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Reline deep eutectic solvent as a green electrolyte
for electrochemical energy storage applicationst

Sara Azmi, ' Masoud Foroutan Koudahi and Elzbieta Frackowiak (= *

Deep eutectic solvents (DESs) are an environmentally benign promising emerging class of versatile
solvent systems. In this paper, for the first time, a new approach to the DES application of choline
chloride—urea, commonly called Reline, and its aqueous mixtures as eco-friendly, affordable and
anticorrosive electrolytes for carbon-based electrochemical capacitors (ECs) is proposed. The symmetric
ECs operating in the Reline-based electrolyte demonstrate excellent electrochemical stability at a
voltage of 2.2 V, in turn supplying a high energy. Furthermore, by adding 1 wt% water to the DES
system, the specific capacitance increased from 100 to 157 F g™t at a 1 A g~* current load. In addition,
excellent long-term capacitor stability was achieved up to >25000 cycles for the Reline + 1% water-
electrolyte and >50 000 cycles for pure Reline. The paramount benefit is the fact that Reline-based ECs
are constructed in ambient conditions as opposed to ECs operating with organic electrolytes and ionic
liquids (ILs) demanding glove-box. Additionally, the Reline-based electrolyte is a non-flammable
solution. Moreover, the current collectors of our DES-based supercapacitor do not corrode. Therefore,
the present findings have important implications to extend the application of the green, non-toxic and
cheap Reline DES electrolyte for high-performance ECs with a wide voltage window and a superior
lifespan.

Following an eco-friendly strategy, the choline-urea deep eutectic solvent, named Reline, is a promising non-flammable green electrolyte, just like ILs, but is
low-cost, biodegradable and non-toxic. Its tuneable properties and anti-corrosion characteristics make the application of Reline suitable in several fields,

particularly in electrochemical capacitors (ECs). The performance of ECs is directly linked to the cell operating voltage, which is limited for an aqueous
electrolyte-based EC (1.23 V). Moreover, an extension of the maximum voltage causes accelerated ageing and corrosion of electrode materials and current
collectors. Nevertheless, the use of Reline as an EC electrolyte offers an advantageous and cost-effective solution having, in addition to its anticorrosive
character, a stable electrochemical window. Our report enlightens the electrochemical performance of carbon-based supercapacitors based on pure Reline and

its water mixture as electrolytes. It has been proven that pure Reline and slightly hydrated Reline offer excellent cycle stability at 2.2 V with superb capacitance
retention. The current research provides new insights into the development of a reliable, environmentally friendly electrolyte to produce highly durable ECs

(50000 cycles). It can be useful for many applications, especially smart technologies for e-skin wearable electronics as well as hybrid electric vehicles, and
military and space industries, alone or integrated with other energy storage devices.

Introduction

(by solar panels operating only during the day) and the satisfaction
of demand (lighting at night). Nowadays, the most widely used

Energy storage is a major strategic worldwide issue. Reducing the
production of greenhouse gases requires the use of renewable
sources of energy. Due to the intermittency of some of these
sources, particularly photovoltaics, storage is the only solution
that can be used to offset the time between electricity production
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system to store energy for all applications is undoubtedly electro-
chemical storage.! Among various energy storage systems, an
electrochemical capacitor (EC) is an efficient device used when a
high power density is required.” It has a much higher capacitance
than the traditional dielectric capacitors sold in markets and a
much lower energy density but a higher power capacity than
batteries.” Therefore, electrochemical capacitors have the
characteristics of being a practical bargain between traditional
capacitors and batteries.* Principally, ECs comprise three
constituents: electrodes that are commonly carbon-based materials,
an electrolyte that could be aqueous or non-aqueous and a

This journal is © The Royal Society of Chemistry 2022
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separator.” There is a vast selection of electrode materials and
electrolytes used for designing ECs. However, there is growing
interest in carbon-based capacitors since these materials are
accessible, low-cost and possess various morphologies with
high stability and conductivity.® The charge storage mechanism
of ECs is based on electrostatic interactions at the electrode/
electrolyte interfaces through an electrical double layer formed
at the positively and negatively charged electrodes.” Over time,
extensive literature has described different carbonaceous
materials used as active electrodes for ECs, which included
graphene,® carbon nanotubes,’ activated carbon'® and carbon
fibers.'* Most early studies and the current work focus on the
use of the graphene carbon material due to its specific surface area
(SSA) of 2630 m* g theoretically, high electrical conductivity,
mechanical flexibility and high capacitive performance
(theoretically ~550 F g ').'> Indeed, the three-dimensional
(3D) macroscopic graphene material has been proposed by
several researchers as a great technological promise for super-
capacitors providing good performance due to its high porosity
offering fast ionic diffusion."®** However, activated carbon,
including Black Pearl (BP2000) and YP8OF, displays high
tuneable properties with a wide surface area, making it the
most suitable porous material for electrochemical capacitors.

So far, more studies have been focused on the electrode
materials of supercapacitors,”'> while being less involved in
the field of electrolytes. The choice of a suitable electrolyte for
electrochemical capacitors remains one of the most challenging
problems. The electrolytes of ECs could be divided into three
classes: aqueous (KOH, LiNO;, etc.), organic (based on acetoni-
trile, ethylene carbonate, etc.), and ionic liquids (BMI-PFs,
EMI-TFSI, etc.).” At the same time, new types of electrolytes
named deep eutectic solvents (DESs) start to be investigated
aiming to increase the operating voltage of the EC devices,
thanks to their excellent electrochemical stability.

DESs are green solvents formed by quaternary ammonium
salts with hydrogen donors in a specific ratio forming
eutectics.'® These solvents have similar properties to ionic
liquids (ILs), namely, a wide liquid range, water compatibility,
low vapour pressure and non-volatility,"” but are the most promis-
ing environmentally benign and cost-effective alternatives.'® The
first DES system reported, which was investigated by Abbott in
2003, contained the quaternary ammonium salt choline chloride
(ChCI) and urea in a molar ratio of 1:2." Both choline chloride
and urea are biodegradable, non-toxic, and readily available
components. More recently attention has been focused on deep
eutectic solvents (DESs) as new green solvents which have been
applied in the fields of electrochemistry,**>* materials growth,”®
catalysis,>* biotransformation,* extraction and separation,”® gas
and liquid adsorption®”*® and corrosion resistance® due to their
low cost, biodegradability and low toxicity. Although several
applications of DESs have been investigated, little interest has
been placed on DESs as electrolytes for electrochemical energy
storage technologies.

