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A B S T R A C T

As the demand for high-performance energy storage devices grow, aqueous zinc-ion hybrid capacitors (ZICs) 
have gained significant attention for their ability to combine the high energy density of zinc-ion batteries (ZIBs) 
with the high-power density of supercapacitors (SCs). However, their application is limited by poor stability 
caused by zinc dendrite growth from uneven Zn deposition/stripping. Ionic liquids (ILs) and redox species in ZICs 
are an emerging area of research focused on improving the performance and efficiency of energy storage devices. 
The combination of IL and redox species can enhance the charge storage capacity, stability, and cycling per
formance of ZICs, potentially providing high energy and power densities with long-term durability. Herein, 
synergistic effects of 1-Ethyl-3-methylimidazoliumtriflate (EMImTfO) and 1-Ethyl-3-methylimidazolium iodide 
(EMImI) were investigated on aqueous electrolyte of Zn(TfO)2. The Zn/graphene ZIC delivers capacities of 82 
and 96 mAh g− 1 at 0.5 A g− 1 in Zn(TfO)2 and Zn(TfO)2/ EMImTfO electrolytes, respectively, while the redox 
additive of EMImI boosts the capacity to 182 mAh g− 1 under the same conditions. Moreover, even at a high 
current density of 5 A g− 1, the capacity was found to be 100 mAh g− 1, indicating improved rate capability. These 
findings offer a promising strategy for the development of redox-active electrolytes tailored for next-generation 
sustainable energy storage systems.

1. Introduction

Given the growing prevalence and adoption of smart grids and 
electric vehicles, the demand for energy storage devices, such as 
rechargeable metal-ion batteries and electrochemical capacitors is rising 
[1,2]. Among various storage systems, aqueous zinc-ion hybrid capaci
tors (ZICs) have garnered considerable attention due to their ability to 
integrate the high energy density of zinc-ion batteries (ZIBs) with the 
superior power density of supercapacitors (SCs) [3]. Besides, Zn metal 
offers several advantages, including a high volumetric capacity (5845 
mAh cm− 3), a low redox potential (− 0.76 V vs SHE), cost-effectiveness, 
non-toxicity and abundant availability. However, its application is 
hindered by poor stability caused by zinc dendrite growth from uneven 
Zn deposition/stripping, water decomposition and by-product forma
tions. These reactions lead to a decrease in Coulombic efficiency (CE), 
thereby resulting in energy loss in ZICs [2,4].

The electrolyte choice is an important factor of ZICs, as it not only 
facilitates the migration of Zn ions but also affects the capacitor’s 

performance and cycle life [5,6]. Aqueous electrolytes have been stud
ied largely in ZICs. However, they face several challenges, including 
limited electrochemical window (EW), the formation of Zn dendrites, 
hydrogen evolution reaction (HER), and the generation of non- 
conductive passivation by-products in the electrolyte [7]. The solva
tion structure of Zn in the electrolyte can be regulated by the use of 
additives to overcome the above challenges for improved performance 
[8]. In comparison to aqueous electrolytes, ionic liquids have gained 
significant attention in ZICs due to their unique properties, such as high 
ionic conductivity, wide electrochemical windows, and low volatility 
[9]. The use of ILs in ZICs can enhance performance by improving en
ergy density and cycling stability, as they can operate over a broader 
potential range compared to conventional aqueous electrolytes. Addi
tionally, ILs offer better safety characteristics by reducing risks like 
leakage and evaporation, making them ideal for high-performance ap
plications. Their tuneable properties also allows to address specific 
challenges in ZICs, such as mitigating dendrite growth and improving 
charge-discharge efficiency [10,11]. A promising approach to enhance 
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the specific capacitance of supercapacitors involves the use of redox- 
active species such as metal ions, halide anions, and active molecules 
to promote redox reactions on the electrode surfaces, thereby signifi
cantly increasing both capacitance and energy density. The imple
mentation of redox couples can be achieved in two ways: i) redox species 
can be added to the electrolyte, where they participate in faradaic re
actions during the charge and discharge processes [12–20], and ii) 
redox-active species can be incorporated into the cathode material, 
modifying its electrochemical properties to enhance the device’s overall 
performance [21,22]. Both approaches aim to improve capacitance and 
energy density by introducing additional redox reactions into the elec
trochemical process. It has recently been shown that the redox additives, 
including anthraquinone-based molecules [12], (3Br− /Br3

