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In this study, we investigated the use of a water-in-salt electrolyte (WiSE) for enhancing the performance of carbon-based
supercapacitor electrodes. The all-biomass electrode and a peroxyacetyl nitrate-derived porous carbon fiber electrode (PPCF) were
chosen as two examples for evaluating their electrochemical performance. WiSE provides a stable wide voltage window of 3 V,
effectively inhibits undesirable water-splitting reactions. The presence of pseudocapacitance behavior, as evidenced by cyclic
voltammetry scans, contributed to higher charge storage capacity. As a result, a high areal energy density and power density of
22mWh cm 2 and 11.7 mW cm ™2 were achieved for the all-biomass electrode, and a high areal energy density and power density
of 0.4 mWh cm ™2 and 12.1 mW cm ™2 were achieved for the PPCF electrode. Overall, when coupled with carbon-based electrodes
WiSE shows great promise for high-voltage supercapacitor applications, providing a balance between charge storage kinetics and

interface stability.
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In addition to batteries, the growing demand for efficient energy
storage solutions has driven extensive research into supercapacitors,
known for their high power density and long cycle life.'™ This
makes supercapacitors a promising candidate for applications
requiring quick bursts of energy, such as in power grids, electric
vehicles, and portable electronic devices.”™

Conventional supercapacitors rely on aqueous or or%anic electro-
lytes, each with distinct advantages and limitations.”'® Aqueous
electrolytes offer high ionic conductivity and safety but are limited
by a narrow voltage window due to the electrolysis of water, which
typically restricts the cell voltage to about 1.2 V or even lower.'"'
Organic electrolytes, while providing a wider voltage window (up to
3.75 V),13 suffer from lower ionic conductivity, higher cost, and
potential safety concerns due to flammability.'*'” To overcome
these limitations, recent advancements have focused on developing
novel electrolytes that combine the benefits of both aqueous and
organic systems.

One promising development in this field is the water-in-salt
electrolyte (WiSE), which significantly expands the electrochemical
stability window of aqueous electrolytes (up to 3 V).'>° WiSE
consists of highly concentrated salt solutions that suppress water
activity, thus inhibiting water-splitting reactions and allowing for
stable operation at voltages beyond water electrolysis. This unique
property has made WiSE an attractive candidate for high-voltage
supercapacitor applications.

This study explores the use of WiSE to enhance the electro-
chemical performance, including areal energy density, power density
and cycling stability, of carbon-based supercapacitor electrodes. We
specifically investigate two types of electrodes: an all-biomass
electrode and a peroxyacetyl nitrate (PAN)-derived porous carbon
fiber (PPCF) electrode that developed by us.>'** The all-biomass
electrode, derived from sustainable sources, offers an environmen-
tally friendly and cost-effective alternative to traditional carbon
materials. The PPCF electrode, prepared through electrospinning
and subsequent thermal treatments, provides a high specific surface
area (SSA) and highly porous structure, making it an excellent
electrode candidate for high-performance supercapacitors.

*Electrochemical Society Student Member.
**Electrochemical Society Member.
“E-mail: changmin_shi@brown.edu; brian_sheldon@brown.edu

We assessed the effectiveness of WiSE in preventing undesirable
water-splitting reactions and supporting pseudocapacitance beha-
vior. Furthermore, our results demonstrate that WiSE not only
expands the voltage window but also contributes to high areal
energy and power densities, thus enhancing the overall performance
of supercapacitors. Despite the higher areal specific resistance (ASR)
observed with WiSE, the electrodes, particularly the all-biomass
candidate, showed excellent cycling stability and maintained high
discharge capacitance over extended cycles. This study highlights
the potential of WiSE in developing high-voltage supercapacitors
with improved energy storage capabilities. The insights gained from
this research could pave the way for the design of next-generation
supercapacitors, balancing the trade-offs between charge storage
kinetics and interface stability.