DESs share many characteristics with ILs*° but their low cost
makes them particularly attractive in many applications,
including electrolytes for energy devices. Due to their unique
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properties, despite their extremely high cost, ILs found a wide
range of applications in various electrochemical devices
including lithium-ion batteries,**** fuel cells,>* dye-sensitized
solar cells,® etc. Like ILs, DESs were also used in electro-
chemistry as electrolytes for supercapacitors (SCs) due to their
wider electrochemical stability window, which increases the
energy density of SCs.

The appearance of DESs in the field of SCs may present an
attractive option for electrolytes. Li et al. used a DES-based
supramolecular gel polymer electrolyte in EDLCs which delivered
an operating voltage of 2.4 V.>® Vorobiov et al. adopted a chitosan-
supported DES as a bio-based electrolyte for flexible super-
capacitors with a 1.6 V operating window.?” Zhong et al. reported
a study using a choline chloride-ethylene glycol-based DES as
an electrolyte for wide temperature range supercapacitors with
an operating voltage of 2 V.*® In the same context, Sathyamoorthi
and co-workers investigated also the use of a non-fluoro DES for
high-temperature supercapacitors with a 1.3 V maximum cell
voltage.”” Furthermore, Zaidi et al. employed a DES based on
N-methylacetamide and lithium salt as the electrolyte at high
temperatures for activated carbon-based supercapacitors with an
operating window of 1.8 V.*> A most recent study® highlights the
design of a wide voltage window (2.4 V) DES using tetraethylam-
monium bromide (TEAB) and ethylene glycol for electrochemical
capacitor applications. Recently, Amara et al proposed the
application of the lithium bis(fluorosulfonyl)imide and N-methyl-
acetamide DES as a superionic electrolyte for activated carbon
electrochemical double-layer capacitors.*’ Karade reported the
use of a DES as an electrodeposition synthesis bath for hybrid
supercapacitor electrodes operating in aqueous electrolytes.*” It is
worth noting that there are only a few detailed reports on the
application of DESs in the field of electrochemical capacitors (ECs).

As far as we know, no previous research has mentioned the
use of the choline-urea deep eutectic solvent (DES) as an
electrolyte for energy storage systems, especially electrochemical
capacitors (ECs). Indeed, the choline-urea DES, also known
commercially as Reline, is a biodegradable, non-toxic and
inexpensive eutectic mixture of choline chloride and urea in a
1:2 molar ratio. It is obtained from low-cost and environmentally
friendly starting materials.”® Moreover, choline chloride is known
to be an important nutrient that performs essential metabolic
functions necessary for the formation of vital bodily substances
needed for animal nutrition.** Besides, urea is a versatile organic
substance with a high nutrient density and good handling and
storage properties present in different industries, mostly
cosmetics® (anti-ageing and dry skincare) and agriculture*®*”
(fertilizers).

A choline-urea eutectic mixture has highly appropriate
physical properties which make it useful as a solvent in the field
of electrochemistry, especially for electrochemical capacitors,
since it has a large stable electrochemical window of about
3-4 V and high chemical and thermal stability.*® Furthermore,
being a green corrosion inhibitor, Reline is widely considered to
be a good candidate to prevent corrosion of metals and
alloys.>>*>° It has been used for corrosion protection of less
noble metals,* especially copper and stainless steel.** Ibrahim
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et al. investigated the effective corrosion inhibitors of Reline DES
and its water mixture for copper, mild steel and stainless steel
316." Their study confirms the effectiveness of Reline DES as a
corrosion inhibitor in a harsh acidic environment even with a
moisture content up to 10 wt%."° This characteristic is an asset
for its application as an electrolyte for electrochemical capacitors
considering the need for protection of the current collector
during long lifetime cycling. The intriguing aspect in the field
of electrochemical capacitors is the condition under which the
device is assembled and operated, mainly the Reline DES pre-
paration is easy, cost-effective and does not involve any post-
purification or glovebox use.” However, most of the DESs
including Reline suffer from their high viscosity which influ-
ences directly their conductivity.>>

To counter the aforementioned drawback in the case of
Reline which is a water-soluble electrolyte,’ it has been inves-
tigated and reported that a small fraction of water can remark-
ably improve the electrolyte system by significantly reducing its
viscosity and relatively increasing its ionic conductivity.>*>?
Several studies have been conducted to point out the thermo-
physical properties®>*>**7 and dynamics**>® of pure Reline
and its mixture. As mentioned by Sapir et al., water is usually
added to improve the physicochemical properties of DESs,
notably Reline.>* In this context, we tried to explore and benefit
from Reline (DES) and its mixture with water at different
proportions as an attractive electrolyte for supercapacitors.

Following an eco-friendly strategy, this work reports, for the
first time, the investigation of the choline-urea DES as an
electrolyte for carbon-based electrochemical capacitors (ECs).
Its anti-corrosion properties and high electrochemical stability
play an important multifunctional role in energy storage.

Experimental section
Materials

Graphite powder (particle diameter <20 um, 95-99.99% purity)
was supplied by Graphit Kropfmiihl GmbH, Germany. Black
Pearl 2000 (BP2000) and YP8OF powders were provided by
Cabot®, USA and Kuraray, Japan, respectively. Other chemicals,
including H,SO, (ACS reagent, 95.0-98.0%), NaNO; (ACS

(a)

Urea Choline chloride

Fig. 1
chloride—urea mixture (Reline DES).
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reagent, >99.0%), KMnO, (ACS reagent, >99.0%), H,O,
(30 wt% in H,0, ACS reagent), choline chloride (>98%), and
urea (ACS reagent, >99-100%) were purchased from Sigma-
Aldrich® (Poland).

