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Cation Effect of Bio-lonic Liquid-Based Electrolytes on the
Performance of Zn-lon Capacitors

Sumana Brahma,” Jonathan Huddleston,® and Abhishek Lahiri*®

Zn-ion capacitors (ZICs) are emerging as promising energy
storage devices due to their low cost. Currently, aqueous-based
electrolytes are primarily used in ZIC which have shown issues
related to low Zn deposition/stripping efficiencies, and Zn
dendrites formation, resulting in device failure. To overcome
these issues and to develop environmentally benign energy
storage devices, here we have studied bio-ionic liquid electro-
lytes (bio-ILs) in both symmetric and asymmetric capacitors.
Choline acetate (ChOAc) and betaine acetate (BetOAc) in water
were investigated as electrolytes for capacitors in the presence
and absence of Zn salts. Spectroscopic analysis showed that Zn
solvation in the electrolytes changes significantly with the
change in cation which affects the electrochemical reactions

Introduction

Due to intermittent electricity production from renewable
sources, energy storage devices such as hybrid supercapacitors
(SCs) or dual-ion batteries are being investigated."? Li-ion-
based hybrid SCs and dual-ion batteries have been extensively
studied in industries and academic research fields.”*” However,
due to the limitation of Li resources, and difficulty in recycling,
alternative elements for energy storage devices, such as Na®,
K™, Mg*™, Zn**, AP7, etc. are being investigated.®'" Among all
the mentioned metal-ion hybrid capacitors, Zn-ion capacitors
(ZIC) are regarded to be the most encouraging candidate owing
to their high theoretical capacity (819 mAhg™), multi-electron
reaction material, high energy density, low oxidation-reduction
potential (—0.76 V. vs SHE), economic viability and good
compatibility of Zn with water etc.*"™ ZICs comprise a
capacitor-type cathode (physical adsorption), battery-type
anode and an electrolyte containing Zn ions. Carbon-based
cathodes have been studied in ZICs as they have high charge
storage capability, outstanding electrical conductivity, tuneable
pore structure, high surface area and are abundant..*'®
However, the ZICs or zinc ion batteries (ZIB) with aqueous
electrolytes frequently encounter several complications, includ-

[a] S. Brahma, J. Huddleston, A. Lahiri
Department of Chemical Engineering, Brunel University London, Uxbridge
UB8 3PH
E-mail: abhishek.lahiri@brunel.ac.uk

L Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202400511

© © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This

is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemElectroChem 2024, 11, €202400511 (1 of 8)

and capacitor performance. Raman analysis showed the Zn
complex formed in the case of ChOAc is [Zn(OAc),]>~ whereas
for BetOAc is [Zn(OAc)sI*~ thereby the Zn deposition/stripping
in ChOAc-based electrolyte is quite stable whereas in case of
BetOAc, Zn deposition/stripping is unstable. In the ChOAc
electrolyte, the Zn/activated carbon asymmetric cell showed a
capacity of >90Fg™' at 0.1 Ag™' and a capacitance close to
40Fg™' at 0.5Ag™" with ~82% capacity retention after 3000
cycles, whereas BetOAc could only be used in symmetric cell
capacitor. This study shows that bio-ILs can be used as
sustainable electrolytes in energy storage devices wherein the
cation plays a significant role in the capacitor performance.

ing fast capacity deterioration, low Coulombic efficiency, low Zn
anode deposition/stripping efficiency and Zn dendrites
formation."*? Moreover, acidic Zn-ion capacitors with acidic
electrolytes are also confronted with several safety issues."”
Therefore, electrolytes play an essential role for ZIC and ZIB
devices and it is vital to tune a novel electrolyte with a wide
electrochemical window having good compatibility with Zn
anode and carbon-based cathode, high ionic conductivity, and
which inhibits Zn dendrite formation.?? Furthermore, to
enhance the performance of the ZIB or ZIC, the morphology of
Zn deposition should be smooth and homogenous.

