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ABSTRACT: Titanium carbide MXene, Ti;C,T,, exhibits ultrahigh capacitance in 120
acidic electrolytes at negative potentials yet poor stability at positive potentials, resulting
in low-energy densities for Ti;C,T,-based symmetric supercapacitors. Utilizing “water-
in-salt” electrolytes has successfully expanded the stable operation potential window of
MXenes. However, this advancement comes at the cost of sacrificing their high
capacitance in acidic electrolytes. In this work, we report an acidic “water-in-salt”
(AWIS) electrolyte composed of sulfuric acid and saturated lithium halide, which
effectively doubled the energy density of the Ti;C,T,-based symmetric supercapacitor
compared to those with bare acidic electrolytes. Specifically, the AWIS electrolyte
successfully expanded the voltage window of the symmetric device to 1.1 V. A high
specific capacitance of 112.34 F gf1 (at 10 mV s™!) was obtained due to the presence of 0 20 40 60 80 100
proton redox. As a result, the symmetric device achieved a high-energy density of 19.1 Scan rate (mV/s)

Wh kg™! and a high capacitance retention of 96.3% after 10,000 cycles. This work

demonstrates the importance of designing stable and redox-active electrolytes for high-energy MXene-based symmetric
supercapacitors.
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B INTRODUCTION with other positive electrodes and/or optimizing electrolytes to
stabilize MXene electrodes at positive potentials.'*™*" Jiang et
al. developed a Ti;C,T,—RuO, asymmetric capacitor, which
offered a voltage window of 1.5 V and an energy density of 37
4Wh cm™ with a power density of 40 mW cm™%>" MnO, was
also paired with Ti;C,T, to make an asymmetric device that
expanded the voltage window to 1.5 V.>* The energy and
power densities of the asymmetric device reached 6.4 Wh kg™!
and 1107.7 W kg™, respectively. MXene has been combined
with a double-layer capacitive carbon material and other
pseudocapacitive materials. When paired with rGO, the energy
and power density of Ti;C,T,—rGO asymmetric devices
reached 8.6 mWh cm™ and 02 W cm™, respectively.”
However, the total capacitance and the rate performance of an
asymmetric supercapacitor are limited by the electrode with a
lower specific capacitance and worse rate capability,

Two-dimensional (2D) transition-metal carbides and/or
nitrides, known as MXenes, are promising electrode materials
for supercapacitors due to their high specific capacitance and
outstanding rate capability.'~® Ti,C,T,, the most studied
MXene, has shown remarkably high volumetric capacitance
exceeding 1500 F cm™3, which is among the highest values of
the reported electrode materials for supercapacitors. It can also
deliver a high rate capability in which capacitance retention
exceeding 91.7% was reported with the macroporous Ti;C,T,
electrode at a scan rate of 1000 mV s~." In addition, MXene
has many applications in the field of batteries.””"* However,
the high performance of Ti;C,T, in acidic electrolytes is only
applicable in the negative potential range (vs open-circuit
potential).H’15 Anodic oxidation of Ti;C,T, takes place when

the Pote.ntlal ex.ceeds a certain positive thres}f? 1d, limiting the respectively.”* Additionally, using different electrode materials
application of Ti;C,T, as a positive electrode.”® As the formula

may lead to uneven expansion and contraction during chargin
E = 1/2CV* indicates, both the capacitance and voltage 4 P & &ing

window are crucial for achieving high-energy-density devices. ” and discharging, resulting in performance degradation and
The weak oxidation resistance of Ti;C,T, MXenes in acidic
electrolytes greatly restricts their operational voltage windows
when used as electrodes of symmetric supercapacitors, leading
to moderate energy densities.

To broaden the operation voltage window for Ti;C,T,-
based supercapacitors, possible solutions lie in assembling
asymmetric devices by pairing Ti;C,T, negative electrodes
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Figure 1. (a—c) Charge storage mechanism illustrations and (d—f) the corresponding cyclic voltammetry curves of Ti;C,T, in H,SO,, WIS and

AWIS electrolytes, respectively.
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Figure 2. (a) XRD patterns of vacuum-evacuated Ti;C,T, after 12 h of soaking in 19.8 M LiCl, 3 M H,SO,, and 3 M H,SO, sat-LiCl; (b)
galvanostatic charge—discharge curves of 19.8 M LiCl and 3 M H,SO, sat-LiCl; (c) Nyquist plot of sat-LiCl and 3 M H,SO, sat-LiCl; (d) cyclic
voltammograms of Ti;C,T, collected in 3 M H,SO, sat-LiCl and 3 M H,SO, sat-LiBr.

