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A B S T R A C T

Aqueous electrolytes are safe, economic, and environmentally friendly. However, they have a narrow
potential window. On the other hand, organic electrolytes exhibit good thermodynamic stability but are
inflammable and moisture sensitive. In this study, we prepared water–PEG–lipid ternary electrolytes
(TEs). To combine the advantages of water, polyethylene glycol (PEG) and propylene carbonate (PC). The
nonflammable mixed electrolytes exhibited awide potential window of about 2.8 V due to the beneficial
effects of PEG and PC. Using these TEs, a lithium manganate–active carbon ion capacitor could be
operated at 2.4 V with an energy density of 32 Wh/kg, based on the total active electrode material
(current density of 3.3mA/cm2). This value was significantly higher than that achieved using an aqueous
electrolyte, thereby rationalizing the higher energy density.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

In recent years, electrochemical energy storage devices such as
ion capacitors have received considerable attention for the
development of large-scale energy storage systems [1]. Ion
capacitors are energy storage devices that are generally composed
of a battery-type electrode and an electric double-layer capacitor-
type electrode. They have the advantages of the high-power
density of capacitors and the high energy density of batteries [2–4].
Due to these advantages, ion capacitors have attracted wide
interest, and efforts are being made to improve their performance
[3,5–14]. Electrolytes play an important role in determining the
performance of ion batteries, supercapacitors, and ion capacitors
[8,15–18]. The most widely used liquid electrolytes are aqueous or
organic electrolytes (such as carbonate-based electrolytes)
[19–22]. While aqueous electrolytes are safe, economic and
environmentally friendly, they have a narrow potential window
(�1.23 V) [23], thus restricting their practical applications. Organic
electrolytes, on the other hand, show good thermodynamic
stability and have a wide potential window but are inflammable
and moisture sensitive [24,25]. Electrochemical energy storage
based on aqueous electrolytes is potentially safer and environ-
mentallymore benign than that based on nonaqueous electrolytes,

which typically employ highly flammable organic solvents as the
electrolyte solvent. The low thermodynamic stability of water is
disadvantageous for aqueous capacitors in terms of volumetric and
gravimetric energies (E) as the metric scale, which varies with the
square of the maximum operating voltage (U) (E = 1/2CU2) [26]. By
comparison, commercial nonaqueous electrochemical capacitors
can currently attain a potential of 3.0 V. According to the relation
E = 1/2CU2, the energy density is proportional to the square of the
voltage, which is advantageous for high-voltage capacitors that use
organic electrolytes. In most electrochemical capacitors, organic
electrolytes, such as those based on propylene carbonate (PC), are
used instead of aqueous electrolytes [27–29]. Unfortunately, the
toxicity and flammability of the organic electrolytes raise pollution
and safety related concerns [26].

In this study, we developed water–lipid (PC) mixed electrolytes
using an amphiphilic polymer, so that water and PC are mutually
soluble with the conventional low-cost lithium acetate salt.
Polyethylene glycol (PEG) has hydrophilic and lipophilic ends that
can hydrate water, thereby allowing the mixing of water and lipid
(Fig. 1 shows the schematic description of the strategy). This, in
turn, allows to combine the advantages of aqueous and organic
electrolytes. Electrochemical tests show that these water–lipid
mixed electrolytes have a wide potential window of about 2.8 V.
Low-cost and safe electrolytes that can be used in a > 2 V ion
capacitor were prepared. In contrast, the potential window hardly
exceeds 2 Vwhen conventional aqueous electrolytes are used in an
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ion capacitor [30]. Using themixed electrolytes, the energy density
of an ion capacitor can be enhanced due to the high operating
voltage.

Preparation of water–PEG–lipid ternary electrolyte (TE):Water–
PEG–lipid TEs, which are composed of lithium acetate (or LiTFSI),
water, PEG and PC, were prepared. First, the amounts of deionized
water, PEG200 and PC (mass ratio of water:PEG:PC was 4:6:4, at
room temperature (30 �C), and this electrolyte will be henceforth
denoted as LiAc464 (or LiTFSI464); (the experimental scheme for
determining the mixing ratio is described in the supporting
information) were calculated. Next, the three components were
mixed in a 20mL glass vial, and a calculatedmass of lithium acetate
wasaddedto it. Following this, thevialwassealed,heatedat80 �Cfor
12 h, and left overnight for complete dissolution of the salt. Lithium
acetate, PC and PEG200 were purchased from J & K Scientific Ltd.

