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ABSTRACT

This study explores the synthesis and electrochemical performance of graphene oxide co-doped with sodium and potassium
(Na-K-GO) as electrode materials for supercapacitors (SCs) designed to operate at 60°C over an extended voltage window. The
Na-K-GO is employed as the electrode material, while a fluorine-free ionic liquid (IL), [P,,,, /[MEEA]—comprising a tetrabu-
tylphosphonium cation and a 2-2-(2-methoxyethoxy)ethoxy anion—served as the electrolyte, enabling stable operation over a
wide voltage window at elevated temperatures. Using this combination, three coin-cell SCs are fabricated: two symmetric de-
vices (SC-1 and SC-2) and one asymmetric device (SC-3). All the three exhibited remarkable charge storage abilities, a retaining
performance over 10000 charge-discharge cycles at 60°C. Among the three devices, SC-3 exhibited the best overall electrochem-
ical performance, delivering a high specific capacitance of 47.01 Fg~! and an energy density of 27.77Whkg" at 0.5A g~!. Even at
a higher current density of 1 A g1, SC-3 maintained a maximum power density of 1000 W kg~! while sustaining an energy density
of 14.21 Whkg!, reflecting its strong rate capability. Moreover, the long-term cycling tests at 2 A g~! demonstrated an outstanding
durability of SC-3, which retained 99% coulombic efficiency after 10000 cycles, significantly outperforming the SC-2 (90%) and
SC-1 (79%).

1 | Introduction make SCs attractive for applications ranging from wireless sen-

sors and portable electronics to electric vehicles and grid-scale

Supercapacitors (SCs), or ultracapacitors, are advanced energy
storage devices (ESDs) that bridge the gap between capacitors
and rechargeable batteries. SCs combine the high power den-
sity and long cycle life of capacitors with the enhanced energy
storage capacity of batteries, making them efficient and versa-
tile candidates for next-generation ESDs [1, 2]. These advantages

storage [2, 3]. Their performance depends strongly on electrode-
electrolyte interactions, with the interface governing charge-
discharge kinetics and overall stability [4, 5].

Consequently, the selection of highly efficient electrode mate-
rials is crucial for optimizing SC performance and maximizing
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interfacial charge storage. Among various candidates, graphene
is aleading electrode material due to its exceptional conductivity
(10%-107Scm™), high surface area (2630m?g™1), thermal con-
ductivity (> 5000 W m~' K1), mechanical strength (~1 TPa), and
optical transmittance (>97%) [6-11]. However, large-scale syn-
thesis of high-quality graphene remains challenging, limiting
practical applications. Graphene oxide (GO), a derivative rich in
hydroxyl, epoxy, and carboxyl groups, provides a more acces-
sible alternative [12, 13]. Although these functionalities lower
conductivity (1073-1Scm™) [14-17], they enhance hydrophilic-
ity, dispersibility, and reactivity, enabling surface functional-
ization. Reduction partially restores conductivity (1-10*Scm™")
[18, 19], and GO's chemistry readily supports doping strategies
to improve electrochemical performance [20, 21].

Alkali metal doping, particularly with sodium (Na) and potas-
sium (K), has shown significant promise. Their high charge den-
sity and strong solvation effects enhance conductivity, increase
active ion adsorption sites, and improve ion transport, thereby
boosting capacitance and energy density [22, 23]. For example,
pyrolyzed metal-doped GO with PVA-H,PO, gel electrolyte
achieved 18.2Fg! capacitance and 2.5Whkg™! energy density
[24], while boron-doped graphene in 6 M KOH delivered 3.86
and 125Wkg™! [25]. Despite these advances, the energy density
and capacitance of GO-based SCs remain limited. Aqueous elec-
trolytes, though highly conductive, are constrained by a narrow
voltage window (~1.2V), leakage, and self-discharge [24-27].
Polymer electrolytes offer better stability but are hindered by
low ionic conductivity, high interfacial resistance, and poor
high-temperature performance [28, 29].

Tonic liquids (ILs) offer an attractive alternative, combin-
ing wide electrochemical windows, thermal stability, non-
flammability, high ionic conductivity, and negligible vapor
pressure [30-33]. They remain liquid below 100°C, resist crys-
tallization, and maintain excellent stability [34, 35]. However,
most ILs are fluorinated, raising toxicity and environmental
concerns due to hazardous hydrolysis by-products such as HF
[35, 36].

To address these challenges, fluorine-free ILs are being actively
explored as sustainable alternatives with comparable electro-
chemical properties [37, 38]. For instance, pyrrolidinium- and
morpholinium-based ILs with oligoether phosphate anions
demonstrated high thermal stability, low T, and wide stabil-
ity windows, enabling graphite SCs with 27Whkg™! energy
density and 609 W kg™ power density at 90°C [38]. Similarly, a
pyrrolidinium-based fluorine-free IL achieved 186 Fg~! capac-
itance in symmetric graphite SCs [37]. Beyond environmental
benefits, the absence of fluorine improves resistance to elec-
trolyte breakdown and electrode passivation, extending device
lifespan. Overall, fluorine-free IL electrolytes present a prom-
ising pathway to advance high-temperature SCs by combining
wide-voltage operation, stability, and sustainability.

Here, we report a fluorine-free IL electrolyte com-
posed of a tetrabutylphosphonium cation ([P,,,,]") and a
2-[2-(2-methoxyethoxy)ethoxy|acetate anion ([MEEA]")
(Figure 1). The presence of ether functionalities in [MEEA]~
imparts structural flexibility, resulting in reduced viscosity, an
extended electrochemical voltage window, and enhanced ionic
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FIGURE1 | Structure and abbreviation of the ionic liquid electrolyte
investigated in this study.

conductivity over a wide temperature range [39]. These favor-
able transport properties and high electrochemical stability en-
abled its application as an electrolyte in SCs, employing different
electrode configurations: symmetric devices (SC-1 with rGO
electrodes and SC-2 with Na-K-GO electrodes) and an asym-
metric device (SC-3 with rGO and Na-K-GO electrodes), all
tested at 60°C. The Na-K co-doped GO electrode plays a critical
role in advancing electrode design. Unlike single-alkali doping,
the co-doping approach exploits the synergistic effect of Nat and
K* ions, which differ in ionic radius and charge density. Their
simultaneous incorporation optimizes defect distribution, en-
hances ion transport pathways, and enriches the surface chem-
istry, thereby creating additional active sites for charge storage.

Together, the integration of [P,,,,][MEEA] as a sustainable
fluorine-free electrolyte and co-doped GO as a high-performance
electrode material demonstrates a promising route to expand the
performance boundaries of SCs. This combined strategy enables
wide-voltage operation, reliable high-temperature stability,
and improved efficiency, offering significant potential for next-
generation SCs.

2 | Experimental
2.1 | Materials

All commercial reagents were used as received without further
purification. Graphite powder (ACS reagent, CAS No. 7782-42-5;
particle size <20um), sodium nitrate (NaNO;, ACS reagent,
CAS No. 7631-99-4, >99%), concentrated sulfuric acid (H,SOy,
ACSreagent, CAS No. 7664-93-9, 95%-98%), potassium perman-
ganate (KMnO,, ACS reagent, CAS No. 7722-64-7), and hydro-
gen peroxide (H,0,, ACS reagent, CAS No. 7722-84-1, 50 wt% in
H,O0, stabilized) were all procured from Sigma-Aldrich.