shortened Iifespan.zs_27 In contrast, symmetric supercapacitors
exhibit good stability, cycling consistency, and ease of
manufacturing.”*’ Using “water-in-salt” (WIS) electrolytes
has been reported to enhance the electrochemical oxidation
stability of MXene up to 0.8 V vs Ag, which can expand the
voltage window of MXene-based symmetric cells. A large
voltage of 1.6 V was achieved in MXene-based symmetric

55190

supercapacitors when a saturated LiCl aqueous solution was
used as the electrolyte. However, the capacitance of the device
is moderate, measuring at only 26 F g_l, due to the weak
surface redox activity with Li-ions in the WIS electrolyte.”® It
would be more ideal to have an electrolyte that can expand the
potential window while remaining redox-active when paired
with an MXene electrode.

https://doi.org/10.1021/acsami.4c08094
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Figure 3. (a) Cyclic voltammograms of Ti;C,T, after vacuum filtration in different concentrations of H,SO, with saturated LiCl at 2 mV s™'; (b)
cyclic voltammograms of TiyC,T, in 3 M H,SO, with different concentrations of LiCl at 2 mV s™*; (c) cyclic voltammograms and (d) Nyquist
plots of Ti;C,T, in 10 M LiCl with different concentrations of H,SO, at 2 mV s™".

Herein, an acidic “water-in-salt” (AWIS) electrolyte is
developed for broadening the potential window of Ti;C,T,
while retaining its high capacitance. Due to the presence of
protons, strong proton surface redox can occur on MXene,
leading to a high capacitance of 276.84 Fg ' at 2 mV s™". As a
result, high-energy density is achieved in Ti;C,T,-based
symmetric supercapacitors, which also deliver high rate
capability and long cycling life. The development of acidic
WIS electrolytes offers a new avenue for the advancement of
MXene-based high-energy symmetric devices.

B RESULTS AND DISCUSSION

The electrochemical performance of Ti;C,T, is predominantly
influenced by the electrolyte, which ultimately determines its
charge storage mechanism.”’ Ti;C,T, exhibits pseudocapaci-
tive properties with broad and less-separated redox peaks in
acidic electrolytes (Figure 1a), which can be attributed to the
conversion between =0 and —OH functional groups upon
proton (de)intercalation, resulting in a high capacitance of 324
F g'.>” Nevertheless, the potential window of Ti,C,T, is
constrained to 0.9 V in H,SO,, with a significant portion of its
range being more negative compared to its open-circuit
potential (OCP). In dilute neutral aqueous electrolyte,
MXenes deliver moderate capacitance due to the absence of
redox reactions.”> By increasing the concentration of neutral
aqueous electrolyte, an extra desolvation-free intercalation
process is initiated when Ti;C,T, is charged in 19.8 M LiCl
WIS electrolytes.”® Moreover, a wide operating potential
window of 1.6 V can be achieved in the WIS electrolyte, which
is ascribed to the reduction of free water molecules. However,
the capacitance is still low (92 F g™*) in WIS electrolyte, since

55191

no Faradaic reaction occurred when protons are absent (Figure
1b).>>** The cyclic voltammetry (CV) curves of MXene in
19.8 M LiCl WIS electrolyte exhibit a pair of distinctive redox
peaks with large peak separations of 0.53 V (AE,) (Figure
1d,e), corresponding to the (de)intercalation of solvated Li*.*’
By mixing H,SO, with concentrated LiCl, we formulated a
novel AWIS electrolyte. Ti;C,T, shows two oxidation peaks in
AWIS, possibly attributed to the characteristic peaks of H* and
Li* intercalation (Figure 1f). Taking advantage of the strong
proton surface redox enabled by an acidic environment and
enhanced oxidation stability facilitated by WIS, Ti;C,T,
delivers a high capacitance of 237 F g~' within a broad
potential window of 1.1 V in AWIS.

