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Zn-ion batteries (ZIBs) are promising energy storage
devices, wherein both the electrode and electrolytes
play a pivotal role. Aqueous electrolytes have a
limited electrochemical window that reduces the
energy density of the battery. In comparison, deep
eutectic solvents (DES) have a wider electrochemical
window that can offer a higher energy density. In
this paper, the performance of Zn-ion batteries in
formamide-based DES containing Zn salts of different
anions (Cl−, SO4

2−, Ac− and TfO−) was investigated.
The study revealed that anions significantly influence
Zn solvation, hydrogen evolution reaction (HER),
charge storage mechanism and stability of the
battery. X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy and charge–discharge analyses
showed that both chlorine and triflate anions store
charge by anion exchange followed by Zn storage
in polyaniline. For acetate and sulfate anions, the
storage mechanism is by direct interaction of Zn
with Zn-polyaniline (PANI). Among the four anions
studied, the dual-storage mechanism in ZnCl2-
and ZnTfO-based DES electrolytes resulted in a
more stable Zn–PANI battery performance. However,
ZnCl2-based DES electrolytes led to corrosive
issues that affected the long-term stability. The
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study provides useful insights on novel electrolyte development through manipulating the
solvation chemistry of the molecules and the electrode/electrolyte interface.

This article is part of the theme issue ‘Surfaces, interfaces and heterogeneous catalysis’.

1. Introduction
Zn-ion batteries (ZIBs) are gaining momentum as a cost-effective alternative to other metal-ion
batteries [1,2]. The main advantages of ZIBs are the low cost, high theoretical capacity (820 mAh
g−1), safety of Zn metal, stability in aqueous electrolytes and ease of recyclability [3]. A typical
ZIB consists of a Zn anode, an aqueous/non-aqueous electrolyte, a separator and a suitable
cathode (metal oxides, carbon-based material, polymers, etc.). However, challenges related to
storage of Zn in the cathode, formation of Zn dendrite during cycling, low coulombic efficiency
and dissolution of cathodes in the electrolyte leading to capacity fading still exist that makes the
energy storage system far from being commercialized.

As electrolytes play a critical role in ZIBs, which define not only the electrochemical window
but also the intercalation/deintercalation processes and deposition/stripping processes, it is
important to tune the electrolyte to obtain high energy density and stability in ZIBs. Aque-
ous electrolytes have been extensively studied in ZIBs [4–7]. However, they have a limited
electrochemical window, which is restricted by the electrocatalytic hydrogen evolution reaction
(HER). Various cathode materials such as metal oxides, conducting polymers and carbon-based
materials have been studied in aqueous electrolytes in ZIBs [8–10]. Issues related to Zn dendrite
formation, cathode dissolution and HER were identified. Parasitic side reactions significantly
hinder the performance of ZIBs. HER reduces coulombic efficiency by consuming electrons and
electrolyte through water decomposition (Zn + 2H2O → Zn(OH)2 + H2) [11,12]. In addition, it
contributes to the formation of zinc hydroxide precipitates, which accelerate surface passiva-
tion, promote dendritic zinc growth and lead to local pH fluctuations. These processes not only
degrade the structural stability of the zinc anode through corrosion and passivation but also
result in irreversible loss of active materials [13–15]. To address these challenges, electrolyte
modification has emerged as a promising strategy. Modification of the electrolyte was shown to
be a useful technique to obtain better stability [16]. For example, 1M zinc triflate (Zn(CF3SO3)2)
concentration showed lower columbic efficiency for Zn deposition/stripping compared to 3M
Zn(CF3SO3)2, which is due to the change in the solvation of Zn ions in the electrolyte [17].
However, its influence on the cathode chemistry was not studied in detail.

