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Abstract: MXene has excellent electrochemical performance in aqueous electrolytes; how-
ever, its narrow voltage window (hydrolysis voltage ≤ 1.2 V) limits the energy density
of supercapacitors. Compared to conventional aqueous electrolytes, ionic liquid (IL) elec-
trolytes exhibit a much larger voltage window, but their larger ion size limits the transport
and intercalation of IL cations in MXene electrodes. Therefore, the electrochemical perfor-
mances for three different types of organic electrolytes based on nitrogen-doped MXene
electrodes in supercapacitors were investigated, with the voltage windows of the devices
effectively widened to 2.4 V. In addition, the nitrogen-doped MXene electrodes also ef-
fectively adjusted the interlayer spacing of the MXene nanosheets, with the enlarged
interlayer spacing (from 12.60 Å to 14.24 Å) being more favorable for the intercalation and
de-intercalation of larger-sized organic ions within the electrodes, thus effectively storing
a charge. Among them, the 1 M EMIMTFSI/LiTFSI/ACN electrolyte is optimal due to
the introduction of a smaller ion size for Li+, and so the corresponding supercapacitor
achieves the electrode capacitance of up to 147 F g−1, with the maximum energy density of
29.4 Wh kg−1. This work provides a new strategy for reasonably optimizing the design of
organic electrolytes matching modified MXene electrodes to effectively enhance the energy
density of supercapacitors.

Keywords: MXene; nitrogen doped; ionic liquid; high-voltage window; supercapacitors

1. Introduction
Among the various energy storage devices, supercapacitors (SCs) have gained substan-

tial attention due to their high power density, long cycle life, and rapid charge–discharge
rates [1]. However, their relatively low energy density compared to batteries has hindered
their broader application [2]. To overcome this challenge, it is essential to match elec-
trode materials with excellent capacitance to the compatibility with large-voltage window
electrolytes [3].

MXene, a novel family of two-dimensional transition metal carbides, nitrides, and
carbonitrides, emerged in 2011 [4]. MXene exhibits unique structural and chemical proper-
ties, including excellent electrical conductivity, a high specific surface area, and the ability
to host cations of different sizes. It has also shown potential in electrode materials [5,6].
Lukatskaya et al. demonstrated that Ti3C2Tx MXene hydrogels delivered volumetric capac-
itance similar to 1500 F cm−3 in H2SO4 electrolyte [7]. However, the low decomposition
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voltage of water presents a significant obstacle to achieving devices with high energy
density [8].

Unlike aqueous electrolytes, organic electrolytes can operate over a much wider volt-
age range and enable higher energy densities, especially ionic liquids (ILs) electrolytes [9].
In addition, ionic liquids also have the characteristics of high chemical stability, suitable
viscosity at non-low temperature, and high conductivity [10]. Imidazolium cations and
tetraalkylammonium cations are types of IL cations used in supercapacitors [11,12]. More-
over, several studies have reported the electrochemical performance of Ti3C2Tx MXene in
ionic liquid electrolytes [13–15]. The results indicate that the use of organic ionic liquid elec-
trolytes with larger ion sizes(0.75–1.4 nm) hinders the intercalation and de-intercalation of
their cations within the MXene interlayers. Dall’ Agnese et al. reported that the capacitance
of multilayer MXene in 1M 1-ethly-3-methylimidazolium bis-(trifluoromethyl sulfonyl)-
imide (EMIMTFSI) in acetonitrile (ACN) is increased from 35 F g−1 to 85 F g−1 [13]. Lin et al.
reported a capacitance of 70 F g−1 using a Ti3C2Tx ionogel electrode in a neat EMIMTFSI
electrolyte [15]. Researchers have realized that larger interlayer-spaced MXene can achieve
better electrochemical performance in IL [16,17]. In addition, a strategy involves intro-
ducing redox active components into ionic liquid electrolytes to enable the MXene-based
electrodes of faster Faradaic reactions to contribute to the pseudocapacitance, thus obtain-
ing a higher energy density [18,19]. Nitrogen doping is an effective approach to achieving
the better electrochemical performance of MXene by influencing the electronic transmission
process [20,21]. Here, urea acts as an N-doping source, and ethanol acts as an auxiliary
organic solvent.

