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Abstract

This work investigates the influence of ionic radius on the charge storage behavior of
molybdenum carbide MXene electrodes (Mo2CCl2) produced through the molten salt etching
method for application in aqueous-based supercapacitors (SCs). Various electrolytes, i.e., 3 M
H2S04, 1 M Li2SO4, 1 M Naz2S04, and 0.6 M K2SO4 were investigated, revealing that the small
cation (H*) enhances the SCs capacitance through fast redox kinetics and high ionic mobility.
To elucidate the role of anions, neutral electrolytes (8 m NaNOs, 2 M NaCl, and 1 M Na2S04)
were also explored, enabling a wide voltage window and stable operation of SCs. An asymmetric
supercapacitor was assembled using Mo2CCIl2/FLG (few-layer graphene) as the
pseudocapacitive electrode and FLG/CG/ (curved graphene) as the EDLC counterpart. In this
configuration, FLG prevents MXene restacking while CG provides abundant electroactive sites,



resulting in enhanced energy density and cycling durability. These results highlight the combined
effect of electrolyte ion selection and hybrid electrode engineering toward high-performance,
durable aqueous energy-storage devices.
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Introduction

The demand for energy is increasing worldwide due to population growth and industrial
development.’? At the same time, renewable energy sources are increasingly being used to
reduce dependence on fossil fuels.® Supercapacitors (SCs) are considered promising energy
storage devices due to their unique properties, including fast charge-discharge, high specific
power, and excellent cyclic stability.*® Supercapacitors are mainly divided into two types:
electrochemical double-layer capacitors (EDLCs)® and pseudocapacitors (PCs).5® In EDLCs,
energy is stored electrostatically through the adsorption and desorption of ions at the electrode—
electrolyte interface.® However, EDLCs are limited by low energy density, which restricts their
use in large-scale energy storage applications.%-'3

In contrast, PCs utilize rapid and reversible faradaic processes, including redox reactions, ion
intercalation, and electrosorption, to achieve significantly higher charge storage capacity
compared to EDLCs."'*15 This faradaic contribution enhances the energy density of PCs while
maintaining the fast charge—discharge kinetics characteristic of SCs.''” As a result, PCs are
considered as strong candidates for next-generation energy storage systems, although further
advances in electrode materials and device design are still needed to overcome unsolved
challenges. The latter include sluggish ion transport within dense electrode architectures,®1°
structural degradation during repeated redox cycling,?%?! and mismatched potential windows
between electrodes and electrolytes,??2? all of which adversely affect the long-term cycling
stability of PCs. Several two-dimensional (2D) materials, including, manganese dioxide (MnO2),
molybdenum disulfide (MoS2), tungsten disulfide (WS2), and MXenes, have emerged as
promising candidates for pseudocapacitive energy storage devices.?*?” These materials offer
high surface area (i.e., ~18-67 m?/g for TisC2 MXenes), although the reported values vary
substantially with processing and architecture.?82° This variability primarily reflects differences
in the degree of MXene delamination (which controls interlayer separation and restacking)3® and
the formation of composites (e.g., with graphene or other carbonaceous nanomaterials) that
inhibit restacking and create more accessible, ion-reachable surface area.3'32 Other relevant
properties include tunable redox activity®3, and rapid ion-access pathways334. However, when
used in symmetric PCs, their practical application is often hindered by slow faradaic kinetics
(i.e., with charge-transfer resistances R..ranging from 0.5 to 4 Q and estimated heterogeneous
rate constants k°on the order of 10°°~10° cm/s)3%-3 and structural instability3°, leading to limited
rate capability (i.e., capacitance retention drops to 30—60% when current density increases from
1-2 A/lg to 10A/g)*"4° and capacity fading over extended cycling (i.e., capacity retention
decreases to 70-85% after 3000-5000 cycles).'6:17,37.4041.



To overcome these issues in symmetric PCs, MXenes have recently emerged as promising
electrode materials in asymmetric supercapacitors (ASCs) due to their tunable surface
chemistry, high electrical conductivity, and intrinsic pseudocapacitive behavior.4?45 Although
other 2D materials can also be used in ASCs, MXenes are highlighted here due to their
electrochemical properties. In ASCs, MXenes are often combined with EDLC-type electrodes,
enabling simultaneous faradaic and non-faradaic charge storage, which improves energy
density while retaining the excellent cycling stability characteristic of EDLCs.#54% In particular,
molybdenum carbide MXene (Mo2CTy) stands out for its metallic-level electrical conductivity,
surface redox chemistry, and layered structure.*’-°0 These properties enable efficient charge
transfer and fast redox kinetics, making Mo2CTy particularly suitable for SC applications.5".52
Nevertheless, the practical use of Mo2C is hindered by structural restacking, which occurs during
electrode fabrication or repeated cycling. This restacking reduces the ion-accessible surface
area (i.e., ~ 8.9 -4.9 m?/g)®® and consequently lowers capacitance and rate performance in
Mo2C MXene-based supercapacitors.47:54:5