Preparation of activated carbon (AC) electrode: AC powder was
purchased from Nanjing XFNANO Materials Tech Co., Ltd. First, the
active material powder, polytetrafluoroethylene (PTFE) binder
solution (60wt% in H2O), and carbon black powder were mixed
with ethanol until a homogenous slurry was formed. The slurrywas
transferredonto a carbon cloth (WOS1009, CeTech, Taiwan) once the
ethanol evaporated at room temperature. The resulting electrodes,
which had a mass density per unit area of 7mg/cm2 and contained
80wt% of the active material, 10wt% of PTFE, and 10wt% of carbon
black, were used for all the electrochemical experiments.

Preparation of lithium manganate (LMO) electrode: First, LMO
powder, polyvinylidene fluoride (PVDF) binder power, and carbon
black powder were mixed with ethanol until a homogenous slurry
was formed. The slurry was transferred onto a stainless steel mesh
once the ethanol evaporated at room temperature. The resulting
electrodes had a mass density per unit area of 7mg/cm2 and
contained 80wt% of the active material, 10wt% of PVDF, and
10wt% of carbon black. The commercial LMO cathode, whichwas a
single side-coated commercialized product containing 17mg/cm2

of active material on Al foil, was purchased from MTI Corporation
(Shenzhen).

Fabrication of ion capacitor: Ion capacitors were assembled in a
coin cell using the lithium manganate (LMO) and AC electrodes; a
nonwoven fabric membrane was used as the separator. The
nonwoven fabric membrane (NKK-MPF30AC-100) was purchased
from Nippon Kodoshi Corporation (Kochi, Japan). All operations
were conducted in an atmospheric environment.

Electrochemical test: Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) measurements were conducted using an
electrochemical working station (CHI760E, Shanghai, China) with
a three-electrode system containing 1mol/kg LiAc electrolyte and

1mol/kg LiAc464. A Hg/HgO electrode was used as the reference
electrode. Galvanostatic charge/discharge (GCD) tests were con-
ducted using the CT-2001A (Wuhan Land Electronic Co., Ltd.)
battery testing system. Raman spectrawere obtained on theHoriba
JobinYvon HR 800 Raman spectrometer.

Solubility and flammability of the electrolytes were examined.
Figs. 2a–c illustrate the preparation of water–PEG–lipid TEs. Water
and PC were immiscible, resulting in the formation of an oil–water
interface. After adding the amphiphilic polymer PEG200 and
lithium acetate, a homogeneous and transparent electrolyte was
obtained. PEG facilitated the dissolution of water and PC due to the
presence of the hydrophilic and lipophilic segments in the PEG
chain. These aqueous–organic electrolytes comprised the advan-
tages of both water and organic solvents, including the wide
electrochemical potential window of organic solvents and the
economic feasibility and safety of water. The flammability of PC
and water-PEG-PC TEs was tested. The TEs could not be ignited
using a flame thrower (high-temperature butane flames, 1300 �C),
whereas PC was ignited and burnt (Fig. 2d). Thus, the safety aspect
of the water–PEG–lipid TE was confirmed.

Colloidal properties and conductivity of the electrolytes were
tested, and the results are presented in Table S1 (Supporting
information). The relatively low zeta potential suggests that the
LiAc464 electrolytemay not stable enough (stability of colloids). To
prepare a stable water-PEG-PC TE, LiTFSI was used as the organic
salt owing to its good solubility in both water and PC. Indeed, the
zeta potential and stability were obviously improved when LiTFSI
was used as the salt; however, this salt is expensive.

