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Though Water-in-salt (WIS) electrolytes offer a wide potential window for energy storage device oper-
ation in aqueous conditions that can deliver high energy density, their high viscosity and low ionic
conductivity certainly limits the rate performance of the devices. Herein, we present electrical double
layer behavior and nature of transportation of WIS ions at different porous electrode interfaces using in
situ Raman spectroscopy and electrochemical impedance spectroscopy (EIS). The in situ Raman analysis
shows that, in activated carbon electrodes (pore size > 30 nm), the WIS electrolyte ions diffuse into the
pore network and charge/discharge potential dictates the ion dynamics at the interface. Whereas, these
ions undergo adsorption phenomena on graphene electrodes (pore size < 3 nm), thus facilitating rapid
sorption of ions during charge-discharge. EIS study presented herein, with detailed bode plot analysis
elucidates the dependence of capacitance, rate capability of the supercapacitor on the nature of elec-
trodes and their pore size. In a typical supercapacitor cell, graphene electrodes with WIS electrolyte
delivered a very high specific energy of 55.3 Wh/kg at a specific power of 2.4 kW/kg, unparalleled to any
of the existing WIS electrolyte reports. The current studies provide experimental insights into ion storage
and their dynamic mechanism at the interface formed by WIS electrolytes that will assist in designing of
suitable electrode materials.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Electrochemical double layer capacitors (EDLCs) are high power
energy storage devices that stems from reversible adsorption/
desorption of ions at the porous carbon surface [1-5]. Due to this
simple ion storage mechanism, the so-called non-faradaic reaction,
EDLCs can be fully charged/discharged within seconds which
makes it attractive for devices that require quick power delivery or
uptake [6]. However, their energy density (~10 Wh/kg) is lower
than conventional lithium-ion batteries [7] and hence, the research
trends focus on improving EDLC’s energy density while preserving
the power density skill for extensive applications. Given the ion
adsorption dependence on capacitance, nanostructured porous
carbons designed with high surface area and controlled pore sizes
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balance both the power and energy at certain levels [8]. On the
other hand, widening the voltage window for the device is given
the utmost priority, since the energy density is proportional to the
voltage squared. Organic solvents, polymer, and ionic liquid-based
electrolytes offer a broad voltage window; however, low boiling
point and high viscosity of these electrolytes pose safety concerns
and slow down the device performance metrics upon extended
cycling [2,9—11].

Aqueous electrolytes have proven to be cost-efficient and pro-
vide better safety regulations in addition to their superior ionic
conductivity and mass transport at the electrode/electrolyte inter-
face [12—14]. However, water electrolysis at 1.23 V limits the energy
density to the lowest levels and the water decomposition de-
teriorates the EDLC’s performance. Often, this issue can be cir-
cumvented by adjusting the alkalinity or by using a high
concentration of salts in water, so as to shift the water decompo-
sition potential downwards allowing EDLC's operation in an
extended voltage window [3—5]. These concerns led the research
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towards designing aqueous electrolytes that operate in a poten-
tially high voltage window compared to any other above-
mentioned solvents. Recently, the thermodynamic potential of
water splitting reaction was pushed to above 3 V by adding a super
concentration of salts in water, which resulted in the so-called
“Water-in-salt (WIS)” electrolytes which have shed some light on
wide potential window operation [15,16]. Such a high concentra-
tion of salt outnumbers the solvent by weight & volume which
strongly deviates the ionic atmospheres at the interface and they
start to overlap, resulting in a collapse or compression of the
diffusion layers and redistribution of ions [17,18]. These unusual
interfacial modifications with highly concentrated solutions and
physiochemical transformations produce solid electrolyte inter-
phase (SEI) layer on the electrode surface, similar to the non-
aqueous/ionic liquid medium, that motivates the use of these WIS
electrolytes for Li-ion battery applications [16,19,20].

