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ABSTRACT: We here present four new fluorine-free ionic liquids (ILs) based on the non-nutritive sweetener saccharinate (Sac)
anion coupled with pyrrolidinium, imidazolium, and phosphonium cations and their thermal, physicochemical, and electrochemical
properties. The pyrrolidinium cation-based material is a solid at room temperature, whereas the other three materials are room-
temperature ionic liquids (RTILs). By infrared spectroscopy, we find the ionic interactions to be controlled by the distinct
conformers of the Sac anion, which in turn are cation-dependent. (P4444)(Sac) shows the lowest glass transition temperature, (Tg),
the highest thermal stability and ionic conductivity, and the widest electrochemical stability window, up to 6 V. As an electrolyte in a
symmetric supercapacitor, it enabled a specific capacitance of 204 F g−1 at 1 mV s−1, an energy density of 53 Wh kg−1 and a power
density of 300 W kg−1 at a current density of 0.1 A g−1, and the capacitor retained 81% of its initial capacitance after 10,000 cycles at
60 °C. Altogether, these fluorine-free electrolytes have electrochemical properties promising for application in supercapacitors
operating at elevated temperatures over a wide voltage range.
KEYWORDS: saccharinate, sweet ionic liquids, electrolytes, electrochemistry, supercapacitors

■ INTRODUCTION
Ionic liquids (ILs) are by definition organic or inorganic−
organic hybrid salts with melting points below 100 °C and
possess a combination of interesting properties.1 ILs are
interesting as solvents and/or electrolytes,2,3 due to their very
low to negligible vapor pressures, high boiling and low melting
points, wide liquid phase ranges, a highly ionic environment,
synthetic diversity, and their “greener” nature.4,5 However, not
all ILs are green,6,7 especially as the commonly used
fluorinated anions demand cumbersome synthesis and
furthermore can release hazardous hydrofluoric acid (HF)
and other fluorinated species,8 which can pollute the
surrounding environment and may cause severe environmental
and health issues.

Electric double-layer capacitors (EDLCs), also known as
supercapacitors or ultracapacitors, have gained interest due to
their power delivery capability, bridging the gap between
dielectric capacitors and batteries−and this way connects to
being “green”−by enabling better use of fossil free
technologies.9 Conventional EDLCs are based on aqueous
electrolytes that have rather narrow electrochemical stability
windows (ESWs)−which limits the energy density, while wider
ESW organic electrolytes10 have several other drawbacks:

toxicity, flammability, and corrosiveness.11 ILs with their often
even wider ESWs should eventually be able to successfully
replace these and then ideally be based on fluorine-free anions,
such as aromatic or aliphatic carboxylates,12,13 phosphates,14,15

sulfates,16,17 or orthoborates.18 However, carboxylate and
sulfate anions are highly basic, and their ILs have low ionic
conductivities, while the phosphate anion-based ILs are too
expensive and also have limited ionic conductivities. On the
other hand, many of the orthoborate ILs are hydrolytically
unstable with limited ESWs.

In general, the low ionic conductivity and high viscosity may,
however, limit the power performance of EDLCs based on ILs
at ambient temperature. One possible remedy is to create
hybrid IL-organic solvent-based electrolytes, but these are
unsuitable for applications where the operating temperatures
exceed 50 °C.19 Additionally, acetonitrile, the most common

Received: August 1, 2024
Revised: October 24, 2024
Accepted: October 28, 2024
Published: November 5, 2024

Research Articlepubs.acs.org/journal/ascecg

© 2024 The Authors. Published by
American Chemical Society

16896
https://doi.org/10.1021/acssuschemeng.4c06290

ACS Sustainable Chem. Eng. 2024, 12, 16896−16904

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

C
H

A
L

M
E

R
S 

U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
N

ov
em

be
r 

19
, 2

02
4 

at
 1

7:
41

:3
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mukhtiar+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaurav+Tatrari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrik+Johansson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faiz+Ullah+Shah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.4c06290&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c06290?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascecg/12/46?ref=pdf
https://pubs.acs.org/toc/ascecg/12/46?ref=pdf
https://pubs.acs.org/toc/ascecg/12/46?ref=pdf
https://pubs.acs.org/toc/ascecg/12/46?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c06290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


