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temperature zinc ion battery
through a triazolium-based ionic liquid†

Xun Li,a Fawen Ning,b Lin Luo,b Jianhua Wu, *a Yanhong Xiang,a Xianwen Wu,b

Lizhi Xiongc and Xiaochun Peng*b

Triazolium-based ionic liquids (T1, T2 and T3) with or without terminal hydroxyl groups were prepared via

Cu(I) catalysed azide–alkyne click chemistry and their properties were investigated using various

technologies. The hydroxyl groups obviously affected their physicochemical properties, where with

a decrease in the number of hydroxyl groups, their stability and conductivity were enhanced. T1, T2 and

T3 showed relatively high thermal stability, and their electrochemical stability windows (ESWs) were 4.76,

4.11 and 3.52 V, respectively. T1S-20 was obtained via the addition of zinc trifluoromethanesulfonic acid

(Zn(CF3SO3)2) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) to T1, displaying conductivity and

ESW values of 1.55 � 10�3 S cm�1 and 6.36 V at 30 �C, respectively. Subsequently, a Zn/Li3V2(PO4)3
battery was assembled using T1S-20 as the electrolyte and its performances at 30 �C and 80 �C were

investigated. The battery showed a capacity of 81 mA h g�1 at 30 �C, and its capacity retention rate was

89% after 50 cycles. After increasing the temperature to 80 �C, its initial capacity increased to

111 mA h g�1 with a capacity retention rate of 93.6% after 100 cycles, which was much higher than that

of the aqueous electrolyte (WS-20)-based zinc ion battery (71.8%). Simultaneously, the T1S-20

electrolyte-based battery exhibited a good charge/discharge efficiency, and its Coulomb efficiency was

99%. Consequently, the T1S-20 electrolyte displayed a better performance in the Zn/Li3V2(PO4)3 battery

than that with the aqueous electrolyte, especially at high temperature.
Introduction

Zinc ion batteries (ZIBs) have been widely investigated due to
their high theoretical capacity, cyclic stability, energy density
and rate performance.1–3 Besides, they can be easily assembled
in air and are safer and more environmentally friendly than
lithium-ion batteries, especially with the emergence of aqueous
ZIBs.4,5 However, water-induced side reactions hinder their
further development, such as hydrogen/oxygen evolution reac-
tions, dissolution of cathode materials, and narrow electro-
chemical stability window (ESW). In addition, the growth of
dendrites needs to be suppressed.6,7 Although high-
performance cathodes have been developed to overcome the
above-mentioned problems,8–10 the electrolyte also directly
affects the performance of ZIBs.11 Concentrated salt and other
additives (organic solvents and ionic liquids)12–15 were incor-
porated in aqueous electrolytes by tuning the solvation sheath
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of Zn2+ to promote the plating/stripping and migration of
Zn2+.16 However, the water-induced side reactions are inevi-
table, and thus the development of new electrolytes without
water, such as organic electrolytes and solid (or quasi-solid)
electrolytes, is very important.17

Ionic liquids (ILs), which are obtained via the quaternization
of molecules containing nitrogen, phosphorus, sulfur atoms,
etc., possess the properties of low vapor pressure, appropriate
conductivity, wide ESW and non-ammable nature, and hence
can be considered safer than conventional organic electrolytes
and better electrode interfacial contacts than solid electrolytes.
However, the relatively poor stability of common ILs at high
temperature limits their application.18 Among them, imidazo-
lium ILs are the most widely investigated,19 where an improve-
ment in their stability is usually realized via C-2 substitution but
their functionalization is relative tedious.20 Triazolium ILs
possess similar chemical structures to that of imidazolium ILs
but show higher stability and wider ESW,20–22 and the emer-
gence of azide–alkyne click chemistry allows the convenient and
exible functionalization of triazolium. To date, triazolium ILs
have been studied as conductive units in polyelectrolytes,23,24

but seldomly reported as IL electrolytes for electrochemical
energy storage devices. As is known, the main shortcoming of
ILs is their high viscosity, which limits their conductivity and
hinders the diffusion of ions, and thus some strategies have
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
been developed to overcome this, such as the addition of water
or conventional organic electrolytes. Increasing the temperature
provides another effective strategy for improving the conduc-
tivity and accelerating the migration of ions. Meanwhile, high-
temperature ZIBs have rarely been reported, with the focus on
conductive iongel or organohydrogel electrolyte.25–27 In this
contribution, triazolium-based ILs, 1, 2, and 3, with different
amounts of hydroxyl groups were synthesized via Cu(I)-catalysed
azide–alkyne click chemistry, where we anticipated that the
presence of oxygen atoms could enhance the exibility of their
side chain due to the fact that the ether group possesses
a higher degree of conformational freedom than alkyl chains.28

