Open Access Article. Published on 23 mgja 2023. Downloaded on 17.10.2025 15:40:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy

Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Adv., 2023,
2, 1036

Received 7th February 2023,
Accepted 15th May 2023

DOI: 10.1039/d3ya00064h

Ultra-low cost supercapacitors from coal char:
effect of electrolyte on double layer capacitancef
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Electrochemical double-layer capacitors (EDLCs) provide high power density and long cycle life energy
storage. This work examines the use of inexpensive, raw coal char as an electrode material for
supercapacitors. The effect of electrolyte composition on the performance of coal char supercapacitors
is explored for the first time to determine the relative contributions of double-layer capacitance vs.
faradaic reactions on total charge storage. Six electrolytes are examined with coal char electrodes,
including: four aqueous electrolytes (0.5 M H,SO,4, 6 M KOH, 0.5 M Na,SOy4, 4 M LiNO3); a water-in-salt
electrolyte using 13 m NaClOy; liquid electrolyte (1-butyl-3-methylimidazolium
tetrafluoroborate in acetonitrile). Voltage range, specific capacitance, electrochemical impedance, and

and an ionic
charge—discharge characteristics of the coal char in the different electrolytes are characterized. The
results indicate that neutral aqueous, water-in-salt, and ionic liquid electrolytes present a charging/
discharging process approaching ideal EDLC behavior. The study provides insight into the optimal
electrolyte composition for use with coal char electrodes and contributes to the current understanding

rsc.li/energy-advances

1. Introduction

Supercapacitors are electrochemical energy storage devices brid-
ging the gap between batteries and capacitors. Supercapacitors
are characterized by high specific power density, high charge-
discharge rates, and long cycle life typically exceeding one million
cycles." Despite these advantages, the high cost and low energy
density of supercapacitors currently restrict their applications
to those demanding high power delivery in a short time.” Super-
capacitor electrode materials are classified as electrochemical
double-layer capacitors (EDLCs) or pseudocapacitors.>* EDLCs
store energy electrostatically via charge separation at the
electrode-electrolyte interface, while pseudocapacitors employ:
reversible surface redox reactions, underpotential deposition,
and/or electrosorption mechanisms of charge storage.”

A wide variety of carbon materials have been explored as
electrode materials in EDLCs. High cost and complex synthesis
procedures, however, limit the widespread use of many carbon
materials in EDLCs.> Among carbon materials, those with
low cost, high abundance, and eco-friendly character are of
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of electrode-electrolyte interactions in carbon supercapacitors.

particular interest. Increasing the voltage range of EDLCs
through careful selection of electrode-electrolyte combinations
is an effective strategy for improving energy density, as capaci-
tive energy density is proportional to cell voltage squared. The
choice of electrolyte ion and solvent is an important considera-
tion affecting electrolyte conductance, ion adsorption, and
electrolyte dielectric properties, all of which determine cell
equivalent series resistance and specific capacitance.® The
voltage window of an electrolyte is governed by the electroche-
mical stability of both the solvent and the ionic species.®

Coal is a cheap and abundant carbon-rich material. When
coal is heated in an inert atmosphere, it decomposes into
volatiles, tar, and char. Char is the major constituent, compris-
ing upwards of 20-85% by mass of many coals.” Char consists
of hard carbons, high molecular weight hydrocarbons, and ash.
As coal-based power generation is reduced worldwide, alter-
native uses of coal constituents are being pursued. Coal ash is a
valuable source of rare earth elements.® Tar can be processed
into high-value carbon products including graphene® and
carbon fiber.'® Coal char, however, is largely a waste material.
This work contributes to current research efforts in the fossil
energy sector by exploring a potential high-value application of
untreated coal char as an electrochemical double layer capa-
citor. Given the ultra-low cost of untreated char (US$ 0.11 per
kg)"' compared to activated carbons (US$ 2.8 per kg),"* the
application of raw char as a supercapacitor material is worth
evaluating.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Prior reports of coal char-based supercapacitors typically
perform extensive chemical and physical treatments on the
char prior to use as a supercapacitor electrode.’*** Yaglicki
et al. selected high-sulfur coal char as a supercapacitor pre-
cursor to eliminate a S doping step, however their chemical
activation process still included high concentration HCI and
HF washing."® The authors noted that these treatments signifi-
cantly increase process complexity and cost. Other studies on
coal char-derived supercapacitor electrodes have employed:
HCl washing;'* ultrasonic-assisted chemical activation;'®
NH,Cl-assisted KOH-activation, with HCl and HF washing;'®
and physical activation with CO, and H,0."” To date, there have
been no investigations of untreated coal char as a supercapa-
citor electrode material. Additionally, there have been no
studies examining the effect of electrolyte composition on
non-activated coal char supercapacitors.