EDLC organic solvent, may in fact decrease the ionic
conductivity of ILs by promoting ion−ion association.20

Another route is to use elevated temperatures to increase the
ionicity. In a previous study, we demonstrated ca. five times
higher energy and power densities by increasing the operating
temperature from 20 to 100 °C using an IL electrolyte, tetra(n-
butyl)phosphonium furoate (P4444)(FuA).12

Here, we exploit the fluorine-free saccharinate (Sac) anion
to form ILs, an anion which has been extensively used as non-
nutritive sweetener with well-established toxicity essays.21 ILs
based on Sac were first reported by Davis, Jr. et al.,4 and these
exhibit properties that, in several aspects, closely resemble
those of the structurally similar 2,2,2-trifluoro-N-(trifluorome-
t h y l s u l f o n y l ) a c e t a m i d e ( T S A C ) 2 2 a n d b i s -
(trifluoromethanesulfonyl)imide (TFSI),23 but heavily fluori-
nated anions. For example, in terms of hydrogen bonding
capability and basicity, and weak metal coordination and ionic
interactions, all this combined provides similar transport
properties.4,24

Despite their structural similarity to TFSI- and TSAC-based
ILs, the saccharinate-based ILs reported to date remain less
diverse compared with their fluorinated counterparts. While
extensive research has been devoted to the properties and
applications of fluorinated ILs, created through various
combinations of cations and anions, only a limited number
of reports are available on fluorine-free ILs. In this study, we
aim to thoroughly investigate the physicochemical and
electrochemical properties of saccharinate-based ILs with
different cations, including pyrrolidinium, imidazolium, and
phosphonium, and to explore the application of one selected
IL as an electrolyte in electrochemical EDLCs. We expect the
fluorine-free ILs based on Sac to be able to improve safety and
sustainability, not only at the synthesis and supercapacitor
application stages but also within the recycling processes.25,26

Furthermore, the compact Hückel-type aromatic structure of
Sac, as shown to be a viable path to create new anions suitable
for electrochemical applications,27,28 can potentially offer ILs
with improved thermal, transport, and electrochemical proper-
ties. All of these properties are systematically investigated for
all four ILs, alongside the performance of the most promising
IL in a symmetric multiwalled carbon nanotube (MWCNT)-
based supercapacitor, operating also at elevated temperatures.

■ EXPERIMENTAL SECTION
Materials and Synthesis. Unless otherwise stated, all commercial

reagents were used without any additional purification. Methylimida-
zole (ACS reagents, >97% purity), 1,2-dimethylimidazole (ACS
reagents, >97% purity), methylpyrrolidine (ACS reagents, >97%
purity), sodium saccharine (>99% purity), n-tetrabutylphosphonium
bromide (>98% purity), N-methyl-2-pyrrolidone (NMP) (anhydrous,
99.5% purity), polyvinylidene fluoride (PVDF) (>99% purity), and
activated carbon were received from Sigma−Aldrich. Sodium sulfate
(anhydrous, 99% purity), dichloromethane (DCM) (96% purity), and
diethyl ether (≥99.5% purity by GC, stabilized) were purchased from
VWR (BDH) chemicals. Battery-grade aluminum foil was purchased
from Cambridge Energy Solutions Ltd.

All ILs were synthesized through a simple metathesis reaction. The
equivalent amount of bromide salts29 and sodium saccharine was
separately dissolved in milli-Q water, mixed slowly, and continuously
stirred for 24 h at ambient temperature. The products were extracted
with 50 mL of DCM thrice, and the organic layer with the IL product
was separated and dried over anhydrous sodium sulfate. DCM was
evaporated under vacuum at elevated temperature, and the product
obtained was washed with diethyl ether and dried under vacuum at 80
°C for at least 4 days. The absence of bromide was confirmed by

treating the final IL products with aqueous AgNO3 solution. The
water contents were measured by Karl Fischer titration (using a
Metrohm 917 Coulometer, Switzerland); the values are given in Table
1. All ILs were separated in ca. quantitative yield. The purity of the
ILs was confirmed by 1H and 13C nuclear magnetic resonance (NMR)
spectroscopy.