This is benecial for dissolving metal ions and improving the
conductivity,29 similar to alkali-metal salt dissolved in poly-
ether, and the inuence of their molecular structure on their
properties were investigated to evaluate their application in
ZIBs, especially at high temperature.
Experimental
Materials

Triethylene glycol monomethyl ether, propargyl bromide, NaH
(60%), iodomethane (CH3I), triethylene glycol, L-ascorbic acid
(Vc) and CuSO4$5H2O were purchased from Shanghai Adamas
Reagent Company. Lithium bis(triuoromethanesulfonyl)imide
(LiTFSI) and zinc triuoromethanesulfonate (Zn(CF3SO3)2) were
purchased from Shanghai Energy Chemical Co., LTD.
Li3V2(PO4)3, compound 5, and compound 8 were prepared
according to the literature.30–32
Characterization

NMR spectra were recorded on a Bruker DPX500 spectrometer
using tetramethyl silane as an internal standard in CDCl3 or
DMSO-d6. Thermal gravimetric analysis (TGA) was performed
using aMettler-Toledo TGA 2 instrument under an argon ow at
a heating rate of 10 �C min�1 from 30 �C to 800 �C. Differential
scanning calorimetry (DSC) was performed on a Netzsch 204F1
in a nitrogen atmosphere. An indium standard was used for the
temperature and enthalpy calibrations. The sample was rst
heated from 25 �C to 150 �C and held at this temperature for
3 min to eliminate the thermal history, and then cooled to
�90 �C and heated again from �90 �C to 100 �C, at a heating or
cooling rate of 10 �C min�1. Conductivity was measured
according to our previous method33 via electrochemical
impedance spectroscopy (EIS) on a CHI 760E electrochemical
workstation (Shanghai Chenhua Equipment, China) with an AC
amplitude of 10 mV in the frequency range of 0.01 Hz to 100
kHz, and the conductivity ‘s’ was calculated using the formula s
¼ D/(SR), where ‘D’ is the thickness of the sample and ‘S’ is the
area of the sample.

The assembly of CR2016-type coin cells was as follows:
a slurry consisting of Li3V2(PO4)3 (70 wt%), acetylene black
(20 wt%), polyvinylidene uoride (10 wt%), and N-methyl-
pyrrolidone was pasted on stainless steel mesh, then dried at
80 �C for 12 h, and nally cut into round pieces as cathodes.
The mass loading of Li3V2(PO4)3 was approximately 2 mg per
© 2022 The Author(s). Published by the Royal Society of Chemistry
piece. CR2016-type coin cells were assembled in an open
atmosphere by sandwiching a Whatman lter paper soaked
with electrolyte between the prepared Li3V2(PO4)3 cathode and
zinc foil anode.

The ESWs of the ILs were measured on a CHI760E electro-
chemical workstation via linear sweep voltammetry (LSV) at
a scanning rate of 1 mV s�1 in different voltage ranges by
sandwiching the electrolyte between a stainless steel sheet
cathode and zinc foil anode. Cyclic voltammetry (CV)
measurement of the CR2016-type coin cells was carried out on
a CHI760E electrochemical workstation at a scanning rate of
0.1 mV s�1. The charge/discharge performance of the CR2016-
type coin cells was tested on a Neware battery test system
(Shenzhen Neware Electronics Co., Ltd). The cycle stability of
the ZIBs at the rate of 0.2 A g�1 and their rate performance at
different current densities (0.2, 0.3, 0.5, 1, and 1.5 A g�1) were
tested in the voltage range of 0.7–1.7 V. Scanning electron
microscopy (SEM, TESCAN MIRA4) was used to observe the
morphological characteristics of the Zn foil anode.
Synthetic procedures