Experimental

Materials preparations.—The biochar wafer electrodes were
produced from a proprietary blend of plant material (grasses, woody
biomass) which was dried, pulverized, pressed into a shallow
cylindrical mold which was placed in a torrefaction oven for
charring. The resulting disc-shaped biochar wafers were removed
from the mold and the biochar was then activated via immersion in a
proprietary aqueous solution, after which the biochar wafers were
heat-dried. For the PPCF electrode, PAN (Mwt. 15,000 gmol_',
Sigma Aldrich) in dimethylformamide (99.5%, Fisher Scientific)
was transferred to a syringe equipped with a 27-gauge needle.
Electrospinning was conducted at a voltage of 15kV. To enhance
the conductivity and porosity of the PAN mesh, it was subjected to a
series of thermal treatments, including stabilization, carbonization,
and activation. The tubular furnace (GSL 1600X, MTI Corporation)
was used for all thermal treatments. The PAN mesh was initially
stabilized in the air by heating it to 250 °C at a rate of 1 °C min™"
and maintaining that temperature for one hour. The stabilized
PAN nanofibers were subsequently heated in a furnace at a rate of
5°C min~" to 1000 °C and carbonized in a nitrogen atmosphere at
1000 °C for one hour. Then, solid KOH (Fisher Scientific) was
pulverized with the carbonized PAN fibers at a weight ratio of 3:1.
The mixture was heated to 1000 °C at a rate of 5°C min~' and
maintained in a furnace with free-flowing N, for one hour. Finally,
the samples were lyophilized for future use after being dialyzed in
deionized water to remove any remaining KOH. For the WiSE,
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LiTFSI salt (99.99%, Sigma Aldrich) was dissolved in DI water."”
The mixture had been stirred for ~8 h at room temperature before it
was used as an electrolyte. In addition, the electrolyte-to-electrode
weight ratio is 25: 1 to avoid limitations in ion availability.

Characterization.—The biochar Specific Surface Area (SSA) and
porosity were investigated using an Autosorb-1 instrument (by
Quantachrome Instruments, today Anton-Paar). In these experiments,
approximately 40-80 mg of biochar was placed into sample glassware
and outgassed at 200 °C for 24h. The N, adsorption-desorption
isotherms were obtained by recording data points at relative pressures
(P/Py) from 10 %to 1 at a temperature of 77 K. The SSA values were
calculated by applying the Brunauer-Emmett—Teller (BET) model and
the pore size distributions using the non-local density functional theory
(NLDFT) slit pore model.* The pore sizes are presented according to
the International Union of Pure and Applied Chemistry (IUPAC)
classification, which defines pores less than 2 nm wide as micropores,
pores with widths between 2—-50 nm as mesopores, and pores wider than
50 nm as macropores. Micropore volume and micropore SSA were also
determined by applying the Dubinin—Radushkevitch (DR) theory.>*
The morphology of the all-biomass electrodes was characterized by
Environmental Scanning Electron Microscopy (SEM, Thermo Scientific
Quattro S) with a voltage of 5 kV. For Energy Dispersive X-ray (EDX)
Analysis shown in Figs. S5 and S6, and Tables S1 and S2, a voltage of
20kV was applied to ensure good EDX signals.

Supercapacitor cell assembly and testing.—Swagelok cells (X2
lab) were employed for cell assembly. The cell configuration within
the Swagelok cell is: electrode/electrolyte + glass fiber separator
(Tisch Scientific) + electrolyte/electrode. For the conventional
aqueous electrolyte used in this work is 6 M KOH (Lab Alley
Essential Chemicals). The cells were rest for overnight before any
electrochemical measurements. All the electrochemical tests were
conducted by using a Bio-logic VSP-300 potentiostat. For Cyclic
Voltammetry (CV) scanning, the voltage range was set to be either
0V to 3V for electrodes using WiSE or 0 V to 0.8 V for electrodes
using 6 M KOH aqueous electrolyte, with different voltage scanning
rates. The cell configuration during the CV measurements was the
following: our-designed-electrode/WiSE or 6 M KOH aqueous
electrolyte/our-designed-electrode. Such cell configuration was fol-
lowed by the past published results.”>*® For the Electrochemical
Impedance Spectroscopy (EIS) tests, the frequency was from 1 MHz
to 0.1 Hz with a voltage amplitude of 10 mV. For the Distribution of
Relaxation Times (DRT) analysis (Fig. S4), the Gaussian discretiza-
tion method was applied”” with a regularization parameter of 1 to
minimize the data noise in the EIS measurement. Furthermore, the
regularization derivative is first order.