This work investigates bituminous-grade coal char from a
Utah mine as an ultra-low-cost carbon material for supercapa-
citor electrodes. The char is untreated except for a preliminary
pyrolysis step to remove volatiles. Six electrolytes are tested
with the coal char electrodes: four aqueous solutions (0.5 M
H,S0,, 6 M KOH, 0.5 M Na,SO,, and 4 M LiNO;); a water-in-salt
(WIS) electrolyte wusing 13 m NaClO,; and 1-butyl-3-
methylimidazolium tetrafluoroborate ionic liquid (IL) in acet-
onitrile (BMIM BF,/AN). While pure carbon electrodes may be
expected to exhibit ideal double-layer capacitance within the
electrochemically stable voltage window of an electrolyte, the
behavior to chemically complex, carbon-based materials like
untreated coal char in a given electrolyte is not known a priori.
In this work, untreated coal char electrodes are tested over their
expected voltage windows in each electrolyte, and the range
over which the char exhibits pure double layer capacitance is
identified. The results provide insights into the optimal elec-
trolyte composition and suitable operative windows for use
with untreated coal char supercapacitor electrodes.

2. Experimental
2.1 Materials

Raw bituminous coal powder was obtained from the Sufco
mine (Sevier County, Utah). All other chemicals were obtained
from Millipore Sigma.

2.2 Coal char preparation and characterization

Ultimate analysis and ash elemental analysis of Sufco coal was
done pre-pyrolyzation. Pulverized coal was pyrolyzed at 900 °C
in a fixed bed reactor under N, atmosphere. The coal was
heated to 900 °C in 1 hour, followed by 20 min at temperature,
then passively cooled to room temperature under N, atmo-
sphere. The pyrolyzed coal char was characterized via scanning
electron microscope (SEM) imaging and K-alpha energy-
dispersive X-ray spectroscopy (EDS) using an FEI Quanta 600F
SEM. EDS results were collected from three different points on
the surface of the sample and the mean value reported.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Pore size distribution and specific surface area of the coal
char post-pyrolysis were determined from N, and CO, adsorp-
tion measurements performed by Anton Paar using an Auto-
sorb®-iQ. Samples were outgassed at 300 °C for 12 hours before
measurement. To determine the surface area and pore size
distribution from CO, measurements, adsorption/desorption
isotherms were fitted with data collected from several grand
canonical Monte Carlo (GCMC) kernels calculated on carbons
with different pore sizes. Specific surface area was determined
from N, adsorption/desorption isotherms using the Brunauer-
Emmett-Teller (BET) method. A Monte Carlo method was used
to determine pore size distribution from the N, adsorption/
desorption isotherms.

X-ray photoelectron spectroscopy (XPS) was conducted using
a Kratos Axis Ultra instrument with monochromatic Al Ko
source. C 1s peak of adventitious carbon was used as an
internal standard to correct the binding energy on narrow scan
spectra.

2.3 Supercapacitor electrode preparation

Pyrolyzed coal char was milled using an electric grinder and
sieved to a particle size < 53 pum. Supercapacitor electrodes
were prepared using a mixture of 80 wt% coal char, 10 wt%
SuperP, and 10 wt% polyvinylidene fluoride (PVDF). N,N-
dimethylformamide (DMF) was used as a dispersive medium
to form a homogeneous slurry. Stainless steel current collector
disks (316 SS) were sanded with P220 sandpaper sheets, then
cleaned with acetone before electrode coating. The prepared
slurry was coated on the stainless-steel disks and baked at
65 °C for 24 h. The total mass loading of coal char, SuperP,
and PVDF slurry was 7 mg em™ > per electrode; electrode area

was 1.89 cm 2.