Synthesis of compound 1. To a 500 mL dry three-neck bottle
ask, anhydrous THF (100 mL) and NaH (6 g, 150 mmol) were
added under nitrogen at 0 �C, and then triethylene glycol
monomethyl ether (16.4 g, 100 mmol) in anhydrous THF (50
mL) was added dropwise. Aer stirring for 1 h, the mixture was
placed in ice bath and propargyl bromide (14.2 g, 120 mmol) in
anhydrous THF (50 mL) was added slowly, and then warmed to
room temperature and stirred for 24 h. Subsequently, the
mixture was dropped into 100 mL of ice water and extracted
with ethyl acetate, then washed with saturated brine, and the
organic phase was dried over anhydrous MgSO4 and ltered.
Aer removal of the solvent, the crude product was puried via
column chromatography (petroleum ether: ethyl acetate¼ 4 : 1)
to yield compound 1 as a light-yellow oil (18 g, yield 89.11%).

Synthesis of compound 2. To a 500 mL dry three-neck bottle
ask, triethylene glycol monomethyl ether (24.6 g, 150 mmol)
and triethylamine (34.6 mL, 250 mmol) were added at 0 �C, and
then p-toluene sulfonyl chloride (23.9 g, 125 mmol) dissolved in
dichloromethane (50 mL) was added dropwise and warmed to
room temperature. Aer stirring for 24 h, the mixture was
adjusted to acidic with dilute hydrochloric acid, and then
washed with deionized water, saturated brine, and extracted
with dichloromethane. The organic phase was dried over
anhydrous MgSO4. Aer removal of the solvent, the crude
product was obtained (37 g) and used without further
purication.

The crude product (37 g), acetonitrile (100 mL) and NaN3

(6.11 g, 116 mmol) were added to a 500 mL ask and stirred at
90 �C for 7 d. The reaction solution was ltered and concen-
trated, and then diluted with ethyl acetate (200 mL) and washed
with saturated brine. The organic phase was collected and dried
over anhydrous MgSO4. Aer removal of the solvent, the crude
product was puried via column chromatography (petroleum
ether: ethyl acetate¼ 4 : 1) to yield compound 2 as a light-yellow
oil (15.2 g, 70% yield).
RSC Adv., 2022, 12, 8394–8403 | 8395
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Synthesis of compound 3. To a solution of compound 1 (9 g,
45 mmol) and compound 2 (7.56 g, 40 mmol) in methanol (50
mL), CuSO4$5H2O (0.5 g, 2 mmol) in deionized water (0.2 mL)
was added. Aer stirring for 30 min under nitrogen, the newly
prepared sodium ascorbate solution (Vc: 0.66 g; NaHCO3: 0.33
g) was added and stirred for 24 h at room temperature. Na2-
S$9H2O (0.48 g, 2 mmol) was added, and aer ltration, the
ltrate was concentrated, diluted with dichloromethane, and
dried over anhydrous MgSO4. Aer removal of the solvent, the
crude product was puried via column chromatography (ethyl
acetate: methanol¼ 10 : 1) to yield compound 3 as a pale-yellow
oil (8.3 g, yield 70.9%).

Synthesis of compound 4. Compound 3 (5 g, 13 mmol), CH3I
(2.49 mL, 40 mmol) and dichloromethane (5 mL) were added to
a 50 mL reaction ask and stirred for 48 h at 45 �C until no
compound 3 was detected via thin layer chromatography (TLC).
The mixture was concentrated and dried under vacuum to
generate compound 4 as a brown liquid (5 g, yield 73.5%).

Synthesis of T1. Compounds 4 (5 g, 10 mmol), methanol (10
mL), LiTFSI (5.7 g, 20 mmol) and deionized water (8 mL) were
added to a 100 mL reaction ask and stirred at 70 �C for 3 days.
The mixture was extracted with dichloromethane and washed
with deionized water until the absence of AgI precipitation in
the aqueous phase aer the addition of AgNO3 solution. The
solution was concentrated and dried under vacuum to obtain T1
as a brown oil (5.1 g, yield 86.9%).