Reline deep eutectic solvent preparation

Reline deep eutectic solvent was prepared from choline chloride
(CsH14CINO) salt in combination with urea (CH,N,O) hydrogen
bond donors (HBDs) by adjusting the 1:2 molar ratio (Fig. 1a).
The mixture was heated at 80 °C with continuous stirring until
a homogeneous colourless liquid was formed. Additionally,
further Reline-water mixtures were prepared by adding desired
quantities of distilled water to Reline DES at different percen-
tages (0.05%, 1%, 2%, and 5%). No additional purification was
done for all experiments. The resulting DES solutions were used
as electrolytes for supercapacitors. The electrical conductivity,
density and dynamic viscosity of the pure choline-urea deep
eutectic solvent and its water mixtures were investigated using a
conductivity meter (Mettler Toledo®, Switzerland) and a Lovis
2000 M/ME micro-viscometer (Anton Paar), respectively. The accu-
racy associated with density measurements is <0.0001 g cm ™. The
conductivity of pure DES was studied for the temperature range
from 25 °C to 160 °C through the use of electrochemical
impedance spectroscopy. The residual water content of Reline
DES was measured using a Karl-Fisher coulometer. The absorption
spectra of the Reline DES and its water mixtures were recorded
utilizing a PerkinElmer FTIR spectrophotometer with a resolution
of 4 cm™". The thermal properties of the DES were investigated
using a NETZSCH DSC 204F1 Phoenix differential scanning
calorimeter (DSC). Initially, the calibration was done under a
Ny-atmosphere through liquid-nitrogen cooling. A few drops of
Reline DES were sealed in an aluminium crucible; the samples
were first cooled from room temperature up to —120 °C, then

heated up to 50 °C at a rate of 1 °C min™ ",

3DG hydrogel electrode preparation

Graphene oxide (GO) was synthesized following modified
Hummers’ method, reported elsewhere,”® and subsequently
was used for the preparation of the three-dimensional gra-
phene like material (3DG) using the hydrothermal self-

(b) o ————————

T,, Choline chloride

133°C

DES 1
(2:1) mole %,
T

Reline : T
0 20 40 60 80 100

mole % Urea

(a) Molecular representation and synthesis of Reline DES; @: Cl, o: H, @: O; @: C; @: N. (b) Solid-liquid equilibrium phase diagram of the choline
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assembly process. Briefly, GO with a proper concentration was
sonicated in DI water for 2 h using an ultrasonic bath
(temperature <25 °C). Afterwards, the dispersed sample was
poured into a Teflon-lined stainless steel autoclave and maintained
at 200 °C for 12 h without any disturbance. Later, the resulting 3DG
was soaked in DI water for one week to remove the residual
impurities. For physical characterization, 3DG was lyophilized to
an aerogel for 72 h using a freeze-drying setup. The resulting
electrode was characterized by Brunauer-Emmett-Teller (BET)
isothermal analysis (77 K) with N, as the adsorbate (ASAP 2460,
Micromeritics, USA) to evaluate the surface area and porosity of
the samples. Further morphology investigation was done using
scanning electron microscopy (SEM) analysis.

The preparation of electrode materials based on 3DG was
carried out without the addition of any binder or additive, and
by cutting self-standing, disk-shaped pellets with a diameter of
8 mm and a thickness of ~1 mm. Before assembling the cells,
the electrodes based on 3DG were pressed to a thickness of
~200 pm. Electrode materials based on powdered BP2000 and
YP8OF were prepared as follows: 90% of BP2000 and YPSOF,
5 wt% of the poly(tetrafluoroethylene) (PTFE) binder (60%
suspension in water) and 5% of C65 conductive carbon black
were mixed using isopropanol as the solvent. The constituents
were combined in a mortar to ensure the homogeneity of the
ingredients in the obtained thick slurry. Later, the resulting pastes
were pressed and rolled with a thickness of 150 to 200 pm using a
calendaring machine. Finally, electrodes with a diameter of
10 mm were cut and dried in a dryer at 60 °C for 24 h.

Electrochemical characterization

For this purpose, the prepared electrodes, as well as the
separator, were soaked in the electrolyte for 24 h to allow
complete infiltration of highly viscous electrolyte molecules
into the pores. The used separator was a glass microfiber
membrane (GF/A, Whatman™) with a thickness of 260 um
and a disc diameter of 12 mm. A Swagelok cell with stainless
steel current collectors was used for assembling symmetrical
cells based on carbon electrodes. Three electrode -cells
equipped with a reference electrode were used to monitor the
behaviour of single electrodes separately. The electrochemical
behaviour of the samples was studied using a multi-channel
potentiostat/galvanostat (VMP3, Biologic, France). Cyclic vol-
tammetry (CV) at sweep rates from 5 mV s~ " to 200 mV s/,
galvanostatic charge-discharge (GCD) at 0.5, 1, and 2 A g~ *
current densities, and electrochemical impedance spectroscopy
in the frequency range from 100 kHz to 1 mHz (at 0 V) were
conducted.

Results and discussion
Choline chloride-urea (Reline) DES phase diagram

Generally, DES is formed by the combination of two constituents
generating a new liquid phase characterized by a lower freezing
point compared to that of individual products. The molecular
structure of Reline components is presented in Fig. 1(a), whereas
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Fig. 1(b) shows the phase diagram of the choline chloride-urea
mixture as a function of the molar composition. As presented in
the figure, choline chloride and urea have melting points (7},,) of
302 and 133 °C, respectively. The DES mixture possesses the
lowest melting point of 12 °C. Thus, the choline chloride-urea
eutectic mixture is formed at a composition of 67 mol% urea
which means that two urea molecules are required to complex
the chloride anions of choline for obtaining the eutectic mixture.