− ) [13], and 
methyl viologen (MV)/bromide [14], enhanced the capacity and energy 
density of ZICs. Mixed electrolyte of 1-ethyl-3-methylimidazolium 
halide (EMImX) with the ILs of 1-ethyl-3-methylimidazolium tetra
fluoroborate (EMImBF4) [23,24] and 1-ethyl-3-methylimidazolium bis 
(trifluoromethyl sulfonyl) imide ([Emim][TFSI]) [25] provided pseu
docapacitance by Faradaic reactions, increasing capacity.

Among the various cathode materials, carbon-based materials have 
been extensively researched [26–28]. However, the overall electro
chemical performance of most carbon-based cathodes reported to date 
remains well below the practical requirements [29]. Therefore, to 
enhance the overall electrochemical performance of ZICs, a cathode 
material with a high specific surface area (SSA) and suitable porosity is 
essential to facilitate efficient Zn2+ ion adsorption/desorption, along 
with exhibiting high surface redox activity. Since its initial discovery, 
graphene has garnered significant attention due to its superior proper
ties such as excellent electronic conductivity, large SSA, large intrinsic 
electron mobility, and high porosity [30]. Due to these distinct prop
erties, graphene and its derivatives stand out as highly promising 
cathode materials for ZICs [31–35].

In this study we show the enhancement in the performance of ZICs by 
adding both ionic liquid electrolytes and redox species in Zn salt con
taining aqueous solution. Herein, synergistic effects of EMImTfO and 
EMImI were investigated on aqueous electrolyte of Zn(TfO)2. In the 
hybrid electrolyte, graphene delivered a capacity of 100 mAh g− 1 at a 
current density of 5 A g− 1, representing a twofold enhancement 
compared to its performance in the aqueous electrolyte.

2. Experimental methods

2.1. Chemicals

Graphene was purchased from Nanografi (99.9 %), Carbon black was 
supplied from C-NERGY. Polyvinylidene fluoride (PVDF) and 1-methyl- 
2-pyrrolidinone (NMP) (99.5 %) were obtained from Sigma-Aldrich. The 
ionic liquid, EMImTfO was purchased from IOLI-TEC, Germany (99 %) 
and EMImI was purchased from Alfa Aesar (97 %). Zn(TfO)2 were ob
tained from Thermo Scientific (98 %). Scheme 1 shows the molecular 
structures of EMImTfO and EMImI. The solutions were prepared with 
different concentrations of EMImTfO and EMImI in 2 M Zn(TfO)2.

2.2. Preparation of graphene

Graphene solution was prepared by mixing graphene, PVDF and 
carbon black in a weight ratio of 9:0.5:0.5 to obtain a total mass of 4 g. 
Initially, 0.2 g of PVDF was dissolved in NMP under continuous stirring 
for approximately 24 h until a clear solution was obtained. Subse
quently, 3.6 g of graphene and 0.2 g of carbon black were added to the 
solution, and the resulting mixture was homogenised at 4000 rpm for 1 h 
using a high-speed homogeniser to ensure uniform dispersion. The 
graphene cathode was prepared by drop-casting 50 μL of graphene 
dispersion on carbon paper (CP), followed by drying at 70 ◦C overnight. 
The mass loading of graphene was 1.6 mg cm− 2.

2.3. Instruments

Shimadzu IR spirit was used to acquire FTIR spectra. A drop of the 
electrolyte was put onto the ATR and IR spectra was measured from 
4000 to 600 cm− 1 at a resolution of 4 cm− 1.

Raman spectra of graphene electrode were acquired using Renishaw 
inVia confocal Raman microscope, equipped with a 514 nm laser 
(Stellar-REN) and using a diffraction grating of 1800 lines/mm with a 
Renishaw CCD camera as the detector, respectively. For Raman, the 
samples were run with laser power at 100 % using the 5× objective lens 
with a 532 nm laser, respectively.

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 3 multichannel resistive plate, 128 channel delay line de
tectors. All data was 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 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). Ion gun current = 150 
μA. Ion gun voltage = 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 v2.3.20PR1.0.