Electrode and Supercapacitor Preparation. The electrode
materials were prepared using MWCNTs (>95% carbon basis)
purchased from Sigma-Aldrich, with diameters ranging from 50 to 90
nm. The binder solution was prepared by dissolving 20 mg of PVDF
in 20 mL of NMP and agitating the mixture overnight on a magnetic
stirrer plate at a temperature of 40 °C. Twenty milligrams of activated
carbon (with a particle size less than 90 nm) was combined with 160
mg of MWCNT and continuously ground using a mortar grinder for
about 30 min to produce a uniformly sized powder. The binder
solution was gradually added to the powder while being combined
with a mortar grinder until a uniform slurry was obtained.

A battery-grade aluminum foil, to be used as substrate, was
thoroughly purified using acetone and thereafter placed in a vacuum
oven for 1 h before being used. The coating process then used the
Doctor’s blade method to evenly distribute the slurry with a thickness
of 150 mm. The electrodes were placed in a vacuum oven at 60 °C
and 200 mbar for 2 days. Subsequently, supercapacitors were
constructed using two identical MWCNT electrodes with 14 mm
diameter and 0.2 mm thickness separated by a Whatman filter paper
(G/FD grade) separator, which was vacuum-sealed at room
temperature in order to improve the wetting/absorption of the IL
electrolyte into its pores. Finally, the assembly was placed in a CR
2032 coin cell case.

NMR Spectroscopy. The structures and purity of all produced
compounds were validated using a Bruker Ascend Aeon WB 400
NMR spectrometer (Bruker BioSpin AG, Fallanden, Switzerland),
with operating frequencies of 400.21 MHz for 1H, 100.64 MHz for
13C, and 162.01 MHz for 31P. CDCl3 was employed as a solvent, and
Bruker Topspin 3.5 software was used to process the data.

Thermal Analysis. Thermogravimetric analysis (TGA) was
performed using a PerkinElmer TGA 8000 under N2 gas at the
heating rate of 10 °C per min with 2−4 mg of sample for each
experiment. The onset of decomposition temperature, Tonset, was
computed as the junction of the baseline weight and the tangent of
the weight vs temperature with the help of the Pyris software.
PerkinElmer DSC 6000 instrument was used to record the differential
scanning calorimetry (DSC) traces, both cooling and heating, with 2−
5 mg of the material deposited in an aluminum pan at the scanning
rates of 2 and 5 °C min−1. The inert atmosphere inside the sample
chamber was maintained with a steady flow of dry nitrogen at a flow
rate of 20 mL min−1. The glass transition temperature, Tg, was
calculated from the inflection midpoint of the original S-shaped
transition slope with the help of the Pyris software.

Electrochemical Characterization. The electrochemical proper-
ties were assessed using a Metrohm Autolab PGSTAT302N
electrochemical workstation with an FRA32 M module for impedance
measurements controlled by Nova 2.02 software. About 70 μL of the

Table 1. Physico-Chemical and Electrochemical Propertiesa

system

water
content (±5

ppm)
Tm

(°C)
Tg

(°C)
Td

(°C)
σ at 30 °C
(S cm−1)

ESW
(V)

(MBPyrr)
(Sac)

45 34 −32b 261

(P4444)(Sac) 17 −44 381 2.5 × 10−4 6.0
(MBIm)

(Sac)
57 −34 277 5.9 × 10−4 4.2

(MMBIm)
(Sac)

38 −30 293 1.3 × 10−4 4.5

aTm, melting temperature; Tg, glass transition temperature; Td,
decomposition temperature; and σ, ionic conductivity. bSecond
heating cycle.
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sample was packed in a TSC 70 cell coupled to a Microcell HC from
rhd Instruments, Germany. Three-electrode setup was employed for
linear sweep voltammetry (LSV) experiments: a glassy carbon (GC)
wire with a diameter of 2 mm as the working electrode (WE), Pt
crucible as a counter electrode (CE) as well as a sample container,
and the pseudoreference electrode, a Ag wire coated in AgCl was used
as a reference electrode (RE). Both cathodic and anodic scans were
recorded at a scan rate of 1 mV s−1 at 20 °C temperature. The
electrochemical potentials were calibrated by using ferrocene (Fc) as
an internal reference. The ESW limits were defined by a 0.1 mA cm−2

cutoff current density.
The ionic conductivity was determined by impedance measure-