Ti;C,T, films show a restacking layered structure, as shown
in Figure S1. In order to verify the feasibility of mixing H,SO,
and LiCl WIS electrolytes, Ti;C,T, was immersed in each of
the three electrolytes for 12 h. The X-ray diffraction (XRD)
image (Figure 2a) shows that the interlayer spacing of Ti;C, T,
remains essentially unchanged after immersion in the WIS
electrolyte. The d-spacing increased to 13.50 A after immersion
in H,SO,, which is attributed to the insertion of a large amount
of H;O"” After immersion in the AWIS electrolyte, two
(002) peaks appeared, which may be attributed to the insertion
of two cations.

The electrochemical performance of Ti;C,T, in AWIS
electrolytes was investigated by using a three-electrode setup.
The galvanostatic charge—discharge (GCD) test (Figure 2b)
shows that AWIS possesses a much better charge/discharge
duration and at the same time has a similar and distinct
plateau, which corresponds to the redox peaks shown in the
CV curves. Based on the Nyquist plots in Figure 2c, the

https://doi.org/10.1021/acsami.4c08094
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Figure 4. In situ XRD test images of Ti;C,T, in 3 M H,SO, and 10 M LiCl. (a) In situ XRD image during electrochemical cycling; (b) in situ XRD

image of the second cycle.

semicircular curves of the class in the high-frequency region are
substantially smaller after the addition of H', implying lower
charge-transfer resistance in AWIS. In the low-frequency
region, the slope of AWIS is larger compared to that of 19.8 M
LiCl, which also reflects a more ideal capacitive electro-
chemical process or a surface-reaction-controlled Faradaic
process.”

To validate the universality of the high performance of
Ti,C,T, in AWIS, 3 M H,SO, was further mixed with a
saturated LiBr electrolyte (sat-LiBr). As shown in Figure 2d, a
potential window of 1.0 V and a capacitance of 260.7 F g™' are
achieved. It is worth noting that even the absolute value of the
potential window is close for Ti;C,T, in H,SO, and AWIS, but
the OCPs are quite different. The maximum applicable
potential of Ti;C,T, in AWIS electrolyte is approximately
0.3 V above the OCP, in a potential range of —0.6 to 0.5 V (vs
Ag/AgCl in saturated KCl) (an Ag/AgCl reference electrode
was used throughout this study unless specifically stated). The
potential window is increased by 20% compared to 3 M
H,SO,, and the capacitance is increased by 121.25% compared
to that of WIS electrolyte. Additionally, the electrochemical
charging/discharging process of Ti;C,T, is highly reversible in
3 M H,SO, and sat-LiCl and in 3 M H,SO, and sat-LiBr, with
Coulombic efficiencies of 99.08 and 99.25%, respectively
(Figure S2a,b). Moreover, AE, between the oxidation and
reduction peaks in AWIS is only 0.11 V, suggesting better
kinetics.””

To reveal the impact of electrolyte compositions on the
electrochemical properties of Ti;C,T,, we first compared the
CV curves for Ti;C,T, in H,SO, and sat-LiCl AWIS with
varying H,SO, concentrations. As shown in Figure 3a, the peak
intensity of Ti;C,T, around O V gradually increases as the
H,SO, concentration increases, indicating an enhanced redox
reaction, and reaches the maximum when 3 M H,SO, is
applied. Meanwhile, the peak separation changes with H*
concentration, which indicates that the introduction of H*
may affect the Li" intercalation process. Nevertheless, the

potential window becomes narrower with an increased H,SO,
concentration, especially within the negative potential region.
In addition, chronoamperometry data and Nyquist plots
(Figure S3) show that for the 3 M H,SO, and sat-LiCl
electrolyte under Li" saturation, steady-state leakage currents
were tested at different potentials, and the steady-state leakage
currents were found to be relatively large at 0.2 and 0.5 V (0.1
A g7'), and the Nyquist plot also showed abnormality at —0.6
V.

The influence of Li" ion insertion on the electrochemical
performance of Ti;C,T, was further evaluated by adding
different concentrations of LiCl to 3 M H,SO,. The potential
window keeps expanding in the positive potential direction
with the increase of Li* concentration, reaching the maximum
(0.6 to +0.5 V) when the Li* concentration reaches above S
M. Additionally, the redox peak shifts toward higher potentials
with the increase of LiCl concentration. For example, the
anodic redox peaks in 3 M H,SO, and 10 M LiCl and in 3 M
H,SO, and sat-LiCl remained around 0 V, which was nearly
0.35 V higher than the redox peak in H,SO,. Interestingly,
another peak located at 0.32 V appeared when the electrolytes
were saturated, possibly due to the intercalation of solvated Li*
(Figure 3b).

