and PHILZM on the
deposition of zinc ions, the symmetric cell metal was charac-
terized after 1000 hours of cycling. The ZIF-8-doped gel polymer
electrolyte modulated ion transport to obtain more uniform ion
concentration and deposition morphology. The gel polymer
electrolytes have good tensile properties (Fig. S10, ESIf) and
were advantageous in preventing zinc dendrite growth. The
schematics of galvanization on the Zn anode in Zn/Zn
symmetric cells with PHILZ and PHILZM are shown in
Fig. 5(a). Generally, zinc dendrites are formed due to the initial
uneven surface of the substrate, and as charging and dis-
charging proceeds, zinc ions are more likely to migrate to the
protruding tips of the electrode surfaces due to the tip effect,
which ultimately become the nucleation sites of zinc
dendrites.”* Zn anode optical images showed that PHILZM has
a smoother and flatter surface (Fig. 5(b)). Fig. 5(c—j) shows the
morphological evolution of the Zn anode with plating time. The
surface of the Zn anode in the initial state was polished to
remove the oxide layer. As shown in Fig. 5(d), the surface of the
Zn anode of the symmetric cell using the PHILZ suffered from
inhomogeneous deposition, and larger protrusions could be
observed through the high-magnification scanning electron
microscope, in Fig. 5(e). In contrast, the surface of the zinc
anode was smooth and flat after 1000 hours of cycling in the
symmetrical battery with PHILZM (Fig. 5(g)). Through the
scanning electron microscope (SEM) with higher magnification
(Fig. 5(h)), it could be seen that an organic layer was generated
on the surface of the zinc anode, covering the anode surface,
which may be related to the generation of SEL.”> This SEI layer
(Fig. S11, ESIt) is characterised by small nodular particles
embedded in the polymeric framework.””* The above results

RSC Adv, 2024, 14,15337-15346 | 15341
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(a) Schematic of galvanization on the Zn anode. (b) Photograph of zinc anode after 1000 h cycling (from left to right, initial zinc metal, zinc

metal after cycling with PHILZ, and zinc metal after cycling with PHILZM). (c) and (f) SEM images of the initial Zn metal surface in the Zn/Zn
symmetric cells. (d), (e), (g) and (h) SEM images of the Zn metal surface in the Zn/Zn symmetric cells after cycling 1000 h with PHILZ (d and e),
PHILZM (g and h). AFM images of the Zn metal surface in the Zn/Zn symmetric cells after cycling 1000 h with (i) PHILZ, (j) PHILZM.

indicated that PHILZM had a role in regulating ion transport
and optimizing ion deposition. As mentioned earlier, ZIF-8 has
a highly ordered pore structure and could form a more stable
interface with the electrode material, which helped to increase
the transmission rate of zinc ions in the electrolyte, reduced the
interfacial resistance, and promoted the uniform deposition of
Zn**. This was further confirmed by atomic force microscopy
(AFM), where PHILZ (Fig. 5(i)) showed more pronounced spikes
compared to the smoother PHILZM (Fig. 5(j)).

Electrochemical performance of full cells

To investigate the full-cell performance, we constructed a ZIB
based on a NaV;05-1.5H,0 (NVO) cathode, a zinc foil anode,

15342 | RSC Adv, 2024, 14, 15337-15346

and a gel polymer electrolyte (Fig. 6(a)). The XRD and FTIR
spectra of NVO are shown in Fig. S12 (ESI);} the results show
that the synthesised NVO matches with those reported in the
literature.”™ Fig. 6(b) shows that PHILZM has good multiplica-
tion performance. The reversible specific capacities of the full
cell with PHILZM reached 262.94, 183.46, 160.45, 141.56,
130.17, and 101.89 mA h g~ ' at current densities of 0.1, 0.2, 0.4,
0.8, 1.6 and 2.4 A g, respectively. At low current densities,
button cells assembled with PHILZM were extremely stable and
had high specific capacity. When the current density reached
2.4 A g, the PHILZ cell almost completely failed, while the
capacity of PHILZM remained at 101.89 mA h g~'. When the
current was restored to 0.2 A g ', the capacity reached

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic of the NVO/PHILZM/Zn full cell. (b) Rate performance of PHILZM and PHILZ. (c) Long-term current cycling performance of

the NVO/PHILZM/Zn full cell at 0.05 A g~ (d) GCD curves of the NVO/PHILZM/Zn full cell at different current densities. (e) Photograph of the
electrolyte and zinc anode at the end of the NVO/PHILZM/Zn full cell cycle.