Compared to aqueous electrolytes, little has been studied
with ionic liquid (IL) electrolytes in ZICs and ZIBs. ILs possess
low vapour pressure, high thermal stability, high electrical
conductivity, and a wide electrochemical window.”** More-
over, in ILs the solvation of metal ions can be tuned based on
the cations and anions on the ILs which would then affect the
electrochemical behaviour and electrodeposition process.>%”
Furthermore, water addition can efficiently enhance the polar-
ity, viscosity, ionic conductivity, surface tension, interfacial
properties and electrochemistry.?®>% Therefore, it is possible to
enhance the performance of ZICs in IL/water electrolytes. For
instance, Chen et al. showed that 1-butyl-3-methylimidazolium
trifluoromethanesulfonate ([BMIM]OTF) IL/water has antifreez-
ing ability for ZIC even at —30°C.®" Liu etal. showed a Zn/
graphite hybrid capacitor with choline acetate (ChOAc)/water
electrolyte that delivers a high energy density of 53 Whkg™' at
a power density of 145 Wkg".*?

However, the environmental toxicity and low biodegrad-
ability of ILs have restricted their applicability in wearable and
implantable devices.®” Therefore, research on synthesizing
novel bio-IL structures which are derived from biomolecules
such as amino acids vitamins, carbohydrates etc.**** are being
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Scheme 1. Synthesis of BetOAc.

investigated. Compared to aprotic ILs, bio-ILs are biodegradable
and biocompatible making them attractive sustainable electro-
lytes for energy storage applications.’®*” Furthermore, these
bio-ILs can be easily synthesized and economically cheaper
than their aprotic counterparts. Some recent studies have
shown the feasibility of bio-ILs in Zn batteries. Kao-ian et al. has
demonstrated that Zn ion battery with bio-IL based deep
eutectic solvent electrolyte showed a high capacity of
170 mAhg™" at 50 mAg~'®¥ Lahiri et al. exhibited another Zn
ion battery with polypyrrole/Zn composite and choline-based
bio-IL which showed 130 mAh/g at 200 mA g5

In the present paper, we have investigated the cation effect
of bio-ILs; choline acetate (ChOAc) and betaine acetate (BetOAc)
in water and its effect on symmetric and asymmetric capacitors
in the presence and absence of Zn salts. Spectroscopic studies
were performed to understand the Zn solvation chemistry
which was then correlated with Zn deposition and stripping
processes and the capacitor performance. It was observed that
cation is responsible for change in Zn solvation structure which
changes the Zn electrochemistry and Zn-ion capacitor perform-
ance.

Experimental Section

Materials

Choline acetate (ChOAc) 98%, betaine 99.5%, acetic acid, zinc
acetate (Zn(OAc),) 98 %, N-methyl pyrrolidine (NMP), polyvinylidene
fluoride (PVDF), and super-p were used as received from Sigma-
Aldrich. Activated carbon (90 nm particle size) was procured from
Nanografi Nano Technology, Germany.

Synthesis of BetOAc

Betaine (10 mmol) was added to 250 mL water in a round bottom
flask. Then the acetic acid was added dropwise. The reaction
mixtures were stirred at 70°C for 24 h under N, atmosphere. The
preparation of BetOAc is shown in Scheme 1. The solvent water in
the reaction mixture was removed by rotavapour. The obtained
solid was further washed with chloroform. The final crude products
were dried at 80°C under vacuum for 48 h and stored in N,
atmosphere. The prepared BetOAc were characterized by 'H and
3C NMR spectroscopy (Supporting information Figure S1 and S2).
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The 'H NMR and "C NMR were recorded in Bruker Avance 500 MHz
spectrometer with D,0 as an external solvent. The Raman spectra
of 80% ChOAc/water, 80% BetOAc/water and 1 molL™" Zn(OAc), in
80% ChOAc/water and 80% BetOAc/water were analysed in
Renishaw via 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
5x objective lens with a 532 nm laser, respectively.

The viscosity of ChOAc and BetOAc electrolytes were measured in
Anton Parr AMVn viscometer and was found to be 82 mPas and
3.67 mPas, respectively at 22°C. The ionic conductivity of the
electrolyte was estimated using Mettler Toledo ionic conductivity
measurement system and was found to be 2.54mScm™' and
25.5 mScm™' for ChOAc and BetOAc electrolytes, respectively.