2-[2-(2-Methoxyethoxy)ethoxy]lacetic acid (CAS No. 16024-58-1;
MW 178.18 gmol ™) and tetrabutylphosphonium hydroxide solu-
tion (40wt% in water) were also obtained from Sigma-Aldrich.
The ionic liquid [P,,,, ]IMEEA] was synthesized by neutralizing
tetrabutylphosphonium hydroxide with an equimolar amount
of 2-[2-(2-methoxyethoxy)ethoxylacetic acid. The mixture was
stirred at room temperature for 4h, and the water was removed

by rotary evaporation under vacuum at an elevated temperature.
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The product was further purified and dried under vacuum at
80°C for at least 24h. The water content was verified to be
<100ppm by Karl Fischer titration (Metrohm 917 Coulometer,
Switzerland), conducted in an argon-filled glovebox (H,O and
0,<1ppm). Details of the synthesis and characterization of
[P,,,,JIMEEA] are available in our previous work [39].

Polyvinylidene fluoride (PVDF; CAS No. 24937-79-9) was pur-
chased from Sigma-Aldrich, with a melt viscosity of 23.5-29.5kP,
a glass transition temperature of —38°C, and a melting point of
171°C. Activated carbon nanopowder (CAS No. 7440-44-0; co-
conut shell charcoal; Mesh Size: 60-70nm; SSA>1300m?g™;
electrical conductivity (0.4Qcm™); Purity >99.9%) was sup-
plied by Nanografi and used as the electrode material.

2.2 | Synthesis of Graphene Oxide

The graphite was pretreated with dilute hydrochloric acid, fol-
lowed by washing with distilled water. The carbon collected as
GO was prepared with a modified Hummer method previously
reported [6]. NaNO, (1.5g) was mixed with H,SO, and stirred for

30min, keeping the temperature <20°C. Then, graphite powder
(3g) was added and stirred for 1h at 200rpm. Under vigorous
agitation, KMnO, was gradually added, and the temperature
was kept <20°C, followed by stirring for 30 min. After that, the
mixture was transferred to 35°C and stirred for an additional 2h
at a speed of 800rpm. Then, deionized water was added drop-
wise, causing a smoking effect and an increase in temperature.
The dark green mixture was then diluted with deionized water
and H,0,.

After stirring for 1h at 30°C, the mixture was precipitated for
24h and centrifuged with hydrochloric acid (HCI) and water
(1:10) at 4000rpm for 10 min, and then washed with deionized
water and ethanol until a pH =7 was obtained to remove all the
impurities. The mixture was filtered and heated at 80°C for 1h.
This step was repeated with the mass variation of graphite, and
the ratio of graphite NaNO,:KMnO, was kept constant (Figure 2)
[6]. Furthermore, Na-K co-doped GO was synthesized using the
same technique, with 1g of each NaOH and KOH added to the
GO solution and placed on a magnetic stirrer at 80°C for the
following 8h before being centrifuged. Additionally, the GO
solution was converted to rGO using a hydrothermal reactor at
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FIGURE 2 | Schematic illustration of GO synthesis via the modified Hummers' method.
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160°C for 3days in an oven before being used as an electrode
material.

2.3 | Materials Characterization

The prepared GO and Na-K-GO samples were characterized
using a range of advanced techniques to gain detailed insights
into their structural and chemical properties. Raman spec-
troscopy (Horiba Japan Xplora Plus, 532nm excitation) was
employed to identify the characteristic D and G peaks. X-ray
diffraction (XRD) patterns were recorded using an Aeris dif-
fractometer (Malvern Panalytical) with Cu-Ka radiation to
determine the crystalline structure and chemical composition.
The internal morphology and structural features were further
examined by transmission electron microscopy (TEM, FEI
Tecnai G2 F20) operated at 200kV accelerating voltage.

Surface chemical composition and relative atomic percentages
were analyzed by X-ray photoelectron spectroscopy (XPS) using
Mg Ka radiation (hy=1253.6€eV) in a PREVAC system (Poland)
equipped with a Scienta SES 2002 electron energy analyzer
(Sweden), operated at constant transmission energy (Ep =50eV)
under a base pressure below 5x10~"mbar. Scanning electron
microscopy (SEM, Thermo Scientific Apreo 2S) was used to
examine surface morphology, while energy-dispersive X-ray
spectroscopy (EDX) was employed to determine elemental com-
position. Finally, the specific surface area and pore size distribu-
tion were evaluated using the Brunauer-Emmett-Teller (BET)
method with N, sorption, following a preliminary degassing
step (Figure S1).

2.4 | Electrode Preparation

The SC devices were fabricated by combining reduced GO, acti-
vated carbon (AC), and polyvinylidene fluoride (PVDF) binder
in a 7:2:1 ratio. Initially, GO and AC were ground together using
a mortar and pestle until a homogeneous powder was obtained.

Separately, 10wt% PVDF powder was dissolved in 4mL of N-
methyl-2-pyrrolidone (NMP) in a closed beaker at 60°C and
stirred continuously for 4h. This PVDF solution was then
added to the GO-AC mixture to form a uniform slurry, which
was further mixed for 40 min and ground in a mortar and pes-
tle to achieve a consistent texture. The resulting slurry was
coated onto aluminum foil fixed to a glass substrate with eth-
anol, using a doctor blade set to 120 um thickness to spread
the slurry evenly across a 6 X 6 cm? area. Subsequently, coated
sheets were calendered using a precision rolling press (ACEY-
HRP100, Xiamen Acey New Energy Technology Co. Ltd.) at
40°C under 2-3MPa for 2-3min to ensure uniform electrode
thickness. A similar procedure was used to prepare Na-K-GO
electrodes on aluminum foil. All coated sheets were dried in
a vacuum oven at 80°C for 2days, after which electrodes with
a diameter of 14 mm were punched using an electrode cutter.
The SCs were assembled by sandwiching a glass microfiber
filter separator (18 mm, Whatman AFD grade) soaked in the
IL electrolyte between two 14 mm electrodes. This arrange-
ment was clamped between glass slides and immersed in the
IL electrolyte for 6 h at 60°C under reduced pressure to ensure

TABLE 1 | Cell architectures of the three SCs investigated in this
study.

S.no Cells structure
SC1 GOl Glass microfibre filter soaked
with [P, ]IMEEA] | GO
SC2 K-Na-GO | Glass microfibre filter
soaked with [P,,,,][MEEA] | K-Na-GO
SC3 K-Na-GO | Glass microfibre filter
soaked with [P,,,,[IMEEA] | GO

thorough saturation of both separator and electrodes. Finally,
coin cells (CR2032) were assembled and designated as SC-1,
SC-2, or SC-3. All assembled cells were further dried in a
vacuum oven at 60°C for 12h before electrochemical testing
(Table 1).

2.5 | Device Characterization

The electrochemical performance of the fabricated de-
vices was tested using Metrohm Autolab PGSTAT302N and
Biologic BCS battery cycler. Cyclic voltammetry (CV) was
employed to calculate the specific capacitance using a two-
electrode system. The CV was performed using an IL elec-
trolyte at various potentiometric parameters, including scan
rates (1-100mV s™1), potential windows (0-2V), and stability
cycles for all assembled SCs.