For the capacitance evaluation and long-term cycling tests, the
voltage cutoff was set between —3 V to +3 V and —0.8 V to +0.8 V
for the cells using WiSE and 6 M KOH aqueous electrolyte,
respectively. For capacitance, areal energy density, and power
density evaluation, the current densities were set to be 5 mA cm ™2,
10 mA cm72, 15 mA cm72, and 30 mA cm™ 2. For the long-term
cycling tests, the current density was set to be 10 mA cm™>.

Energy density and power density calculation.—Energy density
(E, mWh cm™2) was calculated as:

_0.25CV?
3600
where C and V are the areal discharge capacitance (mF cm™~?) and

voltage cutoff (3 V), respectivelzy.
)

Power density (P, mW cm™ ~) was calculated as:

3600
t

P

where ¢ is the discharge time per half cycle.

Note that for both energy density and power density calculations,
including the values extracted from the literature, we based our
calculations on the electrode level. Packaging materials and electro-
lytes were not considered in these calculations.

Results and Discussion

SSA and specific pore sizes are essential factors on storing
charges for the supercapacitor. A larger SSA with specific pore sizes
can provide more active sites for ion adsorption, leading to higher
charge storage capacity. It is not the SSA alone, but also specific
porosity that can significantly impact ion transport and storage
mechanisms.”*** The surface morphology, SSA and Pore Size
Distribution (PSD) were determined for biomass supercapacitor
electrode. The representative SEM images and the N, adsorption
isotherm obtained at 77 K together with the PSD are shown in Fig. 1.
The SEM images of the top view and cross-sectional view of the all-
biomass electrode show similar surface features in terms of SSA and
porosity (Figs. 1a and 1b), indicating uniformity throughout the thick
electrode. The Brunauer-Emmett-Teller (BET) SSA obtained from
the N, adsorption isotherm (Fig. 1c) is 464 m®>g~'. According to
International Union of Pure and Applied Chemistry classification the
all-biomass electrode N, isotherm can be categorized as type 1
adsorption isotherm. The type 1 adsorption isotherms feature a steep
rise at relative pressures (P/P,) below 0.1. After the relative
pressures of 0.1, the N, isotherm has fairly mild slope upwards
towards N, saturation, which is an indicative of some mesoporosity
in this biomass electrodes samples.’*' The PSD shown on Fig. 1d
confirms these findings. The majority of pores available in these
biochars are indeed micropores (pores and cavities below 2 nm in
size). The PSD in Fig. 1d confirms that there is also some
mesoporosity (pores or cavities above 2nm) in this all-biomass
electrode.

This combined features led to a wide presence of microgores and
macropores.3 031 In addition, there are some slit pores 4 in the
electrodes (Fig. S1), but it did not lead to any hysteresis in the BET
curve. Overall, although the SSA of the all-biomass electrode can be
further expanded via alternative activation routines, it is already
comparable and even beyond with the state-of-art biomass-based
electrodes (0.15-419 m? g=").3*™* The pore size distribution of the
designed all-biomass electrode was shown in Fig. 1d. It suggested
that most of the pore were between 2.5 and 4.5 nm in size. These
small pore sizes can provide large number of active sites to store
charges.>*>® In addition, to broaden the application of WiSE for
supercapacitor, an alternative supercapacitor electrode—PPCF with
a SSA of 1519 m? g~! and pore size predominately smaller than ten
angstroms>'*> was employed which has been characterized in our
previous publications.