Besides aqueous electrolytes, non-aqueous electrolytes such as ionic liquids and deep
eutectic solvents (DES) have recently been researched in ZIBs [18–21]. Although both ionic
liquids and DES improve the electrochemical window, thereby increasing the energy density,
issues related to high viscosity and lower ionic conductivity hamper the performance of
ZIBs. Therefore, more recent research towards ionic liquid–water electrolytes and DES–water
electrolytes is being investigated as alternatives for ZIB. The presence of ionic liquids/DES
in aqueous electrolytes changes the Zn solvation in the bulk of the electrolyte, which then
changes the electrode/electrolyte interface and improves the Zn deposition/stripping at the
anode [22–24]. For example, Lu et al. showed that a low-concentration eutectic electrolyte made
by adding N-methyl-2-pyrrolidone (NMP) to an aqueous solution of 2M Zn triflate led to the
formation of [Zn(H2O)4NMP]2+ ion complexes. The complex helped improve the ZIB perform-
ance compared to the aqueous electrolyte [25]. Similarly, water in DES has been shown to
enable better Zn deposition/stripping at higher current densities. It was shown that the addition
of 30  mol% H2O in a eutectic mixture of urea, lithium bis(trifluoromethanesulfonyl)imide and
zinc bis(trifluoromethanesulfonyl)imide led to the formation of a complex network of water
molecules in the electrolyte with the establishment of hydrogen bonding and a coordinating
network. This complexation led to the suppression of the reactivity of the Zn anode and
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thereby improved the Zn deposition/stripping cycles [26]. In the case of ionic liquid/DES–water
electrolytes, most studies have concentrated on the Zn deposition/stripping, and little has been
investigated on its effect on the cathode.

In this paper, we describe a detailed study of the effect of an anion in a DES–water electro-
lyte for ZIBs. The DES was a mixture of formamide (high dielectric constant of 109) and various
Zn salts in a 1 : 4 ratio with 40% water added to the electrolyte. The electrolyte composition was
chosen based on our recent study, which showed that when the water concentration in the DES
was below 30%, a porous Zn morphology was obtained, whereas above this, a thick crystalline
Zn deposit was obtained [27]. Both electrochemical and spectroscopic studies were conducted
for a Zn-polyaniline (PANI) system, and the Zn storage mechanism in PANI was investigated
using X-ray photoelectron spectroscopy (XPS) and in situ Raman spectroelectrochemistry. The
results suggest that anion plays a significant role in altering the electrochemistry and charge
storage mechanism of Zn at the polymer cathode.

2. Experimental
Zn acetate (99.99%), Zn sulfate (98%), Zn chloride (99%), Zn triflate (98%) and Aniline (98%)
were purchased from Fisher Scientific; Zn (99.9%) was purchased from Pi-Kem and graphite
paper from RS Pro. The electrolytes were prepared by mixing various zinc salts in formamide at
70°C for 2 h. The solution was subsequently cooled to room temperature, after which water was
added to the electrolyte and the mixture was stirred at room temperature for 24 h.

Polyaniline was electrochemically deposited on to the graphite paper from 0.1M H2SO4
solution containing 0.1M aniline. The deposition was performed by first electrochemically
depositing at 1 mA cm−2 current for 5 min followed by cycling between a potential of −0.5 and
1.2 V versus Ag/AgCl. Six cyclic voltammetry (CV) cycles were performed to obtain polyaniline
on the carbon paper. The deposit was then washed in water and dried in a vacuum oven at 60°C
for 2 h. The mass loading was found to be approximately 1 mg cm−2. Electronic supplementary
material, fig. S1, shows the optical and microstructure of PANI.

The corrosion and hydrogen evolution behaviour of the Zn electrode in different electro-
lytes was investigated using an electrochemical cell with a Zn plate as the working electrode,
a carbon plate as the counter electrode and Ag/AgCl as the reference electrode. The Tafel
corrosion measurements were conducted within a potential range of −0.7 to 1.2 V (versus Ag/
AgCl) at a scan rate of 5 mV s−1. The performance of HER was evaluated by linear sweep
voltammetry in the potential range of −0.9 to 1.1 V versus Ag/AgCl at a scan rate of 5 mV s−1.

Electrochemical measurements were carried out in a split cell consisting of a polyaniline-
coated graphite electrode as the working electrode, Zn foil as the counter and reference
electrodes with different electrolytes. The CV was performed in the potential range of 0–1.8
V vs Zn at different scan rates from 0.1 to 1 mV s−1 by using a Biologic VMP 3e potentiostat/gal-
vanostat. The galvanostatic charge/discharge cycling tests were carried out in a split cell with a
Zn anode, a Whatman separator, and a polyaniline cathode with different electrolytes, by using
a battery tester, Nanocycler from Nanobase.