Electrochemical impedance spectroscopy (EIS) was carried out
in the frequency range from 1 MHz to 0.01 Hz at 5mV amplitude,
followed by 10cycles of CV at 50mVs~! using the Biologic BCS
battery cycler. The CVs were interrupted by open circuit voltage
(OCV) in between experiments to preserve accuracy in the po-
tentiometric measurements.

Lastly, variable voltage (0.5-2V) CVs were performed for SC-3
with a scan rate of 50mVs~! to evaluate the stability of this
system at different potentials. Moreover, the charge-discharge
(CD) analysis of all the SCs was carried out at different current
densities (1-2 A g™!) over the potential window of 2V. Long-term
CD experiments were carried out for 6000 and 10000 cycles for
SC-2 and SC-3 using 2V. From CV tests, the specific capacitance
(C) was calculated using Equation (1) [37, 38], and from GCD
tests, it was calculated using Equation (2) [37, 38]; while the
power and energy densities were evaluated for all the SCs using
Equations (3) and (4), respectively [37, 38].

1dv
o= J1 0
2mK AV
1At
= 2
= @

C, is the specific capacitance in Farads per gram, m is the mass in
milligrams (1.5mg), K is the scan rate in millivolts per second, At
is the discharge time in seconds, and AV'is the potential window in
volts. The energy density (E},) and power density (P},) were calcu-
lated using Equations (3) and (4) [37-41].
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3 | Results and Discussion

In the following sections, we begin with spectroscopic evalua-
tion of the electrode materials, followed by morphological stud-
ies, and, finally, the systematic electrochemical assessments are
discussed in detail.

3.1 | Spectroscopic Evaluation

Raman spectroscopy was employed to evaluate the structural
characteristics of pristine GO and Na/K co-doped GO, using a
Horiba Xplora Plus spectrometer with 532nm excitation. For
pristine GO, the D band appeared at ~1377 cm~! with an area
of 555739.2, a height of 1590, and a full width at half maxi-
mum (FWHM) of 222cm™!, while the G band was located at
~1584cm™! with an area of 280771.4, a height of 1827, and an

FWHM of 97 cm™. The intensity ratio was 0.87 (height-based)
and 1.98 (area-based). Considering the broad nature of GO
peaks, the area ratio is more reliable, yielding an I;,/I; ~ ratio of
approximately 2.0. The in-plane crystallite size (L,), estimated
using the Cancado/Tuinstra-Koenig relation at 532nm, was
~9.7nm. These values confirm a highly oxidized GO structure
with abundant oxygen functionalities, broad defect distribu-
tion, and small sp? domains (Figure 3a) [42, 43]. For Na/K-
GO, the D band was observed at ~1358.8 cm~! with an area of
23202.9, a height of 110.8, and an FWHM of 133.3cm™!, while
the G band appeared at ~1598.2cm™" with an area of 11633.3,
a height of 104.4, and an FWHM of 70.9 cm™!. The Ip/Ic ratio
was 1.06 (height-based) and 1.99 (area-based), again confirm-
ing high defect density. The corresponding crystallite size
was ~9.6 nm, essentially the same as that of GO (Figure 3b)
[41-44).

However, a key distinction is that the FWHM values for both
the D and G bands in Na/K-GO were significantly narrower
compared to pristine GO (D: 133cm™ vs. 222cm™}; G: 71cm™!
vs. 97cm™). This narrowing suggests that co-doping promotes
modest improvements in ordering and domain uniformity, even
though the overall defect density remains high. While the total
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defect density (I,/I; and L,) remains similar to that of pristine
GO, the redistribution and partial reorganization of defects
lead to sharper band profiles and slightly enhanced structural
uniformity.

This implies that Na* and K* ions, owing to their distinct ionic
radii and charge densities, synergistically influence defect sites
and interlayer spacing [41-44]. Such modifications are expected
to improve ion transport and electronic conductivity while re-
taining a high density of active sites for charge storage. This
structural interplay—retention of abundant defects with en-
hanced uniformity—provides an ideal balance for SC applica-
tions, offering both active sites for ion adsorption and sufficient
graphitic pathways for efficient charge transport [41-44].

Furthermore, the XRD pattern of GO obtained from Lorentzian
fitting shows two characteristic reflections (Figure 3c). The first
and most intense peak appears at 260 =23.99°, corresponding to
an interlayer spacing of 0.37nm with a very broad FWHM of
12.79° assigned to a collapsed graphitic (00 2)-like band. Instead
of the typical hydrated GO (001) peak near 10°-12° (d~ 0.8 nm),
this broad feature confirms that the interlayer distance has
contracted toward graphite-like spacing due to dehydration
and partial deoxygenation, leading to turbostratic restacking of
the sheets [43-45]. A second, weaker reflection is observed at
26=43.65° (d=0.20nm, FWHM =3.14°), which corresponds to
the (100)/(101) in-plane planes of graphitic domains. The rel-
ative intensity ratio (A,/A;~0.06) confirms that out-of-plane
stacking dominates, while in-plane crystallinity is limited. The
strong broadening of the ~24° band indicates small stacking co-
herence (~0.63nm, ~2 layers) and significant disorder, consis-
tent with partially reduced or anhydrous GO, while the weak
43.6° reflection points to the partial restoration of short-range
sp? domains [43-45].

In contrast, the XRD profile of K-Na modified GO reveals a
markedly different pattern with multiple sharp reflections
(Figure 3c). A broad but distinct peak at 26 =26.14° (d~0.34nm,
FWHM =3.71°) can be regarded as a shifted (001)-like reflec-
tion, suggesting partial retention of an expanded interlayer
spacing compared with graphite [6, 12, 24]. Several sharper
peaks are then observed between 30° and 48°, with d-spacings
ranging from 0.29 to 0.19nm. Among them, the reflection at
30.05° (d=0.29nm, FWHM =0.37°) indicates crystalline or-
dering, while a secondary peak at 31.53° (d=0.28nm) corre-
sponds to a minor crystalline phase [43-45]. The strong peaks
at 34.61°, 37.90°, and 41.39° (d =0.25-0.21 nm) can be attributed
to partially restored graphitic domains as well as alkali-derived
crystalline phases, with the 41.39° reflection matching the
(100)/(101) planes of graphitic carbon, indicating enhanced
in-plane sp? ordering. Additional weaker peaks at 44.44° and
46.56° (d=0.20-0.19nm) also confirm the presence of crystal-
line components, while an extensive component at the same
46.56° position (FWHM ~41.6°) reflects background or amor-
phous scattering.

Finally, a high-angle reflection at 62.38° (d=0.14nm) fur-
ther supports the formation of crystalline domains [43-45].
Collectively, these results demonstrate that K-Na treatment
eliminates the hydrated GO (001) reflection near 11°, collapses
and reorganizes the interlayer galleries, and transforms GO

from a turbostratic, highly disordered material into a multiphase
composite with both restored graphitic order and alkali-derived
crystalline phases (Table S1). The XRD results complement the
Raman analysis, together confirming that alkali incorporation
reduces oxygen functionalities.