186.99 mA h g, and PHILZM had good reversibility. The long
cycling ability of the PHILZM full cell was tested to further
investigate the cycling stability. As presented in Fig. 6(c), the
capacity of NVO/PHILZM/Zn cell was over 350 mA h g™ ' at
0.05 A g ', and the average coulombic efficiency was about
99.4%, with a capacity retention of approximately 89.4% even
after over 2700 cycles. In contrast, NVO/PHILZ/Zn batteries only
lasted about 1400 cycles and had a faster capacity decay.

Fig. 6(d) shows the GCD curves of the button cell assembled
with PHILZM at different current densities. A large specific
capacity of 260 mA h g~! was achieved at a current density of

© 2024 The Author(s). Published by the Royal Society of Chemistry

0.1 Ag ', and a specific capacity of 100 mA h g~ was obtained
even at a high current density of 2.4 A ¢~ . Fig. 6(e) shows the
surface morphology of the zinc metal after cycling of the full
cell. The surface of the zinc metal with PHILZM is smoother
than the surface of the zinc metal with PHILZ, indicating that
the interfacial side reactions between the gel electrolyte and the
zinc negative electrode were suppressed. Thus, a good trans-
mission path could be maintained inside the cell to ensure
stable charge/discharge cycling. In short, the gel polymer elec-
trolyte had good full-cell long-cycle performance, which was
also consistent with the results for the Zn/Zn symmetric cell.

RSC Adv, 2024, 14, 15337-15346 | 15343
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Conclusions

In summary, a MOF-based gel polymer electrolyte (PHILZM) for
zinc ion batteries was reported. The addition of the MOF not
only improved the conductivity of the gel polymer electrolyte
but also inhibited the interfacial side reaction between the gel
polymer electrolyte and the zinc negative electrode, thus
maintaining a good transport path within the battery and
ensuring stable charge/discharge cycles. The ionic conductivity
of this electrolyte was significantly higher than most PVDF-HFP-
based gel polymer electrolytes that were not doped with MOFs.
At —40 °C, PHILZM had a conductivity of up to 1.63 mS cm ™. It
is expected to solve the problem of sudden drop in ionic
conductivity of the zinc ion battery aqueous electrolyte at low
temperature. The Zn/Zn symmetric cell achieved no dendritic
formation after 3600 hours at 1 mA cm™2, which is three times
higher than that of the gel polymer electrolyte without added
MOF. Moreover, the NVO/PHILZM/Zn cell achieved a capacity of
350 mA h g ' at 0.05 A g~ ' with an average coulombic efficiency
of about 99.4% at 2700 cycles, and the cycling stability was also
greatly improved compared to PHILZ.

Experimental
Materials

The chemicals used in the synthesis were used as purchased
without any further purification. Zinc nitrate hexahydrate
(Zn(NO3),-6H,0, 98%), 2-methyl imidazole (mIm, 99%), 1-
ethyl-3-methylimidazolium tetrafluoroborate (CgH;;BF,;N,,
98%), zinc ditetrafluoroborate hydrate (Zn(BF,)2-xH,0, Zn =
18%), vanadium pentoxide (V,0s, 99.5%) and poly(vinylidene
difluoride-co-hexafluoropropylene, PVDF-HFP, m, = 400 000)
were obtained from Aladdin (Shanghai, China).

Synthesis of MOFs

Typically, 2.933 g Zn(NO3),6H,0 (9.87 mmol) was dissolved in
200 mL of methanol. A second solution consisting of 6.489 g of
2-methyl imidazole (79.04 mmol) and 0.1 g diethanolamine
(DEA) in 200 mL of MeOH was prepared in parallel. The MOFs
were isolated by centrifugation after rapid pouring of the
second solution into the former solution with vigorous stirring
for 10 min at room temperature. The isolated MOFs were then
re-dispersed in methanol and left to stand for several hours
before being separated by centrifugation and washed with fresh
methanol to give a slightly blue slurry.

Synthesis of PVDF-HFP-based SPEs

Firstly, PVDF-HFP was dissolved in NMP with heating and
stirring at 80 °C to obtain a homogeneous solution. Subse-
quently, the blue slurry was added to the ionic liquid electro-
lytes (8 mmol zinc ditetrafluoroborate hydrate in 4 mL 1-ethyl-3-
methylimidazolium tetrafluoroborate) and stirred until
a homogeneous and slightly blue solution was obtained.
Finally, the slightly blue solution was added to the PVDF-HFP
solution and stirred until homogeneous. For subsequent
membrane formation, the fixed-volume slurry was then injected
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into a Teflon mold. Polymer matrixes were obtained by drying in
a vacuum oven at 60 °C to remove the NMP solvent and surplus
methanol. These as-prepared matrixes were cut into sheets
16 mm in diameter.