2.4 Electrochemical testing

Electrochemical testing was done using a Gamry Interface
1000E potentiostat. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) measurements were conducted in a sym-
metric two-electrode configuration using a Conflat-type cell.'®
The following electrolytes were used: 6 M KOH, 0.5 M H,SO,,
0.5 M Na,SO,, 13 m NaClO,, and 4 M LiNO; in water; and
BMIM BF,/AN (1:1 wt%). Electrolyte concentrations were cho-
sen to match those frequently reported in investigations of coal
char- and other carbon-based supercapacitors (Table S1, ESIT).
Two 38 um thick Celgard 2340 trilayer microporous membranes
(polypropylene/polyethylene/polypropylene) were used as the
separator. Electrodes and separator were immersed in electro-
Iyte for 1 h before assembling the cells. EIS measurements were
conducted from 100 mHz to 100 kHz with 10 mV alternating
current amplitude. Equivalent circuit models generated using
Gamry Echem Analyst™ software were used to calculate cell
equivalent series resistance and charge-transfer resistance.
The specific capacitance (F g~') of coal char in each
electrolyte was calculated from two-electrode CV
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measurements using eqn (1):

GI(V)dy

2X AV xvxm (1)

Cv(:c:ll7 CvV =

where I(V) is the measured current between voltages V; and
Va, Zfl(V)dV is the integrated area under the CV curve, AV is
the scanned potential window, v is the scan rate (V s~ '), and
m is the combined mass of electrode material for both
electrodes. Specific capacitance was calculated from GCD
measurements using eqn (2):

I x At

mx AV )

Ceell, GcD =

where I is the discharge current, At is the discharge time
interval for a voltage range AV, and m is the combined mass
of electrode material for both electrodes. Energy density
(Wh kg™") and power density (W kg~") were calculated using
eqn (3) and (4), respectively:

2
_ Ceengep X AV

E= > (3)
E
P= A (4)

3. Results and discussion

3.1. Coal char characterization

Ultimate analysis of the pre-pyrolyzed coal char indicates that
Sufco coal is low-sulfur coal and contains approximately 13%
ash by weight (Table S2, ESIt). The ash is primarily composed
of silicon, calcium, aluminum, sulfur, titanium, and iron
oxides (Table S3, ESI}). Fig. 1 provides SEM images of coal
char post-pyrolyzation. The char has a non-uniform surface
morphology with a dense structure and no visible pores.
Homogeneously distributed small crystallites (i.e. minerals)
and large layers of carbon sheets are observed on the surface
of the char particles. EDS measurements indicate that the
major elements of the coal char post-pyrolysis are C, O, Si,
and Ca (Table S4, ESIY).

Fig. 2 compares pore size distributions of the coal char
calculated from N, (Fig. 2a) and CO, (Fig. 2b) adsorption

Fig. 1 SEM images of Sufco coal char particles post-pyrolysis.
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measurements. The N, isotherm shows low N, uptake and
pronounced hysteresis (Fig. Sla, ESIf). The specific surface
area of the coal char post-pyrolysis calculated from the N,
isotherms is 17.791 m? g '. The N, pore size distribution
(Fig. 2a) indicates a significant concentration of 15 A wide
pores. CO, adsorption/desorption isotherms at 0 °C provide a
better measurement of coal char microporosity and specific
surface area due to the smaller kinetic diameter of CO, and the
higher analysis temperature (Fig. S1b and c, ESIT). The specific
surface area of the coal char calculated from the CO, isotherm
is 372.567 m> g~ ', and the total pore volume is 0.100 cm® g~".
The pore size distribution (Fig. 2b) indicates high microporos-
ity with significant concentrations of 5 A and 6 A wide pores.