Synthesis of compound 6. To a solution of compound 5
(4.7 g, 25 mmol) and compound 2 (5.7 g, 30 mmol) in methanol
(80 mL), CuSO4$5H2O (0.313 g, 1.25 mmol) in deionized water
(0.2 mL) was added. Aer stirring for 30min under nitrogen, the
newly prepared sodium ascorbate solution (Vc: 0.4 g; NaHCO3:
0.2 g) was added and stirred for 24 h at room temperature.
Na2S$9H2O (0.3 g, 0.125 mmol) was added, and aer ltration,
the ltrate was concentrated, diluted with dichloromethane,
and dried over anhydrous MgSO4. Aer removal of the solvent,
the crude product was puried via column chromatography
(dichloromethane: methanol ¼ 1 : 1) to yield compound 6 as
a light-yellow oil (10 g, yield 71.4%).

Synthesis of compound 7. Compound 6 (6.4 g, 17 mmol),
CH3I (3.2 mL, 50 mmol) and methyl dichloride (10 mL) were
added to a 50 mL reaction ask and stirred for 48 h at 45 �C
until no compound 6 was detected via TLC. The mixture was
concentrated and dried under vacuum to generate compound 7
as a brown oil (8.1 g, yield 92.1%).

Synthesis of T2. Compounds 7 (8 g, 15 mmol), methanol (20
mL), LiTFSI (9 g, 30 mmol) and deionized water (15 mL) were
added to a 100 mL ask stirred at 70 �C for 3 days. The mixture
was extracted with dichloromethane and washed with deion-
ized water until the absence of AgI precipitation in the aqueous
phase with the addition of AgNO3 solution. The solution was
concentrated and dried under vacuum to obtain T2 as a brown
oil (6 g, yield 74.1%).

Synthesis of compound 9. To a solution of compound 8
(4.38 g, 25 mmol) and compound 5 (5.64 g, 30 mmol) in
methanol (80 mL), CuSO4$5H2O (0.313 g, 1.25 mmol) in
deionized water (0.2 mL) was added. Aer stirring for 30 min
8396 | RSC Adv., 2022, 12, 8394–8403
under nitrogen, the newly prepared sodium ascorbate solution
(Vc: 0.4 g; NaHCO3: 0.2 g) was added and stirred for 24 h at room
temperature. Na2S$9H2O (0.3 g, 1.25 mmol) was added, and
aer ltration, the ltrate was concentrated, diluted with
dichloromethane, and dried over anhydrous MgSO4. Aer
removal of the solvent, the crude product was puried using
column chromatography (dichloromethane: methanol ¼ 1 : 1)
to yield compound 6 as a light-yellow oil (7 g, 77.1%).

Synthesis of compound 10. Compound 9 (2.68 g, 8 mmol),
CH3I (2.84 mL, 20 mmol) and methyl dichloride (10 mL) were
added to a 50 mL reaction ask and stirred for 48 h at 45 �C
until no compound 10 was detected via TLC. The mixture was
concentrated and dried under vacuum to generate compound
10 as a brown liquid (3.5 g, yield 87.5%).

Synthesis of T3. Compound 10 (3 g, 6 mmol), methanol (10
mL), LiTFSI (3.4 g, 12 mmol) and deionized water (8 mL) were
added to a 100 mL reaction ask and stirred at 70 �C for 3 days.
The mixture was extracted with dichloromethane and washed
with deionized water until the absence of AgI precipitation in
the aqueous phase with the addition of AgNO3 solution. The
solution was concentrated and dried under vacuum to obtain T3
as a brown oil (3 g, yield 89.6%).
Results and discussion
Synthesis and characterization of ILs

As shown in Scheme 1, triazoles 3, 6, and 9 with and without
–OH groups were synthesized via Cu(I)-catalysed click chemistry
using organic azides and alkynes, followed by alkylated and
anion metathesis reaction, generating the target triazoliums ILs
T1, T2 and T3, and their NMR spectra can be seen in Fig. S1–
S12.† The peaks in their 1H NMR spectra at 7.77 ppm (Fig. S3†),
7.85 ppm (Fig. S7†) and 7.91 ppm (Fig. S10†) demonstrate the
formation of triazole groups, respectively. Aer the
Scheme 1 Synthesis of triazolium ILs T1, T2 and T3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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quaternization of the triazole groups with CH3I, the corre-
sponding peaks shied to 9.02 ppm (Fig. S4†), 9.03 ppm
(Fig. S8†) and 9.18 ppm (Fig. S11†), respectively. Besides, the
new peaks at 4.35 ppm (Fig. S4†), 4.38 ppm (Fig. S8†) and
4.40 ppm (Fig. S11†) are ascribed to the methyl protons
attached to the N atom on the triazolium ring, as depicted in
Scheme 1, which is in agreement with the literatures.34,35