Remarkably, unlike H,SO,, where the majority of the charge
is stored within a negative potential region relative to the OCP,
more charge contribution can be obtained from the potential
region, which is more positive than the OCP in AWIS. Such an
improvement is advantageous for achieving a broad voltage
window while upholding high capacitance in a symmetric cell.
Among all the electrolyte systems mentioned above, the largest
potential window with the highest capacitance and charge
contribution from the positive potential region is demonstrated
in 3 M H,SO, and 10 M LiCl AWIS. Therefore, the AWIS
electrolytes based on 10 M LiCl were further studied.

Figure 3c illustrates the CV curves of Ti;C,T, in H,SO, and
10 M LiCl AWIS. The capacitance also shows an increasing
trend with more H" present in the electrolytes. Specifically, a

https://doi.org/10.1021/acsami.4c08094
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Figure 5. (a) Cyclic voltammograms of Ti;C, T, collected in 3 M H,SO, and 10 M LiCl electrolyte at sweep speeds ranging from 2 to 1000 mV s~
and (b) galvanostatic charge—discharge curves at different current densities; (c) chronoamperometry data and (d) Nyquist plots collected at
different potentials in 3 M H,SO, and 10 M LiCL. (e, f) Comparison of the contribution of a nondiffusion controlled process (capacitance) to the

total current of Ti;C,T, at a scan rate of 2—10 mV s™%,

high capacitance of 276.84 F ¢! can be obtained in 3 M
H,SO, and 10 M LiCl AWIS. Interestingly, a small
overpotential is observed regardless of the H" concentration,
even with a low H* concentration of 0.2 M (0.1 M H,SO,),
unlike the H,SO, and sat-LiCl AWIS electrolyte.

To better understand this behavior, Nyquist plots in 10 M
LiCl AWIS with different H,SO, concentrations were collected
(Figure 3d). By slightly increasing the H,SO, concentration,
the internal resistance of the electrolyte increases compared to
that of 10 M LiCl, indicating that a small amount of H" affects
the diffusion of Li". In contrast, the addition of a large amount
of H,SO, decreases the internal resistance of the solution.
When the concentration of H,SO, exceeds 0.5 M, the internal
resistance of the electrolyte decreases with increased H*
content.

To investigate the charge storage mechanism of Ti;C,T, in
the AWIS electrolyte, in situ XRD analysis was carried out to
monitor changes in the interlayer spacing of the Ti;C,T,
electrode during electrochemical cycling in 3 M H,SO, and
AWIS electrolytes at a scan rate of 0.2 mV s™". A total of three
CV cycles were performed. The second CV cycle result, which
was relatively stable, was selected for in situ XRD analysis
(Figure S4). In 3 M H,SO, electrolyte, a nonlinear change of
MXene d-spacing with an overall change of 0.46 A in the d-
spacing upon cycling was observed, which is in general
agreement with the previous report in 1 M H,SO,.”* The d-
spacing of Ti;C,T, is 14.06 A at 0.1 V vs Ag, which decreases
to 13.88 A when the potential decreases to —0.45 V, due to the
Coulombic attraction between intercalated H* with the
negatively charged MXene surface. From —045 to —0.7 V,
the d-spacing is gradually increased to 14.41 A, which is
possibly attributed to the steric effect when more hydrated H*
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is inserted in the d-spacing. A further expansion of d-spacing to
14.52 A is observed over a further cathodic scan to —0.8 V
(Figure SS). In contrast, an abrupt expansion of 1.9 A in d-
spacing, corresponding to the intercalation of solvated Li* ions,
was observed at the onset reduction peak potential in LiCl WIS
electrolyte.”

Figure 4 shows the in situ XRD pattern of Ti;C,T, in 3 M
H,SO, and 10 M LiCl AWIS electrolyte. During discharging,
the d-spacing expanded slightly from 13.67 to 13.69 A when
the potential decreased from 0.6 to 0.47 V and remained
unchanged until 0.29 V. A continuous shrinkage of the d-
spacing to 13.46 A was observed from 0.29 to 0.03 V where the
cathodic peak was located. The d-spacing remained unchanged
upon further cycling to —0.4 V. A reversible expansion
behavior in the d-spacing was observed at the anodic peak
potential during the charging process. A continuous shrinkage
of 0.21 A at the reduction peak potential during the cathodic
scan in AWIS differs from the observation in both 3 M H,SO,
and WIS electrolytes, where the H* and solvated Li*
intercalation dominate, respectively, indicating a distinct
intercalation behavior of Ti;C,T, in AWIS electrolyte. The
small d-spacing change is favorable for maintaining the MXene
electrode’s structural integrity, which may be beneficial for
cycling stability. More advanced characterizations, for instance,
electrochemical quartz crystal microbalances, are needed to
identify the intercalated species.