Thermophysical properties of Reline DES

The Reline DES might contain some water traces depending on
the raw material pre-treatment. In this study, the DES preparation
was done without any purification/drying of the used chemicals.
The residual water content of the prepared Reline was found to be
1900 ppm using the Karl-Fischer coulometry method. It is well
known that the conductivity and viscosity have important effects
on the properties of Reline deep eutectic solvent.” The experimen-
tally determined viscosities, densities and conductivities of Reline
and its mixture with water content are shown in Table 1. The
viscosity and density data of pure Reline DES were retrieved from
the literature.> The reported data cover the defined range of water
percentages from 0.05% to 5% at 25 °C. From the presented table,
it is clear that increasing the water quantity leads to an increase in
conductivity. As reported in the literature,*® the high viscosity of
the DES is in virtue of the broad hydrogen bond network present
between each component which leads to a lower mobility of free
species within the DES. Indeed, by adding water to the DES
solution, it reacts with the H bond donor which is urea in the
case of Reline that makes the hydrogen bond network less
extensive and creates more flexible mobility. Thus, the conductivity
will be increased by the increase of water content.>*

The ionic conductivity of choline-urea electrolytes is a
critical parameter for the performance of a supercapacitor
because it is responsible for the ion mobility and the number
of charge carriers of the system.®' Table S1 (ESI}) presents the
temperature dependence of the Reline DES over the temperature
range of 25-150 °C. As it can be noticed from the figure, the DES
conductivity varies from 1.5 mS cm™ ' at 25 °C to 180 mS cm ™" at
150 °C. This is due to the decrease of the DES viscosity as the
temperature increases. The observed temperature dependences
of conductivity are well fitted by the Arrhenius equation (eqn 1):

d.
KT

g=09 €xp (1)

Table 1 Density (p/g cm™>), viscosity (7/mPa s™) and electrical conduc-
tivity (mS cm™) of Reline in various water mixtures at pressure p = 0.1 MPa

and T = 25 °C

Density Viscosity Electrical conductivity
(p/g em™3) (n/mPa s~ (mS ecm™1)

Pure DES 1.199¢ 1750 1.3

0.5% water 1.172 172.9 4.11

1% water 1.170 76.32 7.06

2% water 1.168 31.11 11.72

5% water 1.159 13.39 16.76

“ Literature data.>
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where o, is the conductivity of the pre-exponential factor, E, is
the activation energy, Kj, is the Boltzmann constant, and T is the
absolute temperature.

The Arrhenius plot of the temperature dependence of con-
ductivity for the Reline DES is depicted in Fig. 2(a). The
activation energy calculated from the slope of the plot and
the Arrhenius equation is 21.17 k] mol~" which is relatively
comparable to the values reported for dried and water-
saturated ILs.®” This indicates that the Reline DES ions require
low energy for migration in highly conducting samples.

In order to assess the ionicity of DES electrolytes, the
Walden classification diagram is an effective tool to compare
the ionicity of the Reline DES-based system to other ILs
and DESs. This plot illustrates the relationship between the
conductivity and viscosity according to the Walden rule, An* = k,
where A is the molar conductivity (S em* mol %), 5 is the viscosity
(Pas™"), and k is the constant estimated from the so-called ideal
electrolyte solution KCI reference.®® Fig. 2(b) depicts the Walden
graph at room temperature for Reline DES and its water mixtures
as well as other ILs taken from the literature. In detail, the solid
blue line indicates the ideal Walden plot attributed to 1 M KCl
solution and the deviation path and its magnitude from this
line outlines the degree of ionization of the considered solutions.
As illustrated in Fig. 2(b), the Walden plot distinguishes
between the non-, poorly, good and super-ionic liquids. Pure
Reline DES is classified as a poor ionic liquid at ambient
temperature (25 °C) together with Ch:glycerine and LiNOs:
NMAc DES systems. This is due to the hydrogen bonding in
these DES systems leading to high viscosity and thus a limited
conductivity. As expected, through the addition of water, the

=TI * 1T * T -~ 1 1T 1T 1T 1 -1 °
24 ]

(@) E,= 21.17 kJ mol )
S R =0.98559

0.2 L T L |
26 27 28 2.

= T £ T x T L T J T J T

9 30 31 32 33 34
1000/T (K")

Fig. 2

chloride (ChCl):2urea (Reline)t's work:

bisl(trifluoromethyl)sulfonyllimide (LiTFSI);%*

ChCl:butanediol;®*

Walden product line fixed with 1 mol L™ aqueous KCl solution.
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Reline DES shifts from the poor ionic liquid class to a good
ionic liquid offering better physical properties comparable to
LiTFSI based ILs.

To outline the thermal properties of Reline DES, differential
scanning calorimetry (DSC) measurements were carried out to
characterize the exothermic, endothermic and glass transitions.
Although the melting temperatures of choline chloride and urea
are ~302 °C and ~133 °C, respectively, the eutectic mixture
temperature is lower (~12 °C). The sample was initially cooled
to —120 °C (blue line) and then heated to 50 °C (green line), and
the results are shown in Fig. 3(a). Upon heating the DES from
—120 °C to 60 °C, the system displays a glass transition at
—53 °C, followed by an exothermic cold crystallization peak
at around —20 °C and an endothermic melting peak starting at
around 11 °C and ending at around 25 °C. At temperatures
ranging between 25 and 200 °C, the DES is thermally stable. It
was reported that this DES decomposes above 200 °C under two
different stages related to choline chloride and urea partial
decomposition.®® Moreover, the properties of Reline DES and
its water mixtures were investigated using infrared spectroscopy
(IR) and the results are shown in Fig. 3(b). It can be noted that
the characteristic spectrum of the Reline DES overlaps with
those of its water mixtures (1%, 2% and 5%). This proves that
the water addition does not change the structure of the Reline
DES. For the IR spectrum of Reline, the dominant regions are the
N-H and O-H stretching modes located between 3600 and
3000 cm™ ', and the NH, bending and C=O stretching bands
detected between 1700 and 1600 cm ‘. Remarkably, the
structure of the choline-urea mixture remains the same even
after the addition of 5% of water, showing that the added water
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(a) The Arrhenius plot concerning the ionic conductivity of the Reline DES electrolyte, (b) Walden plot at ambient temperature for: @ 1choline
ChClethylene glycol (EG);®® 4 ChClglycerine;®*
2-methylglutaronitrile (MGLN):LiTFSI;®*
LINO35:NMAc;* + lithium bis(fluorosulfonyl)-imide(LiFSI):formamide (FMD);*!

glutaronitrile (GLN):lithium
LiTFSI:N-methylacetamide (NMAc);®> @ (lithium nitrate)
tetraethylammonium chloride (TEAC):EG.*° The blue line is the “ideal”
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has preferentially combined with the other water molecules
present in the DES system.