Furthermore, the peak area ratio of the triazolium protons to
the methyl protons connected to the triazolium ring is 3 : 1.
Thus, all the above-mentioned results conrm the successful
quaternization. Usually, ILs with the TFSI� anion possess
higher electrochemical stability and weaker interaction
intensity with cations, which is benecial for electrochemical
applications.36 Subsequently, the I� anion was exchanged with
the TFSI� anion, and the chemical shi of the triazolium
protons shied high-eld relative to the corresponding tri-
azolium iodide ILs (Fig. S5, S9 and S12,† respectively), showing
that the anion exchange reactions proceeded completely.
Additionally, the 13C NMR spectra of the ILs (123–115 ppm,
Fig. S5, S9 and S12,† respectively) indicate the successful
introduction of the TFSI� anion.
Table 1 Physicochemical properties of T1, T2 and T3

ILs

sa/�10�3 S cm�1

Tg
b/�C Td5%

c/�C ESW d/V30 �C 60 �C 90 �C 110 �C

T1 0.88 1.71 2.37 2.65 �59 301 4.76
T2 0.57 1.46 2.23 2.55 �53 286 4.11
T3 0.28 1.14 1.98 2.39 �52 286 3.52

a Determined by EIS. b Determined by DSC. c Determined by TGA.
d Determined by LSV.
Thermal properties

The thermal stability of ILs determines whether they be applied
in high-temperature batteries, and thus the decomposition
temperatures of the ILs were measured via thermogravimetric
analysis (TGA). As shown in Fig. 1(a), T1 without –OH groups
displayed the highest thermal decomposition temperature (Td,
5% weight loss) of 301 �C, whereas T2 and T3 displayed a lower
Tds than that of T1, indicating that the presence of –OH groups
lowered the thermal stability of the ILs. This because –OH
groups possess stronger polarity than that of –OCH3, and hence
display a lower activation energy for degradation during heat-
ing.37,38 Furthermore, a low glass transition temperature (Tg) is
benecial for the rapid transportation of ions to some extent,
especially in polyelectrolytes, and hence the Tgs of the ILs was
measured via differential scanning calorimetry (DSC). Fig. 1(b)
shows the DSC curves of T1, T2 and T3. Similarly, T1 displayed
the lowest Tg of �59 �C, which is still was higher than that of
imidazolium-based ILs with alkyl chains.39 The presence of –OH
and –OCH2– groups results in increased polarity and viscosity in
Fig. 1 (a) TGA and (b) DSC curves of T1, T2 and T3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
ILs, which is not conducive to the movement of the segments in
ILs, leading to a higher Tg.40

Ionic conductivity

The intrinsic conductivity of the ILs at different temperatures
was investigated via electrochemical impedance spectroscopy
(EIS) and the results are presented in Table 1, Fig. S13 and S14,†
where T1 presented the highest s value at each temperature. For
instance, at 30 �C, the conductivity of T1 (0.88 � 10�3 S cm�1) is
about 3-times higher than that of T3 (0.28 � 10�3 S cm�1) and
1.5-times higher than that of T2 (0.57 � 10�3 S cm�1). The
conductivity decreased with an increase in the number of
terminal –OH groups also because the polarity of the –OH group
is not conducive to ion transport. The above-mentioned DSC
results also demonstrated this trend, that is, T1 without –OH
groups displayed the lowest Tg, and hence benecial for ion
migration and enhancement in conductivity.41 Furthermore, an
increase in temperature also improved the conductivity,22 where
the highest s value of T1 was 2.65 � 10�3 S cm�1 at 110 �C.