ments with a frequency range of 1 Hz to 1 MHz and an AC voltage
amplitude of 10 mV. All the impedance spectra were recorded during
heating and cooling at temperatures from −20 to 100 °C. A two-
electrode system was used for ionic conductivity studies using GC as
the WE and a Pt crucible as the CE and sample container. For the
room-temperature solid salt, a TSC battery cell with stainless steel
discs as current collectors was used. To adjust the thickness of the
film, a 0.2 mm spacer interposed between the two-disc electrodes
(Kcell = 0.039789 25 cm−1) was used. Prior to measurements, the
solid sample was kept at 100 °C for 30 min, followed by cooling to
ambient temperature.

The ionic conductivities of the RTILs were further analyzed by
fitting the ionic conductivity data to the Vogel−Fulcher−Tammann
(VFT) eq 1.30

=
i
k
jjjjj

y
{
zzzzz

B
T T

exp
( )0

0 (1)

where σ0 is a pre-exponential factor, B and T0 are adjustable
parameters, where the former is an empirical fitting parameter related
to Tg and activation energy (Eσ) of the system, and the latter is
referred to as the ideal glass transition temperature where the
configurational entropy vanishes.

Both electrodes were polished with 0.25 m of Kemet diamond
paste before each LSV and ionic conductivity measurement. A
Metrohm 100 S cm−1 KCl standard solution was used to compute the
cell constant (Kcell = 1.8736 cm−1). The cell was thermally
equilibrated before recording the impedance spectra for 10 min.

The supercapacitor coin cells were tested by using a Biologic BCS-
810 battery cycler equipped with an impedance module. The
electrochemical properties were evaluated by using cyclic voltammetry
(CV), galvanostatic charge−discharge (GCD) cycling, and electro-
chemical impedance spectroscopy (EIS). Initially, CV was performed
at 50 mVs−1 with a potential window of 2 V to test the feasibility,
stability, and reversibility of each cell. Then, CV was performed at
different scan rates from 1 to 200 mV s−1 over potential windows of 2
and 4 V at two different temperatures of 30 and 60 °C. EIS was
performed in the frequency range from 0.01 Hz to 106 Hz, and GCD
was performed at different current densities of 0.1, 0.2, 0.3, 0.4, and 1
A g−1 over a potential window of 2 V. All the electrochemical
experiments were performed inside a temperature-controlled climate
chamber. The specific capacitance (Cs) was calculated from the CV
and GCD data using eqs 2 and 3, respectively.31,32

=C
i V

mK V

d

2s (2)

=C i t
m Vs (3)

where Cs is the specific capacitance in F g−1, ∫ idV is the area under
the curve, m is the mass in mg (1.5 mg for each electrode), K is the
scan rate in mV s−1, Δt is the discharge time, ΔV is the potential
window in V, and i is the current in mA.31 Finally, the energy density
(ED) (in Wh kg−1) and the power density (PD) (in W kg−1) were
evaluated using eqs 4 and 5, respectively.31

=
· ×

E CV
3 6 2D

2

(4)

= ×
P

E
t
3600

D
D

(5)

The long-term stability was performed using a current density of 1
A g−1 up to 5000 and 10,000 charge−discharge cycles at 30 and 60
°C, respectively.

Attenuated Total Reflection−Fourier Transform Infrared
Spectroscopy. Attenuated total reflection−Fourier transform infra-
red (ATR-FTIR) spectra were acquired utilizing the double-side
forward−backward acquisition mode on a Bruker IFS 80v
spectrometer outfitted with a deuterated triglycine sulfate (DTGS)
detector and diamond ATR attachment. 256 scans were coadded and
signal-averaged at an optical resolution of 4 cm−1.

■ RESULTS AND DISCUSSION
We start with the synthesis and structural characterization of
the ILs, followed by outlining their thermal behavior and
transport properties. We then progress to the ATR-FTIR study
to address the ionic interactions in detail, and finally, we
present the systematic electrochemical assessment under
different conditions for one selected IL, (P4444)(Sac), used in
a symmetric supercapacitor.