XPS analysis was performed using a Thermo NEXSA XPS fitted with a monochromated Al
kα X-ray source (1486.7 eV), a spherical sector analyser and three multichannel resistive plate,
128 channel delay line detectors. All data were recorded at 19.2 W and an X-ray beam size of
400 × 200 µm. Survey scans were recorded at a pass energy of 200 eV, and high-resolution scans
were recorded at a pass energy of 40 eV. Electronic charge neutralization was achieved using a
dual-beam low-energy electron/ion source (Thermo Scientific FG-03). The ion gun current was
150 µA, and the ion gun voltage was 45 V. All sample data were recorded at a pressure below
10−8 Torr and a room temperature of 294 K. Data were analysed using CasaXPS v. 2.3.20PR1.0.

Infrared (IR) and Raman spectra of the electrolyte and the polymer were acquired using
Shimadzu IRspirit and Renishaw inVia confocal Raman microscope, respectively. For the in
situ Raman spectroelectrochemical study, the electrochemical cell from Redox.me was used and
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placed under the Raman microscope. The Raman microscope is equipped with a 514 nm laser
(Stellar-REN) and uses a diffraction grating of 1800 lines mm–1 with a Renishaw CCD camera
as the detector. The electrochemical cell with the PANI exposed to the Raman laser and Zn as
counter and reference electrode was connected to Biologic SP-50 potentiostat/galvanostat, and
charge–discharge studies were conducted within the electrochemical cell. For the Raman tests,
the samples were run with laser power at 100% using the 5× objective lens with a 532 nm laser.

3. Results and discussion
The zinc solvation in the electrolyte was first investigated using Fourier transform IR (FTIR) and
Raman spectroscopy. Figure 1 compares the IR and Raman spectra of the different electrolytes.
From the IR spectra in figure 1a, it is evident that, based on the Zn salts, changes occur in the
symmetric bending mode of NH2 in the formamide [28]. In the case of chloride and acetate
anions, the symmetry of the peak changes, whereas for the case of sulfate and triflate anions,
the peak forms a shoulder. The changes in this peak suggest that intermolecular forces and the
interaction with formamide are stronger in sulfate and triflate salts. This is further confirmed by
the significant loss/change in the CN stretching at 1315 cm−1. For the case of sulfate and triflate
Zn salts, additional vibrational peaks of S–O and CF3 are observed in the IR spectra (figure 1a).

The Raman spectra of the electrolytes are shown in figure 1b from which it is evident that
different Zn salt-containing electrolytes show different vibration modes. The changes in the CN
peaks shown in the IR spectra can also be seen in the Raman spectra in figure 1c. It is evident
that the CN peak shifts depend on the Zn salt as well as the area of the peak changes, which
indicates an interaction between the Zn salt and formamide. Although it is possible to quantify
the Zn coordination number from fitting the CN vibration in the Raman spectra, as shown
previously [28], a large presence of water leads to a quantification error that indicates that the
Zn salt interacts with both formamide and water [27].

We then studied the electrolyte interaction with Zn to understand the corrosion and HER
properties of the different electrolytes. Figure 2a presents the corresponding Tafel plots, from
which the corrosion potentials (Ecorr) were determined by extrapolating the linear regions of the
curves. Accordingly, the Ecorr values are −0.955, −0.984, −1.023 and −0.905 V for ZnCl2, ZnSO4,
ZnAc and ZnTfO, respectively, indicating that ZnAc inhibits the corrosion of the Zn electrode.
Among these electrolytes, ZnAc also exhibits the most negative overpotential for HER (figure
2b), suggesting suppressed HER activity. To reach a current density of 5 mA cm−1, potentials of
−1.18, −1.095 and −1.047 V were required in ZnSO4, ZnCl2 and ZnTfO electrolytes, respectively
(figure 2b). These findings show that ZnAc and ZnSO4 more effectively restrict the side reaction
compared to ZnCl2 and ZnTfO, which is consistent with the corrosion results [29]. Overall,
Tafel and linear sweep voltammetry measurements demonstrate that the corrosion and HER
behaviour of the Zn electrode are significantly influenced by the type of Zn salt present in the
DES electrolytes.

Next, we studied the influence of the electrolytes on the PANI cathode. Figure 3 compares
the CV of different DES electrolytes in the Zn–PANI system, from which it is evident that the
anion of the Zn salt in the DES significantly affects the Zn electrochemistry. On using ZnCl2 in
the DES, the CV shows two reduction peaks at 1.02 and 0.9 V, which shift with scan rate. In the
anodic scan, two oxidation waves at around 1 and 1.3 V are observed that shift with an increase
in the scan rate. The oxidation peaks correspond to the reduction process that takes place in the
cathodic scan. The association of pseudocapacitive behaviour with the surface reaction can be
evaluated using equations (3.1) and (3.2) [30,31].