Similarly, WIS electrolyte was employed in EDLC applications
and drastic improvement in capacitance and energy density of the
system were realized [21,22]. To improve the EDLC performance,
several approaches including a variation of salt concentration and
employment of monolithic mesoporous carbon were explored
[23,24]. However, all the previous results revealed that the EDLC
has shown limited power density metrics in WIS electrolytes which
is certainly due to their low ionic conductivity. In this regard, more
understanding concerning the electrochemical properties of the
WIS electrolyte’s interface is still very appealing and certainly
needs more attention. The inter ion interactions of WIS electrolyte
ions at the interface is in close resemblance with that of the elec-
trode/ionic liquid circumstances and is well understood from the
recent studies using molecular dynamics, galvanic charge/
discharge studies, etc [25—30]. These studies provide experimental
evidence for the changes occurring in the double-layer structure
formed at the interface as a function of carbon pore networks in the
ionic liquid electrolytes and explains ionic dynamics through that.
Further, the observation of pore size and surface area effects have
led to a wave of interest in the mechanism of charge storage in
porous carbon electrodes which elucidates fundamental knowl-
edge about the changes in charging rates especially in the case of
concentrated electrolytes [31,32].

Such an understanding remains unknown in the WIS class of
electrolytes and it is crucial to explore those areas in order to
improve the performance of WIS electrolytes in energy storage
applications. To understand the interfacial changes involved in WIS
electrolyte with respect to pore size and surface area of different
carbon structures (activated carbon, AC and graphene, Gr), we have
performed systematic in situ Raman spectroscopy studies at the
electrode/electrolyte interface using a specially designed liquid-
immersion lens. The obtained results were further corroborated
by electrochemical impedance spectroscopy (EIS). In addition, the
effect of carbon structures/WIS electrolyte interface on energy and
power density of supercapacitor (SC) was demonstrated with
typical charge/discharge studies. Furthermore, the performance of
WIS electrolyte in supercapacitor devices was effectively discussed
with help of cycle life, Ragone plot and capacitance retention.

2. Experimental section
2.1. Materials

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), N-Methyl-
2-pyrrolidone (NMP), Polyvinylidene fluoride (PVDF) were ob-
tained from Sigma Aldrich. Activated Carbon (AC, ~20—40 mesh)
was procured from Alfa Aesar. Graphene (Gr) was obtained from
Angstrom materials.

2.2. Carbon electrode modification and electrolyte preparation

AC and Gr activation was done using a process described else-
where [33]. Briefly, AC and Gr materials were subjected to 1M
phosphoric acid (H3PO4) solution. The activation process was then
carried out by heating the samples at a rate of 3 °C/min to 800 °C
under argon gas flow. The samples were then held at activation
temperature for 90 min under argon environment and was then
cooled down to room temperature. The product was subsequently
washed with deionized water and was finally oven-dried at 120 °C
overnight under vacuum condition. The concentrated electroyte
used for all the studies was prepared by dissolving 21 mol of LiTFSI
salt in 1 kg of water solvent (denoted as 21 m), as described else
where [15].

2.3. Characterization

The morphology and microstructure of the AC and Gr materials
were characterized using field emission scanning electron micro-
scopy (JSM-7600, FESEM). The surface area, pore diameter and pore
size of AC and Gr were analyzed by recording Brunauer-Emmett-
Teller (BET) nitrogen gas (N;) absorption-desorption isotherms
(BET, Micromeritics, Tristar II). The samples were degassed at
150°C for 5h to remove moisture and any other adsorbed gases
from the surface. Then N, sorption isotherms were obtained
at —196 °C using pure N, gas. Pores size distribution was analyzed
using the BJH method from the desorption branch of the isotherms.

2.4. Electrode fabrication

The active materials (activated carbon and graphene), were
mixed separately with PVDF and carbon black in a mass ratio of
80:10:10. Each composition was ground together with the NMP
solvent for 2 h. After grinding the respective materials, the mixtures
were blended thoroughly to obtain uniform slurries. These slurries
were then coated on a carbon paper, that was used as a current
collector and then dried in vacuum, overnight at 70 °C. Finally, after
12 h, electrodes with a uniform thickness of 0.1 mm were obtained.

2.5. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD) measure-
ments were recorded using a potentiostatic/galvanostatic (Bio-
logic, EC-Lab SP-200) in a two-electrode configuration. The two-
electrode supercapacitor cells (represented as AC SC and Gr SC)
were fabricated in a Swagelok type cell using two electrodes of
identical mass sandwiched with a glass fiber separator. Prior to
fabrication, the separator was wetted with 20 pl of the electrolyte.
The specific capacitance (F/g) of the devices was calculated by the
total mass of active materials alone (on both electrodes) that are
used in the cell.