In this work, we synthesized freestanding and compact N-doped delaminated d-
Ti3C2Tx (UN-Ti3C2Tx) film electrodes, and investigated their electrochemical perfor-
mance in three different electrolytes, including 1 M EMIMTFSI/NaTFSI/ACN, 1 M
(C4H9)4N(ClO4)/NaTFSI/ACN, and 1 M EMIMTFSI/LiTFSI/ACN electrolytes, respec-
tively. As a result, the symmetric supercapacitor was capable of operating with a
2.4 V voltage window in three different organic electrolytes. Specifically, in the 1 M
EMIMTFSI/LiTFSI/ACN electrolyte, the UN-Ti3C2Tx film electrode exhibits a remarkable
specific capacitance of 147 F g−1 at 0.5 A g−1 and the corresponding device shows a well
enough energy density of 29.4 Wh kg−1 at a power density of 600 W kg−1. To summarize,
the ILs can provide a higher voltage window and nitrogen-doped MXene electrodes can
improve interlayer spacing. The strategy of using organic ionic liquids as electrolytes
matched with the modified nitrogen-doped MXene electrodes properly can effectively
enhance the energy density of supercapacitors. Figure 1 is the schematic diagram for a
supercapacitor in the 1 M EMIMTFSI/LiTFSI/ACN electrolyte based on nitrogen-doped
MXene electrodes.
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2. Materials and Methods
2.1. Synthesis of Ti3AlC2 Powders

The Ti3AlC2 was prepared by a vacuum sintering method, which mixed all powders
of TiC, Al, and Ti in a molar ratio of 2:1.2:1. The mixed powders were milled in a mortar
with ethyl alcohol for 30 min, and dried in the oven at 60 ◦C for 4 h. Then, the mixture
was annealed in an alundum tube in Ar gas at a flow rate of 100 mL min−1. The heating
curve involves heating at a rate of 10 ◦C min−1 from room temperature to 500 ◦C, then at
8 ◦C min−1 to 900 ◦C, and finally at 6 ◦C min−1 to 1350 ◦C, then holding at 1350 ◦C for 2 h.
After the reaction was completed, the Ti3AlC2 ceramic block was thus obtained. Then, it
was ground by a stainless steel mortar and sieved through a 400 mesh screen. The Ti3AlC2

powders were obtained for further study.

2.2. Synthesis of Ti3C2Tx MXene

The Ti3C2Tx MXene film (d-Ti3C2Tx) was synthesized by selective etching MAX fol-
lowed by delamination [22]. Firstly, 2 g of LiF was added to 20 mL of 9 M HCl aqueous
solution, stirring for 10 min. Then, 1 g of Ti3AlC2 powder was put slowly into this, and
the solution was allowed to stir at 38 ◦C for 24 h. After that, deionized (DI) water was
used to repeatedly wash the etchant mixture, followed by centrifugation at 5000 rpm for
5 min in each cycle, until the pH value was higher than 7. The obtained multilayered
Ti3C2Tx sediment was dispersed with DI water, which was deoxidized using vacuum
evacuation, followed by ultrasonicating for 1 h, and centrifuging for 30 min at 3500 rpm.
The suspension was collected for further use. Finally, a certain volume of the suspension
was vacuum-filtrated and slowly dried at 45 ◦C; thus, the concentration of Ti3C2Tx aqueous
solution can be known.

2.3. Nitrogen Doping of Few-Layer d-Ti3C2Tx Flakes (UN-Ti3C2Tx Films)

Firstly, 10 mL of d-Ti3C2Tx suspension with a known concentration and 35 mL of
absolute ethanol were added into the 50 mL centrifuge tube and centrifuged at 8000 rpm
for 5 min, which decanted the supernatant. Then, the d-Ti3C2Tx suspension and absolute
ethanol were added to the base of sediment repeatedly, shaken, and centrifuged, until the
mass of d-Ti3C2Tx was calculated to be about 40 mg. The sediment was collected to obtain
few-layer d-Ti3C2Tx nanosheets. Then, 20 mL of urea saturated alcohol solution was added
into the as-prepared few-layer d-Ti3C2Tx sediment, which was shaken and rotated, then
transferred to a 50 mL Teflon container, and added with 2 g of urea again to maintain an
adequate nitrogen atmosphere. After stirring for 30 min, the 50 mL Teflon container was
placed into a corresponding stainless-steel autoclave reactor and heated at 200 ◦C for 24 h
in a drying oven. After cooling, the solid residue was washed and centrifuged with ethanol
(3 cycles) and ultrapure water (2 cycles). After the last centrifugation, 30 mL of ultrapure
water was added into the N-doped Ti3C2Tx flake sediment, which was shaken and rotated
for 10 min, and ultrasonicated for 30 min, followed by vacuum filtration and drying in air
at room temperature; thus, the urea-assisted N-doped UN-Ti3C2Tx film was obtained.