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

(3.2)i = k1 + k2v1/2 .
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Using equation (3.1), the first oxidation peak at approximately 1.02 V corresponds to a
capacitive process, as the plot of log of scan rate against log of peak current results in a b-value
close to 1 (see electronic supplementary material, fig. S2a). The capacitive process can be related
to the doping/dedoping of Cl on PANI [32]. The second oxidation peak at approximately 1.3
V corresponds to the interaction of Zn ions with PANI (figure 3a). On using equation (3.1), a
‘b’-value of 0.68 (electronic supplementary material, fig. S2b) is obtained, which relates to both
capacitive and faradaic processes. Using equation (3.2), the contribution of both capacitive and
faradaic processes is shown in electronic supplementary material, fig. S2c. Interestingly, the
capacitive values calculated are low compared to aqueous electrolytes for the Zn–PANI battery
and do not change significantly with scan rate [33,34]. This can be ascribed to the interaction
between ZnCl2, formamide and water that affects the doping/dedoping process. On changing
the anion from ZnCl2 to ZnSO4, a significant change in the CV occurs (figure 3b). At a scan rate
above 0.2 mV s−1, a single oxidation and reduction peak is seen at approximately 1.3 and 1 V,
respectively. Both these peaks shift with an increase in scan rate, which could be caused by a
change in the surface processes on PANI. This change in the surface processes was supported

Figure 1. FTIR and Raman spectra of different electrolytes: (a) IR spectra, (b) Raman spectra and (c) magnified CN peak on
the Raman spectra.

Figure 2. Comparison of Tafel plots (a) and HER performance (b) of Zn electrode in ZnCl2, ZnSO4, ZnAc and ZnTfO: formamide
+ 40 wt% water.
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by the fact that there was no linear shift with the scan rate or the square root of the scan rate.
The oxidation/reduction process could therefore be ascribed to the interaction of Zn with PANI.

A similar observation in the CV curve was seen when using Zn acetate salt. An oxida-
tion/reduction process is seen at approximately 1.2 and 1.1 V, which can be related to Zn
interaction with PANI (figure 3c). At higher scan rates, the CV changes to almost a capaci-
tive behaviour, suggesting a change in PANI surface. On changing the anion to triflate, two
oxidation and two reduction peaks are observed at low scan rates (0.1–0.5 mV s−1) at 1.0 and
1.2 V, and 1.05 and 0.8 V, respectively, which shift with scan rates. At higher scan rates, these
peaks shift with potential and merge into a single oxidation/reduction peak at 1.3 and 0.9 V,
respectively (figure 3d). On using equation (3.1), the b-value of 0.7 was obtained for the first
oxidation peak, and a value of 0.68/0.8 was obtained for the second oxidation and reduction
peak (electronic supplementary material, fig. S3a,b). This suggests that both capacitive and
faradaic processes take place in the presence of ZnTfO, and the capacitive process owing
to doping/dedoping cannot be distinguished as clearly as in the case of ZnCl2. Again, the
capacitive process was found to vary between 20 and 40% (electronic supplementary material,
fig. S3c), which is different from aqueous electrolytes and can be related to the interaction forces
in the DES as seen from the IR and Raman study. Based on the CV studies, it is clear that anions
in DES significantly affect the adsorption/desorption and Zn electrochemistry on PANI, and the
electrolyte interactions are different compared with those studied on the Zn anode.