2.4. Electrochemical measurements

Electrochemical measurements were performed in a bespoke cell 
containing graphene-coated CP as a cathode, 2 M Zn(TfO)2 with and 
without ionic liquids as an electrolyte, and a Zn plate as an anode, 
respectively. Before the experiments, the Zn plates were mechanically 
polished to remove the oxide layer. Cyclic voltammetry (CV) and gal
vanostatic charge− discharge (GCD) experiments were carried out using 
a Biologic potentiostat/galvanostat VMP 3E controlled by EC-Lab soft
ware. Long-term cycling experiments were performed using a battery 
tester (NanoCycler).

The corrosion and hydrogen evolution behaviour of Zn anode in 
three different electrolytes was studied 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 V to 
− 1.2 V (vs. Ag/AgCl) at a scan rate of 5 mV s− 1. The performance of the 
HER was evaluated by Linear Sweep Voltammetry (LSV) in the potential 
range of − 0.9 V to − 1.1 V vs. Ag/AgCl at a scan rate of 5 mV s− 1.

3. Results and discussion

3.1. Characterisation of the electrolytes

To investigate the structural changes induced by the addition of 
EMImTfO and EMImI to the Zn(TfO)2 electrolyte, FTIR and Raman 
spectroscopic analyses were carried out. Fig. 1a compares the FTIR of 2 
M Zn(TfO)2 in the presence and absence of EmimTfO and EmimI. The 
FTIR spectrum of Zn(TfO)2 exhibits prominent peaks at 1029 cm− 1 and 
1245 cm− 1, attributed to the symmetric and asymmetric stretching Scheme 1. Molecular structures of EMImTfO and EMImI
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vibration of the SO3 group, at 1178 cm− 1 and 1226 cm− 1, attributed to 
the asymmetric and symmetric stretching vibration of CF3 (Fig. 1a) 
[36,37]. With the addition of ionic liquid, shifts in the CF3 and SO3 
stretching are observed, which can be related to the change in the Zn 

solvation structure. Similar spectral features and trends were also 
observed in the Raman spectra, supporting the FTIR results and further 
confirming the structural modification induced by the addition of ionic 
liquids. The Raman spectra of the electrolytes between 500 and 1300 

Fig. 1. (a) Comparison of FTIR of aqueous and aqueous-ionic liquid electrolytes (b) Raman spectra showing the changes in the vibrations in aqueous and aqueous- 
ionic liquid electrolyte (c) The changes in the Raman spectra between 750 and 785 cm− 1.

Fig. 2. a,b) Comparison of Zn plating/stripping in a Zn/Zn symmetric cell with all electrolytes at 2 mA cm2 with a sweep duration of 30 min over 190 h, c) charge 
and discharge over-voltage of all electrolytes, SEM of Zn anode after 190 charge/discharge cycles from (d) 2 M Zn(TfO)2, (e) 2 M Zn(TfO)2 + 1.33 M EMImTfO, (f) 2 
M Zn(TfO)2 + 1.33 M EmimTfO +50 mM EMImI and g) XRD of Zn anode after long-term galvanostatic test with three electrolytes.
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cm− 1 are compared in Fig. 1b. The symmetric stretching νs(CF3), the 
symmetric stretching νs(SO3), the symmetric deformation δs(CF3), and 
the asymmetric deformation δas(CF3) modes are observed at 1229, 1034, 
766, and 577 cm− 1, respectively [38]. The symmetric deformation 
δs(CF3) red shifted to 764 cm− 1 with the addition of ionic liquid 
(Fig. 1c). This can be attributed to the displacement of water molecules, 
which initially formed strong hydrogen bonds with the triflate anions. 
The replacement of water by ionic liquids reduces hydrogen bonding 
strength in the local environment, correspondingly decreases the 
vibrational energy. This result is consistent with previous literature 
[38].