Imaginary (C”) and real capacitances (C') from the bode plot are
given by the following equations [34],
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where, |Z (0)> =Z' (w)*+ Z” (v)? and w = 2xf, fis the AC frequency
(Hz), Z’ (w) is the real impedance, Z” (w) is the imaginary
impedance.
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The Device capacitance (Cy,), specific capacitance (Cs), power
density (Ps) and energy density (Es) were calculated from the GCD
measurements using the following equations [35—37]:
Cm=1/m (dV/dT) (F/g) (3)
where, | is the applied current density (in A/g), dV/dt is calculated

from the slope of the discharge curve, m is the mass of both
electrodes.

Cs =4*Cn, (F/g) (4)
VxI
Ps=—r—(W/kg) (5)

where, V- % Vinax and Vi are the maximum and mini-
mum values of operating potential window, I is the current applied,
M is the total active mass of both electrodes

t

— *
Es =Ps*3500

(Wh/kg) (6)

where, P; is the power density, t is the discharge time.

2.6. In situ Raman spectroscopy cell setup

In situ Raman spectroscopy was performed using an in-house
built three electrode electrochemical cell with 532 nm green laser
(Nd-YaG) and CHI-760E bipotentiostat instrument. The Raman ex-
periments were carried out with a liquid-immersion objective
which decreases the refractive index mismatch between the elec-
trode and electrolyte, thus improving the overall sensitivity and
spatial resolution of the measurements. Here, activated carbon/
graphene on carbon paper was used as working electrode and
platinum, silver wires as counter and reference electrodes respec-
tively. The working electrodes were prepared by pressing active
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material onto a carbon paper. A similar mass loading of both carbon
materials was maintained (~1.0 mg) for the experiment. Typical
Raman spectrum was recorded continuously, under chro-
nopotentiometry conditions at a current density of 0.05 A/g, for
every 10-mV change in the potential between —1.1V and 1.5V and
presented herein. The band intensities used for the data analysis in
this study were baseline corrected.

3. Results and discussion

To explore the dynamic behavior of LiTFSI ions at the interface,
we performed in situ Raman spectroscopy experiments on SC
electrodes. For this purpose, we have chosen two carbonaceous
materials, a low surface area activated carbon and high surface area
graphene. Previously, the SEM images and BET isotherm of AC, Gr
electrodes were recorded and presented in Fig. S1 and Fig. S2
respectively. As shown in Fig. S2a, AC exhibits a combined char-
acteristic of type I and type IV isotherm with a slight N, uptake (P/
P, =0—0.1) and a hysteresis loop (P/P, = 0.5 to 1.0) demonstrating
the co-existence of mesopores and macropores [38,39]. On the
other hand, as shown in Fig. S2c, the isotherm of Gr exhibits a type
IV curve [40,41], with a clear hysteresis loop in the pressure region
between 0.50 and 1.0, depicting a well-developed mesoporous
structure. Further, Gr electrodes exhibited a sharp distinct rise in
adsorption at P/P, ~1, compared to AC, due to the limited uptake of
N, depicting a capillary condensation phenomenon in the meso-
pores. In addition, the pore size distribution curves (Fig. S2 b, d)
confirm the presence of a high-density of uniform mesopores at
2—3 nm for the Gr whereas, high volume of macropores (pore size
> 30 nm) with limited mesopores were observed in AC electrodes.
Further, the surface area of AC and Gr were found to be 277.34 m?/g
and 959.37 m?/g respectively. The interfacial behavior of WIS
electrolytes on the carbons with these porosities and surface areas
was assessed and discussed in the following sections.