Charge–discharge experiments were conducted to evaluate the performance of ZIB. Figure 4
compares the charge–discharge profiles at different current densities from 0.25 to 2 A g−1. It is
evident from figure 4 that the Zn-polymer battery shows the highest capacity on using ZnCl2:
formamide + 40 wt% water electrolyte (figure 4a) at every current density from 0.25 to 2 A

Figure 3. CV at different scan rates of PANI in the following electrolytes: (a) ZnCl2: formamide + 40 wt% water, (b) ZnSO4:
formamide + 40 wt% water, (c) ZnAc: formamide + 40 wt% water and (d) ZnTfO: formamide + 40 wt% water.
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g−1, showing a capacity of approximately 250 mAh g−1 at 0.25 A g−1. The electrolytes containing
ZnSO4, ZnAc and ZnTfO all show similar capacity of approximately 110 mAh g−1 at 0.25 A g−1

(figure 4b–d).
The capacity loss is much higher on increasing the current density for ZnSO4 and ZnAc–DES

electrolyte compared to ZnTfO–DES-based electrolyte. It is evident from figure 4b–d that, at a
current density above 1 A g−1, the capacity of the Zn-polymer battery using ZnSO4 and ZnAc–
DES electrolytes decreases to below 50 mAh g−1, whereas the ZnTfO–DES electrolyte-based
battery shows a capacity greater than 55 mAh g−1. This indicates that the presence of an anion in
DES changes the PANI surface during charge–discharge that affects the Zn storage capability.

To understand the role of anions on the charge storage in the polymer, ex situ XPS of
PANI was performed at different potentials in different DES electrolytes. The survey spectra at
different potentials are shown in electronic supplementary material, fig. S4, from which peaks
of C1s, N1s, O1s and Zn2p can clearly be identified. As the electrolyte interaction with the
polymer would result in prominent changes in N1s, the high-resolution spectra of the N1s peak
in figure 5 are examined in detail. The XPS spectra can be deconvoluted into various peaks. At
open circuit potential (figure 5a), PANI shows peaks at 399.7, 402.1 and 403.3 eV. These peaks
correspond to amine (–NH–), protonated imine (=NH+) and (N–O), respectively [35–37]. During
discharge in ZnCl2–DES electrolytes (figure 5a), shifts in the peaks are observed. The N–O peak
disappears on discharge, and a peak shift from protonated imine to protonated amine (–NH+)
at 401.1 eV is observed. The changes in the various N1 contributions for ZnCl2-based DES are
shown in figure 6a.

On further discharge, the peaks related to amine increase with a decrease in peaks of
protonated imine and protonated amine (figure 6a). On charging the battery, a reverse
phenomenon occurs where a decrease in amine and an increase in protonated amine and imine
are observed. However, the N–O bond disappears, which suggests that no oxidation of PANI
occurs. In comparison, on using ZnSO4-based DES, a similar change is observed in the XPS
spectra (figures 5b and 6b). On discharge, the disappearance of the N–O peak occurs with the
occurrence of the protonated amine peak, which, on further discharge, decreases (figure 6b).
At complete discharge, a non-protonated imine is observed with a contribution from amine.
On charging, a change from non-protonated imine to amine takes place initially along with
the formation of N–O (figures 5b and 6b). This further changes to an increase in protonated
imine and N–O on further charging. On using ZnAc-based DES, a similar phenomenon is again
noted (figures 5c and 6c). On discharge, protonated amine appears with an increase in amine
peak, and during charge, the amine peak decreases with an increase in protonated amine and
imine. In the case of ZnTfO-based DES, a slight change in the mechanism is observed during
discharge, wherein a change from protonated amine to non-protonated amine is observed,
which on charge changes to amine and protonated amine and imine (figures 5d and 6d).

Based on the XPS spectra, the electrodeposited PANI consists of both protonated and
non-protonated nitrogen groups. During discharge, a reduction process occurs, which leads
to the reduction of protonated nitrogen groups to non-protonated amine (–NH–). From figure 6,
it can be seen that the extent of reduction changes with a change in the anion of the DES. The
extent of reduction (increase in –NH–) is highest for ZnCl2-based DES, which might have led to
a higher specific capacity. In comparison, for the case of ZnSO4 and ZnTfO, further reduction
appears to have taken place to form imine. Furthermore, the protonated imine does not show
an initial change in the peak for ZnAc-based electrolyte, indicating a change in the charge
storage mechanism. It has been shown that during the doping/dedoping process for PANI,
an increase in protonated amine and imine occurs [38]. This indicates that for ZnAc-based
electrolyte, acetate doping does not occur, which is evident from the CV in figure 3c, and
this leads to a change in PANI structure during Zn storage and causes a change in the CV
behaviour seen in figure 3c. During charging, all except ZnSO4-based DES electrolyte show the
formation of protonated nitrogen groups, whereas N–O formation is observed for ZnSO4-based
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DES electrolyte, which suggests a surface modification of PANI. This might be the cause for the
change in the CV observed in figure 3b.