In this scenario, the integrating chloride-terminated Mo2C MXene (Mo2CCl2) with conductive
carbon materials enhances electron transport and mitigates restacking of Mo2CClz layers,
thereby increasing the ion-accessible surface area and improving both rate capability and
cycling stability..%¢ In this work, we propose the design and realization of a hybrid electrode
composed of Mo2CCl2 produced via molten salt etching method®” and few-layer graphene (FLG).
Although Mo2CCl2 exhibits metallic-level conductivity, the actual conductivity strongly depends
on surface terminations,®® structural defects, flake restacking, and interlayer resistance.>%%° In
our case, the incorporation of FLG improves the conductive network by reducing interlayer
resistance and preventing restacking, thereby enhancing effective charge transport compared
to pristine Mo2CCl2..556164 The synergistic interaction between Mo2CCl2 and FLG enables
efficient charge transport, rapid redox kinetics, and enhanced structural stability, leading to
improved energy storage performance compared to the pristine counterpart (i.e., the
Mo2CCI2/FLG electrode delivers 136.3 F/g at 50 mV/s in 3 M H2SOa4, compared to ~79 F/g
reported for Mo2C-based MXenes).>* This hybrid electrode (Mo2CCl2/FLG) design represents a
novel approach for the development of next-generation high-performance SCs. Based on this
rationale, the electrochemical behavior of Mo2CCI2/FLG electrodes was evaluated in different
aqueous electrolytes, beginning with a series of sulfates: 3 M H2SO4, 1 M Li2SO4, 1 M Na2SOs4,
and 0.6 M K2SO4, to investigate the effect of cation size on electrode performance. Beyond
material selection, electrolyte ion characteristics significantly affect charge storage behavior,
ionic transport, and overall SC coulombic efficiency (CE).%5 Aqueous electrolytes, with their
inherently high ionic conductivity compared to organic electrolytes and ionic liquids, enable fast
charge—discharge operation, offering advantages for high-power applications.®%67 Notably,
smaller hydrated cations such as H* exhibit greater mobility and conductivity than their larger
alkali-metal counterparts (Li*, Na*, K*), resulting in enhanced capacitive performance in 3 M
H2S04 electrolyte.?5¢8 To elucidate the role of anionic radius, 2 M NaCl,8 m NaNOs and 1M
Na2S0Os4 electrolytes were used to investigate the influence of anions on charge transport
resistance. The electrodes studied are referred to as X-Y, in which X represents the active



material (Mo2CCI2/FLG) and Y denotes the type of electrolyte used (e.g., H2SO4, NaNOs, etc.).
Electrochemical characterization was carried out in a three-electrode Swagelok configuration,
enabling evaluation of the Mo2CCl2/FLG working electrode. A combination of cyclic voltammetry
(CV), galvanostatic charge—discharge (GCD), and electrochemical impedance spectroscopy
(EIS) was used to comprehensively investigate the charge-storage mechanism, rate capability,
and interfacial resistance of the electrodes in various electrolyte systems. The results
demonstrated a strong dependence of electrochemical performance on ionic radius. Among the
electrolytes investigated, the half-cell based on 3 M H2SO4 delivered the highest effective
gravimetric capacitance (Cq) of 136.3 F/g at 50 mV/s. This superior performance arises from
faster interfacial charge transfer in acidic electrolyte, shown by a lower series resistance (Rs =
0.04 Qin 3 M H2S04) versus 0.08 Q (2 M NaCl) and 0.13 Q (8 m NaNO3). Stronger ion adsorption
is enabled by the smaller hydrated proton radius (H*: 2.76 A) compared with K* (3.31 A), Na*
(3.58 A), and Li* (3.82 A). Enhanced surface redox activity is evidenced by persistent reversible
peaks in 3 M H2SO4 half-cells across increasing scan rates. The capacitance at 50 mV/s is 136.3
F/g, higher than 42.85 F/g (1 M Li2S04), 38.75 F/g (1 M Na2S0a4), and 32.12 F/g (0.6 M K2S0Oa4),
~3.2—4.2x higher.

However, to enhance the device-level performance, the pseudocapacitive Mo2CCl2/FLG hybrid
electrode was assembled with an EDLC electrode offering fast and reversible ion transport
capability, forming an asymmetric device. Concerning the EDLC electrode, the composition of
curved graphene (CG) with FLG (CG/FLG) was used to prevent nanosheets restacking and
enhance the exposure of electroactive surface sites of the CG/FLG electrode, providing
excellent structural and electrochemical compatibility with the Mo2CCIl2/FLG electrode.®® The
ASCs were assembled and evaluated in three aqueous electrolytes: 3 M H2SO4, 2 M NaCl, and
8 m NaNOs, each selected to balance ionic mobility (3 M H2SOa), environmental safety, and
electrochemical stability (2 M NaCl and 8 m NaNO;). The as-prepared ASCs are denoted as
negative electrode // positive electrode —electrolyte, i.e., Mo2CCI2/FLG // CG/FLG-3 M H2SO4
indicates a device with Mo2CClI2/FLG as the negative, CG/FLG as the positive electrode and 3
M H2SOs4 as the electrolyte. Among the assembled ASCs, the device using 8 m NaNOs as the
electrolyte delivered the highest electrochemical performance, achieving an energy density of
approximately 8 Wh/kg and remarkable cyclic stability (94% gravimetric capacitance -Cg-
retention after 12000 GCD cycles). The 2 M NaCl-based ASCs also demonstrated long-term
stability (81% Cgq retention after 12000 GCD cycles), reaching an energy density of 7.39 Wh/kg,
higher than that of the 3 M H2SO4-based ASCs (4 Wh/kg). The 3 M H2SO4-based ASCs delivered
the highest Cq but operating at lower cell voltage (1V), compared with 2M NaCl- and 8 M
NaNOs-based ASCs (1.6 V), due to water decomposition under acidic conditions. This study
offers significant insights into the electrochemical behavior of the hybrid Mo2CCI2/FLG electrode,
revealing correlations between its structural properties and potential application in
electrochemical energy storage systems.