From electrochemical aspect, CV scanning (Fig. 2) was first
conducted to evaluate the stability of WiSE (Water-in-Salt
Electrolyte) across a wide voltage window (3V vs reference
electrode) and the electrode-WiSE interfacial stability. For both
all-biomass electrode and PPCF electrode, the results showed that
WiSE is not electrochemically decomposed across the wide voltage
window of 3 V (Figs. 2 and S2). The very first half cycle of the CV
measurements at different voltage scanning rates is regarded as a
linear sweep voltammetry test. The CV scanning results indicate that
this highly concentrated electrolyte effectively inhibits undesirable
water-splitting reactions.'® From the perspective of electrode-WiSE
interfacial stability, the CV scans revealed the presence of a faradaic
charge transfer and storage process for both types of electrodes,
suggesting pseudocapacitance behavior. Such pseudocapacitive
behavior led to higher capacitance compared to purely electrostatic
double-layer capacitance.’® The pseudocapacitance behavior was
especially evident (yellow rectangles in Figs. 2a and 2c) between
2.0V and 3.0 V at lower scan rates (e.g., 5 mV sfl). Note that, this
interesting and excellent pseudocapacitive behavior is likely due
to the superficial oxygen functional groups formed in the
electrodes,”'** which is achieved here without introducing any
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Figure 1. Characterization of the designed all-biomass supercapacitor electrode. (a). and (b). SEM images of the designed all-biomass electrode from the top view
and cross section view, respectively. (c). A representative N, adsorption/desorption isotherm obtained at 77 K, providing the BET SSA of 464 m* g~ ', and (d). A

representative pore size distribution of the designed all-biomass electrode.

additive chemistry. The possible faradic reactions occur in the
system can be: (i). surface redox (e.g., non-diffusion limited
reaction) reaction at the electrode surface areas;?! (ii). partial
intercalation of the Li-ion in the carbon host electrodes.*’ In
contrast, published results** employed additives (e.g., polypyrrole)
to induce such pseudocapacitive behavior. The pseudocapacitive
behavior disappears at higher voltage scanning rates due to the
sluggish reaction kinetics, where the redox processes cannot keep up
with the rapid voltage changes.43 By comparing these two elec-
trodes, the all-biomass electrode (Figs. 2a and 2b) showed a more
resistive capacitor behavior (Figs. 2b and 2d), This difference is
mainly attributed to the higher mass loading of the all-biomass
electrode, which is 95 mg cmfz, more than ten times higher than the
mass loading of the PPCF electrode at 7.5 mgcm 2. High mass
loading leads to increased resistance within the electrode.
Furthermore, the pseudocapacitance behavior was not observed
when 6 M KOH aqueous electrolyte was used (Fig. S3). The results
indicate that WiSE shows great promise for high-voltage super-
capacitor design when combined with our two types of electrodes.
The ability of WiSE to maintain electrochemical stability across a
wide voltage window and support pseudocapacitance behavior is

particularly advantageous. Pseudocapacitance can enhance the en-
ergy storage capacity of supercapacitors by providing additional
faradaic charge storage mechanisms beyond the simple electrostatic
interactions found in electric double-layer capacitors.

Next, areal discharge capacitance, energy density, and power
density of both types of electrodes was evaluated at different current
densities (Fig. 3). Given the high mass loading of the all-biomass
electrode, it showed a larger areal discharge capacitance at various
current densities. Specifically, the areal discharige capacitance was
3107 mFcm ™2 and 807 mFcem ™2 at 5mA cm™ 2 and 30 mA cm72,
respectively (Fig. 3a). The areal discharge capacitance of the PPCF
electrode showed a discharge capacitance of 677 mFcm™>
and 204 mFcm ™2 at 5mAcm 2> and 30 mA cmfz, respectively
(Fig. 3c). However, the high mass loading (95 mgcm™°) of the
all-biomass electrode resulted in a relatively larger voltage drop due
to ohmic loss (Fig. 3b) compared with the PPCF electrode (Fig. 3d).
For example, the voltage drop was ~0.65 V at the starting point of
the discharge process at a current density of 5 mA cm™2. In addition,
the voltage profiles at a relatively low current density of 5 mA cm™>
showed a nonlinear shape (Figs. 3b and 3d), which can be attributed
to pseudocapacitance behavior involving a faradaic type of charge
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Figure 2. Evaluation of the stability of WiSE across a wide voltage window of 3 Vand electrode-WiSE interfacial stability, when coupled with the two types of
electrodes. (a) and (b) CV scan of the designed all-biomass electrode at different voltage scanning rates. (c) and (d) CV scan of the designed PPCF electrode at