Next, we investigated the impact of three electrolytes on the Zn 
anode using Tafel plot and LSV measurement. In the Tafel analysis, 
corrosion potential remained nearly identical in all the electrolytes, 
suggesting that the additive does not significantly alter the Zn corrosion 
potential. The results are shown in Fig. S1a, and the corrosion potentials 
are summarized in Table S1. In addition, HER property of the Zn anode 
in these electrolytes was performed by LSV in a potential range of − 0.9 V 
to − 1.1 V. As shown in Fig. S1b, the addition of IL to aqueous Zn(TfO)2 
electrolyte increased the hydrogen overpotential, indicating that it helps 
suppress side reactions, in agreement with previous study [39]. In 
comparison, the electrolyte of Zn(TfO)2 + EMImTfO + EMImI exhibits a 
higher overpotential at the current density of 10 mA cm− 2 compared to 
the aqueous electrolyte, suggesting a reduction in hydrogen evolution 
during Zn deposition/stripping [40].

3.2. Cycling stability

To assess the feasibility of the electrolyte (Zn(TfO)2 + EMImTfO +
EMImI) toward the practical application, Zn deposition/stripping 
behaviour was investigated in a Zn/Zn symmetric cell at a current 
density of 2 mA cm− 2. The voltage profiles are compared in Fig. 2a,b. Zn 
deposition/stripping process remained stable for over 190 h in all 
electrolytes. In Zn(TfO)2 aqueous electrolyte, the charge and discharge 
over-voltage increased after 30 h and then, stabilised at 137 mV. 
However, the addition of EMImTfO led to an increase in over-voltage up 
to 222 mV, which can be attributed to the change in the Zn speciation as 
observed from the Raman studies. With the addition of the redox elec
trolyte, the over-voltage decreased to 88 mV (Fig. 2c). This improve
ment may be due to the enhanced charge transfer kinetics facilitated by 
the redox-active species, which promotes more efficient Zn deposition/ 
stripping processes. The Zn anode was analysed after 190 charge/ 
discharge cycles to evaluate the possibility of dendritic growth. Zn 
electrode demonstrated excellent long-term cycling performance with 
all electrolytes, suggesting dendrite-free morphology (Fig. 2d-f). Fig. 2g 
presents the XRD patterns of Zn electrodes after long-term galvanostatic 
cycling, providing insight into the influence of electrolyte composition 
on deposition behaviour. All diffraction profiles matched standard Zn 
(ICDD 78–9363), confirming that no ZnO or other secondary phases 
formed during cycling. The electrodes displayed the characteristic re
flections of hexagonal Zn, namely the (100), (002), and (101) planes. In 
the pristine Zn(TfO)₂ electrolyte, the diffraction pattern was dominated 
by the (101) reflection, while the (002) basal peak appeared relatively 
weak. This orientation preference toward the higher-energy (101) plane 
is typically associated with kinetically driven growth, rougher surface 
morphologies, and an increased likelihood of dendritic structures 
[41,42]. With the incorporation of EMImTfO, a distinct reorientation 
was observed, as the (002) basal reflection became the most prominent 
peak. Given that the (002) plane is the most densely packed and lowest 
in surface energy in the hcp Zn lattice, its dominance indicates a tran
sition to thermodynamically favoured, layered deposition that promotes 
surface uniformity and suppresses dendrite growth as observed from the 
SEM. The subsequent addition of EMImI also promoted preferential 
growth along the (002) basal plane.

3.3. Characterisation of the graphene electrode

Graphene electrode was characterised using Raman spectroscopy 
and XPS. Fig. 3a shows the Raman spectrum of graphene on a CP elec
trode. Raman spectrum of graphene electrode shows a D band at 1327 
cm− 1, associated with defect-activated double resonance scattering, and 
a G band at 1555 cm− 1, arising from the in-plane vibrational mode of sp2 