This is evidenced by the diminished D-band intensity in Raman
spectra and the simultaneous emergence of sharp crystalline
peaks in XRD, both of which indicate structural reorganiza-
tion into a more ordered, multiphase composite [45, 46]. This
behavior can be attributed to interactions between the carboxyl
and ketone groups of GO with Na/K ions, which enhance bond
stretching and lower bond decomposition energy, thereby facil-
itating structural reorganization into a multiphase crystalline
composite [12, 24].

The XPS survey of GO shows only carbon and oxygen, with
core-level peaks at C,,=285.417eV and 0,,=532.417¢V, con-
firming the expected composition (Figure 3d) [6, 12, 47, 48].
Deconvolution of the C,  region (Figure 4a,b) is dominated by
the sp?/sp® C-C/C-H component centered near ~285€V (consis-
tent with the measured 285.417¢€V; literature sometimes cites
~284.8-285¢eV).

While the O, envelope is broad (~527-534€V) and attributable
to C-O (epoxy/hydroxyl), C=0, and adsorbed H,O contribu-
tions. Overall, the survey quantification gives C=81.1% and
0=18.9% for GO (O/C~0.23), verifying the successful synthesis
of GO with carbon and oxygen as the sole detectable elements.

In the K-Na-GO composite, the survey scan evidences alkali
incorporation alongside C,; and O,, showing the character-
istic K, doublet (2p,/,~293.4€V, 2p, ,~296eV), K, ~378¢V,
Nazp ~31-33¢V, Na, ~63eV, and Na, ~1073-1085eV
(Figure 4c-f) [6, 46-48]. These core levels confirm the pres-
ence of Na and K and indicate bonding environments that
include Na/K-oxygen species (e.g., oxides/hydroxides/carbon-
ates) together with the carbon framework. For pristine GO,
C,, (285.42eV) and O, (532.42eV) peaks with an O/C ratio of
~0.23 were observed. Deconvolution of C, revealed dominant
sp?/sp® C-C (~285¢eV) and oxygenated components (C—0O, C=0,
0O—C=0). After modification, the composite exhibits additional
Na,  (1073-1085€V) and sz (293.4 and 296 €V) peaks, confirm-
ing successful Na/K doping. The atomic composition shifts to
C=44.8%,0=271%,Na=17.2%, K=12.9% (Na:K ~ 1.33:1), with
a higher apparent O/C ratio (~0.61) due to oxygen bound to al-
kali phases (Table 2).

The C,, spectra reveal an increase in the sp* carbon compo-
nent accompanied by a slight negative binding energy shift
(=0.25eV), indicating n-type doping and charge transfer from
Na and K ions to the carbon framework. This behavior is con-
sistent with partial deoxygenation and the restoration of conju-
gated m-domains. The resulting structural reorganization leads
to enhanced electrical conductivity, attributed to stronger n-m
conjugation, a reduction in oxygen-related defect sites, and im-
proved crystallinity. The combined XPS and XRD analyses thus
offer a clear quantitative and mechanistic picture of how Na/K
incorporation modulates defect density, electronic structure,
and charge transport within the composite. Moreover, the higher
O/C ratio observed for the Na-K-GO composite (0.61 vs. 0.23
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FIGURE4 | XPS spectraof GO; (a) C;;and (b) O, , and XPS spectra of the composite material; (c) C

for GO) primarily arises from oxygen bound to alkali-derived
phases and the relative decrease in carbon content, rather than
from increased surface oxidation. This finding aligns with the
Raman and XRD evidence, confirming effective alkali-induced
structural reorganization of GO into a more ordered, conductive
framework.
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(d) O, (e) Na,; (f) sz.

ls; ls;

Brunauer-Emmett-Teller (BET) analysis, based on N, phy-
sisorption, shows that pristine GO has a specific surface area
of 22m?g~!, which decreases for the K-Na-GO composite
(Figure S1). The drop in area is consistent with restacking/
compaction of GO sheets and partial pore blocking by Na*/K+
containing phases formed during modification. Raman and
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TABLE 2 | The atomic surface composition of both samples was
determined from XPS.

Element GO (%) Na-K-GO (%)
Cy. 81.1 44.8
0, 18.9 271
K, 0 12.9
Na 0 17.2

1s

XRD further validate the synthesis of both materials: GO dis-
plays a broad, collapsed (00 2)-like band near ~24° and a weak
(100)/(101) feature, while K-Na-GO shows multiple sharp
reflections between ~30° and 48°, evidencing the emergence
of crystalline domains and alkali-derived phases. Overall,
BET, XRD (restacking and new crystalline peaks), Raman
(graphitic re-organization), and XPS (Na/K incorporation and
altered elemental ratios) tell a consistent story: alkali treat-
ment reorganizes the GO structure, yielding a multidimen-
sional composite.

3.2 | Morphological Evaluation

SEM imaging of the same material across multiple magnifi-
cations (Figure 5a-h; 5-30um) reveals the expected lamellar
GO scaffold—stacked, exfoliated sheets with gentle wrinkling
and terracing—over which Na/Na/K-derived crystallites are
uniformly distributed. In low-mag views, the surface appears
stratified and continuous; higher-mag panels resolve bright,
needle-like and dotted deposits decorating sheet faces, edges,
and interlayer galleries, producing a characteristic “flower-like”
motif against the diffuse GO background. To quantify these
textures, ImageJ segmentation (5um calibration; conservative
global threshold 100-255 with a size floor >0.05-0.1 um?; edge
objects excluded) gives a sharp contrast between the GO field
and the K/Na-GO field. For GO, only 8 flakes are resolved, to-
taling 89.86 um>—about 17.9% of a ~502um? field. Flakes are
firmly micron-scale: Feret (max caliper) spans 3.68-13.28 um
(median~4.70um; mean~5.66um), the average perimeter
is 11.83um, and areas yield an ECD distribution of D10/D50/
D90~2.94/3.60/4.37um (mean ECD=3.71um). Shapes are
compact and largely convex (circularity ~0.922; solidity ~0.97),
and the mean Feret angle (~131°) indicates no preferred in-plane
orientation; the number density is low (~0.016 flakes um=2;
~1.6 x10* flakes mm~2).

In contrast, the K/Na-GO image contains 182 flakes totaling
33.48 um? (coverage ~ 1.67%) over an estimated ~1998 um? field.
Sizes are predominantly sub-micron (Feret mean: 0.59 um; me-
dian: 0.509 um; IQR: 0.32-0.87 um; range: 0.04-2.71 um), with
perimeter averaging 1.713um and scaling strongly with Feret
(r=~0.98). While particles are still mostly compact, they are no-
tably more irregular than GO (circularity mean 0.684, SD ~0.18;
~41% with circularity <0.6), and solidity from the slice summary
(0.845) points to edge roughness/minor voids or overlaps; the
number density is correspondingly higher (~0.091 flakes um=2;
~9.1x10*flakesmm~2). Taken together, the SEM textures and
the image analysis indicate that Na/K modification transforms

a few large, compact GO sheets (high coverage, micron-scale
Feret) into many smaller, sub-micron fragments with lower
coverage, higher number density, and more irregular outlines—
consistent with alkali-induced etching/fragmentation and the
homogeneous dispersion of Na/K phases within and between
GO layers (Figure 5a-h; 5-30 um).