2.4. The Preparation for Organic Electrolytes

1 M EMIMTFSI/NaTFSI/ACN, 1 M (C4H9)4N(ClO4)/NaTFSI/ACN, and 1 M
EMIMTFSI/LiTFSI/ACN were used as organic electrolytes. For the 1 M EMIMTFSI/
LiTFSI/ACN electrolyte, firstly, 2.56 mL of EMIMTFSI and 2.87 g of LiTFSI were dis-
solved in 7.44 mL of acetonitrile (ACN) (malor ratio of EMIMTFSI: LiTFSI: ACN = 1:1:1),
then, stirred for 2 h. For comparative purposes, 1 M EMIMTFSI/NaTFSI/ACN and 1 M
(C4H9)4N(ClO4)/NaTFSI/ACN were prepared by the same molar ratio and method. For
1 M EMIMTFSI/NaTFSI/ACN, 2.56 mL of EMIMTFSI and 3.03 g of NaTFSI were dis-
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solved in 7.44 mL of acetonitrile (ACN). For 1 M (C4H9)4N(ClO4)/NaTFSI/ACN, 3.42 g of
(C4H9)4N(ClO4) and 3.03 g of NaTFSI were dissolved in 10 mL of acetonitrile (ACN).

2.5. Morphology and Structure Characterizations

Scanning electron microscopy (SEM) images of the samples were observed by using
JSM-390 from JEOL Inc. X-ray diffraction (XRD) patterns of the samples were tested by
using a Rigaku D/max 2200pc diffractometer with Cu radiation.

2.6. Electrochemical Measurements

Electrochemical performance tests such as cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD), and electrochemical impedance spectra (EIS) were carried out
using a CHI660E workstation (CH Instruments, Shanghai, China). The electrochemical
performance test of a symmetric supercapacitor was measured by a two-electrode sys-
tem. The UN-Ti3C2Tx films were punched into disks and used as cathode and anode
electrodes. 1 M EMIMTFSI/NaTFSI/ACN, 1 M (C4H9)4N(ClO4)/NaTFSI/ACN, and 1 M
EMIMTFSI/LiTFSI/ACN were used as electrolytes, respectively. Based on the potential-
time profile (galvanostatic test), the specific capacitance (C, F g−1), the energy density (E,
Wh kg−1), and the power density (P, W kg−1) for supercapacitors were calculated by the
following equations:

C =
I ∗ ∆t

∆U ∗ m

where C implies the specific capacitance (F g−1) of the cell; I indicates the discharge current
(A); ∆t is the discharge time (s); m is the total mass (g) of active material; and ∆U represents
the voltage window (V).

E =
1
2

C∆U2

3.6

P = 3600
E
∆t

where C implies the specific capacitance (F g−1) of the cell; ∆U represents the voltage
window (V); and ∆t is the discharge time (s); E is energy density and P is power density.

3. Results and Discussion
3.1. Structure and Morphological Analysis

The surface and cross-sectional morphological properties of the d-Ti3C2Tx MXene
and UN-Ti3C2Tx MXene films were characterized by scanning electron microscopy (SEM),
and the results are shown in Figure 2. Figure 2a,b show the low-magnification and high-
magnification SEM images for the d-Ti3C2Tx film; it can be observed that both of them
have relatively smooth surface morphologies. And, Figure 2c exhibits the layer structure
for the Ti3C2Tx film. Then, after the introduction of nitrogen, there are more wrinkles
and complexities on the surface for the UN-Ti3C2Tx film (Figure 2d,e). Urea acts as an
N-doping source and alcohol as a solvent has a smaller molecule size, low viscosity, and
high mobility, which can greatly improve the diffusion of the urea molecule, and thus
avoids destroying the layered structure for MXene. As shown in Figure 2f (cross-section
view of the UN-Ti3C2Tx film), the layered structure of the UN-Ti3C2Tx MXene flakes can
be still observed. The elemental mappings of the UN-Ti3C2Tx film (Figure 2g–j) show the
presence and homogeneous distribution of Ti, C, O, and N elements, which further proves
the successful preparation of the UN-Ti3C2Tx film.
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XRD measurement could effectively reveal the results of Al etching. As shown in
Figure S1 (Supporting Information), there is a set of characteristic peaks of the Ti3AlC2