Overall, the thermophysical properties of the Reline DES are
dependent upon the temperature and the water content. Hence,
the Reline DES as an electrolyte for supercapacitors could be
improved by adding a low concentration of water in order to
maintain the good ionic conductivity and consequently the
high performance of the energy storage system.

Physicochemical characterization of carbon materials

In order to study the performance of the DES-based super-
capacitors, the choice of an appropriate carbon electrode is
inevitable. Thus, the principal factors that influence the super-
capacitor electrode have been reported. Firstly, the specific
surface area and the pore volume of the used carbon material
have been studied using Brunauer-Emmett-Teller (BET) iso-
thermal analysis (N, at 77 K). It can be seen from the isothermal
curves in Fig. 4(a) that the three carbons present a small
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(a) DSC thermogram of Reline DES; (b) FTIR spectrum of Reline DES and its water mixtures (1%, 2% and 5%).

hysteresis loop in the relatively high-pressure range that
confirms the presence of the mesopores needed for good
transport conditions across the electrode. The pore size
distribution study of the three samples shows a dominance of
the mesopore characters for 3DG and BP2000 carbons with
pore volumes of 0.23 cm® g and 1.9 em® g™, respectively, and
a micropore texture for the YP8OF material with a pore volume
of 0.80 cm® g~' (Fig. S1, ESIf). Further investigation of the
electrode morphology was achieved using scanning electron
microscopy. Fig. 4(b) depicts the SEM micrograph of the 3D
graphene-like material synthesized by a hydrothermal process.
A network of interconnected pores within a 3D structural
material can be observed. It also reveals a relatively uniform
distribution of large and small pores providing an accessible
surface area. The 3DG macroporosity property will facilitate the
transport process of ions and, therefore, improve the capacity
and power density of the energy storage device, especially with
the viscous character of the Reline DES electrolyte, while the

(a) N, adsorption (@)/desorption (O) isotherms at 77K; (b) SEM image of the three-dimensional graphene-like material (3DG).
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microtexture of the used activated carbon (BP2000 and YPSOF)
presents a significant difference compared to the 3DG material
(Fig. S1 and S2, ESIf).

Electrochemical performance

To assess the application of pure DES and its water mixtures as
electrolytes for supercapacitors, a symmetrical two-electrode
system assembled using 3DG electrodes was subjected to
electrochemical tests at room temperature. In the initial stage,
the capacitive performance and the maximum operating voltage
of the cells based on 3DG electrodes in DES, DES + 0.05% water,
DES + 1% water, and DES + 5% water were evaluated by CV
analysis and the results of the investigations are shown in
Fig. 5(a—e). From the CV curves recorded at 5 mV s, it can be
seen that, with extending the voltage window from 1.5 Vto 2.4V,
no obvious deviation from the initial, rectangular shape of CV
(up to 1.5 V) was observed for 3DG in pure DES. However, the
DES samples with water contents showed slight redox activities
at the highest voltage, which can be taken as the sign of water
decomposition. Therefore, the upper voltage stability limit was
set at 2.2 V which is the start of the current response increase.
From DES to DES + 1% water, the CV profiles exhibited a
rectangular shape without deviation, which means that the
charge storage is governed mainly by an electrostatic sorption/
desorption process. Yet, with increasing the water content to 5%,
an unstable CV profile including both capacitive and faradaic
responses was obtained (Fig. 5(e)). This could be attributed to
the electrolyte decomposition or the production of by-products/

300 T T T T
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surface groups that generate faradaic current during the
sorption/desorption process.

Thus, it has further strengthened the conclusion reported by
Du et al. regarding the non-stability of the electrochemical
window of Reline DES when the water content is over 6%.%
Despite the drawbacks such as narrowing the operating voltage
window or behaviour instability (for 5% H,O content), the
moderate presence of water molecules as additives (1%)
enhances the conductivity, especially facilitating the transpor-
tation of ions inside porous electrodes. Therefore, the higher
mobility of ions leads to a higher capacitance as well as a
better power performance at higher scan rates. To evaluate the
cell voltage limits, the galvanostatic charge/discharge (GCD) at
0.2 A g~ ' was also applied for the pure DES electrolyte and its 1%
water mixture with voltage extension from 1.5 to 2.2 V (Fig. 5(c and
f)). It is clearly shown that, for both systems, the discharging area
increases with the rise of the cell voltage. Interestingly, the GCD
curves of the pure DES system reveal a relatively symmetrical
triangular shape with a negligible decrease of the system energy
efficiency which indicates the stability of the DES electrolyte at a
higher voltage window and good matching of the DES ion size
with the porous structure of 3DG, while the GCD curve of DES +
1% water displays a larger specific capacitance calculated from
the discharge area but with a drop of the energy efficiency at a
higher voltage. Table 2 presents the SC characteristics in various
voltage ranges derived from galvanostatic discharge for 3DG
(Fig. 5(c and d)) and BP2000 (Fig. S3(a and b), ESIt) electrodes.
The formulas used to calculate the capacitive performance and
efficiency at different voltages are summarized in the ESL{

L LTI
3DG/DES

3DG/DES ]

T Bl T T T T
24
3DGI/DES + 0.05% water ( )
(a) 300 (b) 1 224 Cc 02Ag"
200 1 20.] B ]
- 200 E 1.8
‘o % ]
w100 12 - 16
3 L 100 1% 144 TE R %% W
% Q g 12] Energy Efficiency/%
= S = -
§ 01 1% o 18 104 ]
3 =3 0.8 1
-100 {®© 06 - 4
-100 b 0.4 B
0.2 i
-200 1 -2004 g 0.0 G
APURIUSIUAUSIUSTUR LS SURSUR LS T T T T T T T T T T T T T T T T T T T T
0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24 26 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24 26 800 -600 -400 -200 O 200 400 600 800
Voltage/V Voltage/V Time/s
600 ] (d) 3DG/DES + 1% water] 49 (e) 3DGIDES + 6% water1 . (f) 3DGIDES + 1% water
] 24 3
L 02Ag"
50011 1 300 J 2.0 22 9]
400 i 181 g 1
- - 518
‘o ‘® 200 4 164 S 1
w3004 A 18 —
w . al
® ? 2 144 S % s e T s 9 ool
S 200 {g 1004 4 & Energy Efficiency/%
ko) T S 1.24
G 100 1% i 13 10] 1
8 g O >
S 04 4 8 0.8 4 E
-100 4 g 4 i
“100] ] 06
04 1
-200 4 g -200 .
0.2 1
-300 g
-300 . 0.0 1 ]
-400

