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Abstract: Aqueous zinc-ion hybrid supercapacitors (AZHSs) are promising candidates for powering
mobile devices due to their intrinsically high safety, the high theoretical capacity of zinc anodes,
and the wide range of sources of raw materials for activated carbon (AC) cathodes. Here, we report
that there is a synergistic effect between the anions of an AZHS electrolyte, which can significantly
improve the specific capacity and rate capability of an AC cathode. The results showed that the
specific capacities of the AC cathode/ /2 M ZnSOy(aq)//Zn anode energy storage system were 115
and 41 mAh g~! at0.1 and 5 A g~ ! current densities, respectively. The specific capacity ata 0.1 A g~
current density was enhanced to 136 mAh gfl by doping 0.5% ZnCl, and 0.5% Zn(CF3503); in the
2 M ZnSOy electrolyte. The specific capacity ata 5 Ag~! current density was enhanced to 69 mAh g~!
by doping 1% ZnCl; and 0.5% Zn(CF3503), in the 2 M ZnSOy electrolyte. In addition, the co-doped
electrolyte increased the energy consumption of the binding of the AC surface groups with H*
and inhibited the precipitation of ZnySO4(OH)4-5H,0O. This provides an important perspective for
improving the performance of AZHSs.

Keywords: aqueous zinc-ion hybrid supercapacitors; electrolyte; energy storage; co-doped

1. Introduction

The commitment of countries to solve the problem of global warming has led to a
boom in research and practice on carbon emission mitigation, especially in the promotion
and application of electric vehicles and electric agricultural machinery that replace oil-fired
combustion with electricity [1-3]. The most critical technology for these electricity-powered
mechanical devices is the energy storage system [4—6], so there is an urgent requirement to
develop high-performance, safe, and inexpensive energy storage devices. Aqueous zinc-ion
hybrid supercapacitors (AZHSs) inherit the high-power function of supercapacitors (SCs)
and many advantages of some batteries [7] and have become one of the most promising
candidates for promoting the application of electric vehicles and electric agricultural ma-
chinery. The zinc anodes of AZHSs have the advantages of a high theoretical electrical
capacity (820 mAh g~!), a low redox potential (0.76 V compared to standard hydrogen
electrodes), abundant resources, and low prices [8]. High-performance cathode materi-
als such as B/N co-doped porous carbon [9], carbon nanotubes (CNT) [10,11], graphene
(GO) [12], and commercial activated carbon (AC) [13,14] have been widely studied and
applied. However, the development of practical AZHSs requires the consideration of
a suitable electrolyte, as a suitable electrolyte can inhibit the dendrite growth of the Zn
anode [15], thereby improving the cycling performance of the device. More importantly, the
precise matching of the electrolyte ion size to the aperture of the carbon material facilitates
its fast insertion/ de-insertion inside the cathode, enhancing the energy density and output
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power of the device [16]. Therefore, the development of high-performance electrolytes is of
great importance for the popularization of AZHSs.

In terms of electrolyte development, the high safety, relaxed preparation conditions,
and low cost have been the eye-catching advantages of water-based electrolytes [17].
However, the AC cathodes of AZHSs still suffer from low energy density and the sur-
face generation of side reactants [18]. Current aqueous electrolytes such as ZnS5O4 and
Zn(CF3503), are not able to provide the ideal energy density for AZHSs [19], nor can
they solve the problem of the precipitation of side reactants on the surface of the cathode
material [20]. Therefore, it is necessary to prepare a high energy density or inhibit the
side reactants of high-performance aqueous electrolytes for AZHSs using new strategies.
At present, many researchers consider the development of hybrid electrolytes, based on
the synergistic effects between the ions and ions and between the ions and groups, an
effective strategy to enhance the electrochemical performance of ZHSs [21,22], which have
made significant progress in the development of organic electrolytes [23], hydrogel elec-
trolytes [24], and organic-hydrogel electrolytes [25]. However, applying the concept of
the synergistic effect between the ions to the development of high-performance aqueous
electrolytes is an extremely interesting research idea. Further, different anions of AZHS
electrolytes have different physical adsorption processes inside the AC cathode due to the
different sizes and ion adsorption reaction kinetics between the anions, and the mixing of
multiple anions is highly likely to have synergistic or antagonistic effects [26] that affect
the electrochemical performance of the device. Here, 2 M ZnSOy, 2 M ZnCl,, and 2 M
Zn(CF3503), aqueous solutions were used as electrolytes, AC was used as a cathode, and
Zn was used as an anode to determine whether a 2 M ZnSO; electrolyte was suitable as
a mother liquor. Subsequently, we focused on the most suitable addition of ZnCl, and
Zn(CF3503); in the 2 M ZnSOy electrolyte to determine whether there is an interaction
between the SO42~, C1~, and CF3SO3 ™ anions.