TEM analysis was carried out to investigate the internal
structure of both pristine GO and K-Na functionalized GO
(Figure 6). TEM images of GO acquired at different magnifica-
tions (50, 100, 200, and 500nm) reveal the sheet-like morphol-
ogy with characteristic internal stacking. At higher resolution
(5nm), layered stacking within selected regions is clearly visi-
ble (Figure 6a,b). Figure 6¢ highlights separated stacks in three
distinct sheet regions, while Figure 6d shows diffuse stacking
within the planar structure, confirming the sheet-like nature
observed in SEM images. TEM analysis of GO and K-Na-GO
consistently reveals diffuse features characteristic of disordered
or turbostratic structures. In the 50nm GO image, FFT analysis
of a 512X 512px high-variance ROI calibrated from the 10nm
scale bar (0.035nmpx~!, FOV~68.6nm) shows a broad halo
without discrete spots or rings.

The corresponding radial power spectrum lacks peaks at the
graphitic (002) (~0.34nm) and (100) (~0.21nm) spacings,
instead displaying broad features at larger d-spacings (~1.76,
1.29,0.78, 0.60, 0.27, and 0.19 nm), indicative of an amorphous
or turbostratic phase with weak periodicity. K-Na functional-
ized GO at 50nm magnification shows a similar diffuse halo
and absence of graphitic peaks, with additional broad intensity
bands (~2.7, 1.02, 0.80, 0.64, 0.52, 0.45, and 0.38 nm), suggest-
ing that alkali incorporation perturbs interlayer registry and
further broadens local spacings. At 100 nm magnification, the
material again displays no distinct lattice fringes, and FFTs
remain diffuse, with radial spectra dominated by broad bands
atd~0.38-2.7nm.

Comparative analysis across the 10, 50, 100, 200, and 500 nm
images confirms the sharp diffraction features at the expected
graphitic frequencies, but the material lacks long-range crys-
talline order. ROI-based scans with ring guides spectra indi-
cate that graphitic domains are present but poorly oriented
(Figure 6a-h). Overall, both pristine GO and K-Na functional-
ized GO exhibit predominantly amorphous/turbostratic char-
acter, with short-range order limited to broadened bands at
larger interplanar spacings. TEM images of the composite at
50-500nm further highlight the effect of K and Na function-
alization (Figure 6e-h).

Figure 6e reveals widely distributed diffuse rings, characteristic
of a partially crystalline composite, while Figure 6f shows planar
internal regions with bubble-like features attributed to extensive
linkage of GO with alkali ions. Intensity profile analysis of gray
value versus distance indicates a decreasing contrast, consistent
with structural deformation of the graphene layers and partial en-
hancement in layer separation or closure upon K and Na incorpo-
ration (Figure 6g,h). The interior surface morphology (Figure 6h)
is irregularly distributed, reflecting directed orientation and local-
ized perturbations. Spherical features are visible on the GO sheets,
with dark contrast regions and lines corresponding to potassium
and sodium decoration on the surface.
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FIGURE 5 | SEM images of GO: (a) 5um; (b) 10um; (c) 10um; (d) 30um. SEM images of composite material: (e) 5um; (f) 10um; (g) 10um; (h)

30 pum.

3.3 | Electrochemical Evaluation

GO has previously been examined as an electrode material due
to its higher electric conductivity and electrolyte accessibility;
nevertheless, all investigations have mostly focused on aque-
ous and fluorinated electrolytes. Besides, there is no study on
fluorine-free IL electrolytes with GO and the effects of alkali
metals on the electrochemical performance of the GO in SCs.
To investigate the effects of K and Na doping on GO, the elec-
trochemical performance of both materials (GO and K-Na-GO)
as electrode materials was assessed using a fluorine-free ionic
liquid electrolyte, [P,,,,[MEEA].

Generally, phosphonium-based ILs have high thermal sta-
bility (>300°C), an extended liquid temperature range, and
are suitable as temperature-stable electrolytes for SCs [37-39].
Additionally, our previous research has demonstrated that the
systems have a glass transition temperature of —80°C, attributed
to the ethoxy units present in the anionic counterparts of the IL.
This property enables low-energy rotations, rendering the IL an
ideal electrolyte for both high- and low-temperature SC inves-
tigations [37]. The [P,,,,I[MEEA] IL electrochemical stability
window is over 4V [37-39].

The CV analysis of SC-1, SC-2, and SC-3 performed at 60°C
using different scan rates and potential windows is presented
in Figure 7. At low scan rates for SC-1 (1-10mVs™), the voltam-
mogram of the CV is rectangular and less distorted, indicat-
ing a stronger capacitive behavior of the capacitor (Figure 7a).
However, at high scan rates (50-100mVs™!), the voltammo-
grams show a weaker capacitive behavior of SC-1 (Figures 7a
and S3a,b). The transition from a predominantly rectangular
pattern in the CVs to a more diffuse structure at higher potential
scan rates suggests that the electrode materials based on GO do
not possess high conductivity and structural alignment, result-
ing in limited porosity and surface area.

As a result, the SC-1 does not exhibit improved CV profiles at
fast charging and discharging rates, even at a higher tempera-
ture of 60°C. In addition, the examination of particular capaci-
tance shows a drop in capacitance for the SC-1 as the scan rates
increase (Figure 7a). However, in the case of SC-2, the presence
of metal ions in the GO structure distorts the CV profile of the
device, moving from a low to a higher scan rate. This distortion
is more pronounced in SC-2 compared to SC-1, although SC-2
exhibits a higher CV absolute area, which displays overall better
capacitance performance (Figure 7b). This demonstrates that
doping the GO with alkali metal ions improves capacitive perfor-
mance; the insertion of these dopants brings electrons into the
GO structure. After doping, the samples are thermally reduced
[49, 50]. This procedure eliminates numerous oxygen functional
groups, lowering the sheet resistance of GO and increasing its
electrical conductivity and capacitance profile of the material
[49, 50]. The highest specific capacitances of 83Fg~! were re-
ported for SC-1, lower than SC-2, with 119Fg~! at 1 mVs™ over

a potential window of 2V at 60°C. However, upon increasing the
scan rates, both SC-1 and SC-2 exhibited relatively low capaci-
tance performance.

Specifically, SC-2 had a greater capacitance of 19 Fg~! compared
to SC-1, which had a capacitance of 8 Fg™!, both measured at a
scan rate of 100mV s~ over a potential of 2V at 60°C. The SC-3
exhibited a greater capacitance of 163Fg~! as compared to SC-1
and SC-2 when tested at a scan rate of 1mVs~! and a voltage
of 2V at a temperature of 60°C. Furthermore, when the scan
rates were increased, SC-3 exhibited a much greater capaci-
tance of 28 Fg™!, surpassing the capacitance of SC-1 and SC-2
at a scan rate of 100mVs™ (Figures 7c,d and S3). The results
indicate that SC-3 has a greater specific capacitance than coin
cells with GO and composite-based symmetric SCs at all scan
speeds (Table S2). This demonstrates the superior potential of
composite materials with asymmetric cell structure.