carbon atoms, which are lower than the typical values reported in the 
literature (~1345 and 1580 cm− 1) [43]. This shift may be due to some 
oxidation of graphene along with the interactions of PVDF and carbon 
black with graphene. An additional peak appears at 2685 cm− 1, which is 
generally attributed to the 2D band of multi-layer graphene (Fig. 3a) 
[44]. The intensity ratio (ID/IG = 0.527) with a small 2D peak indicates a 
moderate level of defects or disorder within the graphene structure. 
Elemental composition and electronic environment of elements were 
investigated by XPS. A strong C 1 s peak was observed around 284.5 eV, 
originating from the carbon-rich components. The O 1 s peak appeared 
at 533 eV, which originates from minor oxidation of graphene. Addi
tionally, a clear F 1 s peak was observed at 688 eV, which is attributed to 
the presence of PVDF, confirming the incorporation of the fluorine- 
containing polymer binder in the graphene composition (Fig. 3b). The 
high-resolution analysis of C 1 s region shown in Fig. 3c can be decon
voluted to five peaks and were assigned to C-C(C=C), C–O (C–N), 
C––O, O-C=O, and C–F, respectively [45,46]. Additionally, the high- 
resolution O 1 s spectrum (Fig. 3d) exhibits two peaks at 531.6 and 
533 eV, which can be attributed to C––O and C-OH/C-O-C, respectively 
[45].

3.4. ZIC performance of graphene electrode

Fig. 4a-c shows the cyclic voltammetry curves of the graphene 
cathode in different electrolytes. In an aqueous electrolyte of 2 M Zn 
(TfO)2, as depicted in Fig. 4a, all of the CV curves display a reduction 
process around 0.9 V and an oxidation process at 1.1 V. These peaks are 
related to the Zn-ion interaction with graphene. Additionally, the large 
area of the CV curves is attributed to the capacitive behaviour of gra
phene. CV profiles of IL and redox additives were compared at different 
scan rates in Fig. 4b and c, respectively. The IL-added Zn(TfO)2 elec
trolyte shows the quasi-rectangular shape, supporting the capacitive 
behaviour of ZIC. However, the area under the CV curve is much smaller 
than that of the aqueous electrolyte, implying a considerable decrease in 
the capacitive process. In contrast, well-defined cathodic and anodic 
peaks were observed with EMImI additive to electrolyte as the scan rates 
increased, due to the combined influence of capacitive and diffusion- 
controlled processes [12]. A reduction peak at around 1.1 V and an 
oxidation peak at 1.2 V are observed which can be associated with Zn 
interaction with graphene along with I redox reaction. Anodic peak 
potential, Ea, and cathodic peak potential, Ec, differ very slightly (ΔE =
100 mV), indicating the mixed kinetic behaviour at the interface of 
graphene and the electrolyte. To determine the optimum concentrations 
of the IL and redox-active species, CV and GCD measurements were 
performed by varying the concentrations of EMImTfO (1.33–4 M) and 
EMImI (50–200 mM) to a 2 M Zn(TfO)2 solution (Figs. S2-S9). It was 
observed that adding IL or the redox species individually did not show a 
significant increase in capacity. Moreover, the capacity decreased much 
more rapidly with increasing the current density compared to the elec
trolyte containing both IL and the redox species. The synergistic en
hancements observed in the combined system are most likely due to 
EMImTfO, which stabilizes the Zn2+ coordination environment, sup
presses dendrite formation, and mitigates side reactions, together with 
EMImI, a redox-active species that enhances charge transfer and im
proves the reversibility of Zn plating/stripping.

The capacitive contribution to the overall capacity was determined 
by plotting the logarithm of the current (at a specific voltage) against the 
logarithm of the scan rates, using the equation i=avb, where a is a 
constant and b is a value ranging from 0.5 (indicating diffusion- 
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controlled contribution) to 1 (indicating capacitive contribution) 
[47–49]. The current was selected at the peak potentials of 1.13 V and 
1.23 V for the cathodic and anodic peaks, respectively. As seen in 
Fig. 4d, the value of b was found to be 0.60 for the cathodic process, 
indicating a predominantly diffusion-controlled process, and 0.81 for 
the anodic processes, indicating the presence of a capacitive process. In 
Fig. 4e, the bar chart displays the capacitive process contribution to the 
total capacity. It shows that as the scan rate rises, the capacitive 
contribution increases from 45.75 % at 1 mV s− 1 to 65.35 % at 5 mV s− 1. 
This increase in capacitance with the scan rate is consistent with pre
vious observations [4,12].