XPS was used to detect the surface chemical composition of
the coal char (Fig. 3). The broad spectrum shows six species: C,
O, Si, Ca, Al and F (Fig. 3a). The shape of the C KLL Auger
spectrum of carbon indicates sp® (graphite) and sp’® (diamond)
hybridization. D parameter, the energy difference between the
maximum and minimum of the first derivative of C KLL
spectrum, determines the C sp®/sp® content. According to
Lascovich and Scaglione,'® D values for diamond and graphite
samples are 14.3 and 22.5 respectively. The D parameter for the
coal char sample is 17, which indicates a graphite-like structure
with high C sp® content. The C1s narrow scan of the coal char
can be fitted with: C sp> (~284.5 eV), C sp® (~285.4 €V), C-O
(~286.1 eV), C—=0 (~287.0 V), C(0)-OH ( ~288.4 eV), O-C(0)-
O (~289.6 eV), and C-F, (~290.9 eV) (Fig. 3b).”° The O1s
narrow scan for coal char was fitted with: AL,O; (~530.5 eV),*
CaO0 (~531.5 eV),*! 0=C (~531.6 eV),>* 0-C (~532.2 eV),>* O-
Si (~533.6 eV),* and surface adsorbed H,O0 (~535 eV)*
(Fig. 3c). The high O content of the untreated coal char is likely
to increase hydrophilicity of coal char supercapacitor electrodes
compared to low O carbons.>*®> The presence of O=C func-
tional groups is a cause of high pseudocapacitance in untreated
coal char electrodes. While this will lead to increased overall
specific capacitance, the potential for higher self-discharge
should be noted.”

3.2. Cyclic voltammetry

CV measurements of two-electrode symmetrical supercapacitor
cells were conducted to determine the voltage window of the
coal char in various electrolytes (Fig. 4). The quasi-rectangular

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pore size distribution of coal char post-pyrolysis calculated from (a) N, and (b) CO, adsorption measurements.
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Fig. 3 XPS spectra of coal char including: (a) survey spectra; (b) C1s and (c) Ols narrow scans. Residual standard deviations of peak fittings are provided
in (b) and (c) (upper black lines).
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Fig. 4 CV measurements of coal char electrodes in: (a) 4 M LiNOs, (b) 0.5 M NazSOy, (c) 13 m NaClOy, (d) BMIM BF4/AN, (e) 0.5 M H,SO4 and (f) 6 M KOH
at scan rates of 20, 60, and 100 mV s™%.

shapes of the CV plots indicate varying degrees of ideal EDLC is consistent with expectations for EDLCs in aqueous electro-
behavior. The observed 1.0 V voltage window for neutral lytes. Voltage windows for 13 m NaClO, (1.4 V) and BMIM BF,/
(0.5 M Na,SO,, 4 M LiNO;) and basic (6 M KOH) electrolytes AN (2.5 V) electrolytes are less than other reported carbon
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supercapacitor voltage windows for these electrolytes. This may
be due to impurities in the coal char limiting EDLC range.
Neutral aqueous, WIS, and IL electrolytes present CV curves
most similar to those of ideal EDLCs (Fig. 4a-d). More sig-
nificant deviations from ideal are observed for strongly acidic
(Fig. 4e) and strongly basic electrolytes (Fig. 4f).

Fig. 5a plots CV curves for each electrolyte at 100 mV s~ on
a common scale. The higher specific capacitance observed for
6 M KOH and 0.5 M H,S0, electrolytes (1.5 F g "and 1.7 F g,
respectively, at 20 mV s ') can be attributed to higher CV
currents compared to the other electrolytes. Coal char in BMIM
BF,/AN IL achieves the third-highest specific capacitance
(1.03 F g~ " at 20 mV s ') by virtue of a large voltage window.
With increasing scan rate, specific capacitance decreases most
significantly for 6 M KOH and 0.5 M H,SO, electrolytes
(Fig. 5b). Change in capacitance with repeated cycling was
investigated for each electrolyte over 100 cycles at a scan rate
of 100 mV s~ (Fig. 5¢). Cells with BMIM BF,/AN, 13 m NaClO,,
and 0.5 M Na,SO, electrolytes exhibit some initial capacity fade
relative to cycle 3, retaining 90% of their capacitance after 100
cycles. Cells with 4 M LiNO; and 6 M KOH electrolytes show a
minor change in capacity over 100 cycles (<3%). With 0.5 M
H,SO, electrolyte, capacity increased 12% after 100 cycles
compared to the third discharge cycle. This may be due to
increasing char porosity and/or pore accessibility arising from
ash removal. H,SO, is commonly used for deashing coal char.?®

To quantify double layer vs. faradaic contributions to spe-
cific capacitance, current response at a fixed potential can be
separated into non-faradaic surface capacitive (k;v) and fara-
daic charge transport processes (k,''?) according to the current
partitioning equation (eqn (5)):*

IV =k + &y (5)

Fig. S2 (ESIf) plots eqn (5) for all electrolytes at varying cell
voltages.