We report that this hybrid anionic electrolyte enhanced the specific capacity and
rate capability of the AC cathode through the synergistic effect between the SO,%~, Cl~,
and CF35037~. Last but not least, this hybrid anionic electrolyte with the coexistence
of SO4%~, C1~, and CF3S0;~ increased the energy consumption of the AC cathode sur-
face groups for binding H*, reduced the consumption of H* in the electrolyte during
the discharge of AZHSs, and made it difficult to form a local alkaline environment on
the AC cathode surface, which inhibited the precipitation of ZnysSO4(OH)4-5H,0, thus
avoiding damage to the precision structure of the device due to the growth of dendrites
on the surface of the AC cathode. The experimental results showed that the electrochem-
ical performance of the 2 M ZnSQOj, electrolyte was better than those of the 2 M ZnCl,
and 2 M Zn(CF3503), electrolytes. The specific capacities of the assembled AC cath-
ode//2 M ZnSOy(aq)/ /Zn anode energy storage devices were 115 and 41 mAh g~! at
0.1 and 5 Ag~! current densities, respectively. Due to the synergistic effect between the
anions, the 2 M ZnSOy4 + 0.01 M ZnCl,, 2 M ZnSQO4 + 0.02 M Zn(CF3503),, and 2 M ZnSQOy4
+ 0.01 M Zn(CF3503), + 0.01 M ZnCl; electrolytes had high energy densities of 133, 124,
and 136 mAh g~ ! at a current densities of 0.1 A g~!, respectively. The prepared elec-
trolyte of 2 M ZnSOy + 0.01 M Zn(CF3503); + 0.02 M ZnCl, achieved a specific capacity of
69 mAh g~! at a current density of 5 A g~!. Therefore, the concept of anion co-doping
opens a new direction for the development of AZHS electrolytes and provides an important
reference for the development of hybrid aqueous electrolytes.

2. Methods and Methods
2.1. Preparation of AZHS Electrodes

An AC cathode was prepared by mixing an AC powder, acetylene black, and polyvinyli-
dene fluoride (PVDF) dispersion in a mass ratio of 8:1:1 and then coated on a stainless-steel
mesh (the prepared electrodes needed to be dried in an oven at 60 °C for 8 h). The stainless-
steel mesh size was 1 cm x 2 cm, and the load capacity was 1 mg cm 2 [15]. The thickness
of the zinc foil was 0.1 mm. It was purchased from Tianjin Anuohe New Energy Technology
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Co., Ltd. in China, polished, and directly used as an anode electrode. The energy storage
device with an AC cathode//2 M ZnSO4(aq)/ /Zn anode system was assembled with a
hybrid anionic electrolyte, AC cathode, Zn anode, and electrochemical cell shell [27].