To investigate the effect of electrolytes, charge/discharge studies 
were performed in a bespoke cell. Fig. 5a-c presents the charge/ 
discharge cycle at different current densities (0.5–5 A g− 1) for the three 
different electrolytes. It is observed from Fig. 5a and b, graphene elec
trode exhibits a capacity of 82 and 96 mAh g− 1 at a current density of 0.5 
A g− 1 in 2 M Zn(TfO)2 and in 1.33 M EMImTfO +2 M Zn(TfO)2 elec
trolytes, respectively. However, a capacity of 182 mAh g− 1 can be 
achieved at the same current density in 1.33 M EMImTfO +50 mM 
EMImI +2 M Zn(TfO)2. It is noteworthy that even at a current density of 
5 A g− 1, the capacity remains nearly 100 mAh g− 1, and the decrease in 
capacity with increasing current density is lower than other electrolytes 
(Fig. 5c). The low coulombic efficiency observed in Fig. 5c can be 
attributed to slower diffusion of iodides at the electrode/electrolyte 
interface due to the presence of ionic liquid in the double layer [50].

The cyclic test was performed at 5 A g− 1 in the mixed electrolyte 
(Fig. 5d). The increase in capacity during the initial 200 cycles can be 
attributed to the activation process of the graphene electrode in the 
mixed ionic liquid aqueous electrolyte [13]. With cycling, more I− may 

be physically adsorbed on the surface of graphene. Subsequently, the 
capacity slowly decreased to 92 mAh g− 1 at the end of the 1400 cycles, 
corresponding to a capacity retention of 92 %, while remaining with a 
high coulombic efficiency over 97 % (Fig. 5d). In comparison, the 
cycling stability conducted in the electrolyte 2 M Zn(TfO)2/EMImI 
(Fig. S10) showed a rapid capacity decay indicating poor cycling sta
bility in the absence of EMImTfO and highlights the synergistic effect of 
the mixed electrolyte.

The Ragone plot (Fig. 5e) shows an energy density of 154.2 Wh kg− 1 

and the power density of 0.4 kW kg− 1 that can be achieved at a current 
density of 0.5 A g− 1, which is approximately twice that of the EMImI- 
free system, indicating the significant contribution of EMImI to 
enhancing the overall energy capability (Fig. 5e). To further highlight 
the electrochemical performance of the graphene electrode, the energy 
density and power density were compared with recently reported 
carbon-based cathode materials in Fig. 5f [51–57]. It clearly demon
strates the competitive electrochemical performance when compared to 
recent literature, supporting its potential application in aqueous ZICs.

3.5. Ex situ Raman spectroscopy and XPS studies

Raman spectroscopy was employed to investigate the structural 
changes in graphene electrode during charge/discharge cycling in 
different electrolyte compositions. Fig. 6a-c compares the change of 
Raman shift in graphene at discharge up to 0.5 V and charge up to 1.6 V 
in three different electrolytes. Initially, the D and G bands appeared at 
1327 and 1555 cm− 1, respectively. Upon discharging to 0.5 V in all 
electrolytes, both the D and G bands exhibited a blueshift, accompanied 
by band broadening. This indicates structural modification, which may 

Fig. 3. a) Raman spectrum; b) XPS survey scan, high resolution c) C 1 s and d) O 1 s of graphene electrode.

E.K. Ulker et al.                                                                                                                                                                                                                                 Journal of Energy Storage 144 (2026) 119828 

5 



Fig. 4. CV curves of graphene electrode in (a) 2 M Zn(TfO)2 aqueous electrolyte, (b) 1.33 M EMImTfO in 2 M Zn(TfO)2, (c) 1.33 M EMImTfO and 50 mM EMImI in 2 
M Zn(TfO)2, (d) relationship between log i and log v plots for the cathodic and anodic sweeps of CV, e) diagram of the capacitive contribution to the total capacity at 
different scan rates in 1.33 M EMImTfO and 50 mM EMImI in 2 M Zn(TfO)2.