In addition, the enhanced performance at elevated tempera-
tures may be attributed to the flexible structure of the carbox-
ylate anion, composed of straight-chain ethoxy ether, leading to
a lower viscosity and increased ionic conductivity of the electro-
lyte at higher temperatures [37-39]. The observed higher capac-
itance at slower scan rates and lower capacitance at higher scan
rates suggests that ions have more time to move and accumulate
at the electrode-electrolyte interface at lower scan rates [37-39].
Lower scan rates allow ions to penetrate deeper into the porous
structure, leading to a larger surface area and forming thicker
layers, enhancing the accessible surface area for charge storage
and thus increasing capacitance [37-39].

In addition, decreasing the scan rate minimizes the occurrence
of polarization effects that arise during the process of charging
and discharging [40, 41]. Polarization effects refer to the resis-
tance encountered by ions as they traverse between the elec-
trolyte and electrode surfaces. Reducing polarization enhances
the capacity of the charge stored, leading to an augmentation
in capacitance [37, 40, 41]. The presence of slight reduction and
oxidation edges in lower scan rates for SC-3 is basically due to
alkali metals and surface functional groups, that is, oxygenic
functionality on rGO surfaces that lead to additional redox pro-
cesses [37, 40, 41].

Furthermore, the stored physical separation of charges at the
electrode-electrolyte interface is combined with a limited
amount of pseudocapacitive behavior, in which charge is stored
via faradaic redox processes, resulting in minor peaks in the CV
data [6, 12, 37]. This suggests the high specific capacitance of
SC-3 compared to SC-1 and SC-2 is due to the insertion and inter-
calation of Nat and K* ions on the surface of rGO. SC-3 depicted
both faradaic and non-faradaic processes; however, the inter-
face between materials is responsible for quick ionic transpor-
tation, resulting in higher specific capacitance, and the cathodic
and anodic peak shifts represent the slow insertion of dopants
[6,12, 37].
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FIGURE 6




FIGURE 6 | TEM images of GO: (a) 50nm, (b) 100nm, (c) 200nm, (d) 500nm, and TEM images of the composite material; (¢) 50nm, (f) 100nm,

(g) 200nm, (h) 500nm.

The total charge storage comprises the faradaic charge involve-
ment caused by alkali metals insertion and the surface ions charge
transfer, while the non-faradaic charge involvement is caused by
the existence of double-layer behavior [37-39]. Moreover, to ex-
amine the impact of the applied potential range on the perfor-
mance of SC-3, we conducted variable voltage CV at potentials,
including 0.5, 1.0, 1.5, and 2V (Figures 7e-h and S4a). The vari-
able voltage-based stability and reversibility analysis was con-
ducted over 50cycles each at 50mVs~! and 60°C (Figure 7e-h).
At avoltage of 0.5V, the SC-3 exhibited a very precise rectangular
form in the CV. As the voltage grew, the shape transformed from
a rectangle to an enlarged rectangle at 1V. At 1.5V, it exhibited
characteristics of both reduction and oxidation halves. When the
voltage was raised to 2V, the SC-3 exhibited a consistent expan-
sion of square shape at higher voltage levels. It demonstrated
great stability throughout all cycles and maintained acceptable
overlap between cycles across the voltage range.

The peak current seen on the oxidation half side at the 2V win-
dow was higher than that on the reduction half side. This sug-
gests the presence of both faradaic and non-faradaic processes
in the composite material. The result shows the better stability
and reversibility of SC-3 at 60°C at all voltages, confirming the
doping of alkali metals onto the surface of GO. Furthermore,
when the temperature rises, the viscosity of [P,,,,][MEEA] IL
reduces, resulting in fast ion diffusivity and many ion contacts
at the interface, hence increasing specific capacitance (reported
in our previous work) [39].

The Nyquist plots at 60°C indicate that SC-1 exhibits a greater
electrode resistance of 123 Q and electrolyte resistance of 30 Q,
contributing to an overall internal resistance (R,) of 153 Q for
SC-1. This was higher compared to SC-2, which has a compar-
atively lower electrode resistance of 72 Q with charge transfer
resistance (R_,) of 20 Q and a small contribution from Warburg
resistance (W) of 2Q at lower frequency regions contributing
to an overall resistance of 94 Q for SC-2 (shown in the Randles
circuit (Figure 8a-d)).

The SC-2 has a steep slope at the mid-frequency region, with an up-
right shift in the plot moving farther in the lower-frequency region,
indicating its hybrid nature [50]. The evaluations were strength-
ened by Bode phase plots for SC-1 and SC-2 (Figure S4b,c). These
figures demonstrate the frequency response of a system to a phase
change represented in degrees using Bode phase graphs. The Bode
phase plot for SC-2 shows an S-shaped curve that levels off at high
frequencies (—30°) and at low frequencies (90°), whereas SC-1 dis-
plays a linear, curvy plot that levels off at high frequencies (0°) and
very low frequencies (80°). Greater internal resistance leads to re-
duced conductivity, resulting in less charge accumulation at the
interface in the case of SC-1, which corresponds with the results
from CV and confirms the lower capacitance of SC-1 (Figures 8b-
d and S4).

The interface interaction was strengthened by the contact angle
measurement displayed in the supporting file (Figures S2d and

S4, Table S2). Furthermore, SC-3 displays a resistance contribu-
tion from electrode resistance (R,) of 32Q with electrolyte re-
sistance (R of 56 Q contributing to the overall sheet resistance
(R, of 88 Q2 at a higher frequency region, which shows relatively
lower sheet resistance for SC-3, relatively lower than SC-1 and
SC-2. This phenomenon demonstrates the combined effect of the
electric double-layer creation and charge transfer, as we move
from the mid-frequency area to the higher-frequency region
[6, 12, 50]. Reducing internal resistance enhances conductivity,
which in turn increases the electrically active surface owing to
increased charge buildup, leading to the creation of a stable dou-
ble layer at the interface, resulting in better capacitance and sta-
bility for SC-3 evaluations, as well supported by CV [6, 50]. SC-3
offers improved capacitance performance because of the avail-
ability of ionic movement, leading to its structural connectivity,
which leads to greater surface conductance, a quicker transit
time, and an unsaturated electron framework [50-52].

An increase in current generates an electric field that pulls
ions from the electrolyte toward the electrode surface, result-
ing in greater ion accumulation, which increases the effective
surface area for storing charge [50-52]. As a result, impedance
decreases, allowing more charges to gather on the electrodes, re-
ducing resistance to the flow of electric current, and enhancing
capacitance [50-52]. Although decreased electrode thickness,
increased ion diffusion, and bulk ion concentration in the elec-
trolyte all affect electrical conductivity and overall device per-
formance in SCs, they are also essential elements in improving
performance [53, 54].

Previously, many articles have shown a direct correlation be-
tween the electrode materials’ surface structure, surface area,
pore size, and diameters, with the ion size of electrolyte ions;
these factors significantly impact capacitive performance
[55, 56].