2.2. Formulation of AZHS Electrolytes

Three electrolytes (2 M ZnSQOy, 2 M ZnCl,, and 2 M Zn(CF3503),) were prepared to
evaluate the effect of electrolyte type on the electrochemical performance of AZHSs in order
to show the effect of the hybrid anionic electrolyte on the electrochemical performance of
AZHSs doped with 0.005 M, 0.01 M, 0.02 M, 0.03 M, and 0.05 M ZnCl, or Zn(CF3503);
electrolyte in the 2 M ZnSOy electrolyte. Subsequently, ZnCl, and Zn(CF3503), were
co-doped in the 2 M ZnSOj electrolyte to observe the effects of anion interactions on the
electrochemical properties of AZHSs.

2.3. Material Characterization

Field emission scanning electron microscopy (SEM, JSM-7800F, Japan) was used to
characterize the morphologies of the Zn anodes and AC cathodes. X-ray diffractograms
of Cu Ko irradiation (A = 1.54178 A) were recorded with an X-ray diffractometer (XRD,
Rigaku Ulitma IV, Japan) to observe the surface material structures of the Zn anodes and
AC cathodes. An X-ray photoelectron spectrometer (XPS, Thermo Scientific ESCALAB
250Xi) was used for the elemental analyses of the Zn anode and AC cathode.

2.4. Electrochemical Performance Testing of AZHS Electrodes

AZHSs were tested for electrochemical properties, including the cyclic voltammetry
(CV), constant current charge/discharge technique (GCD), electrochemical impedance
spectroscopy (EIS), and Tafel curve measurements. The CV and EIS tests were performed
on a CHI 660 electrochemical workstation with an AC cathode as the working electrode
and Zn as the counter and reference electrodes. GCD tests were performed on a Sunway
High Performance Battery Testing System with a voltage range of 0.2-1.8 V, and the specific
capacities of AZHSs were evaluated at current densities of 0.1, 1, and 5 A g’l. In order
to show that AZHSs are stable, they were charged and discharged for 200 cycles at a
current density of 1 A g~1. In order to exclude the effect of the Zn?* concentration on the
performance of AZHSs, a hybrid anionic electrolyte with the same Zn?* concentration and
a ZnSOy solution were prepared and charged and discharged for 1000 cycles at a current
density of 5 A g~!. Tafel measurements were performed on a CHI 660 electrochemical
workstation with a working electrode with an AC cathode, original Zn foil, used Zn anode,
counter electrode of Zn, and reference electrode of saturated glycerol. The specific capacity
(C, mAh g~ !) for the ZHS device was precisely determined through the discharge curve
(GD) by the equation below [9]:

c=2 / Vdt/3.6Vm (1)

3. Results and Discussion
3.1. Comparison of the Performances of Different Electrolytes

As shown in Figure 1a, three AZHS energy storage systems were assembled using a
Zn anode and an AC cathode with 2 M ZnSQOy, 2 M ZnCl,, and 2 M Zn(CF3503), as the
electrolytes. As shown in Figure 1b, the 2 M ZnSOj, electrolyte exhibited a slightly larger
peak current density and CV curve integration area than the 2 M Zn(CF3503), electrolyte,
indicating a better energy storage performance. In addition, the scan curve of the 2 M ZnCl,
electrolyte was abnormal, which may be due to the irreversible etching of the stainless-steel
mesh by the ZnCl, electrolyte, resulting in the inability of AZHSs to store energy properly.
To further illustrate the specific capacity and stability of the three AZHSs, we demonstrated
the rate capabilities and cycling performances, and the results are shown in Figure 1c—d.
The 2 M ZnSOj electrolyte in Figure 1c exhibited a higher specific capacity of 115 mAh g~!
at a current density of 0.1 A g~!, which was higher than that of the 2 M Zn(CF3S03),
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electrolyte, at 89 mAh g~ 1. The capacitance retention rate of the 2 M ZnSOj electrolyte with
al01-1A g*1 current density change was 61.7%, which was slightly lower than the 64.5%
of the 2 M Zn(CF3503), electrolyte. In addition, the electrolyte voltage of the 2 M ZnCl,
was unable reach 1.8 V. The specific capacity of the 2 M ZnSO; electrolyte in Figure 1d at
a current density of 5 A g~! was 41 mAh g~!, which was higher than the 37 mAh g~ ! of
the 2 M Zn(CF3503); electrolyte. The capacitance retention of the 2 M ZnSOjy electrolyte
was 98% after 200 cycles of charge and discharge, which is higher than the 96% of the 2 M
Zn(CF3503); electrolyte.
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Figure 1. (a) Digital photographs of the Zn anode, AC cathode, and 2 M ZnSOy, 2 M ZnCl,, and
2 M Zn(CF3503); electrolytes; (b) Comparison of three CV curves (5 mV s~1); (¢) Rate capabilities
of three electrolytes at 0.1 and 1 A g~! current densities; (d) Cycling performances (5 A g~1) of 2M
ZnSO4 and 2 M Zn(CF3503); electrolytes.