In situ Raman spectroscopy was further used to probe into the storage mechanism. Figure
7 shows the in situ Raman measurement of PANI in different electrolytes. Owing to the
overlapping of the Raman spectra of the electrolyte with PANI, the peak related to C=C in
the polyaniline structure at 1590 cm−1 was used to understand the changes during the charge–
discharge process [39,40]. The full Raman spectra are shown in electronic supplementary
material, fig. S5.

Examining the Raman spectra of PANI in ZnCl2-based DES (figure 7a), it is evident that
during the discharge process, peak broadening and a shift to higher wavenumbers occurred
for C=C peak. The shift from open circuit potential to a fully discharged state (0D, figure 7a)
was 5 cm−1. The peak broadening can be related to doping of PANI owing to a change in anion
that leads to differently ordered and charged PANI chains [41]. The shift to higher frequency
occurs owing to deprotonation of PANI and Zn storage [39], which was also observed from
the XPS measurements in figure 5. Consequently, on charging to 1.74 V, peak shrinking occurs
along with a negative shift in the Raman spectra back to its original form, which indicates that
protonation of PANI occurred. A similar phenomenon was recently observed during Al storage
in PANI from an aqueous electrolyte [42]. For ZnSO4-based electrolyte (figure 7b), during
discharge, a shift of C=C band to higher wavenumbers is obvious. The shift is more significant
compared to ZnCl2-based DES; even at a lower discharge potential and at a fully discharged
state, a shift of 10 cm−1 occurred. This rapid shift suggests that the deprotonation process of
the PANI takes place early and leads to the formation of imine. On charging, a reverse of the

Figure 4. Charge–discharge profile of Zn–PANI at different current densities in the following electrolytes: (a) ZnCl2:
formamide + 40 wt% water, (b) ZnSO4: formamide + 40 wt% water, (c) ZnAc: formamide + 40 wt% water and (d) ZnTfO:
formamide + 40 wt% water.
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phenomena is observed. However, at 1.6 and 1.87 V, the C=C feature changed from the original
structure, suggesting a slight change in the PANI structure, which was also observed in XPS
measurements. On using ZnAc-based DES, the changes are insignificant (figure 7c), and a shift
to higher wavenumbers during charging occurs by 3 cm−1 with insignificant peak broadening,
which reverses to its original wavenumber when charged to 1.9 V. This is in good agreement
with XPS results. In the case of ZnTfO-based DES (figure 7d), a peak broadening along with
peak shift (7 cm−1) to higher wavenumbers occurs during the discharge process and is reversed
during charging. The peak shift during discharge is slightly lower compared to that observed
for ZnSO4 electrolyte, which again suggests that deprotonation to the imide structure might
have taken place. However, during the charge to 1.7 V potential, a peak close to the original
peak of PANI is observed and is in good agreement with the XPS results. Based on the Raman
results, it appears that peak broadening is related to anion exchange, which can be associated
with a capacitive process, whereas peak shifts indicate a faradaic process.

Based on the XPS, Raman and electrochemical analyses, the charge storage mechanism, as
shown in scheme 1, is proposed. Initially, the electrodeposited PANI is in the charged state with
sulfate anion, as it was electrodeposited in sulfuric acid electrolyte. For the case of ZnCl2- and
ZnTfO-based DES, a capacitive process first takes place owing to anion exchange, which is then
followed by Zn storage in PANI. For ZnAc and ZnSO4, no anion exchange occurs, and Zn is
stored directly in the polymer matrix.

Finally, the cyclability of PANI in the Zn–PANI battery was tested to evaluate the stability
in different electrolytes at a current density of 0.5 A g−1. Figure 8 shows the charge–discharge