Results



Figure 1a presents the schematic representation of the Mo2CCl2 synthesis. The morphological
and structural characterization of the synthesized Mo2CClz is shown in Figure 1b-f. Figure 1b
shows the X-ray diffraction (XRD) patterns of both the synthesized MXene after copper removal
by washing and its parent phase, Mo2GazC. After etching and washing, the XRD pattern
changes significantly. Compared with Mo2GazC, the peaks at ~34°, 37°, and 43" 20 reduce in
intensity by approximately 50-70% and slightly shifted by 0.2°-0.4°, while the (002) peak at
around 9° strongly reduced in intensity. These structural changes are consistent with previously
reported molten-salt-synthesized Mo2CTx MXenes in literature>” The Scanning Electron
Microscopy (SEM) image reported in Figure 1c reveals several multilayer MXene flakes
exhibiting visible slit-like pores. The flakes reach sizes of up to a few micrometers in length and
display textured surfaces. Figure 1d shows a Selected Area Electron Diffraction (SAED) image
of Mo2CCl2 along the [001] axis, confirming its hexagonal symmetry and high crystallinity. The
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF STEM)
image in Figure 1e, together with the Transmission Electron Microscopy (TEM) images in
Figure 1f and Figure j, further confirm high-quality multilayer MXene flakes. While molten salt
etching of MXene’%! differs significantly from conventional aqueous acid etching methods’?-74,
the resulting materials retain the characteristic features of MXenes and exhibit excellent
structural quality. The Mo2CClI2/FLG electrode was evaluated in a three-electrode configuration
in various sulfate-based electrolytes (3 M H2SO4, 1 M Li2SO4, 1 M Na2S0O4, and 0.6 M K2SO4)
to investigate the effect of cation radius and mobility on charge storage. The electrolyte
concentrations were chosen based on their optimal ionic conductivity, viscosity, and
electrochemical stability reported in the literature, rather than identical molar values.®® The
experimental design enables isolation of cation and anion effects within consistent chemical
frameworks.

Figure 2a illustrates the schematic of the three-electrode configuration for the Mo2CCI2/FLG
electrode tested in various aqueous electrolytes. Figure 2b presents the CV curves recorded at
a scan rate of 20 mV/s for all electrolytes. The results reveal a predominantly capacitive and
irreversible redox behaviour (small oxidation peak) for Mo2CCl2/FLG-1 M Li2SOz,
Mo02CCIl2/FLG-1 M Na2S04, and Mo2CCl2/FLG-0.6 M K2SOa. In contrast, Mo2CCl2/FLG-3 M
H2SO4 exhibits a reversible redox process, indicating a distinct electrochemical mechanism
under acidic conditions. Among the tested systems, the Mo2CCl2/FLG-3 M H2SO4 electrode
delivers a markedly higher specific current in the CV profiles, indicating a higher C4 compared
to the other assembled systems with different electrolytes.®® Figure S1a—d displays the CV
curves of Mo2CCl2/FLG-3 M H2SO4, M02CCl2/FLG-1 M Li2SO4, Mo2CCl2/FLG-1 M Na2S0a4, and
Mo2CCl2/FLG-0.6 M K2SOa4recorded at various potential scan rates, ranging from 5 to 50 mV/s.
These curves exhibit distinct reversible redox peaks, further confirming the pseudocapacitive
properties of the Mo2CCl2/FLG-3 M H2SO4 devices. On the contrary, Mo2CCl2/FLG-1 M Li2SOa,
Mo2CCl2/FLG-1 M Naz2S0a4, and Mo2CCIl2/FLG-0.6 M K2SO4 ASCs display a predominantly
capacitive behavior.

Notably, the redox peaks of the Mo2CCl2/FLG-3 M H2SO4 remain visible with increasing the
potential scan rates, indicating efficient charge transfer (i.e., persistence of oxidation and redox



peaks in the CV profiles across different scan rates) and electrochemical reversibility.”® Figure
S2a—d shows the GCD profiles of Mo2CCl2/FLG-3 M H2SO04, Mo2CCl2/FLG-1 M Li2SOs4,
Mo2CCl2/FLG-1 M Na2SO4and Mo2CCl2/FLG-0.6 M K2SOu4 electrodes, respectively, measured
at specific currents ranging from 1 to 20 A/g. All electrodes tested in different electrolytes exhibit
non-linear voltage—time profiles at various specific currents. The non-linear GCD profile of the
Mo2CCl2/FLG— 3 M H2SO4 displays redox features indicative of substantial pseudocapacitive
contributions, whereas the GCD curves obtained in the devices based on the other electrolytes
exhibit mainly capacitive behavior. Figure 2c shows Cg of Mo2CCIl2/FLG electrode in four
different electrolytes as a function of the potential scan rate, calculated from the CV profiles (see
Supporting Information, Equation (S1)). Among the investigated systems, the Mo2CClI2/FLG—
3 M H2SO4 demonstrates the highest Cq (e. g., 136.3 F/g at 50 mV/s), outperforming those
measured in 1 M Li2SO4, 1 M Na2SO4, and 0.6 M K2SO4 electrolyte systems (42.85, 38.75, and
32.12 F/g for 1 M Li2SO4,1 M Na2S0O4 and 0.6 M K2SO4, respectively, at the same potential scan
rate). This enhancement in 3 M H2SO4 arises from the high ionic mobility and small hydration
sphere radius of H* ions (2.76 A), which enable a proton hopping between water molecules via
hydrogen bonding. Compared with K* (3.31 A), Na* (3.58 A), and Li* (3.82 A) ions, H* exhibits
the highest molar ionic conductivity.®>6® The enhanced conductivity and ionic mobility facilitate
rapid charge transfer, while the smaller hydration radius increases ion adsorption at the
electrolyte/electrode interface, further promoting faradaic reactions. 876 Consequently, the
superior proton dynamics in 3 M H2SOa4 result in the highest Cqg observed (136.3 F/g at 50 mV/s).
Table S1 compares these results with Mo2C-based electrodes previously reported in literature,
highlighting the material strong potential for supercapacitor applications.