3.2. Characterization Testing of Zinc Anodes

We observed the electrode states in the AC cathode//2 M ZnSOy(aq) + additive//Zn
anode energy storage system by a characterization technique. First, we analyzed the
reactions occurring on the zinc anode by electron microscopy scanning (SEM), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The micromorphology and
phase analysis results of the zinc foil anode after charging and discharging in different
electrolytes are shown in Figure 2. Compared to the pristine zinc foil in Figure 2a, the
zinc foil anode after 200 cycles of charging and discharging in the electrolyte exhibited a
relatively rough surface (Figure 2b—e). Subsequently, we analyzed the phase composition
of the zinc foil anodes with XRD tests. As shown in Figure 2f, the most dominant phase
component of the zinc foil anode was always Zn (JCPDS#87-0713), but other diffraction
peaks appeared on the surface of the zinc foil anode, which indicated the formation of
Zn,SO4(OH)g-5H,0 [28] (JCPDS#39-0688) on the surface of the zinc metal. At the same
time, the XPS pattern in Figure S1 (see Supplementary Materials) also confirmed the
presence of the side reactants.
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Figure 2. (a) Zinc foil; (b) Zinc anode in ZnSOy electrolyte; (c) Zinc anode in ZnSOy4 + ZnCl, elec-
trolyte; (d) Zinc anode in ZnSOy + Zn(CF3503), electrolyte; (e) Zinc anode in ZnSO4 + Zn(CF3503),
+ ZnCl, electrolyte; (f) XRD patterns of five zinc anodes.

3.3. AC Characterization Test of AC Cathode

The AZHSs were disassembled, and the AC cathodes were removed, cleaned using
pure water for 2-3 min, and dried under vacuum at a temperature of 60 °C for 6 h before a
series of characterization tests were performed. From the SEM image in Figure 3a, it can be
observed that the AC particles were irregular, the surface was relatively rough, and most of
the particles were 5-10 um in diameter. Due to the faster ion insertion reaction kinetics of H*,
it preferentially undergoes coordination/decoordination reactions with AC cathode surface
groups, resulting in Zn2t reacting with OH™ to form ZnsSO4(OH)s-5H;0 [29]. The continu-
ous accumulation of these side reactants led to the formation of the lamellar dendrites on the
surface of the AC cathode in Figure 3b—d. Compared with Figure 3b—d, we found that the
morphology of the AC cathode in the 2 M ZnSO; + 0.02 M Zn(CF3503); + 0.02 M ZnCl,
electrolyte in Figure 3e was not significantly changed. As shown in the XRD pattern of
Figure 3f, the intensity of the AC cathode impurity peaks in the 2 M ZnSO, + 0.02 M
Zn(CF3503); + 0.02 M ZnCl, electrolyte was significantly weaker than that of the other
electrolytes, which once again proved that the electrolyte can effectively inhibit the pre-
cipitation of side reactants. The following equation has been reported for the deposition
reaction process of ZnsSO4(OH)4-5H,0 [15,30]:

{AC}... ... O+H'+e™ —{AC}... ... OH (discharge process) 2)
{AC}... ... OH — {AC}... ... O+ H"* + e (charge process) 3)
47n%* + 60H™ + SO4%~ + xH,0 = Zn,SO4(OH)4-xH,OL (4)

The above equation shows that the binding of the AC cathode surface groups with
H* is the main reason for the precipitation of ZnsSO4(OH)4-5H,O. To investigate the effect
of the electrolyte on the occurrence of coordination/non-coordination reactions between
the AC cathode surface groups and H*, we tested the surface overpotential using Tafel
curves to determine the ease of electron transfer of the AC cathode surface groups. As
shown in Figure 3g/h, the 2 M ZnSO4 + 0.02 M Zn(CF3503); + 0.02 M ZnCl; electrolyte (1)
increased the energy consumption of the H* release from the AC cathode surface groups in
the charging state, making it difficult to release H* and (2) increased the combined energy
consumption of H* with the AC cathode surface groups in the discharging state, making it
difficult to form a local alkaline environment on the AC cathode surface and inhibiting the
precipitation of dendrites.
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Figure 3. (a) AC cathode; (b) AC cathode in ZnSOj electrolyte; (c) AC cathode in ZnSOy + ZnCl, elec-
trolyte; (d) AC cathode in ZnSOy4 + Zn(CF3S03); electrolyte; (e) AC cathode in ZnSOy4 + Zn(CF3503),
+ ZnCl, electrolyte; (f) XRD patterns of 5 AC cathodes; (g) AC cathode charge state overpotential;
(h) AC cathode discharge state overpotential.

3.4. The 2 M ZnSOy Electrolyte Doped with ZnCl,

First, we tested the electrochemical performance of the 2 M ZnSO; electrolyte doped
with ZnCl,. Figure 4a compares the CV curves of five hybrid anionic electrolytes, which
showed approximately rectangular curves, which is a typical electric double-layer energy
storage feature. Numbers 1, 2, 3, 4, and 5 of Figure 4b correspond to the 2 M ZnSO;, +
0.005 M ZnCly, 2 M ZnSO4 + 0.01 M ZnClp, 2 M ZnSOy + 0.02 M ZnCly, 2 M ZnSO4 + 0.03 M
ZnCly, and 2 M ZnSOy + 0.05 M ZnCl,; electrolytes, respectively. The data show that the
electrochemical performance of the 2 M ZnSOy + 0.01 M ZnCl, electrolyte was excellent,
and the specific capacities at current densities of 0.1, 1, and 5 A g_1 were 134, 80, and
59 mAh g’l, which were 16.5, 12.7, and 43.9% higher than those of the 2 M ZnSO; elec-
trolyte, respectively. The cyclic test in Figure 4c showed that the 2 M ZnSO;4 + 0.01 M ZnCl,
electrolyte had good cyclic stability, with a capacitance retention of 97% after 200 cycles at a
current density of 1 A g~!. To further clarify that the electrochemical performance enhance-
ment of AZHSs was mainly affected by mixed anions, we performed 1000 charge—discharge
cycles for the 2 M ZnSO; + 0.01 M ZnCl; and 2.01 M ZnSOjy electrolytes. The specific capac-
ity of the 2 M ZnSO, + 0.01 M ZnCl; electrolyte in Figure 4d was 1.44 times higher than
that of the 2.01 M ZnSOj electrolyte. The capacitance retention of the 2 M ZnSO, + 0.01 M
ZnCl; electrolyte was 97.4%, which was higher than that of the 2.01 M ZnSQO; electrolyte,
at 94.1%. Electrochemical impedance spectroscopy (EIS) is used to further investigate the
electron/ion transport properties inside the electrolyte. Figure 4e shows the Nyquist curves
in the high-frequency region, with the first intercept of the Nyquist curve along the real
axis being the electrolyte resistance (Re). It can be seen that with the continuous addition of
ZnCly, the Re values of the 2 M ZnSO; electrolyte were 9.5,8.8,7.8,7.2,7.5, and 7.5 Q). The
observed decrease in Re values may be due to the synergistic effect between the SO4>~ and
Cl~, which reduced the internal resistance and improved the conductivity, which in turn
increased the specific capacity of AZHSs at a current density of 0.1 A g~! [31]. Figure 4f
shows the Nyquist curves in the frequency range of 0.01 Hz-1000 KHz. The data indicate
that the synergistic effect of 5042~ and CI~ can significantly reduce the equivalent series
resistance (ESR) values. However, with the continuous addition of ZnCl,, the electrolyte
showed a regular trend of continuous increases in ESR values and a continuous decrease in
the surface ion diffusion rate.
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Figure 4. (a) Comparison of five CV curves (5 mV s~1); (b) Numbers 1, 2, 3, 4, and 5 are 2 M ZnSO,
+ 0.005 M ZnCly, 2 M ZnSO4 + 0.01 M ZnCly, 2 M ZnSO4 + 0.02 M ZnCly, 2 M ZnSO;, + 0.03 M
ZnCly, and 2 M ZnSOy + 0.05 M ZnCl, electrolytes, respectively; (c) Cycling performance (1 A g~ 1)
of hybrid anionic electrolytes; (d) Cycling performance (5 A g~!) of electrolytes with the same Zn?*
concentration; (e) Nyquist plot of hybrid anionic electrolyte in high-frequency region; (f) Nyquist
plot of hybrid anionic electrolyte.