Fig. 1a shows representative Raman spectra of the WIS elec-
trolyte/AC interface with respect to the applied potential. The
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Fig. 1. Insitu Raman experiment at activated carbon SC electrodes: (a) LiTFSI anion and cation responses with respect to the applied potential (range from —1.1V to 1.5V)(b)
Schematic illustration of diffusion of LiTFSI ions at highly porous AC SC electrodes (c) Cyclic voltammetric response of AC electrodes at different scan rates (range from 50 mV/s to

1000 mV/s).
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Raman spectrum at open circuit potential shows vibrational bands
of LITFSI [42] (1135 — SO, symmetric stretching vibration,
1245 cm™! - CF3 symmetrical stretching vibration, 1316 cm ™! - SO,
asymmetrical stretching vibration, 1575 cm~! - C—C stretching) and
typical carbon peaks [43,44] such as D-band (1350cm™!) and G-
band (1585 cm™!). Here, to understand the nature of WIS electro-
lyte ions transporting across the interface, change in Raman in-
tensity of TFSI™ anions with respect to positive and negative
potential sweeps, under chronopotentiometry conditions (Fig. S3)
was monitored. During the positive potential sweep (Fig. 1a), as the
voltage increases from 0 to 1.5V, the anionic molecule’s Raman
intensity linearly decreased with the applied potential. The fading
of the Raman signal can be attributed to the LiTFSI ions entering the
porous network, with increasing potential. While reversing the
potential, anion intensity started to increase until a certain point
(—0.4V) which indicates the exiting of WIS ions from the carbon
pores. On the other hand, similar to the results observed in a pos-
itive direction, at deep negative potential region (>—0.5V)
until —1.1V, TFSI” anion Raman intensity started to decrease
(Fig. 1a) which indicates the transportation of WIS ion again into
the pores. This voltage dictated behavior can be explained by the
heavily solvated, interionic interactive nature of ion-rich WIS
interface and this phenomenon is well supported by previous re-
ports including molecular dynamic studies [29,30]. These results
reveal that, while charging and discharging, the LiTFSI ions tend to
enter inside the porous carbon network. Also, due to the heavy
solvation nature of WIS ions at the interface, instead of separation,
the ion pairs (Li" TFSI~) might diffuse into/expel from the pores as a
cluster of molecules during charge/discharge process. Hence, from
the Raman results it is clearly evidenced that ion rich LiTFSI ions
diffuse into the porous AC carbon network (as shown schematic in
Fig. 1b) and obviously AC contains a huge network of
interconnected-wide size ranged pores with moderate surface area,
which leads to the migration of the TFSI™ ions deep into the porous
structure, thereby limiting the rate capability especially during fast
scan rates. Such behavior is further accounted for by cyclic vol-
tammetry graphs, as shown in Fig. 1c, at symmetrical SC cell with
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AC and WIS as electrode and electrolyte respectively at different
scan rates. Prior to CV, the potential window of WIS electrolyte was
assessed and typical capacitance behavior, that is, rectangular
shape of CV was observed until 2.9V (Fig. S4 demonstrates the
usefulness of these electrolytes for SC operation significantly above
the thermodynamic stability (1.23 V) limit of aqueous electrolytes
[45]). At lower scan rates, up to 200 mV/s, the cell exhibited a near
rectangular behavior. But, as the scan rate increases above 200 mV/
s, traditional supercapacitor electrodes (e.g., activated carbon)
become less capacitive and more resistive, which is evident as the
shape of the CV curves drastically deviates from the rectangular
shape (Fig. S5 a, b). This behavior can be attributed to the depen-
dence of double layer capacitance on the surface area, the pore size
of the electrode and ionic size of the electrolyte, which was well
established by previous results [31].