T T T T T T T
-020.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 26
Voltage/V

T T T T T
-0.20.0 02 04 06 0.8 1.0 1.2 1.4 16 1.8 20 2.2 24 2.6

T T T T T T T
-2000 -1500 -1000 -500 0 500 1000 1500 200C

Voltage/V Time/s

Fig. 5 CV curves at 5 mV s~* of the 3DG electrochemical capacitor for (a) DES; (b) DES + 0.05% water (d) DES + 1% water and (e) DES + 5% water for
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For each voltage, the SC parameters were calculated based
on the discharge time and by integrating the area under the
galvanostatic discharge curve. By comparing the values
reported in Table 2, it is noticed that the values calculated by
integration are typically smaller than the ones estimated from
discharge time. The capacitance (per one electrode) and
specific energy of the system calculated by both methods show
some differences. The extension of the voltage from 1.7 to 2.2 V
leads to an increase of the capacitance of the four SCs.
However, the energetic efficiency (17) displays a drop, especially
at a higher voltage because of the deviation of the GCD curves
from linearity at 0.2 A g, especially for the 3DG SC in DES +
1% water (59%). The energy efficiency displays higher values
when the GCD curves are recorded at 0.5, 1 and 2 A g *
(Fig. 9(c)). Further examinations of the SCs were performed
using a two-electrode cell with an additionally positioned Hg/
Hg,SO, electrode and the result is shown in Fig. 6. These
investigations show the linear trend of the GCD curves for the
positive and negative electrodes at all the operating voltages.
Interestingly, Reline DES electrolyte permits the voltage of the
BP2000 based capacitor to be up to 1.7-2.2 V. At 2.2 V (Fig. 6(d)),
the GCD discharge curve at the positive side shows a slight
deviation in linearity which could have originated from the
DES H-bond donor electrosorption (urea).” Mamme et al. inves-
tigated the electrical double layer of the choline chloride-urea
DES by molecular modelling.®” They reported that the electro-
sorption mechanism of urea on carbon electrodes depends on
the intermolecular interactions and the surface polarization.
They found that the electrode/electrolyte interface is composed
of a flat arranged layer of urea, followed by a mixed charged
cluster of all Reline components. Nevertheless, the electrostatic
interaction of Reline DES is highly enhanced between urea and
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the negatively charged electrode compared to the positively
charged one. Moreover, in DES and its water mixture systems,
the water preferentially combines with urea molecules but not
with ChCL. Hence, the ChCl fraction linked with urea through
hydrogen bonds will produce more free Ch" leading to high ionic
dissociation. As a result, the decomposition of water can be
suppressed and the wide electrochemical window could be
preserved. It can be confirmed that 2.2 V is the maximum safe
voltage for SCs operating in Reline DES and Reline DES + 1%
water. The high electrochemical stability window (ESW) of Reline
was also evaluated from the investigation of the stability factor S
originally proposed by Xu et al.°® using (eqn (2)):

S = Qcharge - 1;
Qdischarge

(2)

Factor S is calculated from the cyclic voltammetry (CV) curve
recorded in a three-electrode cell system obtained by progres-
sively increasing the vertex potential range for each electrode.
According to equation (2), Qcharge a0d Qgischarge Present the
charges stored and released during the positive and negative
CV sweeps, respectively. The largest ESW for each electrode
corresponds to S < 0.1. Before introducing the S-value analysis,
it can be seen from the three-electrode cell investigations
(Fig. S4(a), ESIt) that the performance of the full cell with
separate behaviour of positive and negative electrodes displays
a nearly rectangular square. The plot displayed in Fig. S4(b)
(ESIT) predicts a stable potential window of about 2.2 V with
S < 0.1 for the Reline DES SC device. Therefore, it was decided
to perform all the other electrochemical investigations at 2.2 V.
Fig. 7(a-d) summarizes the electrochemical performance of the
ECs based on the pure DES electrolyte and its water mixtures
recorded at different scan rates (5-200 mV s~ ') with a potential

Table 2 Comparison of SC parameters for 3DG (0.2 A g~%) and BP2000 (0.5 A g%) based SCs operated in Reline DES and DES + 1% water

Electrode material Electrolyte Umax (V) Cergp (FE ") Celinvop Fg ") Esep Whkg™) Egingep Whkg™) ne (%) 1z (%)
3DG Reline DES 1.7 110 105 19 11 100 81
1.8 104 97 18 11 100 81
1.9 105 94 18 12 99 80
2 106 96 18 13 98 79
2.1 107 93 18 14 98 79
2.2 111 96 19 16 97 78
Reline DES + 1% water 1.7 147 146 25 14 100 82
1.8 145 141 24 15 100 80
1.9 146 146 24 17 99 79
2 151 148 25 19 99 76
2.1 156 155 26 22 99 67
2.2 162 157 27 25 97 59
BP2000 Reline DES 1.7 74 65 16 9 100 82
1.8 76 68 16 10 100 80
1.9 77 70 17 11 100 80
2 78 68 17 12 100 76
2.1 81 72 18 14 100 77
2.2 84 76 18 16 99 75
Reline DES + 1% water 1.7 80 71 17 8 100 83
1.8 82 72 18 9 99 80
1.9 84 74 18 10 98 78
2 87 78 19 11 97 79
2.1 90 79 19 12 98 77
2.2 92 85 20 14 97 78

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 CV curves at different scan rates under 2.2 V of (a) DES, (b) DES + 0.05% water, (c) DES + 1% water and (d) DES + 5% water.

window of 2.2 V. It can be noticed, at a low scan rate of same time, the 3DG in DES + 0.05% water showed a better power
5 mV s ', the CV curves present a quasi-rectangular shape rate with maintaining its favourable capacitive performance in a
which demonstrates a good capacitive behaviour of the system. wide range of sweep rates. To further evaluate the charge