The electrochemical stability of Mo2CClI2/FLG electrodes was assessed over 12000 GCD cycles
at a specific current of 5 A/g. As demonstrated in Figure S3a—-d, Mo2CCl2/FLG-3 M H2SOg4,
Mo2CCl2/FLG-1 M Li2SO4, Mo2CCl2/FLG-1 M Na2S04, and Mo2CClo/FLG-0.6 M K2SO4
samples retained 89%, 90%, 93%, and 90% of their initial Cg, respectively. Additionally, all
electrodes maintained nearly 100% CE throughout cycling (up to 12000 cycles). These results
highlight the long-term stability and electrochemical reversibility of the Mo2CCl2/FLG electrodes
across these electrolytes. Considering both stability and cost factors, i.e., Na salts are much
more abundant and cost-effective than Li salts, Na-based electrolytes are attractive for their use
in large-scale and environmentally friendly energy storage devices.””-’® To evaluate the effect of
anion size on the electrochemical properties, we compared Mo2CCI2/FLG electrode in 2 M NacCl,
8 m NaNOs, and 1 M Na2SOa4 using a three-electrode cell configuration. The electrolytes have a
near-neutral pH (~6-7), contain the same cation (Na*) but different anions: CI~, NOs~, and SO4?~
ion. Figure 2d displays the non-rectangular shape of CV curves of Mo2CCl2/FLG-2 M NaCl,
Mo2CCl2/FLG—8 m NaNOs, and Mo2CCIl2/FLG-1 M Na2SO4 systems at 20 mV/s, indicating the
pseudocapacitive behavior.”® Figure S4a-b presents the CV curves of Mo2CCl2/FLG in 2M
NaCl and 8 m NaNOs electrolytes measured at scan rates from 5 to 50 mV/s. When assembled
and tested in three-electrode cell configuration with both 8 m NaNOs and 2 M NacCl electrolytes,
the electrodes predominantly exhibit capacitive behavior. Whereas a weak redox reaction is



observed in the cell assembled with 2 M NaCl, indicating a minor pseudocapacitive
contribution.”™

Figure S4c—d illustrate the GCD profiles of the Mo2CCl2/FLG-2 M NaCl and Mo2CCl2/FLG-8 m
NaNOs system recorded at specific current, ranging from 1 to 20 A/g. All electrodes exhibit
approximately linear voltage—time characteristics across the tested specific current range.
These results are consistent with the primarily capacitive behavior previously shown by the CV
analyses. This behavior arises from interfacial effects rather than significant anion intercalation,
driven by differences in ion size, hydration, and specific adsorption.

The Cg of the Mo2CCl2/FLG electrode, measured in 2 M NaCl, 8 m NaNOs, and 1 M Na2SO4
electrolytes at various potential scan rates, was calculated from the CV curves shown in Figure
2e. Cg increases with decreasing the potential scan rate, reaching 57.5, 51.25, and 42.5 F/g at
5 mV/s for Mo2CCl2/FLG-2 M NaCl, Mo2CCIl2/FLG—8 m NaNO3z and Mo2CCl2/FLG-1 M Na2SOa4
systems, respectively. This trend is attributed to diffusion limitations and restricted ion transport
at the electrode/electrolyte interface at higher scan rate.®%8' The SO4?~ ions possess a larger
ionic radius compared to NO3™ and CI~ ions.8? Moreover, SO4?~ exhibits lower ionic conductivity
and mobility compared to CI- and NO3~.838 As a result, 1 M Na2S04 aqueous electrolyte
delivered poor capacitive performance. As shown in Figure S5a-b, the Mo2CCI2/FLG electrode
demonstrated excellent cycling stability in 2 M NaCl and 8 m NaNOs, retaining 80% and 82% of
its initial Cq, respectively, after 12000 GCD cycles at 5A/g. Additionally, the CE remained close
to 100%, confirming the superior electrochemical reversibility of the electrode.

The cyclic stability of representative Mo2CCl2/FLG-3 M H2SO4 and Mo2CCl2/FLG-8 m NaNOs3
systems after 12000 GCD cycles was investigated by post-measurement XRD and Raman
spectroscopy. Figure S6a displays the XRD patterns of pristine Mo2CCl2 and the Mo2CCIl2/FLG
electrodes after long-term cycling stability in 3 M H2SO4 and 8 m NaNO:s electrolytes, enabling
a comparison of the structural changes resulting from electrochemical cycling. The electrodes
used Mo2CCl2/FLG-3 M H2SO4 and Mo2CCl2/FLG-8 m NaNOs systems after 12000 GCD cycles
show main diffraction peaks at 34.5°, 38.0°, 39.6°, 52.3°, 61.9°, 69.8°, 75.0°, and 76.0°,
corresponding to the (100), (002), (101), (102), (110), (103), (112), and (201) planes of Mo2C
(JCPDS 65-8766).25-88 More in detail, the XRD pattern of the as-prepared pristine Mo2CCl2show
sharp, well-defined peaks, indicating a highly crystalline and ordered structure. After the cyclic
stability test, some structural changes were observed in the Mo2CCIl2/FLG. These changes are
likely due to repeated ion intercalation and deintercalation, which can cause mechanical stress
such as expansion and contraction of Mo2CCl2/FLG during the cycling process.?6.89-91
Additionally, new diffraction peaks appear at 43.5°, 44.9°, and 60° after cycling, indicating the
formation of new crystalline phases. These phases may occur from side reactions, the
generation of byproducts, or partial decomposition of M02CCl2.929% A sharp diffraction peak
observed at 54.9° corresponds to the (004) reflection, which is characteristic of graphite
(substrate) and FLG, confirming the presence of well-ordered graphitic structures within the
electrode.®2.9



To further investigate structural changes in Mo2CCl2/FLG electrodes after GCD cycling, ex-situ
Raman spectroscopy was performed on the electrode of Mo2CCl2/FLG-3M H2SO4 and
Mo2CCl2/FLG—8 m NaNOs systems (Figure S6b). Raman spectra reveal characteristic peaks at
1358 cm™ (D band) and 1583 cm™" (G band), which are typically observed in graphite, FLG and
Mo2CCl2.8588.95.96 Additionally, a distinct peak at 886cm™" is attributed to Mo2CClz. %5-°7 Notably,
these characteristic peaks remain present in the samples after the GCD cycling, indicating that
Mo2CCI2/FLG electrodes preserved their structural integrity. The Raman [(D)/I(G) ratios for
pristine Mo2CCl2 and the Mo2CCI2/FLG electrode are ~0.77 and ~0.52, respectively, indicating
that the incorporation of FLG reduces the overall defect density and improves structural ordering
within the composite.?® Controlled defect sites are known to enhance the electrochemical
performance of carbon-based and MXene electrodes by providing additional electroactive sites
and improving ion accessibility, whereas excessive defects can hinder electrical conductivity and
limit power performance.%6:99.100