phase. After the LiF/HCl solution etching treatment and exfoliation, all the peaks in
the Ti3AlC2 pattern except the (002) peak disappeared compared to the XRD pattern of
d-Ti3C2Tx (Figure 3a), and the (002) peak shift to lower angles, implying that the Al layer
has been well etched and that the Ti3AlC2 powders have successfully transformed into
Ti3C2Tx MXene nanosheets.
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Figure 3a shows the XRD patterns of the d-Ti3C2Tx and UN-Ti3C2Tx film samples. As
seen in Figure 3a, after an introduction of nitrogen, the (002) diffraction peak is discovered
to offset to a lower angle for the UN-Ti3C2Tx film, which agrees well with the previous
studies [23]. It can be observed from the inset that the (002) peak is shifted from 7.01◦ of d-
Ti3C2Tx to 6.53◦ of UN-Ti3C2Tx, and the corresponding d-spacing changes from 12.60 Å to
14.24 Å, illustrating the successful substitution of the nitrogen elements in the urea molecule
for carbon elements in d-Ti3C2Tx. And, the increased interlayer spacing contributes to the
intercalation and transport of larger-sized ions, thus effectively storing charge.

XPS is a widely used spectroscopic technique for the study of the element valence.
Figure 3b shows XPS spectra of the d-Ti3C2Tx and UN-Ti3C2Tx film samples. It can be
observed that the spectra of both samples exhibit signals for Ti 2p, C 1s, O 1s, F 1s, and
Cl 2p. Specifically, the N 1s signal is detected in the UN-Ti3C2Tx film, indicating the
successful doping of the nitrogen element into the d-Ti3C2Tx layers. As presented in
Table S1 (Supporting Information), the N content of the UN-Ti3C2Tx film is 2.17%, causing
defects that act as active sites to provide pseudocapacitive performance. And, the F content
decreases from 11.02% to 6.47%, and it has been reported in the literature that the reduction
in F content is beneficial for improving capacitance [24].

Studies have shown [25] that the introduction of nitrogen atoms creates new active
sites in the lattice structure of MXene. These active sites can adsorb more charges, thereby
enhancing the charge storage capacity of MXene. In addition, nitrogen-containing func-
tional groups can accelerate ion transport, improve surface wettability (increase the number
of active sites), and provide Faradaic reaction dynamics for additional capacity, thereby
significantly enhancing the electrochemical performance of the material. Hence, the UN-
MXene film is expected to have an enhanced electrochemical performance.

3.2. Electrochemical Performance Testing

The electrochemical performance was studied by a two-electrode symmetric Swagelok
cell, and 1 M EMIMTFSI/LiTFSI/ACN, 1 M EMIMTFSI/NaTFSI/ACN and 1 M
(C4H9)4N(ClO4)/NaTFSI/ACN were used as electrolytes. The corresponding CV curves of
the UN-Ti3C2Tx films in three types of electrolytes at a scan rate of 20 mV s−1 are shown
in Figure 4a, and they all show a quasirectangular shape with partial redox peaks in a
voltage window of 0–2.4 V. In general, smaller-sized ions are beneficial for the intercala-
tion and de-intercalation of ions within the electrodes to store charges. More specifically,
it is noted that the current density in the CV curves of the UN-Ti3C2Tx film in the 1 M
EMIMTFSI/LiTFSI/ACN electrolyte is higher than the those in other electrolytes (1 M
EMIMTFSI/NaTFSI/CAN and 1 M (C4H9)4N(ClO4)/NaTFSI/ACN), suggesting its higher
specific capacitance. Also, as observed in Figure 4b,c, the discharging time at a current
density of 0.5 A g−1 for supercapacitors in the 1 M EMIMTFSI/LiTFSI/ACN electrolyte is
the longest among the three types of organic electrolytes. And, its specific capacitance is up
to 147 F g−1. The energy density and power density of the UN-Ti3C2Tx film electrode in the
three electrolytes are displayed in the Ragone plots (Figure 4d). The device based on the
EMIMTFSI/LiTFSI/ACN electrolyte achieves the highest energy density of 29.4 Wh kg−1