3.5. The 2 M ZnSOy Electrolyte Doped with Zn(CF3503);

Next, we tested the electrochemical performance of the 2 M ZnSOy electrolyte doped
with Zn(CF3503),. Figure 5a compares the CV curves of five hybrid anionic electrolytes,
which showed approximately rectangular curves, which is a typical electric double-layer
energy storage feature. Numbers 1, 2, 3, 4, and 5 of Figure 5b correspond to the 2 M ZnSO, +
0.005 M Zn(CF3S03)3,2 M ZnSOy4 + 0.01 M Zn(CF3503),, 2 M ZnSO4 + 0.02 M Zn(CF3503),,
2 M ZnSO4 + 0.03 M Zn(CF3503),, and 2 M ZnSO4 + 0.05 M Zn(CF3503), electrolytes,
respectively. The data show that the electrochemical performance of the 2M ZnSO, +0.02M
Zn(CF3503); electrolyte was excellent, and the specific capacities at current densities of
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0.1,1,and 5 A g~ ! were 134, 80, and 59 mAh g~ !, which were 7.8, 23.9, and 63.4% higher
than those of the 2 M ZnSQO; electrolyte, respectively. The cycling test in Figure 5c showed
that the 2 M ZnSOy + 0.02 M Zn(CF3503), electrolyte had good cycling stability, with a
capacitance retention of 93.4% after 200 charge—discharge cycles at a current density of
1 A g1. To further clarify that the specific capacity enhancement of AZHSs was mainly
influenced by the mixed anions, we performed 1000 charge-discharge cycles for the 2 M
ZnSOy4 + 0.02 M Zn(CF3503); and 2.02 M ZnSO; electrolytes. As shown in Figure 5d, the
specific capacity of the 2 M ZnSO4 + 0.02 M Zn(CF3503); electrolyte was 1.56 times higher
than that of the 2.02 M ZnSO; electrolyte. The capacitance retention of the 2 M ZnSOy +
0.02 M Zn(CF3503); electrolyte was 99.5%, which was higher than that of the 2.02 M ZnSO,
electrolyte at 95.1%. Figure 5e shows the Nyquist curves in the high-frequency region. It
can be seen that, with the continuous addition of Zn(CF3S03),, the Re values of the 2 M
ZnSOy electrolyte were 9.5, 10.5, 11.5, 13.6, 11.8, and 12.2 (), respectively. The observed
increase in the Re value may be attributed to the larger resistance value of Zn(CF3503),
(Figure S2 please see the supplementary materials). Figure 5f shows the Nyquist curves in
the frequency range of 0.01 Hz-1000 KHz. The data suggest that the synergistic effect of
SO4%~ and CF3S0;~ can significantly reduce the equivalent series resistance (ESR) values.
With the continuous addition of Zn(CF3503),, the electrolyte showed an irregular trend of
ESR value changes and continuous decreases in the surface ion diffusion rate.
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Figure 5. (a) Comparison of five CV curves (5 mV s~1); (b) Numbers 1, 2, 3, 4, and 5 are 2 M ZnSOy
+ 0.005 M ZI‘l(CFgSOg,)z, 2M ZI’ISO4 + 0.01 M ZH(CF3SO3)2, 2M ZHSO4 + 0.02 M ZI’I(CF3SO3)2,
2M ZnSOy4 + 0.03 M Zn(CF3503),, and 2 M ZnSOy4 + 0.05 M Zn(CF3503), electrolytes, respectively;
(c) Cycling performance (1 A g~') of hybrid anionic electrolyte; (d) Cycling performance (5 A g~ 1)
of electrolyte with the same Zn?* concentration; (e) Nyquist plot of hybrid anionic electrolyte in
high-frequency region; (f) Nyquist plot of hybrid anionic electrolyte.