Preparation of the NaV;0z-1.5H,0 cathode

Commercial V,05 powder (1 g) was added to 15 mL of NaCl
aqueous solution (2 M L™). After stirring for 96 h at 30 °C, the
suspension was washed with DI several times. Finally, a black-
red product was obtained by freeze-drying.” Then, the above
sample was mixed with conductive carbon black and PVDF in
the organic reagent N-methyl-2-pyrrolidone (7:2:1 weight
ratio). After the above mixture was placed on the stainless-steel
mesh uniformly and dried at 70 °C for 12 h in the oven, the
cathode was acquired through roller pressing the above
stainless-steel mesh and punching to disks with a diameter of
16 mm. The loading mass of NVO active material in electrodes

was about 2.2 mg cm 2,

Composition and structure characterization

The obtained nanoparticles were characterized via dynamic
light scattering (DLS, BeNano 90 Zeta), and the morphology was
observed using a scanning electron microscope (SEM), JEOL
JSM7500 F. N, adsorption-desorption isotherms were obtained
using a Micromeritics ASAP 2460. Before these measurements,
ZIF-8 samples were degassed for 8 h under vacuum at 200 °C
using a heating rate of 10 °C min~". The surface area was
calculated using the Brunauer-Emmett-Teller (BET) equation.

Fourier transform-infrared (FT-IR) spectra were recorded
using a Nicolet IS10 FT-IR spectrometer resolution in the range
of 4000-400 cm™". The thermal analysis for samples was con-
ducted by using a synchronized thermal analyzer (TG-DSC,
HITACHI STA200). For these samples, the temperature was
decreased from —80 to 500 °C with a scanning rate of 10 °
C min~'. Mechanical properties of solid polymer electrolytes
were tested using an electronic universal materials testing
machine (Instron 5967).

The initial morphology of the Zn electrode surface and that
after cycling were also observed using a scanning electron
microscope (SEM,JEOL JSM7500F) and atomic force microscope
(AFM, Nanoscope 1IV).

Electrochemical characterization

The active materials (NVO, NaV;Og-1.5H,0) were prepared
according to literature reports.” Electrochemical measure-
ments were carried out in a CR2016 coin cell using zinc foil as
the anode and NVO as the cathode.

Cyclic voltammetry (CV) measurements were performed at 1,
5,and 10 mV s~ in the potential window of —0.6-0.6 V with Zn/
Ti cells. The ionic conductivities of GPEs were measured using
electrochemical impedance spectroscopy (EIS) at temperatures
from —70 to 90 °C, in the range of frequency from 10° Hz to
10" Hz and with an alternating current amplitude of 10 Mv
using an electrochemical work station with two stainless steel
(SS) blocking electrodes. Before each measurement, the sample

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was stored for an hour to reach the required temperature. The
ionic conductivities (o) were acquired with eqn (1):
L

= . (1)

g

where R (Q) is resistance value, L (cm) is the GPE thickness, and
S (cm?) is the cross-sectional area of the SS electrodes. The SS/
GPE/SS cell was used to evaluate the electrochemical window
of the GPE using linear sweep voltammetry (LSV) at a scan rate
of 1 mV s' and a potential range of 0-3.5 V. The zinc ion
transference number (¢z,>+) was obtained using a combinational
measuring method of AC impedance (10°> Hz to 10~ " Hz) and DC
polarization (with a DC voltage of 0.01 V) in symmetrical Zn/
GPE/Zn cells and calculated using Bruce-Vincent eqn (2):
s 0 0
(o = DOV -IRY @)
I°(AV — ISRY)

where AV is the applied DC polarization voltage; I° and I° are the
initial and stable currents during polarization; R} and R{ are the
resistance of the GPE before and after polarization. CV, EIS, DC
polarization and LSV were performed on an electrochemical
workstation (CHI660E).

The electrochemical data of the batteries were obtained
using the CT-4008 Neware Battery Testing System. In the
symmetric Zn/Zn battery, long-term cycling properties were
tested with two bare Zn foils as electrodes at different current
densities (1 and 5 mA cm™ %) and surface capacity densities (1
and 5 mA h em™2). The Zn/NVO full batteries were tested from
0.5 V to 1.5 V with different current densities.
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