at the power density of 600 W kg−1, and the highest power density of 1200 W kg−1 at the
energy density of 20.77 Wh kg−1.
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For comparison, the previously reported electrochemical performance parameters of
the MXene-based electrodes in different types of electrolytes are listed, as detailed in Table 1.
In aqueous electrolytes, MXene-based electrodes usually exhibit a narrow voltage window,
despite the fact that they (such as the Ni-MOF/MXene and A-MHA) have higher specific
capacitance than the UN-MXene film electrode, however, the narrow voltage window
indeed constrains the improvement of the energy density, while in organic electrolytes,
MXene-based electrodes show a wider voltage window and display a higher energy density.
It is also important to note that there are significant performance variations among the same
electrode material and electrolyte combinations, which may be related to factors such as the
microstructure and surface properties of the electrode material, as well as the interactions
between the electrolyte and the electrode. Among them, the supercapacitor based on the
1 M EMIMTFSI/LiTFSI/ACN organic electrolyte exhibits the highest voltage window
(2.4 V) and the most excellent energy density (29.4 Wh kg−1). This work can increase
the supercapacitor’s energy density by optimizing the design of the organic ionic liquid
electrolyte (by introducing smaller-sized lithium ions) to match the modified electrode,
thereby obtaining good electrochemical performance.

To evaluate the electrochemical performance of the UN-Ti3C2Tx film electrode in the
1 M EMIMTFSI/LiTFSI/ACN electrolyte, Figure 5a shows that all areas defined by CV
curves increase with the increasing scan rate. Moreover, at a large scan rate, the redox peaks
disappear, and the corresponding capacitance is due to pseudocapacitance. Figure 5b shows
GCD curves of the UN-Ti3C2Tx film electrode at different current densities. At slightly
higher current densities, the GCD curves roughly exhibit the typical triangular shape.
However, at 0.5 A g−1, the GCD curves reflect that the charging time is longer than the
discharging time, which is possibly due to the fact in the low current density, the charging
process is affected by diffusion kinetics, surface reaction, and the intercalation process. At
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0.5 A g−1, the maximum specific capacitance of the UN-Ti3C2Tx film electrode is 147 F g−1

and delivers an energy density of 29.4 Wh kg−1 at a power density of 600 W kg−1. Even at
the high power density of 1200 W kg−1, the energy density still remains 20.77 Wh kg−1.

Table 1. Reported performance data for MXene-doped electrodes.

Electrode Electrolyte Voltage Window Specific Capacitance Energy Density Ref.

WO3/MXene 1 M H2SO4 −0.5~0 V 290 F g−1 @ 1 A g−1 14 Wh kg−1 @
6000W kg−1 [26]

MnO2-MXene 1 M Na2SO4 0~1 V 165 F g−1 @ 0.5 A g−1 20 Wh kg−1

@ 500 W kg−1 [27]

MXene/CNTs 6 M KOH 0~0.6 V 55.3 F g−1 @ 0.5 A g−1 2.77 Wh kg−1

@ 311 W kg−1 [28]

MXene/HG 1 M H2SO4 −0.5~0.5 V 106.86 F g−1 @ 0.5 A g−1 14.84 Wh kg−1

@ 250 W kg−1 [29]

Ni-MOF/
MXene 1 M KOH 0~0.5 V 716.19 F g−1 @ 1 A g−1 16.59 Wh kg−1

@ 4182 W kg1 [30]

MXene-rGO 3 M H2SO4 0~0.6 V 347.6 F g−1 @ 2 mv s−1 11. 7 Wh kg−1

@ 140.1 W kg1 [31]

Aligned MXene
hybrid aerogels

(A-MHA)
1 M H2SO4 −0.45~0.35 V 760 F g−1 @ 1 A g−1 5.2 Wh kg−1

@ 69.9 W kg1 [32]