3.6. The 2 M ZnSQOy Electrolyte co-Doped with ZnCly and Zn(CF3503),

Finally, Zn(CF3503); and ZnCl, were co-doped into a 2 M ZnSO; electrolyte and
subsequently subjected to a series of electrochemical performance tests. Figure 6a compares
the CV curves of five hybrid anionic electrolytes, which showed approximately rectangular
curves, which is a typical electric double-layer energy storage feature. Numbers 1, 2, 3, 4,
and 5 of Figure 6b correspond to the 2 M ZnSOj4 + 0.01 M Zn(CF3;503), + 0.005 M ZnCl,,
2 M ZnSOy + 0.01 M Zn(CF3503), + 0.01 M ZnCl,, 2 M ZnSO4 + 0.01 M Zn(CF3503), +
0.02 M ZnCly, 2 M ZnSOy4 + 0.01 M Zn(CF3503); + 0.02 M ZnCly, 2 M ZnSOy4 + 0.02 M
ZH(CF3503)2 + 0.01 M ZnClz, and 2 M ZnSO4 + 0.03 M Zn(CF3803)2 + 0.01 M ZnClz
electrolytes. The data show that the highest specific capacity at a current density of
0.1 A g~! belonged to the 2 M ZnSOy + 0.01 M Zn(CF3S03), + 0.01 M ZnCl, electrolyte,
with a specific capacity of 136 mAh g~!, which was 18.3% higher than that of the 2 M
ZnSOy electrolyte. The highest specific capacity at a current density of 1 A g~ belonged to
the 2M ZnSO;4 + 0.01 M Zn(CF3503), + 0.005 M ZnCl, electrolyte, with a specific capacity
of 89 mAh g~!, which was 25.4% higher than that of the 2 M Zn SOy electrolyte. The
highest specific capacity at a current density of 5 A g~! belonged to the 2 M ZnSOy + 0.01
M Zn(CF3503); + 0.02 M ZnCl, electrolyte, with a specific capacity of 69 mAh g_l, which
was 68.3% higher than that of the 2 M ZnSQOj electrolyte. The cycling test in Figure 6c
showed that the 2 M ZnSOj + 0.01 M Zn(CF3503); + 0.005 M ZnCl; electrolyte had good
cycling stability, with a capacitance retention of 96.8% after 200 cycles at a current density of
1 A g~ L. To further clarify that the capacity enhancement of AZHSs was mainly influenced
by the mixed anions, we performed 1000 charge-discharge cycles for the 2 M ZnSOy, +
0.01 M Zn(CF3503); + 0.02 M ZnCl; and 2.03 M ZnSOy electrolytes. As shown in Figure 6d,
the specific capacity of the 2 M ZnSOy + 0.01 M Zn(CF3503); + 0.02 M ZnCl; electrolyte
was 1.56 times higher than that of the 2.03 M ZnSOj electrolyte. The capacitance retention
of the 2 M ZnSO; + 0.01 M Zn(CF3503); + 0.02 M ZnCl, electrolyte was 99.1%, which was
higher than that of the 2.03 M ZnSOy electrolyte (87.3%). Figure 6e shows the Nyquist
curves in the high-frequency region. It can be seen that the co-doping of Zn(CF3503), and
ZnCl, led to an increase in the Re values of the 2 M ZnSOy electrolyte, with Re values of
9.5,10.8,12.2,9.9,10.4, and 13.3 Q). Figure 6f shows the Nyquist curves in the frequency
range of 0.01 Hz-1000 KHz. The data suggest that the co-doping of Zn(CF3503); and ZnCl,
gave rise to the complex electron/ion transport properties of the 2 M ZnSOj electrolyte,
as evidenced by the extreme instability of the charge transfer/interface resistance and
surface ion diffusion rate. In summary, we have reason to believe that there is a complex
electrochemical synergistic process between the SO42~, C1~, and CF3SO;~ in the hybrid