Fig. 6a-f compares total and capacitive current responses at
100 mV s ' scan rate. Regions bound by capacitive current lines
(shaded areas) are indicative of EDLC contributions to total
capacitance. The plots enable identification of voltage ranges
over which untreated coal char electrodes have nearly 100%

View Article Online

Paper

double layer capacitance, reducing potential overcharging and
subsequent self-discharge. Vertical dashed lines in each plot
indicate the voltage range over which the capacitive current
could be calculated, assuming capacitive current must always
be less than total current. In the case of 4 M LiNOj;, 0.5 M
Na,SO,, 13 m NaClO,, and BMIM BF,/AN electrolytes (Fig. 6a—
d, respectively), most of the total current is non-faradaic.
Proportionally lower capacitive currents are observed for
0.5 M H,SO, (Fig. 6e) and 6 M KOH electrolytes (Fig. 6f).
Fig. 6g compares the specific capacitance contributions of the
shaded areas with the total specific capacitance of the electro-
des at varying scan rates. At 100 mV s~ ', capacitive effects
contribute 83% (13 m NaClO,), 75.4% (4 M LiNO;), 68.5%
(0.5 M Na,S0,), 64% (BMIM BF,/AN), 45% (6 M KOH), and
34% (0.5 M H,S0,) of total specific capacitance in each electro-
Iyte. At slower scan rates, capacitive effects contribute propor-
tionally less to total capacitance in all electrolytes, as slower
rates enable more faradaic processes.”® For maximum cycle life
and minimum self-discharge, untreated coal char electrodes
should be operated within the Fig. 6 voltage windows over
which their response approaches ideal double layer capacitance
in each electrolyte.

3.3. Chronopotentiometry

Fig. 7 provides GCD results for symmetric two-electrode coal
char cells in the six different electrolytes. Table 1 compares
specific capacitance values obtained from two-electrode CV
measurements with values determined from GCD measure-
ments. For this comparison, the discharge current was kept
at 100 mA for all samples. The results show good agreement.
Table 2 compares maximum capacitance, power and energy
density values for coal char with literature values reported for
higher-cost carbons in the same electrolytes. The highest coal
char specific capacitance values of 11.61 F g~ ' and 10.81 F g *
were achieved in 6 M KOH at 8 mA applied current (713 mA g™ ")
and in 0.5 M H,SO, at 0.6 mA applied current (44.3 mA g ),
respectively. Coal char electrodes showed the highest values of
energy density in 6 M KOH and 13 m NaClO, electrolytes, and
the highest value of power density in 4 M LiNO;. Energy
densities for the raw coal char electrodes tested here are

a b c

500 SMKOH 35 A 120

400 3.0 %
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Fig. 5 (a) CV curves for all tested electrolytes (100 mV s™?). (b) Specific capacitance at different scan rates for each electrolyte. (c) Capacitance retention

(% of cycle 3 specific capacitance) over 100 cycles (100 mV s™3).
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generally lower than literature reports for higher-cost carbons, char would benefit from additional consideration as a super-
capacitor electrode material. We note that the energy density

achieved for coal char in 6 M KOH exceeds that reported for

however, the ultra-low cost of coal char and the favorable
comparison in some electrolytes suggests that untreated coal

© 2023 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2023, 2,1036-1044 | 1041
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Fig. 7 GCD measurements of coal char in: (a) 4M LiNOs, (b) 0.5 M NaySOy, (c) 13 m NaClOy, (d) BMIM BF4/AN, (e) 0.5 M H,SO4, and (f) 6 M KOH

electrolytes.