After cycling in different electrolytes, the I(D)/I(G) ratios for Mo2CCl2/FLG-8 m NaNOs and
Mo2CCl2/FLG-3 M H2SOs4 increase to ~0.57 and ~0.71, respectively. The increased defects
(higher ID/IG) observed in Mo2CCl2/FLG-3 M H2SO4 sample suggests that the stronger acidic
environment induces a higher density of defect sites, which can partially modify the Mo—-C
bonding environment.'" This findings correlates with the electrochemical results, in which the
higher defect density in Mo2CCIl2/FLG-3 M H2SO4 contributes to greater pseudocapacitive
activity and higher capacitance.’??

To further assess the charge storage performance of the MXene-based electrodes in practical
applications, aqueous ASCs were assembled using 8 m NaNOs, 2 M NaCl, and 3 M H2SO4 as
electrolytes. These were selected based on the high Cg obtained in 3 M H2SO4 and the excellent
cycling stability demonstrated in the environmentally friendly 8 m NaNOs and 2 M NacCl
electrolytes. Based on the electrochemical evaluation of Mo2CCI2/FLG in a three-electrode
setup, Mo2CCl2/FLG-3 M H2SO4 was selected as the PC electrode, whereas Mo2CCl2/FLG-8
m NaNOs and Mo2CCl2/FLG-2 M NaCl exhibited predominantly capacitive behavior (Figure
S9a-f). The CG/FLG functioned as an EDLCs electrode, as shown by its electrochemical
characterization in 8 m NaNOs (Figure S7a-f), 2 M NaCl (Figure S8a-f). Before ASCs assembly,
the active material mass loading of the electrodes was optimized to balance the Cgq of the positive
and negative electrodes. The working voltage windows (WVW) of the ASCs were determined by
combining the stable potential ranges of the separate positive and negative electrodes obtained
from separate three-electrode CV measurements carried out at 20 mV/s (Figure 3a-c). Figure
3d-f shows the electrode potentials vs. Ag/AgCl recorded over time during GCD measurements
at a specific current of 1 A/g in the investigated electrolytes. The Mo2CCI2/FLG electrode in 8 m
NaNOs and 2 M NaCl operates in a potential range of -0.7 to +0.2V, confirming mainly
capacitive characteristics, whereas the CG/FLG electrode operated between 0.2 and 0.9 V. Both
electrodes remained in the electrochemical stability window during GCD process, thereby
effectively avoiding parasitic hydrogen and oxygen evolution reactions (HER and OER). The
potential profile of CG/FLG is reproduced over subsequent cycles, confirming the excellent
electrochemical stability of this EDLC-type electrodes.



Mo2CClI2/FLG provides a minor pseudocapacitive contribution at potentials below 0.0V vs.
Ag/AgCl. Mo2CCI2/FLG // CG/FLG-3 M H2S0O4 ASCs stably operate within a WVW of 1.0 V.
Figure 4a reports the CV curves measured for Mo2CCIl2/FLG // CG/FLG-8 m NaNOs, -2 M
NaCl, and —3 M H2S04 ASCs, measured at scan rate of 20mV/s, with WVW of 1.6V, 1.6V, and
1V, respectively.

The CV profiles indicate that the charge storage process is primarily ruled by EDLC rather than
pseudocapacitive contributions.

Figure 4b presents the GCD profiles measured for Mo2CCl2/FLG // CG/FLG-8 m NaNOs, -2 M
NaCl, and -3 M H2S 04, at a specific current of 5 A/g. The nearly linear GCD profiles confirm the
predominantly capacitive behavior of the ASCs, consistent with the CV analysis. Figure 4c
shows the Cg calculated from the GCD curves (Supporting Information, Equation (S2)). The
Mo2CClI2/FLG // CG/FLG-3 M H2S04 ASCs achieved the highest Cg of 29.57 F/g at 1 A/g. The
Mo2CCl2/FLG // CG/FLG-2 M NaCl and Mo2CCl2/FLG // CG/FLG-8 m NaNOs ASCs displayed
Cg values of 24.67 F/g and 23.13 F/g at 1 A/g, respectively. The superior performance of the
Mo2CCl2/FLG /| CG/FLG-3 M H2SO4 compared to Mo2CCIl2/FLG // CG/FLG-2 M NaCl and
Mo2CCl2 /FLG /I CG/FLG-8 m NaNOs, is consistent with the results obtained from the three-
electrode cell configuration for the negative electrodes, with the contribution of FLG further
improving electrical conductivity and mitigating restacking, thereby enabling more efficient
charge transport within the device.?81%3 For all ASCs, the Cq decreased with increasing the
specific current, although the devices demonstrated remarkable rate capabilities (e.g., at 20 A/g,
the Cgretention was 86%, 65%, and 63% for Mo2CClI2/FLG // CG/FLG—3 M H2SO4, Mo2CCl2/FLG
Il CG/FLG-2 M NaCl, and Mo2CClI2/FLG // CG/FLG—8 m NaNOs, respectively). As demonstrated
in Figure 4c, CE of the ASCs exceeds 90% at high specific currents for both Mo2CCI2/FLG //
CG/FLG-2 M NaCl and Mo2CClI2/FLG // CG/FLG—8 m NaNOs, indicating excellent reversibility
of the redox processes. In contrast, the Mo2CCI2/FLG // CG/FLG-3 M H2S04 ASCs exhibit a
slight reduction in CE at lower specific currents (<5 A/g), which is probably attributed to parasitic
reactions commonly encountered in ASCs based on acidic electrolyte, which easily promote
HER.?3