Fig. 5. Charge/discharge cycle of Zn/graphene at 0.5–5 A g− 1 in a) 2 M Zn(TfO)2 aqueous electrolyte, (b) 1.33 M EMImTfO in 2 M Zn(TfO)2, (c) 1.33 M EMImTfO 
and 50 mM EMImI in 2 M Zn(TfO)2 electrolytes, d) change in specific capacity with cycle number of mixed electrolyte at 5 A g− 1, e) Comparison of the Ragone plot of 
graphene electrode with three electrolyte systems, and f) Comparison of the electrochemical performances of graphene electrode with recently reported carbon-based 
cathode materials.
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be attributed to the Zn2+ interaction with graphene. This finding is 
consistent with the literature [58]. Upon recharging to 1.6 V, the G band 
in the EMImI-containing system shifted back to 1555 cm− 1 (Fig. 6c), 
while in the other electrolytes it remained in the same position (1571 
cm− 1) (Fig. 6a,b), indicating enhanced structural reversibility with 
EMImI (Fig. 6c). To further understand the Zn interaction with graphene 
in 2 M Zn(TfO)2 + 1.33 M EMImTfO +50 mM EMImI, Raman shifts in 
graphene electrode were investigated at various discharge/charge po
tentials (Fig. S11a). No significant changes were observed up to 0.9 V 

discharging. Below 0.9 V, both D and G bands exhibited noticeable 
broadening, accompanied by a slight blue shift in the G band. Upon 
further charging, this shift was found to be reversible, with the G band 
returning to its original position. This behaviour can be attributed to the 
Zn2+ and iodine interaction within the graphene structure. In ex situ 
Raman analysis, the observed increase in the ID/IG ratio at various 
discharge/charge potentials indicate the adsorption of cations onto the 
electrode surface [58]. The rising ID/IG ratio suggests the interaction 
with Zn/I with graphene, which disrupt the sp2 carbon lattice 

Fig. 6. Comparison of Raman spectra of graphene electrode after discharging and charging in a) Zn(TfO)2 b) Zn(TfO)2 + EMImTfO, c) Zn(TfO)2 + EMImTfO 
+ EMImI.

Fig. 7. (a) Survey spectra and (b) high-resolution C 1 s spectra of graphene electrode after various discharge-charge potentials in 2 M aqueous Zn(TfO)2 electrolyte.
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(Fig. S11b). The results are consistent with prior studies showing that 
ion intercalation significantly affects the D and G bands in graphene 
[59,60]. After long-term cycling in Zn(TfO)2 + EMImTfO + EMImI 
electrolyte, the Raman spectra gradually changed. After 750 cycles, the 
D and G bands shifted to 1351 and 1570 cm− 1, indicating interaction 
with Zn/I. After 1400 cycles, D band shifted to 1337 cm− 1 while the G 
band remained at 1569 cm− 1, suggesting that defects formed in gra
phene might have saturated (Fig. S11c).

XPS was also performed to investigate the changes in the graphene 
electrode after cycling at various discharge and charge potentials. Fig. 7
compares the XPS of pristine graphene electrode with those obtained 
after discharging to 0.5 V and charging to 1.6 V in 2 M Zn(TfO)2 elec
trolyte. From the survey spectra in Fig. 7a, the graphene electrode ex
hibits C, O and F signals. The F signal originates from the PVDF binder. 
Upon discharging to 0.9 and 0.5 V, additional peaks appear at 168 eV 
and > 1000 eV appear. These are attributed to the S 2p signal from TFO−

anion in the electrolyte, and Zn in graphene matrix, respectively. During 
discharging, the intensity of the C 1 s signal decreased. This suppression 
of the C 1 s peak suggests the presence of electrolyte remaining strongly 
adsorbed to the surface, which effectively obscures the underlying gra
phene [61]. During charging to 1.1 V and 1.6 V, Zn signals decrease, 
reflecting Zn deintercalation. The detailed spectra of Zn 2p in Fig. S12 
display the changes of Zn during the discharging and charging process. 
The high-resolution spectra of C 1 s in Fig. 7b reveal changes in the 
graphene electrode during cycling at various discharge and charge po
tentials. C–O and O-C=O peaks shifted from 288.2 and 290.3 to 287.8 
eV and to 289.9 eV binding energies after discharge, respectively, 
indicating surface reduction and Zn2+ interaction. Upon subsequent 
charging, this peak partially returned to its original position. The C–F 
peak shifted to a higher binding energy and exhibited an increase in 
intensity, which suggests enhanced interaction between TfO− anion.