Table 1 Voltage window and specific capacitance of coal char in different electrolytes

CV capacitance (F g™ ")

Scan rate (mV s ")

Electrolyte Voltage window (V) 100 60 20 GCD capacitance (F g )
WIS 13 m NaClO, 1.5 0.10 0.11 0.13 0.19
Aqueous 6 M KOH 1.0 1.46 1.80 2.75 1.94
0.5 M H,SO, 0.9 0.97 1.20 1.69 2.00
4 M LiNO; 1.0 0.24 0.25 0.32 0.32
0.5 M Na,SO, 1.0 0.14 0.16 0.20 0.17
IL BMIM BF,/AN 2.5 0.33 0.37 0.52 0.43

Table 2 Discharge specific capacitance, energy density, and power density of coal char in different electrolytes

. . . . Literature
Capacitance Power density Highest energy density
Electrolyte (Fg™ (Wkeg (Wh kg™) Energy density (Wh kg™") Electrode material Ref.
13 m NaClO, 4.31 615.28 5.76 (850 mA g™ ') 17.5 (500 mA g7 1) Graphene 30
6 M KOH 11.61 478.78 5.26 (700 mA g™ ') 4.4 (200 mA g7 1) Seaweed carbons 29
0.5 M H,S0, 10.81 37.66 2.44 (60 mA g ) 12.6 (200 mA g 1) Seaweed carbons 29
4 M LiNO; 1.33 778.52 1.34 (600 mA g 1) 21.16 Porous AC 31
0.5 M Na,SO, 0.23 62.34 0.15 (60 mA g ') 10.7 (200 mA g™ 1) Seaweed carbons 29
BMIM BF,/AN 1.42 140.11 2.29 (85 mA g™ 202 (1Ag™Y) Graphene nanosheets 32

seaweed-derived activated carbon,?® with the coal char electro-
des tested at a higher discharge current. With 13 m NaClOy,,
untreated coal char energy density is only 3x lower than
graphene, a surprising result for such a low-cost material with
minimal processing.*®

3.4. EIS

EIS measurements were conducted on two-electrode symmetric
cells (Fig. 8). The equivalent circuit model that best fits the EIS

1042 | Energy Adv., 2023, 2,1036-1044

is a Randles equivalent circuit with a constant phase element
(CPE). Bode plots showing goodness of fit of the equivalent
circuit model are provided in Fig. S3; Table S5 and S6 (ESIf)
provide equivalent circuit parameters used in the fitting
models. Nyquist plots exhibit semicircular features in the high
frequency regime (indicative of charge transfer resistance)
and a straight line in the low frequency regime (indicative of
ion diffusion). All cells have low equivalent series resistance
(Rs < 2 Q) indicating good conductivity of the electrolytes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 EIS measurements of coal char electrodes presented as a hormal-
ized Nyquist plot. Upper inset: High-frequency behavior. Lower inset:
Randles equivalent circuit model with series resistance R, charge transfer
resistance R constant phase elements (CPE; and CPE,), and Bisquert
Open (BTO) circuit elements.

(except BMIM BF,/AN, which has R; > 10 Q). Charge transfer
resistance (R.) is lowest for 4 M LiNO;, 0.5 M Na,SO,4, and 6 M
KOH electrolytes; moderately high for 0.5 M H,SO, and 13 m
NaClO, electrolytes; and high for BMIM BF,/AN. R . for BMIM
BF,/AN exceeds that of the aqueous electrolytes due to the
higher viscosity and lower ionic conductivity of IL electrolytes.

4. Conclusion

This work demonstrates the effects of electrolyte composition
on the supercapacitor performance of untreated coal char
electrodes. The results indicate that char is a promising low
cost electrode material for EDLCs. Non-faradaic charge storage
predominates in neutral aqueous, WIS, and IL electrolytes with
a charging/discharging process approaching ideal EDLC beha-
vior. A deviation from ideal EDLC behavior is observed for
strongly acidic (0.5 M H,SO,) and strongly basic (6 M KOH)
electrolytes leading to higher specific capacitance. The ultra-
low cost of coal char and its favorable comparison with high-
cost carbons in some electrolytes suggests that coal char would
benefit from additional consideration as a supercapacitor
material.
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