Furthermore, it is highlighted that 3DG in the DES + 1% water ~ storage mechanism, electrochemical impedance spectroscopy
system displays a high capacitance of 200 Fg™ ' at 5mV s '. Atthe measurements were carried out. Fig. 8 illustrates the Nyquist

1164 | Energy Environ. Sci., 2022, 15, 1156-1171 This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee02920g

Open Access Article. Published on 26 January 2022. Downloaded on 11/2/2025 7:23:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
3500 7 . T . . . :
*
3000 - 50 ‘ . . ‘ i
* DES
* % DES+ 0.05% water
2500 * DES+ 1% water * _
404 % DES+ 5% water B
*
2000 i
G * 50 . ]
Nis00{ * 1
* 204 * * d
*
10004 ¥ * . -
"k* * * *
Y 10 R * N * - o * 1
500 o gy * 5 K AKX e
# 0 W . ‘ f*
0 0 10 20 30 40 50
T
0

T T T T
1500 2000 2500 3000
Z'10
Fig. 8 Nyquist plots for the electrochemical capacitors operating in the
DES and its water mixtures.

T T
500 1000 3500

plots for 3DG electrodes in the ECs assembled using the pure
DES and its mixtures with water at different percentages. The
equivalent series resistance (ESR) for DES, DES + 0.05%, DES +
1%, and DES + 5% water can be estimated from the inset; the
higher the amount of water, the lower the ESR value. The highest
resistance was recorded for the pure DES electrolyte due to its
high viscosity and low conductivity. Therefore, in the absence of
water, 3DG in DES showed a wide semi-circle at high frequencies,
indicating the existence of a considerable resistance against the
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current flow at the interface of electrode/electrolyte. This is
consistent with the obtained data from CV analysis: a higher
ionic mobility leads to better transport properties. The galvano-
static charge-discharge curves recorded under different current
densities (0.5, 1, and 2 A g~ ") of the DES electrolytes prepared with
different water contents are compared in Fig. 9. Broadly speaking,
a relatively symmetrical triangular shape of charge/discharge
curves is noticed in all the samples at the three regimes with
the specific capacitance increasing from 100 F g~ ' to 157 F g ",
However, the sample tested using DES + 5% water revealed a
distortion from the ideal triangular shape which proves the
presence of redox activity within the cells. The same distortions
were observed in the CV profiles as well.

Interestingly, the GCD curves recorded from the pure DES
and DES + 0.05% water have no visible differences in terms of
specific capacitance, which demonstrates that, when adding
small quantities of water (<0.05%) to the Reline DES, no
significant difference was observed in the electrochemical
behaviour of the system. As expected, 3DG in DES + 1%
water reached the highest specific capacitance per electrode
(157 F g ") as well as the highest energy efficiency (70% at
0.5 A g~ ). It is clear that, when adding 1% of water to the pure
DES electrolyte, the performance of the electrochemical cells at
room temperature appears to be the best.

In the next stage, the long-term cyclic stability of 3DG in the
pure DES and DES + 1% water was studied in order to highlight
the long-term performance stability and the effect of adding water
to the pure DES during continuous charge-discharge cycles.
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Fig. 10(a and b) demonstrates the variation trend of specific
capacitance versus cycle number. All samples showed a similar
trend, including an initial sharp decrease, followed by stable
behavior. After 25000 repetitive charge-discharge cycles, 3DG in
DES and DES + 1% water retained 90% and 88% of their initial
capacitance values, respectively. These data reveal that the
presence of at least 1% water does not have a tangible influence
on the stability of electrolytes and the performance of ECs.
The most striking result achieved from the data is the high
stability of the 3DG capacitors using the pure Reline DES over
50000 galvanostatic charge/discharge cycles at 1 A g~ " without
an increase in the equivalent series resistance (ESR) value as
presented in Fig. S5 (ESIT). This indicates the ability of the DES-
based system to undergo superb stable charge-discharge cycles
which highlights the anticorrosion properties of this electrolyte.
The next important metric of the ECs is their ability to keep
the charge. Electrochemical capacitors based on electrostatic
attraction of ions usually show a high, spontaneous self-
discharge in open-circuit voltage. It leads to a voltage drop and,
subsequently, a decrease in operational energy density and power
density.

In order to evaluate the self-discharge of 3DG in DES and
DES + 1% water systems, the assembled cells were charged to
specific voltage points (1.6, 1.8, 2.0 and 2.2 V) with a constant
current load (1 A g ') and then kept at those voltages for 2 h
before being left at an open-circuit voltage for 12 h. The next
important metric of the ECs is their ability to keep the charge.
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Electrochemical capacitors based on electrostatic attraction of
ions usually show a high, spontaneous self-discharge in open-
circuit voltage. It leads to a voltage drop and, subsequently, a
decrease in operational energy density and power density.
In order to evaluate the self-discharge of 3DG in DES and DES +
1% water systems, the assembled cells were charged to specific
voltage points (1.6, 1.8, 2.0 and 2.2 V) with a constant current
load (1 A g~ ") and then kept at those voltages for 2 h before being
left at an open-circuit voltage for 12 h. Fig. 10(c and d) reveals the
variation of cell voltage versus time. As can be seen from the
figure, adding water to the pure DES causes a more rapid voltage
drop, i.e., quicker self-discharge which means that it reduces the
system capability to maintain the applied voltage. Generally,
each self-discharge plot can be divided into two or three parts
depending on the system. Indeed, the two-stage plots are
governed by a diffusion-controlled phenomenon, while the
three-stage plots have diffusion-controlled and activation-
controlled origins. It is apparent from Fig. 10c and d that the
3DG in the pure DES presents a two-diffusion-controlled-stage
plot. The first stage represents a relatively sharp decrease as a
result of charge redistribution, followed by a second steep
decrease which is caused by relocation of ions inside the pores.

By increasing the voltage from 1.6 to 2.2 V, no sign of a
kinetically controlled phenomenon was noticed. With increasing
the water content of the electrolyte, no binary-stage plot of
voltage degradation was seen, rather the dominance of the
activation controlled phenomenon resulted in the existence of
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three stages of sharp voltage decrease. As was expected, the
presence of water in electrolytes decreases the overpotential of
water decomposition, where, in the early stage, the diffusion-
controlled process will be followed by an activation-controlled one.
The Reline DES-based system displays the slowest self-discharge for
all cut-off voltages. Such a phenomenon originates from its higher
viscosity which reduces ion mobility and prevents ion relocation
inside the pores.