Fig. 2a shows the in situ Raman spectra of WIS electrolyte in a Gr
electrode setup at different voltages during a potential sweep
from —1.1 to +1.5 V (Fig. S6). The Raman spectra of LiTFSI in the
electrodes in the charged state and discharged state remain the
same. Furthermore, there is no shift in any Raman peak intensity
during charge and discharge conditions, suggesting that the ion-
rich environment does not change significantly with respect to
the potential at the Gr interface. This is exactly opposite to the
results obtained for the AC electrodes, where a predominant dif-
ference in the spectra of the charged and discharged conditions was
observed. This Raman results can be ascribed to the WIS ions pre-
dominantly undergoing surface adsorption process, rather than
diffusion into the pores, where they can still be detected by the
Raman irrespective of the charge-discharge process; thus, only a
small change can be expected. Fig. 2b illustrates the charging
mechanism for graphene electrodes, where the TFSI~ ions are
adsorbed on the surface of graphene layers and obviously, during
discharge, the adsorbed ions move away from the surface, without
affecting the bulk of the electrolyte. Such availability of ions closes
to the electrode surface and charge storage phenomenon occurring
at the surface decreases the ion pathway distances thereby
enhancing the high charge/discharge rates. In short, the high
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Fig. 2. Insitu Raman experiment at graphene SC electrodes: (a) LiTFSI anion and cation responses with respect to the applied potential (range from —1.1V to 1.5V)(b) Schematic
illustration of surface adsorption of LiTFSI ions at Gr SC electrodes (c) Cyclic voltammetric response of Gr electrodes at different scan rates (range from 50 mV/s to 1000 mV/s).
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surface area electrode material with limited/controlled pore size
results in an enhanced rate capability. To further account this hy-
pothesis, we carried out a CV experiment at different scan rates as
shown in Fig. 2c. As expected, the shape of the CV curve remained
rectangular even at a scan rate as high as 1000 mV/s (Fig. S5 ¢, d),
indicating that higher rate capability can be achieved with WIS
electrolytes. Fig. S7 represents log (scan rate) vs log (peak current)
for the data obtained from CVs at different scan rates for both
electrodes which represent charge storage mechanism, assuming
that current obeys a power-law relationship, (i = av®, where i is the
measured current (mA), v is the scan rate (mV/s), a and b are the
adjustable parameters). The slope of the plot, the value of b, close to
1 represents a surface or near-surface phenomenon indicating a
capacitive charge storage mechanism, whereas a value close to 0.5
indicates a diffusion-controlled intercalation/deintercalation [46].
Obviously, graphene with a slope of 0.93 represents higher capac-
itive behavior due to faster ion adsorption or desorption on the
surface, whereas, AC displayed value of 0.72 supporting the
mechanism of diffusion of ions deep into its pores, thereby
becoming inaccessible.

From the in situ Raman results, we evidenced that, WIS elec-
trolyte ions undergo a surface dependent diffusional process at the
interfaces. More specifically, on the surface having highly porous
structures like AC, WIS electrolytes ions tend to enter into the pores
which leads to a long range of ion transport pathways. Whereas,
WIS ions undergo surface adsorption phenomenon on electrodes
like Gr which facilitates a short range of ionic movements across
the interface. As a result, EDLC charge storage mechanism and ion
transport with WIS electrolytes directly are affected by the surface

5

chemistry of carbon electrodes. Such SC electrode’s surface
dependent charge storage mechanisms and diffusion of ionic spe-
cies are in good agreement with other concentrated electrolytes
like ionic liquids [30,47].

To further corroborate the in situ Raman results, we performed
alternating current (AC) based electrochemical impedance spec-
troscopy (EIS) as shown in Fig. 3. It is well known that EIS Nyquist
and Bode plots can provide detailed information regarding the pore
size dependent-accessibility of electrolyte ions and assist in eluci-
dating the ion migration behavior at the interface, with respect to
the applied frequencies. Fig. 3a represents the Nyquist plot, ob-
tained in the frequency range of 1 MHz—100 mHz with a signal
amplitude of 5mV, for both activated carbon (AC) and modified
graphene (Gr) based electrodes. The Nyquist plot reveals that the Gr
electrode exhibits lower charge transfer resistance, as indicated by
the absence of semicircle in the high-frequency region, whereas a
pronounced semicircle was found in the case of AC electrodes. In
the low-frequency region of the plot, Gr electrode exhibits nearly a
vertical Warburg line (~80°) parallel to the imaginary axis,
demonstrating typical capacitive behavior and high conductivity of
the cell [48]. Whereas, Warburg line was found to be non-vertical in
AC surface (~50°) and attributed to slower ion diffusion. The strong
deviation of the Warburg component capacitive behavior from 90°
in case of AC can be attributed to the broad pore size distribution of
the electrodes, which enables the penetration of electrolyte ions
deep into the pores [49].