MXene/MWCNTs 1 M EMITFSI/ACN −1.5~1.5 V 85 F g−1 @ 2 mv s−1 - [13]
MXene hydrogel EMITFSI 0~3 V 70 F g−1 @ 20 mv s−1 - [14]

N-doped MXene 1 M (C4H9)4N(ClO4)/
NaTFSI/ACN 0~2.4 V 37.9 F g−1 @ 0.5 A g−1 8.13 Wh kg−1

@ 360 W kg1 This work

N-doped MXene 1 M EMIMTFSI/
NaTFSI/ACN 0~2.4 V 55.9 F g−1 @ 0.5 A g−1 11.18 Wh kg−1

@ 600 W kg1 This work

N-doped MXene 1 M EMIMTFSI/
LiTFSI/ACN 0~2.4 V 147 F g−1 @ 0.5 A g−1 29.4 Wh kg−1

@ 600 W kg1 This work
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Figure 5. Electrochemical performance results in the 1 M EMIMTFSI/LiTFSI/ACN electrolyte. (a) CV
curves of the UN-Ti3C2Tx film electrode at different scan rates. (b) GCD curves of the UN-Ti3C2Tx

film electrode at different current densities, and (c) the corresponding capacitance. (d) Nyquist
impedance plots of the UN-Ti3C2Tx film electrode. The inset shows the equivalent circuit used to
simulate the EIS spectrum.
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Electrochemical impedance spectroscopy (EIS) can be used to analyze the dynamic
behavior of electrons and ions, as shown in Figure 5d. The equivalent circuit used to
simulate the EIS spectrum is shown in the inset of Figure 5d. The intersection of the
semicircle and the X-axis is the contact resistance (Rs). The corresponding Rs value in the
high-frequency region is 15.36 Ω, indicating that the as-fabricated device exhibits a higher
Rs value compared to those reported for MXene-based electrodes, due to the influence of
the ionic conductivity and the high viscosity of organic electrolytes. The Rct is the charge
transfer resistance, which is mainly related to the electrode porosity [33]. The ion size of
organic ions (EMIM+, TFSI−) is large, thus limiting their migration within the UN-Ti3C2Tx

film electrodes, which increases the resistance to ion and molecule transport, leading to
a large value for Rct. The increased Rct and Rs may also suggest that the electrode may
not retain its capacitance over extended cycling, affecting the device’s long-term stability.
However, the straight line near 90◦ at a low frequency represents the Warburg impedance,
indicating ideal electrochemical capacitive behavior.

4. Conclusions
In this work, we synthesized freestanding and compact N-doped delaminated d-

Ti3C2Tx (UN-Ti3C2Tx) film electrodes, and investigated their electrochemical perfor-
mance in three different electrolytes, also including 1 M EMIMTFSI/NaTFSI/ACN, 1 M
(C4H9)4N(ClO4)/NaTFSI/ACN, and 1 M EMIMTFSI/LiTFSI/ACN electrolytes, respec-
tively. Among them, the supercapacitor based on the 1 M EMIMTFSI/LiTFSI/ACN elec-
trolyte exhibits the best electrochemical performance due to the smaller ion size for Li+ in
the organic electrolyte. Also, the nitrogen-doped MXene electrodes effectively adjust the in-
terlayer spacing of the MXene nanosheets, and the enlarged interlayer spacing (from 12.60 Å
to 14.24 Å) is more favorable for the intercalation and de-intercalation of the larger-sized
organic ions within the electrodes, thus effectively storing a charge. As a result, the super-
capacitor based on nitrogen-doped MXene electrodes in the 1 M EMIMTFSI/LiTFSI/ACN
electrolyte exhibits a high-voltage window of 2.4 V, and achieves the electrode capacitance
of up to 147 F g−1, with the maximum energy density of 29.4 Wh kg−1. Therefore, by rea-
sonably designing and optimizing ionic liquid electrolytes to match MXene-based electrode
materials, it is feasible to achieve the supercapacitors with the highest performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry7010013/s1, Figure S1: XRD pattern of Ti3AlC2 powders;
Figure S2: Cycling stability and Coulombic efficiency of UN-MXene electrode measured at 1 A g−1;
Table S1: XPS results of d-Ti3C2Tx and UN-Ti3C2Tx samples.
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