The survey XPS spectra of the graphene electrode cycled in Zn(TfO)2 
with EMImTfO revealed notable changes compared to the pristine state, 
indicating interfacial reactions driven by both Zn ion intercalation and 
ionic liquid interactions. In addition to the original C, O, F and S peaks, 
new peak corresponding to N 1 s (400 eV) were observed during dis
charging and charging, which can be related to adsorption of the EMIm+

cation. The intensities of Zn 2p peaks (1024 and 1047 eV) significantly 
increased on discharging and decreased during the charge process, 
indicating the intercalation/deintercalation of Zn2+ ions (Fig. 8a). The 
detailed spectra of Zn 2p in Fig. S13 display the changes of Zn during the 
discharging and charging process. High resolution C 1 s and N 1 s are 
shown in Fig. 8 b-c, respectively. After full discharge, the O-C=O, C–O, 
and C–F peaks shift by 0.6/0.7 eV, and the intensity of C–F peak 

increases, resembling the behaviour observed in the aqueous electrolyte 
in Fig. 7b. These shifts can be related to Zn intercalation. The high- 
resolution N 1 s spectrum of graphene electrode during discharging 
and charging exhibits two peaks at 400 and 401.6 eV, indicating the 
presence of pyrrolic and graphitic nitrogen, respectively (Fig. 8c) [45]. 
These peaks, which were not present in the pristine graphene electrode, 
emerged during the discharge and charging processes. The absence of 
any noticeable shifts in their positions or changes in their intensities 
suggests that they originate from adsorption of the EMIm+ cation pre
sent in the electrolyte.

XPS analysis of the graphene electrode cycled in Zn(TfO)2 electrolyte 
containing both EMImTfO and EMImI shown in Fig. 9. The survey 
spectra display the peaks of S 2p (168 eV), N 1 s (402 eV), F 1 s (689.6 
eV), and Zn 2p (1022 and 1046.4 eV) after discharge, indicating Zn2+

intercalation and the adsorption of ionic liquid. The Zn signal reached 
maximum intensity at 0.5 V discharge and decreased during charging, 
suggesting reversible Zn intercalation/deintercalation behaviour 
(Fig. 9a). The detailed spectra of Zn 2p in Fig. S14 display the changes of 
Zn during the discharging and charging process. The high-resolution C 1 
s spectra exhibited five previously identified characteristic peaks. 
Similar behaviour was also observed in the other two electrolytes 
(Fig. 9b). The appearance of two N1s peaks at 399.85 eV and 401.58 eV 
in all cycling stages suggests that they originate from adsorption of the 
EMIm+ cation present in the electrolyte (Fig. 9c).

Thus, based on the XPS analysis of graphene electrodes cycled in 
three electrolytes, the progressive impact of ionic liquid and redox- 
active species additive on structure and Zn intercalation/dein
tercalation process is evident which is responsible for improving the 
capacity in ZIC.

4. Conclusion

In summary, we have investigated the effect of both IL and redox 
species on the structural and electrochemical properties of the graphene 
electrode as a cathode material for ZIC. The incorporation of EMImTfO 
and EMImI into the Zn(TfO)2 aqueous electrolyte significantly enhances 
the electrochemical performance of graphene electrode by nearly 
doubling the capacity of the electrode and improving capacity retention 
at high current densities. However, individual addition of EMImTfO or 
EMImI to the electrolyte did not significantly enhance the capacity. The 
synergistic effect of ionic liquid and redox-active species not only boosts 
energy storage capabilities but also effectively suppresses zinc dendrite 
formation and HER. Graphene electrode delivers capacities of 82, 96 
mAh g− 1 and 182 mAh g− 1 at 0.5 A g− 1 in Zn(TfO)2 and Zn(TfO)2/ 

Fig. 8. (a) Survey spectra, (b) high-resolution C 1 s spectra, and (c) high-resolution N 1 s spectra of graphene electrode after various discharge-charge potential in 2 
M Zn(TfO)2 + 1.33 M EMImTfO electrolyte.
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EMImTfO and Zn(TfO)2/ EMImTfO/ EMImI electrolytes, respectively. 
Moreover, even at a current density of 5 A g− 1, the capacity remains 
nearly 100 mAh g− 1 in the redox active electrolyte. These results 
demonstrate a viable and scalable approach to designing advanced 
redox-active electrolytes, facilitating the way for durable, high- 
performance, and sustainable energy storage devices.
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