Basics of Synthesis. The fluorine-free ILs were created by
a simple metathesis reaction at ambient temperature using
water as a solvent. The “onium” bromide salts are mixed with
sodium saccharine, and the products are produced in a single-
step reaction from readily available and relatively low-cost
starting materials. The resulting (MBPyrr)(Sac) is a solid at
ambient temperature, while the other three salts are RTILs.
Each IL was checked for residual bromide using AgNO3, and
those with a positive test were repeatedly extracted with
dichloromethane and dry acetone until the complete removal
of bromide contents. These nonfluorinated ILs are greener,
cost-effective and easy to synthesize from readily available
precursors. Unlike the fluorinated analogues, which are
sensitive to moisture, prone to hydrolysis, corrosive to metals,
and expensive to produce, these fluorine-free ILs offer greater
biodegradability and can represent more environmentally
benign alternatives in many applications.6

The NMR data (Figures S1−S9) agree well with the
chemical structures (Figure 1). First, the alkyl chain directly

Figure 1. Chemical structures and acronyms of the four ILs.
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attached to the charged heteroatom of cation gives character-
istic 1H NMR resonance lines in the aliphatic region: a triplet
for terminal methyl group at 0.8−0.9 ppm, multiplets at 1.2−
1.3 and 1.7−1.8 ppm for methylene protons, and a triplet at ca.
4.2 ppm for the methylene proton next to the heteroatom.
Second, the presence of an aromatic signal in the region of 7−8
ppm confirms the metathesis reaction and formation of the ILs.
Third, the presence of 13C NMR resonance lines in the range
10−50 ppm corresponds to aliphatic groups of the cations,
while those at 120−150 ppm the anion aromatic ring, and the
carbonyl signal at ca. 170 ppm, together with the 31P resonance

line at 33 ppm for (P4444)(Sac), further confirms the purity of
the ILs.

Thermal Properties. Dynamic TGA reveals all ILs to be
stable up to >260 °C with a simple single-step decomposition
(Figure 2a), as further supported by derivative thermogravim-
etry (DTG) data (Figure 2b). Yet, these stabilities are slightly
overestimated as only isothermal TGA can assess long-term
thermal stability.33,34 (P4444)(Sac) shows the best thermal
stability while (MBPyrr)(Sac) displays the worst, and overall,
the ILs with C-2 methylated imidazolium cations have
relatively better thermal stabilities than those with unmethy-
lated cations, due to carbene formation.35 Overall, the thermal

Figure 2. TGA thermograms (a), DTG curves (b), DSC traces for the RTILs (c), and (MBPyrr)(Sac) (d). The DSC traces in (c) are shifted along
the Y-axis for clarity.

Figure 3. Ionic conductivity of the RTILs, heating cycles (a), for (MBPyrr)(Sac), both heating and cooling cycles (b), as a function of temperature.
The solid lines indicate the best fit of the data to the VFT equation for the heating cycle data of (a) and cooling cycle data of (b).
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stabilities are worse than those of the corresponding TFSI-
based ILs.36−38

The first DSC heating cycle of (MBPyrr)(Sac) shows a glass
transition, Tg, and a broad thermal event, ranging from 20 to
60 °C. The latter is too broad for a single simple process but is
most likely due to multiple solid−solid phase transitions (Ts‑s)
followed by a melting (Tm) (Figure 2d, Table 1). During the
second heating cycle, no other thermal event was found except
a Tg (Figures 2d and S10), indicating an irreversible thermal
behavior within the short period of time. To try to further
resolve the broad thermal event, we used a 2 °C min−1 scan
rate, but no obvious differences were observed (Figure S11).

All of the RTILs exhibited only glass transition temperatures
(Tg) and behaved as glassy liquids (Figure 2c). The Tg
increases from (P4444)(Sac) to (MBIm)(Sac) and (MMBIm)-
(Sac). For the imidazolinium-based ILs, with a methyl group at
the C-2 position, the higher Tg likely comes from stronger π−π
and dispersion interactions. As compared to its fluorinated
analogues, (MBPyrr)(Sac) shows a ca. 40 K higher melting
point.39,40 Similarly, (MMBPyrr)(Sac) and (MBPyrr)(Sac)
show higher Tg than their TFSI analogues.41