Fig. 3b bode plot represents the real capacitance (C’, equation
(1)) as a function of frequency which evaluates how many heavily
solvated LiTFSI ions reach the porous carbon interface at a given
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frequency region. Here, at low frequencies, the entire surface of the
graphene electrode is accessible by the electrolyte ions, which re-
sults in the realization of a very large real capacitance. But, in the
case of AC, the electrode’s low surface area results in a decreased
specific capacitance. With increasing frequency, C’ decreases and at
frequencies above 100 Hz the real capacitance reached very low
values. But, as can be clearly seen in Fig. 3b, C’ for Gr decreases at a
slower rate than for AC, indicating an effective ion migration phe-
nomenon on Gr. Also, at 1 Hz, the graphene electrode retained 807%
of its maximum capacitance, which is 25 times more than that of
AC, which further proves the importance of small ion pathways
required to attain higher performance. This is further accounted by
Bode plot of phase angle vs frequency (as shown in Fig. 3c) which
demonstrates that at low-frequency region (<100 Hz) the phase
shift was found to be —83° at 0.1 Hz on Gr electrodes which is more
negative than AC (—72°). The decrease in phase angle for the AC
electrodes indicates increased ion diffusion lengths and electrical
resistance [50]. Furthermore, at a phase angle of —45° the charac-
teristic frequency (f,) known as knee frequency, which marks the
point where the device behavior changes from purely resistive to
capacitive [51], was found to be 5.64 Hz and 1.87 Hz for Gr and AC
respectively. The knee frequency for Gr SC is at least 3 orders of
magnitude higher than AC SC. It is a well-known fact that higher
the knee frequency better is the rate capability, an important
parameter that defines the performance of the SC. Fig. 3d presents a
plot with imaginary capacitance (C”, given by equation (2)) as a
function of frequency, which assists in the calculation of relaxation
time constant (7,), a parameter which indicates the minimum time
required to discharge the device’s energy with an efficiency greater
than 50% [34,52]. Time constants (7, = 1/27f,, where f, is the peak
frequency) for Gr and AC SCs were 28 ms and 85 ms respectively,
which indicates ultra-fast ion adsorption/desorption and an

excellent rate capability at Gr electrodes over AC electrode. Thus,
the outcome of EIS study along with detailed bode plot analysis
demonstrates that carbon structure with morphology like Gr fa-
cilitates faster WIS ion migration compared to the porous struc-
tures like AC. It also confirms the dependency of capacitance and
rate performance of SCs with WIS electrolytes purely upon the
nature of electrodes and their pore size, while similar trends were
observed with ionic liquids [30,47].

To prove the hypothesis that improvement of rate performance
in WIS electrolytes is due to the surface area and pore size, we have
performed typical galvanostatic charge-discharge experiments. As
shown in Fig. S8, at a current density of 1 A/g, both devices exhibit a
near triangular shaped charge-discharge curves. Since it is already
established that, Gr has a uniform pore structure and high surface
area, it is expected to show a higher capacitive behavior than AC.
Fig. 4a shows the stable triangular charge-discharge curves of Gr SC
even at scan rates as high as 10—50 A/g, which indicates an excel-
lent capacitive nature with a high coulombic efficiency. The gra-
phene electrodes showed capacitances (calculated according to
equations (3) and (4)) of 345, 323, 277, 266, 216, 134 and 124 F/g at
0.5, 1, 2, 5,10, 30 and 50 A/g current densities respectively. Such
performance at current densities as high as 50 A/g is unparalleled
with any of the latest reports in WIS electrolytes. In contrast, the
values for AC were 50, 35, 29, 22 F/g at 0.5, 1, 2, 5 A/g respectively.
The fast decay in the performance of AC can be ascribed to the
increasing internal resistance with increasing current density. This
is further corroborated by comparing rate performance at low
current densities (Fig. 4b). The increase in the current density to a
value as high as 50 A/g leads to a more pronounced specific
capacitance decay in the Gr SC working cell, which can be attrib-
uted to the low ionic conductivity of WIS electrolytes. The specific
capacitance retention at 50A/g was found to be 37% of the initial 0.5
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A/g current density, for the Gr-based cell whereas, the retention at a
significantly lower current density of 5 A/g for the AC cell was found
to be 35% from the initial 0.5 A/g. Thus, the drastic change in
capacitance retention and high rate capability underlines the
decisive role of electrode surface area and pore size nature in
ensuring an efficient high-rate capacitive response. Table S1 (sup-
porting information) shows the overall performance of both Gr and
AC devices. With an identical cell setup, the specific capacitance of
high-surface-area carbon, i.e. graphene in WIS electrolyte was
found to be at least 7 times higher than that of the cell with AC
electrodes.