Additionally, in order to extend the application of DES as an
electrolyte for supercapacitors based on electrodes with different
ion transport properties, two activated meso/microporous
carbons (YPS8OF and BP2000) were electrochemically studied
and compared to 3DG using DES + 1% water as an electrolyte,
and the results are shown in Fig. 11. The Nyquist plots for 3DG,
BP2000 and YP8OF electrodes for supercapacitors assembled
using DES + 1% water are depicted in Fig. 11(a). As illustrated,
the equivalent series resistance (ESR) for the three ECs presents
deviations related to the different porous nature of their
electrodes. The Nyquist plot for the 3DG electrode-based EC
presents the lowest ESR (12.5 Q) compared to BP2000 (14 Q) and
YPSOF (15 Q) ECs. Furthermore, the three ECs display a quasi-
straight line in the low-frequency region, indicating the existence
of typical capacitive behaviour.

However, the three insets indicate small semicircles at high
frequencies probably related to the electrolyte viscosity.
Fig. 11(b) depicts the CV curves of the three capacitors using
DES + 1% water at 2.2 V recorded at 5 mV s~ '. At a lower scan
rate, the CV curves of the three ECs present a rectangular shape
leading to the conclusion that the charge storage system is
governed by the electrostatic sorption/desorption process.
However, some differences in the specific capacitance values,
as well as a small deviation at the upper voltage limit (2.2 V), are
visible. Thus, the 3DG based EC showed a higher capacitance,
followed by BP2000 and YP8OF. At a high scan rate, the BP2000
based system showed a better power rate with maintaining its
favourable capacitive performance in a wide range of sweep
rates (200 mV s~ ) (Fig. S7, ESIt). To outline the energy/power
of the ECs based on the three carbon electrodes, galvanostatic
charge-discharge measurements were performed at different
current densities. Fig. 11(c) compares the charge-discharge
profiles of 3DG, BP2000 and YP8OF at 0.5 A g~ . Generally, it

This journal is © The Royal Society of Chemistry 2022

is apparent that the charge-discharge curves present nearly a
good triangular shape. As shown in Fig. 11(c), the GCD curves
of the supercapacitor based on the 3DG electrode at 2.2 V
present the largest discharge area, followed by BP2000, while
the YP8OF system exhibits the smallest area. At the same
time, the specific capacitances of 3DG, BP2000 and YP8OF based
on the integral area of discharge are 157, 107 and 68 F g %,
respectively. It seems that the three electrodes have displayed a
good electrochemical performance with a 70% energy efficiency
for the 3DG sample, 72% for BP2000 and 57% for YPSOF.
This comparison led us to confirm the wide application of the
Reline DES as a very promising electrolyte for carbon-based
supercapacitors. Additionally, energy density and power density
are the most important parameters for evaluating supercapacitor
performance. Fig. 12 illustrates the power density and energy
density by Ragone plots of the 3DG electrode-based super-
capacitors using DES and DES + 1% water. Another EC
was tested using Li,SO, electrolyte in order to highlight the
difference between aqueous and deep eutectic solvent-based
supercapacitors.
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Among the two DES systems, the energy density of DES + 1%
water is remarkably better (19.5 W h kg™ ') than that of the pure
DES-based system (7 W h kg™%) at a 1 kW kg~ * power density.
Compared to the Li,SO, electrolyte based supercapacitor, by
using the DES-based systems (DES and DES + 1% water), the
Ragone plot displays an increase in the energy density of the
system which highlights the importance of the Reline deep
eutectic solvent. Most notably, the DES system proposed in this
work has, in addition to its attractive characteristics such
as being a green, low-cost and biodegradable electrolyte,
beneficial features of a higher stable operating voltage window,
a large specific capacity and a better energy density compared to
the aqueous systems, rendering it one of the promising electro-
Iytes for the future of electrochemical energy storage systems.
The benefits of Reline-based electrolytes are summarized in
Table S2 (ESIf). Compared to the other DES-based systems,
Reline exhibits the highest cycling stability, with a wide voltage
window. Construction and operation of the studied low-cost EC
were performed in ambient conditions.

Conclusions

For the first time, a deep eutectic solvent based on choline
chloride and urea, called Reline, has been developed as an
environmentally friendly, low-cost and anti-corrosive electrolyte
for supercapacitors. The thermophysical properties, high stable
electrochemical window and the ability to suppress corrosion
even with a 1% water content make it a promising electrolyte
for electrochemical capacitors. Thanks to these properties, in
this work, it was possible to use DESs as green electrolytes with
a high cell voltage of up to 2.2 V.

Moreover, it has been demonstrated that, when adding
water to the DES-based system, its viscosity decreases, which
increases the conductivity of the electrolyte and thus ensures
better performance of the electrochemical energy storage
system. It has been shown after testing different percentages
of water the DES + 1% water mixture displays the highest
specific capacitance (157 F g~'), energy density and cyclic
stability. Yet, the DES + 5% water mixture presents an unstable
electrochemical behavior resulting from the electrolyte
decomposition. Besides the high specific capacitance, the electro-
chemical devices based on the 3DG electrode material and DES +
1% water show a high capacitance retention of 88% for more than
25000 cycles at 1 A g .

On the other hand, the cyclic stability of the pure DES
electrolyte based supercapacitor using 3DG displays a supreme
performance with 90% capacitance retention up to 50000
cycles at 1 A ¢~ ' which highlights the usefulness of this anti-
corrosive deep eutectic solvent. Additionally, it has been proven
that DES electrolytes can serve perfectly as ionic conductors for
supercapacitors based on YP8OF and BP2000 electrodes with an
excellent electrochemical performance at a high voltage
of 2.2 V.

The evidence from this study points towards the importance
of the novel Reline DES as a safe, eco-friendly, low-cost and
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anticorrosive supercapacitor electrolyte with competitive properties,
namely, the ease of synthesis and operation in ambient conditions,
availability and biodegradability, among others.
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