The above-mentioned results illustrate that T1 possesses the
best performance among the ILs, but its conductivity still need
to be improved. An increase in ionic conductivity depends on
efficient ion transport, including the number of ions, which is
determined by the portion of salts added. Another factor is the
mobility of ions, which depends on the ability of the molecules
to move. More importantly, researchers have proposed the use
of high concentration zinc salt and lithium salt electrolyte
(usually 1 M Zn2+ and 20 M Li+) to overcome the shortcomings
of conventional aqueous ZIBs,42 such as low Coulomb efficiency,
hydrogen/oxygen evolution reaction, and dendrite growth
RSC Adv., 2022, 12, 8394–8403 | 8397
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during charge/discharge procedure. Herein, the IL-based elec-
trolytes with 1 M Zn(CF3SO3)2 and different amounts of LiTFSI
were prepared by using T1 as the solvent, which were denoted as
T1S-x (x ¼ nLi: nZn ¼ 5, 10, 15, 20, 21, and 25). The conductivity
of T1S-x was calculated based on the measured Nyquist
diagram, as shown in Fig. S15.† The conductivity increased with
an increase in the amount of LiTFSI when x is less than 20 due
to the increase in carrier LiTFSI salt. Themaximum conductivity
of 1.55 � 10�3 S cm�1 was realized when x was 20. Upon the
further addition of LiTFSI, the conductivity decreased due to the
increase in viscosity.43 In comparison, an aqueous electrolyte
with the concentration of 1 M Zn(CF3SO3)2 + 20 M LiTFSI was
prepared, which was denoted asWS-20, and its conductivity was
determined to be 2.74 � 10�3 S cm�1 (calculated using the
Nyquist diagram, Fig. S16†), which is higher than that of T1S-20.
The conductivity of the two types of electrolytes reached the
magnitude of 10�3 S cm�1, and thus they could be used in ZIBs.
Electrochemical properties

Linear sweep voltammetry (LSV) was applied to investigate the
electrochemical stability of the ILs by sandwiching them
between a freshly polished stainless sheet and zinc sheet, and
the results are shown in Fig. 2(a) and Table 1. Among them, T1
displayed the widest ESW (4.76 V) with a cathodic limiting
voltage of �1.19 V and anodic limiting voltage of +3.57 V, which
is higher than that of imidazolium-based ILs with the TFSI�

anion.36,44 Due to the relatively poor stability of the –OH group,
T2 and T3 showed narrower ESWs of 4.11 and 3.52 V, respec-
tively. A similar phenomenon was reported for PEO-based solid
polyelectrolyte with and without terminal –OH groups.45 As re-
ported previously, the addition of salt can reduce the “free”
solvent in the system and decrease the reactivity of the solvent,
thus improving the electrochemical stability.46–48 Herein, the
addition of salts resulted in a broader ESW of 6.36 V for T1S-20
and 4.46 V for WS-20 (Fig. 2(b)).

To evaluate the application of the ILs in ZIBs, Zn/Li3V2(PO4)3
batteries were prepared using T1S-20 and WS-20 as the elec-
trolyte. Firstly, the cyclic voltammetry (CV) curves were tested
for three cycles at a scanning rate of 0.1 mV S�1 at 30 �C. It can
be seen in Fig. 3(a) that the T1S-20 system showed two pairs of
redox peaks at 1.39/1.47 V and 1.32/1.41 V, which are ascribed to
the stepwise Li+ extraction/insertion from/into the Li3V2(PO4)3
Fig. 2 Linear sweep voltammetry curves of (a) T1, T2, T3 and (b) T1S-20

8398 | RSC Adv., 2022, 12, 8394–8403
structure, respectively,30,49 which exhibit a good degree of
coincidence. In contrast, theWS-20 system displayed a relatively
large peak potential deviation (Fig. 3(b)), which may be due to
polarization.50
Charge/discharge performance

Fig. 4(a) shows the rate performance of T1S-x andWS-20 in the
Zn/Li3V2(PO4)3 batteries at current densities of 0.2, 0.3, 0.5, 1.0
and 1.5 A g�1. With an increase in the content of LITFSI added,
the T1S-x system showed an improved initial capacity, and the
battery with T1S-20 delivered the highest initial capacity of
80 mA h g�1, which is better than that of aqueous electrolyte-
based Zn/Li3V2(PO4)3 batteries.30 In comparison, the initial
capacity of the WS-20 system was 76 mA h g�1, and the
discharge capacity of the T1S-20 system was higher than that
of WS-20 system at each rate. Aer adjusting the current
density back to 0.2 A g�1, the capacity of the T1S-20 andWS-20
systems was 79 and 67 mA h g�1, respectively. With an increase
in temperature to 80 �C, the capacities of both systems
increased, where the WS-20 system displayed a relatively large
capacity attenuation aer 30 cycles (Fig. 4(b)), while the T1S-20
system could almost recover its initial capacity (111 mA h g�1).
Hence, the T1S-20 system displayed a better rate performance
in ZIBs.