different voltage scanning rates.

storage process. This observation is in good agreement with the CV
scan results (Fig. 2). At higher current densities (e.g.,
>10 mA cm™?), the voltage profiles for both electrodes showed a
linear character, suggesting the common electric double-layer
capacitive behavior that is governed by the electrostatic accumula-
tion of charge at the electrode-electrolyte interface.

Based on the achieved areal discharge capacitance, the areal
energy density (mWh cm™2) and power density (mW cm™?) at an
electrode level were evaluated and compared with state-of-the-art
results in the supercapacitor field, where electrodes are made of
biomass and carbon-based materials.”>**? Figure 3e shows that
both types of electrodes, especially the all-biomass electrode,
exhibited excellent areal energy density in the supercapacitor field
when employed with WiSE. Despite the pseudocapacitance behavior
seen in Fig. 2, areal power density remained great. Specifically, the
highest areal energy density and power densitgf achieved by the all-
biomass electrode were up to 2.2 mWh cm™ - and 11.7 mW cmfz,
respectively. The highest areal energy density and power density
achieved by the PPCF electrode were up to 0.4 mWh cm™2 and
12.1 mW cm™2, respectively.

Finally, the EIS data of the supercapacitor cells are summarized
in Fig. 4a, and the long-term cycling performance was evaluated. It
shows that the baseline cell using the all-biomass electrode and 6 M
KOH aqueous electrolyte had the lowest ASR of ~0.2 ohm-cm?. In
contrast, the cells usinzg the all-biomass electrode and WiSE showed
ASR of ~4.1 ohm-cm~, while the cells using the PPCF electrode and
WiSE showed ASR of ~6.6 ohm-cm?®. Comparing the ASR in cells
with all-biomass electrodes using WiSE and 6 M KOH aqueous
electrolyte, the increased total ASR can be attributed to the high
concentration of the Li salt and the formation of a LiF passivation

layer,*™> despite an expanded electrochemical stability window. It
should be noted that with WiSE, the cells using the PPCF electrode
showed a 1.5 times higher ASR than those using the all-biomass
electrode. This can be attributed to the large SSA of the PPCF
electrode, leading to a greater amount of LiF passivation layers.
For the cells made with all-biomass electrodes, despite a
relatively larger ASR when using WiSE compared to conventional
6 M KOH aqueous electrolyte, the cell showed excellent cycling
stability, especially after the 325th cycle (Fig. 4b). The areal
discharge capacitance stabilized at ~1590 mF cm 2. Similar capa-
citance decay-stabilization behavior by using concentrated aqueous
electrolyte has been observed by Quan et al.>® While for the cell
using 6 M KOH aqueous electrolyte, the discharge capacitance
continuously decreased without stabilization. By comparing these
two cases, we believe the continuous capacitance fading in the
baseline cell may be attributed to side reactions occurring between
the all-biomass electrode and 6 M KOH aqueous electrolyte, which
continuously reduces the active sites within the electrode and
consumes the salt in the aqueous electrolyte. For the WiSE case,
the LiF generated from the formation of solid electrolyte interphase
(SEI) at the electrode-WiSE interface may block some active sites in
the all-biomass electrode and reduce charge storage kinetics. For
example, the DRT analysis for the all-biomass electrode coupled
with WiSE (Fig. S4) shows that the charge storage kinetics is the
primary limiting factor in achieving higher power density for our
design at low characteristic frequencies (or within the high relaxa-
tion time domain, 400-500s). However, the formation of LiF
preented further electrode-electrolyte interfacial reactions.'®>¢-7
This resulted in an initial reduction in discharge capacitance
followed by stabilization. The formation of the LiF passivation
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Figure 3. Areal capacitance, energy density and power density evaluations. (a). and (b). Areal capacitance evaluation under different current density for the
designed all-biomass electrode and PPCF electrode, respectively. (c). and (d). Voltage profile of the designed all-biomass electrode and PPCF electrode,
respectively, at different current density. (e). Ragone plot for areal energy density and power density comparison. Except for the star marks values which come
from the electrodes used in this work, all other data points were extracted from published results.”>**~>% All the tests were performed at room temperature.