Theelectrochemicalpotentialwindowof thewater–PEG–lipidTE
was tested using LSV. The results revealed that the thermodynamic
stability was enhanced, and the potential window increased from
1.8 V to2.8 Vwhen thewater–PEG–lipidTEwasused.TheLSVcurves
of the electrolytes were determined on Pt working electrodes at a
scanrateof10mV/sversusa saturatedcalomelelectrode (SCE) as the
reference electrode (Fig. 3a). For comparison, aqueous lithium
acetateelectrolyteswerealso testedunder thesameconditions. The
water–PEG–lipid TE showed a wider potential window of 2.8 V,
while aqueous electrolytes displayed a narrowpotentialwindowof
�1.8 V. Detailed LSV curves are shown in Fig. 3. At the anode,
hydrogen evolutionwas suppressedwhen PEG and PCwere added,
and the inflection point of the hydrogen evolution curve negatively
shifted by�0.3 V (from�0.8 V to�1.1 V). In case of the cathode, the
inflection point of the oxygen evolution curve showed a gradual
positive shift from 1 V to 1.7 V. The LSV results suggest that the
thermodynamic stability could be enhanced by this method.

Structures of the electrolytes were studied on the basis of the
Raman spectrum (Fig. 3b). The spectrum of pure water can be
resolved into two bands centered at 3200 and 3400 cm�1. The
Raman spectrum of pure water showed strong O��H stretching
band (3200 cm�1), which was mainly attributed to bulk water.
Various hydrogen bonding environments in water resulted in a
broad Raman band [31]. The Raman spectra of aqueous LiAc

[(Fig._1)TD$FIG]

Fig. 1. Schematic of the water–PEG–lipid ternary electrolyte.

[(Fig._2)TD$FIG]

Fig. 2. Photos of (a) propylene carbonate, (b) water/propylene carbonate solution
and (c) water–PEG–lipid ternary electrolyte. (d) Propylene carbonate and water–
PEG–lipid ternary electrolytewere burnt using butane flames. PC was ignited, while
TE could not be ignited.
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electrolytes and water exhibited broad distribution due to the
presence of freewater. Upon the addition of PEG and PC, freewater
molecules were strongly bonded to PEG. Owing to this, the Raman
spectrum of the LiAc464 electrolyte exhibited two split peaks
instead of a continuous broad spectrum. The split peak can be
attributed to thewatermolecules hydratedwith Li+ and PEG due to
the absence of bulk water, and this increased the thermodynamic
stability [32–35]. The spectra of the other components of the
electrolyte were also examined. While an O�H stretching band
(3400 cm-1) was observed for PEG, no obvious peaks were
observed in the spectrum of PC in the same range. The Raman
spectrum of LiAc-PEG showed a weakened O�H stretching band
(3200 cm-1) compared to that of LiAc upon the addition of PEG.

The electrochemical performance of the cathode and anode in
electrolytes was examined using LSV, CV and GCD. First, the
performance of the LiAc464 electrolyte in anode (AC electrode)
was tested using CV. A carbon clothwas used as a current collector.
The CV curves of the AC and LMO electrodes in the LiAc464
electrolyte are shown in Fig. 4a. A reversible redox pair was
observed, and the LiAc464 electrolyte enabled the reversible
Li+ deintercalation/intercalation in the LMO electrode. The AC
electrode had a Coulomb efficiency of more than 95% at an
operating potential of –1.2 V and scan rate of 5mV/s.

The performance of electrolytes was tested using a Li ion
capacitor. The ion capacitor constructed using the AC–LMO
electrode system was assembled and evaluated in LiAc and the
LiAc464 electrolyte. The ion capacitor was operated through
charge/discharge cycles. Instead of a high rate, a low rate of 0.6 A/g
(based on the AC mass of the AC electrode) was used to
demonstrate the stability of the electrolyte. Figs. 4b and c show
that the energy density based on the total active mass ranged from
18 Wh/kg to 37 Wh/kg. The Coulombic efficiency of the ion
capacitor ranged from 99% to 95% when the operating voltage was
increased from 2.0 V to 2.5 V.

The ion capacitor was also tested using aqueous LiAc to
confirm the better performance of the LiAc464 electrolyte
compared to LiAc. When LiAc was used, the capacity of the ion
capacitor decayed evidently as the voltage was increased beyond
2.0 V (Fig. S1 in Supporting information). The decay was
attributed to the continuous decomposition of the aqueous LiAc
electrolyte, especially when the operating voltage was 2.2 V.
Fig. S1b shows that the IR drop of the GCD curves of the aqueous
capacitor was maintained at �0.15 V when operated from 1.4 V to
2.0 V. However, when the voltage exceeded 2.0 V and after
cycling, the IR drop of the GCD curves reached 0.24 V, indicating
severe decomposition of the aqueous electrolytes accompanied
by bubble generation and an increased voltage drop. Fig. S1c