Fig. 5 and 6 show the cyclic performance and Coulomb
efficiency of the Zn/Li3V2(PO4)3 batteries based on the T1S-20
andWS-20 electrolytes at 30 �C and 80 �C. As shown in Fig. 5(a),
the initial discharge capacity of the T1S-20 and WS-20 systems
was 81 and 78mA h g�1 at 30 �C, and aer 50 cycles, the capacity
retention rate of the T1S-20 system was 89%, which is higher
than that of the WS-20 system (75%). Their initial discharge
capacity and capacity retention rate are superior to that of
imidazolium-IL-based Zn/polymer batteries, but much lower
than that of the Zn/cobalt ferricyanide battery,51–53 and hence
the cathode materials also play a crucial role in the battery
performance, as also concluded from our previous investiga-
tion.30 In addition, the relatively low conductivity of the elec-
trolytes was the main reason for the poor battery performances.
At 80 �C, the initial discharge capacity of the two systems
increased to 111 mA h g�1, which is comparable to that of a ZIB
with a Zn(OTf)2-containing solid polymer electrolyte54 and
higher than that of the Zn/MnO2 battery at high temperature.55
and WS-20 at 30 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CV curves of Zn/Li3V2(PO4)3 batteries with (a) T1S-20 and (b) WS-20 electrolyte at a scanning rate of 0.1 mV s�1.
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Aer 50 cycles, their discharge capacities decreased to
108 mA h g�1 (for T1S-20) and 100 mA h g�1 (for WS-20),
together with the capacity retention rate of 98.2% and 90.9%
(Fig. 5(b)), respectively. Aer 100 cycles, the capacity of the WS-
20 system was 79 mA h g�1 with a capacity retention rate of
71.8%, which is much lower than that of the T1S-20 system
(103.9 mA h g�1, 93.6%). Hence, the T1S-20 system has better
cyclic stability than the WS-20 system. As mentioned above, the
electrode materials affect the performances of ZIBs, where
dissolution of the cathode materials will reduce the utilization
of the active substances56 and side reactions will decrease the
cycle stability and irreversibility. In the WS-20 system, the
presence of water would cause the dissolution of the cathode
material and the formation of (Zn(H2O)6)

2+,57 as well as
dendrites. On the contrary, in the T1S-20 system, its wide ESW,
high thermal stability and absence of water guaranteed the
stability of the battery.48,58 Also, no molecules decomposed
during the charge/discharge procedure to interact with vana-
dium and cause its dissolution.56 Furthermore, no (Zn(H2O)6)

2+

was formed in the T1S-20 system, which may generate a irre-
versibility issue in the Zn anode, and hence the T1S-20 system-
based ZIB displayed a better performance. Besides, it can be
seen from Fig. 6(a) and (b) that the ZIBs exhibited a good charge
and discharge efficiency with a Coulomb efficiency of 99%.With
an increase in the temperature to 80 �C, the Coulomb efficiency
Fig. 4 Rate performance of Zn/Li3V2(PO4)3 battery with T1S-x and WS-

© 2022 The Author(s). Published by the Royal Society of Chemistry
of the T1S-20 system remained at 99% (Fig. 6(c)), but that of the
WS-20 system displayed a slight decrease (97%) (Fig. 6(d)).

The constant current charge/discharge tests of T1S-20 in
the Zn/Li3V2(PO4)3 battery were carried out in the voltage range
of 0.7–1.7 V at a current density of 0.2 A g�1 at 30 �C and 80 �C,
respectively. As shown in Fig. 7(a), two platforms located at
about 1.39 and 1.48 V can be observed during the charging
process. The rst platform (1.39 V) is ascribed to the rst Li+

ion extraction from Li3V2(PO4)3, resulting in the oxidation of
V3+ to V4+. The second platform (1.48 V) corresponds to the
extraction of a second Li+ ion with the transformation of
Li2V2(PO4)3 to LiV2(PO4)3. The discharge platforms are located
at about 1.43 and 1.33 V, respectively, corresponding to the
insertion of two Li+ ions in the LiV2(PO4)3 lattice with the
reduction of V4+ to V3+.30,49 At 80 �C, similar platforms could be
observed (Fig. 7(b)).