Ionic Conductivity. As expected, the ionic conductivities
of the RTILs increase as a function of the temperature (Figure
3a). (P4444)(Sac) exhibited higher ionic conductivities than the
imidazolinium analogues, demonstrating better ion−ion
dissociation than that for the N-based ILs and correlating
well with the DSC data. Indeed, an additional methyl group at
the C-2 position of the imidazolinium cation causes a
significant drop in the ionic conductivity due to increased
ion−ion interactions. As compared to its fluorinated analogues,
the ionic conductivities of the (MBIm)(Sac) and (MMBIm)-
(Sac) ILs are lower throughout the whole studied temperature
range,41 possibly due to stronger ion−ion interactions from
and alongside symmetry and conformational restrictions of the
Sac anion. However, the reverse behavior for (P4444)(Sac),
with significantly improved ionic conductivity as compared to
its TFSI analogue,38 may be due to decreased ion−ion
interactions; this is because the Sac anion tautomerism causes
its negative charge to be more localized on the oxygen atom
than on the nitrogen atom, due to the electronegativity of oxy,
and oxygen has a stronger affinity for phosphorus than
nitrogen does (Lewis hard acid−base rule).

In contrast to the three RTILs, the ionic conductivity of the
(MBPyrr)(Sac) IL, a solid at RT, increases upon heating
between −20 °C and ca. 0 °C and then remains almost
unchanged until 15 °C, consistent with the Ts‑s transitions,

possibly caused by distinct polymorphs and disorder in the
crystalline state, which agrees well with the DSC data (Figures
3b and S10). Subsequently, a notable increase in ionic
conductivity is observed between 15 and 75 °C, likely
connected to elongated melting, and finally the IL behaves
entirely like a liquid above 75 °C. In stark contrast, during
cooling, (MBPyrr)(Sac) behaves like a liquid, and no
transitions are observed, which again corroborates well with
the DSC data and confirms its supercooled liquid nature.

The Eσ, obtained from the VFT fitting, follows the order:
(P4444)(Sac)>(MBIm)(Sac)> (MMBIm)(Sac) (Table S1),
again in accordance with the DSC data and again indicates a
reduction in the number of charge carriers by ion−ion
interactions via σ0. The T0 are all consistent with the DSC
thermal behavior, and the empirical approximation: T0/Tg ≈
0.75, often used for ILs.3

Ion−Ion Interactions. The influence of ion−ion inter-
actions on the overall physicochemical properties is mainly
monitored using FTIR spectroscopy via the −CO and −SO2
stretching vibrations of the Sac anion (Figure 4). For
(MBPyrr)(Sac), in its solid state, the CO band appears as a
strong symmetrical band with a weak shoulder centered at ca.
1630 cm−1 (Figure 4a), a band that is shifted toward higher
wavenumbers by ca. 10 cm−1 together with a stronger shoulder
for all the RTILs and (MBPyrr)(Sac) in the molten state,
indicating a symmetry-induced splitting,42 most prominent for
(P4444)(Sac). In the SO2 group stretching region, there are two
bands for (MBPyrr)(Sac); the asymmetric at 1245 cm−1 with
small shoulders on both sides and the symmetric at 1126 cm−1

with a shoulder toward higher wavenumbers, which is quite
similar to the spectral features of Na3Sac3,43 implying the
presence of a single type of −SO2 group and also suggests that
it may exist as the trimeric form, which would justify its higher
melting point than the other Sac ILs (Figure 4b). The RTILs
and molten (MBPyrr)(Sac) shift the SO2 symmetric bands to
higher wavenumbers, together with well-resolved shoulders,
while the asymmetric band is most affected for (P4444)(Sac),
suggesting two or more types of SO2 group interactions, which
clearly points toward different delocalized conformers of the
Sac anion also being heavily dependent on the nature of the IL
cations. This further supports its low glass transition
temperature and the high ionic conductivity of (P4444)(Sac).