Next, energy density and power density, crucial factors that
decide the overall performance of a supercapacitor, were calculated
according to equations (5) and (6). Fig. 4c shows the Ragone plot of
the traditional salt-in-water electrolytes with Gr electrodes and
water-in-salt electrolyte fabricated with AC and Gr electrodes.
Conventional aqueous electrolytes in spite of having high ionic
conductivity, suffer from an inherent low operating cell voltage.
Hence this class of conventional salt-in-water electrolytes (e.g.
Li»SO4), when operated between OV and 0.8V, delivered a
maximum energy density of 1.6 Wh/kg at a power density of 4 kW/
kg. The reported energy and power density values for Gr electrodes
in aqueous electrolytes, such as 6 M KOH, were 5.2 Wh/kg and
0.174 kW/kg respectively [53—58]. In the present work, AC SC
delivered a maximum energy density of 5.8 Wh/kg at a power
density of 7kW/kg. On the other hand, Graphene cells with WIS
electrolyte having an operating voltage of 0V—2.4V delivered a
very high specific energy of 55.3 Wh/kg at a specific power of
2.4 kW/kg, which is about seven orders higher than activated car-
bon and several folds greater than the ones reported for traditional
aqueous electrolytes with high surface area electrodes. The same Gr
cell delivered an energy density of 43.3 Wh/kg at a power density of
12 kW/kg, which are almost comparable to that of hybrid graphene
supercapacitors with ionic liquids reported recently, showing en-
ergy density of 44.7 Wh/kg at a power density of 4.5 kW/kg [59]. In
short, the interfacial behavior of WIS electrolytes at porous elec-
trodes is greatly affected by the surface area and pore size of the
electrode. The availability of ions close to the surface due to the
high surface area and pore size close to electrolyte ion size, alters
the ion transportation process enhancing the capacitance which in
turn leads to the realization of high specific energy.

Further, long-term cycling in AC SC electrodes, as shown in
Fig. S9 reveals a drastic capacitance fade even within 1000 cycles,
and the cell exhibited just over 70% capacitance retention. On the
other hand, Fig. 4d shows a stable cycling behavior of Gr SC elec-
trodes at 2 A/g, which exhibits a perfect triangular shape from the
beginning of cycling until the end (Fig. S10). Even though a slight
decrease in discharge time was noted after 5000 cycles, the cell
exhibited over 93% capacitance retention over 7000 cycles, which
demonstrates the high stability of SC with this electrolyte. As WIS
electrolytes can undergo reduction they are often prone to the
formation of solid products, when in the vicinity of the porous
structure, they essentially clog the pores. Thus, the considerable
deterioration of the AC electrodes visualized by the capacitance
fade can be due to the lack of reversibility in exiting of ions from the
AC porous structures. But, the excellent long cycling performance
on Gr electrodes can be attributed to the surface adsorption
mechanism of LiTFSI ions which cause minimal changes in the
carbon structure. Fig. 4e shows a green 72 mW LED powered by a
fully charged supercapacitor, indicating the promising usage of
these devices for practical applications.

4. Conclusion

In conclusion, the change in interfacial dynamics of Water-in-

salt electrolytes with respect to surface area and porous electrode
were investigated in detail. In situ Raman experiments elucidate
that WIS electrolyte ions undergo surface adsorption phenomena
on Gr with a pore size of < 3 nm whereas diffusion of ions into the
pores occurs at the highly porous AC structures (>30 nm). Further,
electrochemical impedance results concluded that WIS electrolytes
when used with Gr electrodes, reduces the ions diffusion pathway
distances thereby assisting in the realization of extremely high real
capacitances and rate performance. The obtained results suggest
that ion storage at the Gr surface allows for quick sorption of ions
with respect to the applied potential within a short span of time
and enables the rapid charge/discharge process. This is further
corroborated from the galvanostatic charge/discharge experiment
which shows that carbon with a porous matrix like Gr delivers high
rate performance as high as 50 A/g with 37% capacitance retention.
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