Fig. 8 depicts the Zn foil anode in the ZIBs aer 50 cycles
with the WS-20 and T1S-20 electrolytes at 30 �C, verifying the
superiority of the ILs. Aer the batteries functioned for 50
cycles, the zinc foil anode and separator were taken out and
washed with anhydrous tetrahydrofuran carefully three times,
and then ethanol and deionized water in succession. As shown
in Fig. 8(a), the dark separator indicates the dissolution of the
cathode material in WS-20, and the lumps in the SEM image
(Fig. 8(c)) conrm this. By contrast, the separator in Fig. 8(b)
20 electrolyte at different rates at (a) 30 �C and (b) 80 �C.

RSC Adv., 2022, 12, 8394–8403 | 8399
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Fig. 5 Cyclic performance of Zn/Li3V2(PO4)3 batteries with T1S-20 and WS-20 electrolyte at (a) 30 �C and (b) 80 �C at a current density of
0.2 A g�1.
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was very clean, and no obvious dissolution of the cathode
material was observed.

Subsequently, the high-temperature performance of the ZIBs
was investigated. As shown in Fig. 9(a), aer undergoing 100
cycles at 80 �C, the ZIB with the WS-20 electrolyte became
inated, which restricts its application at high temperature,
whereas the ZIB with the T1S-20 electrolyte retained its initial
shape (Fig. 9(b)). Similarly, the SEM images of their Zn foil
anodes were measured. The Zn foil anode of the WS-20
Fig. 6 Coulomb efficiency of Zn/Li3V2(PO4)3 batteries with different elec
at 80 �C and (d) WS-20 at 80 �C.

8400 | RSC Adv., 2022, 12, 8394–8403
electrolyte-based ZIB displayed obvious dendrites and cathode
dissolution (Fig. 9(c)), which is due to the accelerated water-
induced side reaction, and a similar phenomenon was
observed in aqueous ZIBs.59 On the contrary, no obvious
dendrites and cathode dissolution could be observed in the T1S-
20 electrolyte-based ZIB under the same condition (Fig. 9(d)).
Therefore, the T1S-20 electrolyte effectively alleviated the
dissolution of the cathode material and displayed a good high-
temperature performance.
trolytes at 0.2 A g�1. (a) T1S-20 at 30 �C, (b)WS-20 at 30 �C, (c) T1S-20

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 First charge/discharge curves of Zn/Li3V2(PO4)3 batteries with T1S-20 electrolyte at (a) 30 �C and (b) 80 �C.

Fig. 8 Digital pictures and SEM images of Zn foil anode of Zn/
Li3V2(PO4)3 batteries after 50 cycles with (a and c)WS-20 and (b and d)
T1S-20 electrolyte at 30 �C, respectively.

Fig. 9 Digital pictures and SEM images of Zn foil anode of Zn/
Li3V2(PO4)3 batteries after 100 cycles with (a and c) WS-20 and (b and
d) T1S-20 electrolyte at 80 �C.
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Conclusions

Triazolium-based ILs T1, T2 and T3 with or without hydroxyl
groups were prepared and T1 without hydroxyl groups showed
© 2022 The Author(s). Published by the Royal Society of Chemistry
the best performance. By doping with Zn(CF3SO3)2 and LiTFSI,
the conductivity and ESW of T1S-20 at 30 �C were 1.55 �
10�3 S cm�1 and 6.36 V, respectively. Based on this, Zn/
Li3V2(PO4)3 ZIBs were assembled with T1S-20 electrolyte and
their cycle stability and rate performance were investigated at
30 �C and 80 �C. Simultaneously, aqueous ZIBs with the addi-
tion of the same salts (WS-20) were investigated for comparison.
The T1S-20-based ZIB displayed a better performance, where
aer 50 cycles, its capacity retention rate was 89% at 30 �C,
which was higher than that of theWS-20-based ZIB (75%). With
an increase in the temperature to 80 �C, the superiority of the
T1S-20-based ZIB was much more obvious, displaying
a Coulomb efficiency of 99%. In addition, there were no obvious
dendrites and cathode material dissolution in the T1S-20-based
ZIB. Thus, all the results demonstrated that triazolium-based
ILs can be used in high-temperature ZIBs, and triazolium-
based ILs with different structures are currently under investi-
gation to further improve their performance.
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