The CV curves of Ti;C,T, in 3 M H,SO, and 10 M LiCl at
different scan rates are shown in Figure Sa, demonstrating
excellent electrochemical performance with a capacity of
276.84 F g™' at a sweep rate of 2 mV s™". The capacitance
retention is 35.75% at a sweep rate of 100 mV s™* (Figure S6).
Galvanostatic charge—discharge (GCD) curves (Figure Sb)

https://doi.org/10.1021/acsami.4c08094
ACS Appl. Mater. Interfaces 2024, 16, 55189—55197


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c08094/suppl_file/am4c08094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c08094/suppl_file/am4c08094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c08094/suppl_file/am4c08094_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08094?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08094?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08094?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08094?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c08094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) 150

100 4

[$2]
o
N

Capacitance (F/g)
o

This work

Ti,C,T -rHGO,
N,-doped Ti,C,T T

E (Wh/kg)

-50
-100 4 —10mVs' ——20mV s’ . .\
—50mV s ——80mV s 10° 4 5
——100mV §"'——200mV s’
-150 4 ——500mV s
00 02 04 06 08 10 12 10" 102 10° 10¢ 108
Potential (V) P (W/kg)
(El 100 4

S
5 80 4 10 10
E 08 08
o - —
o 60 1 %oe %oe
8 5, 5

+= 04 += 0.4
S 404 g &
= 02 02
o
s 20 00
% T 2676 2684 2592 2000 2008 2616 00 96168 96180 968192 96204
(@] Time/sec Time/sec

0 T T T T T L
0 2000 4000 6000 8000 10000

Cycle number

Figure 6. (a) Cyclic voltammograms of Ti;C,T,-based symmetric supercapacitor with a 1:1 mass ratio of positive and negative electrodes in AWIS
(3 M H,SO, and 10 M LiCl) at 10—1000 mV s '; (b) Ragone plot of the symmetric supercapacitor in this work versus other MXene-based
symmetric supercapacitors compared in the literature; (c) Ti;C,T,-based capacitance retention of the symmetric supercapacitor at a current density

of 4 A ¢! after 10,000 cycles in AWIS.

also exhibit a longer charge/discharge duration concerning
19.8 M LiCl and a small voltage drop in the discharging curve,
suggesting a smaller internal resistance of Ti;C,T, in 3 M
H,S0, and 10 M LiCL* Chronoamperometry results at
different potentials show that the steady-state current densities
are minuscule at all potentials except below 0.5 V. When the
potential arrives at 0.5 V, a small but steady current density is
detected, implying the splitting, where a small amount of
oxidation occurs, suggesting that the contribution from other
side reactions is negligible (Figure Sc). In addition, the
Nyquist plots at different potentials (Figure Sd) show that the
low-frequency regions of the potentials are close to vertical
slopes, which is close to the ideal capacitive electrochemical
process except for a slight deviation at the —0.6 V potential.

By comparing the Ti;C,T, electrodes at scan rates of 2—10
mV s~ (Figure Sef), the contributions of diffusion-controlled
and nondiffusion processes to the total current in the CV
curves were studied (Figure S8). It can be seen that the
diffusion control process has a significant effect on the total
current. As the scanning speed increases, the contribution of
the diffusion control process to the capacitance decreases. This
is mainly because the charge transfer during the diffusion
process is slow and it cannot respond quickly to potential
changes at high scanning speeds. Therefore, the capacitance
contributed by this current will sharply decay with an
increasing scanning speed.