Figure 5. XPS of N1s spectra of PANI at different charge–discharge potentials in the following electrolytes: (a) ZnCl2:
formamide + 40 wt% water, (b) ZnSO4: formamide + 40 wt% water, (c) ZnAc: formamide + 40 wt% water and (d) ZnTfO:
formamide + 40 wt% water.
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cycles using different DES–water electrolytes. In ZnCl2-based DES electrolyte, an initial capacity
of about 200 mAh g−1 is obtained, which decreases to 130 mAh g−1 after 75 cycles. However,
repeated experiments showed stability issues occurred beyond 70–75 cycles, which might be
associated with the corrosive nature of the electrolyte on the Zn surface. In the case of ZnSO4-
based DES, a rapid decrease in capacity from 96 to 53 mAh g−1 is observed within the first
50 cycles, after which it nearly plateaus. A similar behaviour is seen for ZnAc-based DES
electrolyte, wherein an initial capacity of 140 mAh g−1 is obtained and decreases to 48 mAh g−1

after 75 cycles. In comparison, for ZnTfO-based DES, a gradual decrease from 95 to 62 mAh g−1

is observed after 75 cycles.
Comparing the capacity loss, it is evident that for ZnSO4- and ZnAc-based DES, the loss

is faster and more (<53% capacity retention after 75 cycles) compared to ZnCl2- and ZnTfO-
based DES (65% capacity retention after 75 cycles). This is due to the difference in Zn storage
mechanism as illustrated in Scheme 1, wherein a single-step Zn storage mechanism takes place
for ZnSO4- and ZnAc-based DES, whereas a two-step mechanism is observed for ZnCl2- and
ZnTfO-based DES. To understand the capacity loss, SEM and XPS of PANI were performed.
Compared with the SEM of original deposited PANI in electronic supplementary material, fig.
S6a, Zn deposits on PANI from ZnSO4-based DES can be observed in electronic supplementary
material, fig. S6c, which suggests that during Zn storage in PANI, some Zn deposition also
takes place. The PANI morphology shows little change in the other three electrolytes (electronic
supplementary material, fig. S6b,d–e). The XPS spectra after cycling in different electrolytes are
compared in electronic supplementary material, fig. S7. It is evident from the survey spectra
(electronic supplementary material, fig. S7a) that Zn remains trapped in the polymer matrix

Figure 6. Calculated N content in PANI from the various peaks of N1s spectra in figure 5 at different charge–discharge
potentials in the following electrolytes: (a) ZnCl2: formamide + 40 wt% water, (b) ZnSO4: formamide + 40 wt% water,
(c) ZnAc: formamide + 40 wt% water and (d) ZnTfO: formamide + 40 wt% water.
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when cycled in a DES-based electrolyte, which might be one of the reasons for the decrease
in capacity. Furthermore, from N1s spectra in electronic supplementary material, fig. S7b, it is
evident that N–O is formed for ZnAc and ZnSO4 at 403.2 eV, whereas for ZnCl2- and ZnTfO-
based DES, features of amine and amide are observed. Therefore, the capacity loss for ZnAc
and ZnSO4 is higher compared to the other two electrolytes studied. Finally, the Zn morphology
was also characterized to evaluate the possibility of dendrite formation. However, as can be
seen in electronic supplementary material, fig. S8, no dendrite Zn formation was observed from
the Zn salt containing DES-based electrolytes. However, for the ZnCl2 electrolyte, non-uniform
Zn structures are observed (electronic supplementary material, fig. S8a), which might have led
to issues with long-term stability in the Zn battery.

Figure 7. In situ Raman spectroelectrochemistry of PANI in the following electrolytes: (a) ZnCl2: formamide + 40 wt% water,
(b) ZnSO4: formamide + 40 wt% water, (c) ZnAc: formamide + 40 wt% water and (d) ZnTfO: formamide + 40 wt% water.

Scheme 1. Proposed reduction processes using different DES electrolytes.
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4. Conclusion
In this paper, the influence of anions on a Zn–PANI battery in a DES electrolyte containing
water is investigated. From spectroscopic analyses, it is evident that Zn solvation changes
with the change in anion, which affects the Zn electrochemistry on PANI. From XPS and
in situ Raman spectroscopic analyses, it was evident that for ZnCl2- and ZnTfO-based DES,
a capacitive process takes place, followed by Zn storage in PANI, whereas for ZnAc- and
ZnSO4-based DES, Zn is stored directly in the polymer matrix. The change in the storage
mechanism leads to a change in the storage capacity in PANI. A rapid decrease in storage
capacity was observed for ZnAc and ZnSO4 electrolytes, whereas a gradual decrease in capacity
was observed for ZnCl2 and ZnTfO electrolytes. Among the different DES, the highest capacity
was obtained for ZnCl2-based DES electrolyte with an initial storage capacity of more than 200
mAh g−1. However, capacity loss is a challenge for which new polymer composite cathodes need
to be developed.
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