layer at the electrode-electrolyte interface needs careful consideration
to balance charge storage kinetics and interface stability. However,
further investigation is necessary to fully understand the capacitance
decay and stabilization mechanisms. For the cell using the PPCF
electrode and WiSE, it showed a stabilized areal discharge capacitance
of ~503 mF cm™ in the first 70 cycles, although it decayed relatively
slowly in the following cycles. One possible reason is that, for the
PPCEF electrode, its larger surface area (compared with the all-biomass
electrode) leads to a larger decomposition of WiSE at the electrode-
electrolyte interface, thus consuming more Li salt. This is consistent
with the observation that the PPCF electrode shows more fluorine
decomposition after long-term cycling, compared with the all-biomass
electrode (Figs. S5 and S6, and Tables S1 and S2). This larger Li salt
consumption then leads to more ion depletion in the WiSE. Therefore,

the number of ions that can be stored is fewer. Furthermore, with the
large surface area in PPCF electrode, the entire electrode-electrolyte
interface would be impossible to be fully passivated and stabilized.
This leads to a continuous consumption of ions in the WiSE, resulting
in a continuous capacitance delay. In addition, the gradual capacitance
decay over extended cycles has been observed in our previous
publication at a current density of 5 mA cm 2 with a mass loading of
10mgcem ™2 by using a different electrolyte chemistry,”> and we
believe that the discharge capacitance can be further stabilized by
improving the engineering-level electrode synthesis. Comparing the
all-biomass electrode and the PPCF electrode capacitance retention
behavior (Fig. 4b) over an extended period, suggests that a balanced
surface area and the formation of LiF is very important to maintain a
high capacitance stabilization.
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Figure 4. Supercapacitor long-term cycling performance under different conditions. (a). EIS data of supercapacitors by using an all-biomass electrode and PPCF
electrode with different electrolytes. (b). Long-term cycling evaluation for the designed all-biomass electrode and PPCF electrode at a current density of

10 mA cm ™2 at room temperature.

Conclusions

This work demonstrates the potential of using a WiSE to achieve
a high-voltage supercapacitor with carbon-based electrodes, while
also providing insights into the electrochemical phenomena ob-
served. Both the all-biomass and PPCF electrodes can operate
effectively with WiSE across a wide voltage window of 3V,
inhibiting undesirable water-splitting reactions. The presence of
pseudocapacitance behavior, as evidenced by CV scans, contributed
to higher charge storage capacity. Consequently, a high areal energy
density and power density of 2.2mWhem™> and 11.7 mW cm ™2
were achieved for the all-biomass electrode, and a high areal energy
density and power density of 0.4 mWhem ™2 and 12.1 mW cm >
were achieved for the PPCF electrode. Additionally, although the
all-biomass electrode showed a relatively larger ASR with WiSE
compared to conventional 6 M KOH aqueous electrolyte, it main-
tained excellent cycling stability, which is possibly due to the
generation of a passivating SEI layer that protects the electrode-
electrolyte interface. The findings suggest that WiSE has great
promise for the development of high-voltage carbon-based super-
capacitors, offering a balanced approach to optimizing charge
storage kinetics and interface stability.
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