For developing the carbon electrodes, a homogeneous slurry was
obtained by mixing AC (90%), PVDF (5 wt.%) and super-P carbon
(5 wt.%) in NMP solvent. The slurry was coated onto a graphite foil
by doctor blading with a mass loading of 2mgcm™ All the
electrochemical measurements, including the cyclic voltammetry
(CV), and galvanostatic charge-discharge (GCD) were conducted
employing the Biologic model VSP-3E potentiostat controlled by EC
lab software. For symmetric cells (AC|Bio-IL electrolytes-soaked
glass fibre|AC), the CV and the GCD were carried out in 80%
ChOAc/water, 80% BetOAc/water, 80% ChOAc/water containing
1M Zn(OAc),, and 80% BetOAc/water containing 1M Zn(OAc),
electrolytes. For asymmetric devices, AC|bio-IL electrolytes-soaked
glass fibre|Zn was used with 80% ChOAc/water/1 M Zn(OAc),
electrolytes.

From the obtained data, the specific capacitance of the cell (Cyec cer)
was calculated based on the Equation (1).!

I At
Cspec.cell = m (1

Where my; (g) is the total mass of the active material (AC), | (A) is
the applied current, AV (V) is the potential range, and At (s) is the
discharging time.

The energy density (Ec;) (Wh kg™') and power density (P, (W
kg™") of the cell were determined using Equation (2) and (3).%"

C
Eu = 258 47 @
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E.., specific capacity decreases from 25Fg~'-7Fg~'. The error
Peen :Ac—et (3)  estimation of the specific capacitance for both ChOAc and

Results and Discussions
AC/AC Symmetric SCs

To understand the electrochemical behaviour of AC electrodes
in 80% ChOAc/water and 80% BetOAc/water, symmetric cells
were studied. The CV profiles of AC in 80% ChOAc/water and
80% BetOAc/water are shown in Figure 1a and Figure 1b
respectively. The potential was scanned from 0-1.5V at differ-
ent scan rates in the range of 1-100 mVs™". The CV becomes
irreversible if the potential is scanned beyond 1.5V, possibly
due to the decomposition of water. The symmetric rectangular-
shaped CV curves of AC in both ChOAc and BetOAc electrolytes
at different scan rates (1-100 mVs™") reveal the ideal capacitive
nature of the symmetric cell. Comparing the CV curves, it is
evident that for BetOAc electrolyte, the area under the curve is
higher than ChOAc. In general, the conductivity and viscosity of
the ILs decrease with an increase in chain length, which would
undermine the capacitance and rate performance.*” However,
here the opposite trend is observed which may be due to the
effect of cation chain length orientation and the compatibility
of the betaine chain length size with AC.*

Furthermore, all the GCD curves (Figure 1c and 1d) at
various current densities in the voltage window of 0-1.5V
exhibit symmetric triangular shapes. The C,,. ., at different
current densities are measured using Equation (1) and plotted
in Figure 1e, which shows a decrease in the specific capacitance
from 55Fg'-9Fg' when the current density varies from
0.1 Ag™'-3 Ag™' for BetOAc, whereas in the case of ChOAc the

BetOAc systems were +5Fg . The AC/AC symmetric SC
devices have a somewhat lower capacity than the other
reported SC devices in aqueous electrolytes, but this result is
comparable with the SC devices with ILs as electrolytes.52*4
Moreover, the device with 80% BetOAc/water demonstrates the
stability of 82% capacitance retention even after 2000 GCD at
0.5 Ag™' whereas 99% capacitance retention is observed in the
case of 80% ChOAc/water system. (Figure 1f).