The impedance of the electrode—electrolyte interfaces was analyzed through EIS
measurements. The complex impedance (Z) of the systems was characterized by analysing the
Nyquist plots (-Im[Z] vs. Re[Z]), offering valuable information on charge-transfer and diffusion
processes.'® A Nyquist plot of an SC typically exhibits three distinct regions corresponding to
different electrochemical processes: redox reactions appearing in the high-to-mid frequency
range, ion diffusion processes dominating the mid-frequency region, and capacitive behavior
prevailing at low frequencies.®'% In the high-frequency region, the plot reflects the electrical
conductivity of the electrode and the charge-transfer reactions occurring at solid/solid
interface.'%6-19% Thuys, the diameter of the semicircle observed in this region is related to the
interfacial resistance between the current collector and the electrode.%-12 |nstead, the x-axis
(Zre) intercept at the highest frequency corresponds to the equivalent series resistance (Rs),
which arises from the ionic resistance of the electrolyte and the intrinsic electronic resistance of



the electrodes, distinct from the ion-diffusion processes observed in the mid-frequency
region.””-194113 Figure S10 shows the Nyquist plots for Mo2CCl2 /FLG // CG/FLG-8 m NaNOs3,
Mo2CCIl2/FLG /I CG/FLG-2 M NaCl, and Mo2CCl2/FLG // CG/FLG-3M H2SO04. The
measurements were recorded over a frequency range of 100 kHz to 10 mHz at open-circuit
potential with an AC amplitude of 10 mV. From the analysis of the Nyquist plots, calculated Rs
were 0.04, 0.13 and 0.08 Q for Mo2CCI2/FLG // CG/FLG-3 M H2S04, Mo2CCl2/FLG // CG/FLG-
8 m NaNOs and Mo2CCl2/FLG /| CG/FLG-2 M NaCl, respectively. These values indicate
significantly lower resistance and higher ionic conductivity in the acidic electrolytes compared to
the near-neutral ones. While the above analysis reflects the overall device behavior, a more
detailed understanding of ion transport requires a direct assessment of ionic diffusion. Therefore,
EIS measurements (Figure S11a, S11b) were further conducted in half-cell configurations to
investigate the ionic diffusion characteristics of each electrolyte. The diffusion coefficients of
ionic charge carriers were estimated using two complementary approaches based on the
electrolyte characteristics. For the acidic electrolyte, which Faradaic contributions are more
pronounced, the diffusion coefficient (Equation 1) was derived from the Warburg impedance by
fitting the linear region of Z' versus w2 (Figure S11¢) and extracting the Warburg coefficient
(o) (Equation 2).114

0.5R?T2
= A2n4F4C20'2 (1)

Zreal = Ry + Ry + 0 w172 (2)

In this approach, D is calculated as a function of the universal gas constant (R), temperature
(T), electrode area (A), effective number of electrons transferred (n), Faraday constant (F), ionic
concentration (C). In contrast, for the near-neutral electrolytes, the impedance response is
dominated by capacitive behavior. Therefore, the diffusion coefficients were estimated using the
low frequency resistance—capacitance (RLCL) approach (Equation 3)."°

R,C, - t?/3D (3)

In which RL and CL correspond to the resistance and capacitance in the low-frequency region,
respectively. The calculated diffusion coefficients are summarized in Table S2, while t is the
thickness of the Mo2CCI2/FLG electrode. As summarized in Table S2, the estimated diffusion
coefficients span the range of ~1077-107% cm?/s across all investigated electrolytes. Notably, the
3 M H2SO0:4 electrolyte exhibits a comparatively lower apparent diffusion coefficient (~7.0 x 1077
cm?/s), while the near neutral electrolytes display higher values on the order of ~1076 cm?/s. This
behavior indicates that ion transport occurs under confined conditions and is strongly influenced
by ion-specific properties, including ionic size, hydration structure, and electrolyte
composition. 16117

The pseudocapacitive energy storage of the Mo2C active material is based on redox reactions
involving charge transfer. This behavior occurs along with surface-controlled processes that
contribute to EDLC.""® The main type of charge storage can be identified by analyzing CV curves
at different scan rates. As previously shown, the CV curves of Mo2CCI2/FLG // CG/FLG-8 m



NaNOs, Mo2CCl2/FLG // CG/FLG-2 M NaCl, and Mo2CCl2/FLG // CG/FLG-3 M H2SO4 were
measured at different voltage scan rates from 5 to 1000 mV/s. These data were evaluated using
the power law given in Equation 4.

i =av? (4)

In which i represents the measured current (A), v is the voltage scan rate (mV/s), and a and b
are constants that reflect the contributions of capacitive and faradaic processes. Specifically, for
diffusion-controlled behavior, the current is proportional to the square root of the scan rate (b =
0.5).7° In contrast, for capacitive processes, the current is directly proportional to the scan rate
(b = 1).”° The b-value analysis in this study was performed at the full-cell level rather than on
individual electrodes. While this approach is more commonly applied to single-electrode
systems to distinguish between capacitive and diffusion-controlled processes, in the present
case it provides insight into the overall kinetic behavior of the ASCs. The extracted b-values
therefore reflect the combined electrochemical response of the pseudocapacitive Mo2CCl2/FLG
electrode and the EDLC-type CG/FLG electrode, representing the integrated contribution of both
components to the overall charge storage mechanism. Figures S12a,13a,14a display the b-
values for the Mo2CCl2/FLG // CG/FLG-8 m NaNOs, Mo2CCl2/FLG // CG/FLG-2 M NaCl, and
Mo2CCI2/FLG /| CG/FLG -3 M H2S04 as a function of their voltage. Notably, b-values for
Mo2CClI2/FLG // CG/FLG-8 m NaNOs, range from 0.72 to 0.93 (Figure S12a), indicating that the
charge storage involves a combination of both capacitive and diffusion-controlled processes.
Similarly, the Mo2CCI2/FLG // CG/FLG-2 M NaCl and Mo2CCl2/FLG // CG/FLG-3 M H2SO4 show
b values ranging from 0.5 to 1, indicating a mixed charge storage mechanism involving both
capacitive and diffusion-controlled contributions, as expressed by the following equation:®

i(V) = kyv + kyv'/? (5)

in which v represents the voltage scan rate (mV/s), k,v corresponds to the current from surface
capacitive contributions, and k,v'/2accounts for the current arising from diffusion-controlled
faradaic processes. Equation (6) can also be written in a different form as:

i)

v1/2

= kv + k, (6)