Electrochemical Assessment. First, (P4444)(Sac) ex-
hibited a much wider ESW, 6.0 V, than the imidazolium-
based ILs, (MMBIm)(Sac) and (MBIm)(Sac), at 4.5 and 4.2
V, respectively (Figure 5). This is most likely due to the

Figure 4. FTIR spectra of the ILs: −CO region (a); −SO2 region (b).
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electrochemical stability of the quaternary phosphonium
cation. The imidazolinium cation-based ILs have almost the
same cathodic limits, but the MBIm cation-based IL has a
lower anodic limit, which is due to the oxidative decom-
position at the C-2 carbon. Overall, these ILs exhibit large
ESWs not only as compared to other fluorine-free ILs14,44 but
also ESWs wider and/or on par with their fluorinated
analogues.3

Due to its thermal and electrochemical stabilities, (P4444)-
(Sac) was selected as the electrolyte for further SC tests. The
initial tests showed elevated temperatures to improve the SC
performance, which can be attributed to a higher ionic
conductivity and faster ion diffusion . As expected the specific
capacitance decreases with increased scan rate, whereas it
increases as a function of temperature (Figures 6, S12, S13,
and Table S2).40,41

(P4444)(Sac) demonstrates a typical capacitive response,
where the slower scan rates produce a significant peak
current,41,45 but the faster scan rates do not allow the system
to establish equilibrium, making the charging and discharging
of the double layer less obvious and resulting in a decline in the
peak current.32,46

The Nyquist plot from the EIS data consists of a semicircle
in the upper-frequency domain, a linear variation at a midrange

frequency, and a developing vertical tail in the lower-frequency
domain as the temperature increases from 30 to 60 °C (Figure
S14).47,48 Typically, a rapid migration of ions occurs at the
surface of electrode in the higher frequency domain.49,50 The
ions spend more time at the electrode interface at the lower
frequency domain, thus growing the vertical end.51 The
semicircle thus indicates resistance due to the charge transfer
at the electrode−electrolyte interface, demonstrating the
presence of electrolyte ions at the surface of the electrodes
as a result of interfacial contact between the electrode surfaces,
the current collectors, and the electrolyte.46,52

The charge−discharge performance shows that during the
discharge period at higher current densities, the device exhibits
an IR drop, which might be a result of the high viscosity and
large pore size of (P4444)(Sac) ions than the electrode material
(Figures 7 a,b and S15).12 The long-term cyclic stability
exhibits some distortions during the initial cycles, likely due to
the initial internal resistance, but the stability improves in
subsequent cycles, and the device demonstrates typical double-
layer capacitance behavior (Figure 7c).12 The capacitor
retained 81% and 60% of its initial capacitance after 10,000
cycles at 60 and 30 °C, respectively (Figure 7d), which is on
par with the previous studies using fluorinated ILs.53−55 This
indicates that at 60 °C, the (P4444)(Sac) maintains sufficient
fluidity for effective ion mobility and significant ion
accumulation on the electrode surface; however, both fluidity
and ion accumulation decrease at lower temperatures.12,56

Moreover, the SC showed a Coulombic efficiency of 94% (at
30 °C) and 96% (at 60 °C) after 5000 and 10,000 charge−
discharge cycles, respectively. In addition, a specific energy
density of roughly 53 Wh kg−1 and a power density of 300 W
kg−1 at a current density of 0.1 A g−1 and 60 °C are possible
due to the high thermal and electrochemical stability along
with the wide potential window of the (P4444)(Sac).

■ CONCLUSIONS
Out of the four new ILs presented, it is clear that (P4444)(Sac)
has beneficial physicochemical and electrochemical properties,
including better thermal stability, lower glass transition
temperature, higher ionic conductivity, and at least a 1.5 V
wider ESW than its imidazolium/pyrrolidinium analogues. For
all the four ILs, the ion−ion interactions are greatly influenced
by the different coordination modes of the Sac anion, which
are, in turn, affected by the chemical structure, size, and nature

Figure 5. LSV using GC as a WE at 20 °C.

Figure 6. (a) CV plots of (P4444)(Sac) with different scan rates at 30 °C and (b) 60 °C.
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of the counterion�the smaller pyridinium cation interacts
stronger and the bulkier (P4444) cation more weakly. The
(P4444)(Sac) IL exhibited efficient charge storage performance
as an electrolyte in a symmetric supercapacitor, in particular, at
somewhat elevated temperatures, which is needed to improve
the ionic conductivity by reduced viscosity. Overall, this study
demonstrated that even fluorine-free and “greener” ILs can
potentially be used as SC electrolytes, with a promise to fully
or partly replace the more popular TFSI-anion-based ILs and
electrolytes in next-generation energy storage devices.
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