Symmetric AC/AC SCs with Bio-ILs in the Presence of Zn Salt

To understand the effect of Zn salt in the SC devices, a
symmetric SC device was fabricated with 80% ChOAc/water/
1 M Zn(OAc), and 80 % BetOAc/water/1 M Zn(OAc), electrolytes.
The CV carried out in the scan rate range of 1-100 mVs™'
(Figure 2a and 2b) for both the electrolytes show that the
capacitive nature of AC is retained in the presence of Zn salt
even at 100 mVs™'. However, it was observed that the specific
capacitance drastically reduced after adding Zn(OAc),. ChOAc-
based electrolyte showed a maximum specific capacitance of
38Fg ' at TmVs' scan rate whereas the BetOAc system
exhibits 27 Fg™' at the same scan rate. All the GCD curves
(Figure 2¢ and 2d) at various current densities (0.1 Ag™'-3 Ag™")
within the same voltage window of 0-1.5V exhibit symmetric
triangular shapes. The measured C,,.; at different current
densities for both the electrolytes are plotted in Figure 2e,
which indicate a decrease in the specific capacitance from
20Fg -3 Fg ' for ChOAc system whereas 14Fg'-2 Fg™' for
BetOAc system when the current density varies from 0.1 Ag™'-
3 Ag™". Interestingly, in the presence of Zn(OAc),, the opposite
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Figure 1. (a), (b) CV Curve at different scan rates in (c, d) GCD profile at different current densities, (e) The specific capacity of the capacitor at different current
densities along with error estimated as a function of different current densities (f) Cyclability of AC/AC symmetric device in 80% ChOAc/water and 80 %

BetOAc/water electrolyte systems.
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Figure 2. (a), (b) CV Curve at different scan rates in (¢, d) GCD profile at different current densities, (e) The specific capacity as a function of different current
densities of AC/AC symmetric device in 80% ChOAc/water/1 M Zn(OAc), and 80 % BetOAc/water/1 M Zn(OAc), electrolyte systems.

trend in capacity is observed where ChOAc system shows
higher specific than BetOAc, which might be due to the change
in Zn coordination in the complex formed with ChOAc and
BetOAc.”d

To understand the Zn solvation, IR and Raman of the
electrolytes were performed. Figure 3 compares the IR spectra
of ChOAc and BetOAc with and without 1 M Zn(OAc),. For the
case of ChOAc, prominent peaks between 1200 and 1800 cm™'
are observed. For ChOAc, the 1385 cm™' can be related to the
CH; vibration of Choline and the peak at 1568 cm™ can be
attributed to carbonyl vibration in the acetate anion.*®*”’ On

—— ChOAc/Water
— 1M Zn(0OAc),/ChOAc/water
ChOAc 1403 cm” 1556 cm™
} 4

Intensity (a.u.)

1329 cm™

'
1385em™ 4568 em!

1200 1500 1800

Wavenumber (cm™)

9200

addition of water to choline acetate, these peaks shift to 1403
and 1556 cm™' and an additional peak at 1645 cm™' is observed
which can also be associated with free acetate.”® The addition
of T M Zn(OAc), does not show much change in the vibration
modes of methyl or acetate, but the 1645 cm™' peak changes to
a shoulder which can be related to the Zn coordinating with
the acetate.”® In comparison, the prominent peak at 1331 cm™
for betaine acetate-water electrolytes can be attributed to the
vibration of the bond between —CH,N*(CH,); group of Betaine
and the OH"." Due to the change in the cation-anion
interaction, the carbonyl vibration in acetate is observed at

BetOAc/water

—— 1M Zn(OAc),/BetOAc/water
— BetOAc 1331 em™
=‘E 1394 cm™
& 1263em” [\_/ 1623 em’
3‘ 1 "' ‘\
- 1220 e I
E cT\\ 1632 AN 1‘ ]
O f
b= /1737 em’
,E /

900 1200 1500 1800

Wavenumber (cm™)

Figure 3. FTIR spectra of (a) ChOAc, ChOAc/water and ChOAc/water/1 M Zn(OAc), (b) BetOAc, BetOAc/water and BetOAc/water/1 M Zn(OAc),.
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1632cm™' and 1737cm™ compared to 1556cm™ and
1645 cm™" which occurs for Choline acetate. In addition to
Zn(OAc),, a peak shift to 1623 cm™ and 1711 cm™' of the
carbonyl group is observed and can be attributed to Zn
coordinating with acetate. Based on the IR spectra, it is evident
that for betaine cation, Zn coordination results in a stronger
vibrational shift.