Accordingly, the values of k; and k, were obtained from the linear fitting of i(V)/v'/? vs. v'/?
(Figures S11b,12b,13b). As shown in Figures S12c-d,13c-d,14c-d, the diffusion-controlled
charge contributions at a voltage scan rate of 5 mV/s were calculated 64% for Mo2CCl2 /FLG //
CG/FLG—8 m NaNOs, 40% for Mo2CCl2/FLG // CG/FLG-2 M NaCl, and 49% for Mo2CCl2/FLG
/I CG/FLG-3 M H2SO04. Figures S12¢,13c,14c confirm that capacitive charge storage increases
with broadening WVW, while diffusion-controlled faradaic processes are progressively
decreased with increasing WVW due to the limited kinetics of faradaic reactions.

Figure 4d displays the Ragone plots (energy density, Es, vs. power density, Ps) for the
investigated ASCs. The Ragone plots were derived from the GCD analysis, as detailed in the
Supporting Information (Equations S3 and S4). Despite its highest Cg Mo2CClI2/FLG // CG/FLG-
3M H2SO4 has shown the lowest energy density among the investigated devices, i.e.,



4.07 Wh/kg at 338.54 W/kg. The poor energy density of the ASCs based on H2SO4 as the
electrolyte is primarily due to the limited WVW.85 Interestingly, for the 3 M H2SOa4 electrolyte, an
apparent increase in energy density with increasing power density is observed. This behavior is
attributed to a decrease in Faradaic efficiency at low power densities due to irreversible parasitic
reactions.®® The cyclic stability of Mo2CCl2/FLG // CG/FLG ASCs was assessed over 12000 GCD
cycles at a specific current of 5 A/g. As illustrated in Figure 4e, the Mo2CClz /FLG // CG/FLG-8
m NaNOsz and Mo2CCl2 /FLG // CG/FLG-2 M NaCl retained 94% and 81% of their initial Cg,
respectively. In contrast, Mo2CCl2 /FLG // CG/FLG-3M H2SO4 has shown a significant
performance reduction, retaining only 20% of its initial Cg after 12000 GCD cycles. The CE
remained nearly 100% for the 8 m NaNOs-based and 2 M NaCl ASCs, while it dropped to
83.74% when using 3 M H2SO4 electrolyte.

Discussion

This study highlights the successful integration of Mo2CClI2/FLG as a high-performance negative
electrode and CG/FLG as a complementary positive electrode in aqueous ASCs. The
Mo2CClI2/FLG hybrid leverages the synergistic combination of pseudocapacitive Mo2CCl2 and
highly conductive FLG, leading to enhanced charge-transfer kinetics, superior reversibility, and
excellent electrochemical performance.

By systematically investigating different aqueous electrolytes, 3 M H2SO4, 2 M NaCl, and 8 m
NaNOs, the study elucidates the role of ionic species in modulating charge storage behavior and
interfacial resistance. The ASCs with 3 M H2SO4 delivered the highest specific capacitance
(29.57 F/g at 1 A/g), attributed to the fast proton mobility and efficient surface redox reactions of
Mo2CCl2. However, in 3 M H2SO4 the device voltage had to be limited to 1.0 V due to acid-
promoted water splitting/HER, whereas near-neutral Na-based electrolytes (2 M NaCl, 8 m
NaNOs) enabled a broader 1.6 V window. Moreover, Na-based ASCs have shown superior
cycling stability, retaining 94% (8 m NaNO3) and 81% (2 M NaCl) of the initial capacitance after
12000 cycles, compared with only 20% retention in 3 M H2SO4-based ASCs.

Remarkably, the 8 m NaNO3 ASC achieved an energy density of ~8 Wh/kg with 94% capacitance
retention after 12000 GCD cycles, demonstrating outstanding long-term durability. Similarly, the
2 M NaCl ASCs exhibited excellent energy retention and cycling stability. The EIS further
revealed a strong electrolyte dependence of the internal resistance, with the lowest Rs (~0.04
Q) observed in 3 M H2SO4s-based ASC, while 8 m NaNOs-one displayed a higher Rg due to
reduced ion mobility.

Overall, the Mo2CCI2/FLG // CG/FLG architecture, when paired with optimized electrolytes, is
demonstrating promising for high-performance, durable, and scalable aqueous supercapacitors.
These findings establish valuable design guidelines to tailor electrode—electrolyte interfaces and
pave the way toward next-generation electrochemical energy storage systems that balance high
energy density, power capability, and long-term stability.