shows the typical voltage profiles of the capacitor operated at
2.2 V. Compared to the first cycle, the tenth cycle exhibited a
remarkable decay in the capacity of the capacitor; however, the
voltage drop was doubled. The decomposition of the aqueous
electrolyte can also be confirmed from the images of the cell
(Fig. S2 in Supporting information). The separator became dry
after 200 cycles from 1.4 V to 2.2 V. By contrast, the capacitor was
stable even at 2.4 V when the LiAc464 electrolyte was used; the
separator was transparent and moist even after cycling. The
energy density of the cell improved when the LiAc464 electrolyte
was used compared to when the aqueous LiAc electrolyte was
used, due to the high cell voltage of the former. The above results
justify the obvious decomposition of the aqueous LiAc electrolyte
when the voltage exceeds 2.0 V. Hence, the energy densities of the
two capacitors operated at 2.0 and 2.4 V were compared. The
Ragone plot (Fig. S3a in Supporting information) of the ion
capacitor in aqueous and water–PEG–lipid mixed lithium acetate
electrolytes showed that the energy density of the capacitor was
higher (32 Wh/kg) when the LiAc464 electrolyte was used
compared to when LiAc was used (24 Wh/kg) at a current density
of 3.3mA/cm2. However, the aqueous electrolyte exhibited a good
performance at high power. The stability of the LiAc464 electro-
lytes was also tested. When the LiAc464 electrolyte was used, the
ion capacitor maintained 60% of the capacity after 2000 cycles at
2.4 V (Fig. S3b in Supporting information). The capacity degraded
after cycling due to the decomposition of the electrolyte (the
coulombic efficiency was about 97% when the ion capacitor was
operated at 2.4 V, suggesting slight decomposition of the
electrolytes). Electrochemical tests confirmed the better perfor-
mance of the mixed electrolyte compared to the aqueous
electrolyte in terms of energy density.

To demonstrate the practical application, a commercial LMO
cathode(with largemass load,17mg/cm2activatedmaterialonAl foil)
was used to fabricate the Li ion capacitor. The performance of the
electrolytes was tested. The energy density was lower than that
obtainedusinga steel current collector (smallmass load,�7mg/cm2).
The operating voltages of the ion capacitor using the aqueous
electrolyte and mixed electrolyte were 1.6 and 2.2 V, respectively, as
showninFigs.S4-S6.Comparedtothecapacitorusingthesteelcurrent

[(Fig._3)TD$FIG]

Fig. 3. (a) Linear sweep voltammetry curves of electrolytes in aqueous electrolytes
and water–PEG–lipid lithium acetate ternary electrolyte. Inset: details of the LSV of
electrolytes. Pt electrodewas used as theworking and counter electrodes, while SCE
was used as the reference electrode. (b) Raman spectra of the electrolytes and
solvents.

[(Fig._4)TD$FIG]

Fig. 4. (a) CV curves of the AC and LMO electrodes and the current collector in
LiAc464 (scan rate of 5mV/s). (b) GCD curves of the ion capacitor at different
operating voltages (2.0–2.5 V). (c) Cycling performance and Coulombic efficiency of
the capacitor using the LiAc464 at different operating voltages (2.0–2.5 V). (c)
Energy density and Coulombic efficiency of the ion capacitor with variable voltages.
The data above were based on the total mass of LMO and AC, and the operationwas
conducted at a current density of 3.3mA/cm2.
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collector,a loweroperatingvoltagewasrequiredwhenAl foilwasused
because aluminum is more susceptible to corrosion.

In summary, a water–PEG–lipid TE was prepared to combine
the advantages ofwater and organic solvents. Thewater–PEG–lipid
TE had a wider potential compared to those of aqueous electro-
lytes, thus addressing the concerns arising from the inflammability
and moisture sensitivity of the organic electrolytes. A 2.4 V-Li ion
capacitor could be fabricated using the water–PEG–lipid TE to
enhance the energy density relative to those obtained using
aqueous electrolytes. This strategy can be used to prepare cost-
effective and safe electrolyteswith high thermodynamic stabilities
for the development of aqueous/organic electrolytes.
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