To understand the Zn coordination with acetate, Raman
spectroscopy was performed. Figure 4 compares the Raman
spectra between 900 and 1000 cm™' from which the ‘free’
acetate and coordinated acetate can be evaluated.”**” In the
case of ChOAc, on the addition of 1 M Zn(OAc), peak broad-
ening and a shoulder is observed at 920 cm™ which can be
associated with coordination of Zn(OAc), with ChOAc. Besides,
slight change in the Choline peak at 955 cm™' is observed. In
comparison, for BetOAc, a shift in the peak at 930 cm™ is
observed and a decrease in intensity is observed at 960 cm™'
which is related to betaine cation. On curve fitting the Raman
with Voigt function, the coordination number was evaluated
using Equation (4).

ACO/At
X

N = 4

Where A, and A, are the peak areas of coordinated and
free anion, respectively and x is the mole fraction of Zn** ion to
total acetate ions. For ChOAc, the calculated average number of
acetate coordinated to each Zn?* was found to be 4.3 whereas
for BetOAc, it was found to be 4.8 which suggests that the Zn
complex formed in the case of ChOAc is [Zn(OAc),]>~ whereas
for BetOAc is [Zn(OAc)s]*". The possible chemical reactions of
Zn(OAc), with Choline and Betaine acetate is shown in Fig-
ure 4e and f. Previous investigations have shown that anions
affect the Zn deposition potential which is related to the

difference in coordination of Zn ions."*? However, interest-
ingly, here we find that cations can also change the Zn
solvation structure.

To understand the effect of Zn solvation on Zn electro-
chemistry, experiments were carried out to understand the Zn
deposition on Cu and Zn electrodes from the two electrolytes.
The CV of Zn on Cu from the two electrolytes are shown in
Figure 5. From Figure 5a, the cathodic scan shows a reduction
process below 0.05V from Zn containing ChOAc electrolyte
which is related to deposition of Zn on Cu. In the anodic scan,
an oxidation peak at 0.2 V is observed due to the Zn oxidation/
dissolution process. In comparison, for Zn deposition from
BetOAc (Figure 5b) a wide reduction peak commencing at 0.7 V
is observed in the cathodic scan which peaks at —0.05V and is
followed by another reduction process commencing at —0.3 V.
The first peak possibly relates to an adsorption/passivation
process followed by the deposition of Zn. However, in the
anodic scan, no clear oxidation/dissolution of Zn takes place.
Only, a small oxidation peak is observed at 0.1 V which can be
related to the oxidation of electrodeposited Zn. However,
compared to Figure 5a, no prominent reduction and oxidation
peaks are observed. This observation can be related to the
difference in Zn coordination observed in Figure 4. For BetOAc,
as Zn is coordinated with five acetate ions, the Zn reduction
process occurs at a more negative potential compared to
ChOAc. Furthermore, the absence of the oxidation process
suggests that besides the coordination, the presence of Betaine
influences the Zn electrochemistry.

This also is further evidenced by studying the Zn/Zn
symmetric cell in the two electrolytes. Figure 5c shows the Zn
deposition/stripping in  ChOAc-based electrolyte wherein a
stable deposition and stripping potential is observed for
70 hours and the SEM image (Figure S3) shows a dendrite-free
deposition of Zn. However, it is evident from Figure 5d that Zn
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Figure 4. (a) Raman spectra comparison of ChOAc/water and ChOAc/water/1 M Zn(OAc), (b) Raman spectra comparison of BetOAc/water and BetOAc/water/
1 M Zn(OAc), (c) Deconvolution of Raman spectra for ChOAc electrolyte (d) Deconvolution of Raman spectra for BetOAc electrolyte.(e, f) The chemical

structure of Zn(OAc), and its reaction with ChOAc and BetOAc.
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Figure 5. CV of Zn electrodeposition on Cu from (a) 80 % ChOAc/water/1 M Zn(OAc), (b) 80% BetOAc/water/1 M Zn(OAc), (c) Charge/discharge profile of Zn
deposition/stripping in ChOAc based electrolyte at 0.5 mAcm ™ with a capacity of 0.5 mAhcm ™2 (d) Charge/discharge profile of Zn deposition/stripping in

-2 -2

BetOAc based electrolyte at 0.5 mAcm™ with a capacity of 0.5 mAhcm™2.

deposition/stripping is not steady in BetOAc-based electrolytes
which can be attributed to difficulty in nucleation and growth
of Zn. Based on the spectroscopic and electrochemical analyses,
it is evident that Choline is a more suitable cation for Zn ion
capacitors. Therefore, further electrochemical studies were
carried out with 80% ChOAc/water/1 M Zn(OAc), electrolyte.