Methods



Materials Synthesis:

Mo2Ga2C was supplied by Carbon Ukraine. Sodium chloride (NaCl, 99.5%), potassium chloride
(KCl, 99.5%), and hydrochloric acid (HCI, 37%) were obtained from Sigma Aldrich. Copper (Il)
chloride anhydrous (CuClz2, 98%), was purchased from Alfa Aesar. To perform the molten salt
etching of gallium from Mo2GazC, a procedure similar to the one in Ref "® was followed. The
ratio was adjusted to account for the extra stoichiometry of gallium. Powders of Mo2Gaz2C, NaCl,
KCI, and CuCl2 were combined in a 1:6:6:6 ratio and ground with a mortar and pestle for 10 min
to ensure uniform particle size and to mix the MAX phase and salts together. The mixed powders
were then added to an alumina crucible, covered with a lid, and then the crucible was placed in
a glove box transfer chamber and evacuated three times, refilling with Argon, to displace extra
oxygen trapped within the powders. The crucible was then promptly placed in a tube furnace
with argon flowing at 450 sccm. The tube was allowed to purge for 1 h, and then heated at a
rate of 5 “C/min up to 700 °C. It was held at 700 "C for 4 h and then allowed to cool to room
temperature, all under flowing argon. After cooling, deionized (DI) water was used to dissolve
leftover chloride salts and transfer the materials to a 50 mL centrifuge tube. Extra DI water was
used to fill the tube as needed. This was centrifuged for 10 min at 5000 rpm, after which the
supernatant was discarded. Three additional cycles of adding 50 mL DI water, resuspending the
solid material with vortex mixing, centrifuging, and discarding the supernatant were performed
to ensure all leftover chloride salts were dissolved and removed from the product.

To remove copper deposited on the multilayer MXene particles during the molten salt synthesis,
the wet powders were added to a solution of 1M CuClz in 2M HCI, with 4x the mass of the CuCl2
used in the molten salt mixture. This mixture was stirred for 4 h, after which the mixture was
decanted into 50 mL centrifuge tubes and washed with excess DI water by centrifuging for 5 min
at 5000 rpm, discarding the supernatant, and refilling with DI water and resuspending using
vortex mixing until the pH of the supernatant reached ~6. The resulting powders were dried
using vacuum filtration followed by vacuum annealing at 200 °C for 2 h to remove bulk water.
Samples were stored in a vacuum desiccator until needed.

Characterization

XRD patterns were produced using a Bruker D8 ADVANCE powder diffractometer using Cu Ka1
(A=0.154 nm) radiation. Patterns were collected between 3’and 80 26 with a step size of 0.02°
and a dwell time of 1.5 s. SEM was performed on a Zeiss Ultra Plus field-emission SEM electron
microscope with an accelerating voltage of 3 keV. Both TEM and STEM images were produced
using an uncorrected FEI Titan with Schottky field emission S-FEG source operated at 300 kV

Electrode Preparation:

The hybrid Mo2CCI2/FLG electrode was prepared by mixing Mo2CCl2 powder and FLG,
exfoliated from graphite by BeDimensional S.p.A. using its proprietary wet-jet milling
method,®*120-123 with a carboxymethyl cellulose:Styrene-Butadiene Rubber (CMC:SBR) binder
(weight ratio 90:5:5). A homogenized slurry was obtained by dispersing Mo2CCl2 powder in
deionized water by ultrasonic bath, and then FLG, CMC:SBR were added in to the composition



and using a planetary centrifugal mixer.1?4125> The as prepared slurry was deposited onto a
graphite sheet by doctor blade method, which allowed for controlled thickness and even
distribution.”'® The electrodes were dried at 60 °C in an oven to completely remove residual
moisture and solvents. After drying, the electrodes were precisely punched into discs with a
diameter of 8 m. The prepared electrodes exhibited an average active material mass loading of
approximately 3 mg/cm?2.126

Three-Electrode Cell Configuration:

Electrochemical characterization was carried out in three-electrode Swagelok cells based on
316L stainless steel or titanium pistons, an insulating PTFE-coated 316L stainless steel body,
and PTFE sealing rings. Each cell was assembled with a Mo2CCl2/FLG working electrode, an
Ag/AgCl reference electrode, high-mass loading activated carbon as counter electrode, and a
glass fiber (Whatman GF/A) as the separator. The cell components were tightened in the
Swagelok cell to maintain good contact and prevent leakage. All measurements were performed
at room temperature (~25 °C). Various aqueous electrolytes were used to investigate the effect
of ionic radius of different cations and anions on SC performance. These included 3 M H2S04,1
M Li2SO4, 1 M Naz2S04, 0.6 M K2SO4 (sulfate-based electrolytes for cation comparison), as well
as 2 M NaCl and 8 m NaNOs (for anion comparison).

ASC Assembly:

Two-electrode ASCs were assembled using Mo2CCIl2/FLG as the negative electrode and
CG/FLG as the positive electrode. The CG/FLG positive electrode was prepared by mixing CG,
FLG, and CMC:SBR in water by a planetary centrifugal mixer (weight ratio 90:5:5), and casting
the resulting slurry onto a graphite sheet. Before assembling the ASCs, the electrochemical
properties of both Mo2CCl2/FLG and CG/FLG electrodes were individually evaluated through
three-electrode cell measurements. Charge balance between the two electrodes was achieved
by adjusting their mass loadings according to their respective charge storage capacities within
the selected potential window.06:127-129The optimal mass ratio between the positive and negative
electrodes (m,/m_) is determined using the following equation 7:

my C_ XAV_

= (7)

m. C+ XAV+

The Mo2CCl2/FLG /I CG/FLG ASCs were tested in three different aqueous electrolytes: 3M
H2S04, 2 M NaCl, and 8 m NaNOs. For the 3 M H2SO4 electrolyte, the cell voltage was limited
to 1.0 V to avoid parasitic water splitting reaction, in particular the acid-promoted HER.30:131 |n
near-neutral 2 M NaCl and 8 m NaNOs electrolytes, an upper cell voltage of 1.6 V was reached,
taking advantage of the larger overpotential for gas evolution in near-neutral electrolyte.?®> The
assembled ASCs were evaluated through CV and GCD analyses. Long-term cyclic stability was
assessed by repeating GCD cycles up to 12000 times at a fixed specific current (5 A/g).
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Figure 1. Synthesis protocol and structural characterization of Mo.CCl,. a) schematic illustration of
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Figure 2. Three-electrode electrochemical characterization of the Mo2CCI2/FLG electrode in
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