The galvanic charge-discharge (GCD) tests are performed at
the current densities of 0.5, 0.6, 0.7, and 1 A g~! for SC-1, SC-2,
and SC-3 over a potential window of 2V at 60°C (Figures 8,
S3b, and Table S3). SC-1 and SC-2 have consistent IR drops
exhibiting higher internal resistance with lower conductivity
and surface interaction between the IL electrolyte and elec-
trode surface. The specific capacitance of SC-1 was measured
to be 11, 8, 7, and 6 Fg™! at the current densities of 0.5, 0.6,
0.7,and 1 A g1, respectively. This depicted a continuous decre-
ment in capacitance moving from lower to higher current den-
sities at the potential of 2V. However, SC-2 does have slightly
higher capacitance at similar current densities measured at
about 14.5, 12.5, 11.5, and 11 Fg™! at the current densities of
0.5, 0.6, 0.7, and 1 A g}, respectively (Figure 9a-d). However,
a relatively higher specific capacitance was reported for SC-3
compared to SC-2 and SC-1. SC-3 displayed a capacitance of
47, 40, 31, and 25F g7}, at the current densities of 0.5, 0.6, 0.7,
and 1Ag™!, respectively (Figure 9a-d). The discharge time
of SC-1, SC-2, and SC-3 shifted to a lower value when moved
from 0.5 to 1 Ag~! (Table S3). The discharge time of SC-3 is the

12 0f 19

Energy Storage, 2025

85U8017 SUOWILIOD BATE8.D 3|qedt[dde au Aq peusenob ae seolle YO @SN JO S9N 10} Aiq 1 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWIBHW0D A8 |IMAteIq 1 Ul UO//SANy) SUORIPUOD pue swie 1 8y} 89S *[6Z0z/2T/8T] uo Akidiauluo A8|im ‘AiseAlun eswn Aq TTE0. 21S8/200T 0T/I0p/Wod A8 | im Areiqiul|uoy//sdny woly pepeo|umod ‘g ‘SZ0Z ‘298v8.SZ



25784862, 2025, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/est2.70311 by Umea University, Wiley Online Library on [18/12/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

[e)}
—
[y
o
on
=
o _—— —
IZ ~N
L ©
| ©
> — s Loy
S = s =
o ¢© 8 € ®
'~ 2 c 2 =
o 2 & o 2
o o -2 5
o = o
w 45
L © >
o [ IM
o
['s]
Lo
o T T T T T o
o o o o [=]
« ~ « - & X
— = —
' B ) Ajisuep juain 6 v) Alisusp juain
L2 ( By)Aususp uauny (,6v) Aususp juauind < (-6 v) Aususp juaind
= S 3 -
K s © &
s 5 5 2
& g s 5
< g
<
(=N
=
Q
a
[=]
=}
el
=]
= o - = &
T T E T i T k5 T o T T T T T T T o T T T T T T © m [Te)
L N © N ¥ o o ©o o o =] [=] S 0 o 0 [=} [te) a
—_ — N T N ® ) ~ IS) o 0 ~ _ S
L (. Bv) Aususapjuaund L (.6 v) Ausuap Jusiing . S
< (.6 Ausuepjuaung o0 (,.6 v) Ausuep uauny p 5
2 &
S | 2
[ g



FIGURE7 | CV curves at 60°C using different scan rates: (a) SC-1; (b) SC-2; (c) SC-3; and (d) variable voltage CV for SC-3 at 100mV's~'. CV curves
(50cycles) for SC-3 at 60°C using a scan rate of 50mV s~ for (€) 0.5V; (f) 1V; (g) 1.5V; and (h) 2 V.
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FIGURE 8 | (a)Cellstructure of the SCs; and Nyquist plots for (b) SC-1, (c) SC-2, and (d) SC-3.

highest of all, displaying the distorted triangular curve repre-
senting the pseudocapacitive discharging. SC-3 showed higher
specific capacitance and device performance at the current
density of 0.50 A g~!, which slightly decreased with increasing
current density to 1Ag™'. The GCD behavior of SC-3 exhib-
ited a notable capacitance and excellent rate capacity, ascribed
to the minimal resistance to ion transport and the short dis-
tance for diffusion throughout the charging and discharging
process. SC-3 had greater capacitance values at lower current
densities than SC-2 and SC-1 and showed higher capacitance
and stability as the current density increased (Figure S3a-d).

The rate performance of SC-1, SC-2, and SC-3 was systematically
evaluated using both CV and GCD measurements, and the re-
sults consistently underscored the superiority of SC-3. From CV
analysis, SC-3 delivered the highest initial capacitance of 163Fg~
at 1mVs~, substantially higher than SC-2 (119Fg™) and SC-1
(83Fg™). More importantly, SC-3 maintained the best retention
across increasing scan rates, preserving 89.0%, 58.3%, 42.9%, and
17.2% of its capacitance at 5, 10, 50, and 100mVs™, respectively,

compared with 73.9%, 53.8%, 33.6%, and 15.1% for SC-2 and only
57.8%, 34.9%, 15.7%, and 9.6% for SC-1 (Figure S3b).

GCD analysis further reinforced this trend: while all three
devices were normalized to 100% retention at 0.5 A g~!, SC-3
retained 85.1% at 0.6 A g71, higher than SC-1 (73.6%) and com-
parable to SC-2 (86.2%). At 0.7 A g7!, SC-3 maintained 66.0%,
matching SC-1 (66.4%) but demonstrating better stability, and
at 1 A g7l, it sustained 53.2%, comparable to SC-1 (54.5%) and
only slightly lower than SC-2 (75.9%) (Figure S3d). Although
SC-2 exhibited higher retention overall, SC-3 consistently
combined higher capacitance values with competitive sta-
bility, confirming its superior rate capability across both CV
and GCD analyses. The slightly greater decrease in retention
for SC-1 and SC-2 as the current density increased can be at-
tributed to their limited charge storage kinetics. Although ionic
liquid electrolytes are generally viscous at room temperature,
the [P,,,,[MEEA] electrolyte employed here exhibits unusu-
ally low viscosity, which decreases further at elevated tem-
perature [37-39]. This reduced viscosity enhances electrode
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FIGURE9 | GCD data for (a) SC-1 and (b) SC-2; (c) SC-3; (d) capacitance variation with current density.

pore wetting, while the higher ionic conductivity and faster
ion transport promote stable charge-discharge behavior, con-
sistent with the improved capacitance retention observed for
SC-3. A comparative examination of scan rate and current
density effects (Figure S3a-d) further revealed the expected
trend of decreasing capacitance with increasing scan rate or
current density across all devices at 60°C.

Beyond capacitance retention, SC-3 also achieved the high-
est energy densities of 27.77, 23.66, 18.55, and 14.21 Whkg!
at current densities of 0.5, 0.6, 0.7, and 1.0 Ag™!, respectively,
while maintaining corresponding power densities of 500, 597,
652, and 1000 W kg~! (Figure S3d and Table S4). By contrast,
SC-2 delivered significantly lower energy densities of 8.83,
7.50, 6.60, and 6.00Whkg™!, while SC-1 showed values of
11.21, 8.10, 7.33, and 6.00 Whkg™" at the same current densi-
ties, despite both exhibiting identical power densities to SC-3.
The similarity in power density across all devices arises from
the fixed current and voltage window applied during testing,
which yields comparable discharge and thus equalizes the
power values.