Asymmetric AC/Zn SC Devices with 80 % ChOAc/Water/1 M
Zn(OAc), System

A capacitor-type cathode (AC) and a battery-type anode (Zn)
were used to construct an asymmetric battery-SC type hybrid
device using 80 percent ChOAc/water/1T M Zn(OAc), electrolyte.
The open circuit voltage was found to be 1.2 V. All the CVs
(Figure 6a) were performed in the voltage range of 0.3V-2.0V
at different scan rates of 1-100 mVs™'. The CV curves for
asymmetric devices show a redox process at 1.2/1.0 V which
was not observed in the symmetric SCs. The redox process can
be related to some Zn interaction with activated carbon. To
evaluate the charging and discharging capacity of the device,
the GCD was carried out at a current density of 0.1-1 Ag™" in
the potential range of 0.3-2 V (Figure 6b). The charge-discharge
curves do not show a typical supercapacitor triangular behav-
jour, but shows the feature of a hybrid capacitor where Zn**
ions are reduced on the Zn anode whereas OAc™ anions are
adsorbed/intercalated on the AC cathode during charging and
the opposite process takes place during discharge.®

The GCD profile calculated at different current densities is
shown in Figure 6¢. The Cj.c.y Of @ symmetric SC device at
current densities of 0.1, 0.2, 0.3, 0.5,1, 2 and 3 Ag™' are 95, 63,

ChemElectroChem 2024, 11, 202400511 (6 of 8)

50, 36, 20 and 15 Fg ™', respectively. The error estimation of the
specific capacitance was =4 Fg~'. At higher current densities
the capacity drops significantly which may be due to side
reactions taking place at higher current density. The specific
energy densities and power densities calculated from the GCD
curve show that the Zn/AC hybrid device delivered a specific
energy density of 37.2Whkg™' and a power density of
135Wkg ' at 0.1 Ag™". The obtained energy density data were
comparable with AC-based aqueous and organic electrolytes-
based SCs which showed a value between 10 and
70 Whkg'.2*>% Finally, the stability of the ZIC in 80% ChOAc/
water/1 M Zn(OAc), electrolyte was evaluated at a current
density of 0.5 Ag™" which shows a capacity close to 40 Fg™'
with about 82 % capacity retention after 3000 cycles (Figure 6e).
Thus, these results pave new direction in developing sustain-
able and biodegradable ZIC.

Conclusions

In summary, we have studied bio-ionic liquids as electrolytes for
Zn-ion capacitors and have evaluated the cation effect of bio-
ILs (ChOAc and BetOAc) on symmetric and asymmetric super-
capacitors. For symmetric cells, a higher capacitance was
observed using BetOAc. The presence of Zn acetate in the
electrolyte changed the electrochemical behaviour significantly.
IR and Raman studies showed that zinc solvation changes
significantly depending on the cation which affects the electro-
chemical reactions. Based on the Raman, IR and electrochemical
analyses, it was evident that choline was a more suitable cation
than betaine for Zn ion capacitors. Furthermore, at 0.1 Ag™

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 6. (a) CV curve at different scan rates (b) GCD profile at different current densities (c) The specific capacity as a function of different current densities
and (d) Ragone plot and (e) Plot of discharge capacity vs. cycle numbers of AC/Zn hybrid capacitor in 80% ChOAc/water/1 M Zn(OAc),.

current density, the Zn/AC hybrid device gave an energy
density of 37.2 Whkg™" corresponding to a power density of
135 Wkg™". At a current density of 0.5Ag™", the hybrid SC
device shows a long cycle life and retains 82% specific
capacitance even after 3000 cycles.
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