Energies 2023, 16, 248

10 of 12

~~
oo
S’

z' ' /ohms-cm?

anionic electrolyte that can improve the electrochemical performance of AZHSs and inhibit
the dendritic growth of the AC cathode.
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Figure 6. (a) Comparison of five CV curves (5 mV s~1); (b) Numbers 1, 2, 3, 4, and 5 are 2 M ZnSO,
+ 0.01 M Zn(CF3503); + 0.005 M ZnCly, 2 M ZnSO4 + 0.01 M Zn(CF3503); + 0.01 M ZnClp, 2 M
ZnSO4 + 0.01 M Zn(CF3503); + 0.02 M ZnCly, 2 M ZnSOy + 0.02 M Zn(CF3503); + 0.01 M ZnCl,,
and 2 M ZnSOy + 0.03 M Zn(CF3503), + 0.01 M ZnCl, electrolytes; (¢) Cycling performance (1 A gfl)
of hybrid anionic electrolyte; (d) Cycling performance (5 A g~!) of electrolyte with the same Zn?*
concentration; (e) Nyquist plot of hybrid anionic electrolyte in high-frequency region; (f) Nyquist
plot of hybrid anionic electrolyte.

4. Conclusions

The performance of AZHSs is limited by the electrochemical properties of the elec-
trolyte. It is necessary to prepare high energy density or inhibit the side reactants of
high-performance aqueous electrolytes for AZHSs. We report an aqueous hybrid anionic
electrolyte based on ZnSOy, ZnCl,, and Zn(CF3503), and demonstrate that there is a syn-
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ergistic effect between the SO4%~, C1~, and CF3SO;3~ that can significantly enhance the
electrochemical performance of AZHSs. In addition, we found that the coexistence of SO42-,
CI~, and CF3503~ in the electrolytes of AZHSs can effectively inhibit the precipitation of
ZnySO4(OH)4-5H,0 by increasing the coordination/uncoordinated energy consumption
of AC surface groups with H*. The results show that the specific capacities of the AC
cathode/ /2 M ZnSOy(aq)//Zn anode energy storage system were 115 and 41 mAh g~!
at0.1and 5 A g~ ! current densities. The specific capacity at the 0.1 Ag~! current density
was enhanced to 136 mAh g~! by doping 0.5% ZnCl, and 0.5% Zn(CF3SO3), in the 2 M
ZnSOy electrolyte. The specific capacity at the 5 Ag~! current density was enhanced to
69 mAh g~! by doping 1% ZnCl, and 0.5% Zn(CF3S03), in the 2 M ZnSOj electrolyte.
More importantly, this concept of anionic co-doping will guide the further development of
the most suitable electrolytes for AZHSs.
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