In contrast, the much higher energy density of SC-3 originates
from its substantially larger specific capacitance, enabling
greater charge storage within the same voltage window. Taken
together, these results demonstrate that SC-3 not only matches

the power-handling capability of the symmetric devices but also
delivers significantly enhanced energy storage, making it the
most efficient and practical configuration for high-performance
supercapacitors.

To assess the long-term cycle stability of SC-1, SC-2, and SC-3,
charge-discharge cycling was conducted at 2Ag™! at 60°C, and
the stability of SC-1, SC-2, and SC-3 was tested for 10000cy-
cles (Figure 10a-c). SC-1 has the lowest efficiency of 79% up to
10000cycles, while SC-2 has an overall efficiency of 90% up to
10000cycles, but SC-3 demonstrates extremely good stability
with more than 99% coulombic efficiency and exceptional stabil-
ity (Figure 10d). The superior capacitive performance and long-
term charge-discharge stability results of SC-3 can be attributed
to its enhanced compatibility between the IL and the asymmet-
ric device structure with rGO on one side and K-Na-GO on the
other side, with the IL having lower viscosity and higher ionic
conductivity at 60°C [37-39].

The good stability performance of the SCs is attributed to the
excellent wetting ability of the [P,,,,]IMEEA] electrolyte, which
is critical for maximizing the surface area accessible for charge
storage and ensuring efficient ion transport within the device
[37-39, 52-54]. While many studies have reported carbon-based
composite electrodes for SCs, relatively few have explored the
use of fluorine-free ionic liquid electrolytes in combination
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with these materials under high-temperature and wide-voltage
conditions.

For instance, graphite, coconut husk-derived graphene,
MWCNTs, and GO have been employed as electrodes in SCs
with fluorine-free ILs, achieving capacitances of 139.7Fg™! (at
30°C, 5mVs) [12], 88Fg! (at 60°C, 5mVs~) [32], 164Fg~!
(at 90°C, 1mVs™), 138Fg™ (at 60°C, 1mVs~!, 2V window),
and 144Fg! (at 90°C, 1mVs~!, 4V window) [37], respectively.
Similarly, microporous carbon paired with an IL electrolyte has
been shown to sustain 40000 stable cycles at 3.5V and 60°C,
owing to the thermal and electrochemical stability of the IL [39].
Collectively, these reports confirm that carbon-based electrodes
combined with ILs deliver excellent electrochemical perfor-
mance in high-temperature SCs with broad voltage ranges. A
detailed comparison of electrolyte types and electrode materials
(including GO and its composites) in terms of capacitance, en-
ergy density, power density, and long-term stability is summa-
rized in Table S5.

The outstanding cycling stability of our devices is closely linked
to how their electrode architectures regulate ion transport, in-
terfacial processes, and structural integrity during repeated

operation. In the symmetric SCs, both electrodes operate over
nearly identical potential ranges, which minimizes asymmetric
stress, suppresses electrolyte decomposition, and ensures highly
reversible double-layer charge storage. Co-doping with Na/K
further enhances stability by partially restoring graphitic do-
mains for better conductivity, preventing sheet restacking, and
maintaining open porosity for efficient ion migration. As a re-
sult, SC-2 retained 86.2% of its capacitance at 0.6 Ag™!, with an
energy density of 8.83Whkg! at a power density of 500Wkg,
demonstrating robust cycling stability despite its limited energy
output.

In contrast, the asymmetric SC-3 achieves stability through
complementary electrode functions: the doped electrode pro-
vides high conductivity, reversible ion anchoring, and sup-
pression of side reactions such as hydrogen evolution, while
the oxygen-rich GO electrode enhances wettability and ion-
buffering capacity, mitigating interfacial degradation. This
synergy extends the operating voltage window and stabilizes
the electrode-electrolyte interface, allowing SC-3 to deliver
47.01Fgtat0.5Ag™! and 25.34Fg! at 1.0 A g!, with signifi-
cantly higher energy densities of 27.77-14.21 Whkg=! across
the same power density range.
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The structural resilience of GO, coupled with the anti-restacking
effect of doped-GO, further reduces interface aging and mechan-
ical fatigue, accounting for the near-constant capacitance reten-
tion observed over extended cycling. In SC-3, Na* and K* ions
play complementary roles in modulating the structural, elec-
tronic, and interfacial properties of GO. The simultaneous pres-
ence of these alkali ions induces dual ionic polarization within
the carbon lattice, promoting partial reduction and restoration of
sp?-conjugated domains, as confirmed by XPS and XRD analyses.
The smaller Na* ions can intercalate into graphitic interlayers,
improving electronic conductivity and facilitating fast charge
transfer pathways, while the larger K* ions predominantly adsorb
on surface oxygen sites, enhancing electrochemical double-layer
capacitance through surface charge accumulation. Furthermore,
Na/K incorporation introduces defect-mediated active sites and
ionic redox centers associated with Na—-O and K-O bonds, which
increase the density of accessible charge storage sites. The syn-
ergistic effect of lattice reorganization (improved crystallinity
and 7-7 conjugation) and dual-ion surface interaction enhances
both pseudocapacitive and double-layer contributions, leading to
faster ion diffusion kinetics, reduced charge-transfer resistance,
and higher overall capacitance.

4 | Conclusions

The fluorine-free IL electrolyte enabled excellent electrochemi-
cal performance of both symmetric and asymmetric SC config-
urations at elevated temperatures. Among the three fabricated
devices, two symmetric (SC-1 and SC-2) and one asymmetric
(SC-3), the symmetric systems exhibited considerably lower ca-
pacitance compared to the asymmetric device. While SC-2 main-
tained stable capacitance retention as a symmetric device, SC-3
distinctly outperformed both symmetric systems by achieving
higher capacitance and superior rate capability, highlighting its
clear advantage as the most efficient configuration.

In the asymmetric device, Nat and K* ions play complementary
roles in modulating the structural, electronic, and interfacial
properties of GO. The coexistence of both alkali ions induces
dual ionic polarization within the carbon framework, promot-
ing partial reduction and restoration of sp?>-conjugated domains,
as supported by XPS and XRD analyses. The smaller Na* ions
intercalate between graphitic layers to enhance electronic con-
ductivity and charge transport, whereas the larger K* ions ad-
sorb on the surfaces, improving electrochemical double-layer
capacitance through surface charge accumulation. Additionally,
the formation of Na-O and K-O coordination sites introduces
defect-mediated active centers, increasing the density of accessi-
ble charge storage sites.

The fluorine-free IL [P,,,,]IMEEA] further contributes to su-
perior electrochemical performance by providing a wide po-
tential window, high ionic conductivity, and thermal stability,
ensuring efficient ion transport and robust electrode-electrolyte
interactions. Among all the fabricated devices, SC-3 exhibited
the highest specific capacitance (47.01Fg™'), energy density
(27.77Whkg™ at 0.5Ag™), and power density (1000Wkg™' at
1Ag™), along with excellent cycling stability (99% retention
after 10000 cycles at 60°C).

The synergistic Na-K co-doping and fluorine-free IL electrolyte
enhance structural order, charge transport, and interfacial sta-
bility, yielding superior conductivity and charge storage. Thus,
the Na-K co-doped rGO electrodes in combination with the
fluorine-free IL offer a sustainable and efficient platform for
higher temperature symmetric and asymmetric superapacitors.
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