To demonstrate the advantage of an AWIS MXene-based
symmetric supercapacitor, a two-electrode cell was assembled
with Ti;C,T, in 3 M H,SO, and 10 M LiCl electrolyte. The
positive and negative mass ratios (p/n ratios) were optimized
to achieve the best performance (Figure S7). Surprisingly, the
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optimal mass ratio is 1:1, which means a symmetric
supercapacitor design will be a good choice for AWIS
electrolytes. As a result, a lot of practical advantages for
symmetric devices can be reserved such as facile assembly and
nonpolarity. Figure 6a shows the CV curves of the symmetric
supercapacitor of Ti;C,T, with a p/n ratio of 1:1 at different
sweep speeds. A pair of redox peaks can be observed, which is
consistent with the results of the three-electrode tests shown in
Figure Sa. The symmetric cell showed a high capacitance of
112.3 F g”' and can be operated in a wide voltage window of
1.1 V in the AWIS electrolyte, resulting in significant
enhancement in the energy density of supercapacitors. Figure
6b shows the Ragone plots of energy density and power
density of this work in comparison with those of other
symmetric supercapacitors. The maximum energy density of
the Ti;C,T,-based symmetric supercapacitor in AWIS reaches
19.1 Wh kg™, which is almost twice that of other symmetric
supercapacitors when the power density is 312.5 W kg™’, and
1.36 Wh kg™ when the power density reaches 2.13 kW kg™".
The maximum energy density of Ti;C,T,-based symmetric
supercapacitors in AWIS is higher relative to other Ti;C,T,-
based supercapacitors, e.g,, the maximum energy density of
TiyC,T, in 3 M H,SO, is 11.97 Wh kg™, whereas the hi%hest
energy density of rGO-doped Ti;C,T, is 10.5 Wh kg™;*" the
highest energy density of MXene-holy graphene (Ti;C,T,-
rHGO) is 11.7 Wh kg™,*" N-doped TiyC,T, is 9.17 Wh
kg_l,42 and Ti;C,T, mixed with Nb,CT, is 5.47 Wh kg_l.43
The cycling stability of the AWIS electrolyte was evaluated
by repeating the charging and discharging of Ti;C,T,-based
symmetric supercapacitors in AWIS 10,000 times at a current
density of 4 A g7'. As can be seen in Figure 6¢, the Ti;C,T,-
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based symmetric supercapacitor has excellent cycling stability
with a capacitance retention of 96.3% after 10,000 cycles. It is
worth noting that the cycling stability of Ti;C,T, in AWIS
electrolyte is significantly higher than that in 10 M LiCl
(24.90% retention) and 3 M H,SO, electrolytes (81.24%
retention) (Figure S9), implying that AWIS electrolytes are
much better choices for wide voltage supercapacitors with
MXenes as electrodes. The enhanced cycling stability in the
AWIS electrolyte is possibly attributed to the small d-spacing
change upon cycling.

B CONCLUSIONS

In summary, the electrolyte combining H' and Li" can
substantially improve the performance of Ti;C,T,-based
symmetric supercapacitors, and the addition of Li" causes
the potential window of Ti;C,T, to expand in the positive
potential direction. The potential window expands to a
maximum value of 1.1 V after the Li* concentration reaches
S M. With the increase of Li* concentration, the anodic redox
peak gradually shifts to the positive potential direction, and the
position of the anodic redox peak reaches about 0 V (vs Ag/
AgCl) after Li* reaches saturation. The in situ XRD results
show that Ti;C,T, has obvious layer spacing changes only at
0.4 to 0.5 V (vs Ag) in AWIS, and the d-spacing is almost
unchanged at other potentials, which is a different charge
storage mechanism from that in 3 M H,SO,, and 19.8 M LiClL
Ti;C,T,-based symmetric supercapacitors exhibit superior
electrochemical performance relative to other supercapacitors
in the AWIS electrolyte and have excellent cycling stability.
The findings in this work shed light on improving the energy
density of MXene-based supercapacitors effectively by simply
formulating different electrolytes. Based on the results of this
work, various mixed electrolytes can be further explored in the
future for developing high performance MXene-supercapaci-
tors beyond high-energy density. The synergistic effect of the
electrolyte components can be systematically studied for better
understanding the charge storage mechanism of MXenes in
mixed electrolytes, based on which a higher and more
comprehensive electrochemical performance can be achieved.

B EXPERIMENTAL SECTION

Materials. One gram of Ti;AlC, powder (from Jilin 11
Technology Co., Ltd.) was etched in a mixture of 6 mL of H,0, 12
mL of 12 M HC], and 2.5 mL of HF for 24 h at a stirring speed of 750
rpm and a temperature of 35 °C. The powder was then washed by the
HEF etching method. After etching, it was washed with deionized water
until pH ~ 6. After that, the washed Ti;C,T, was dispersed in 60 mL
of aqueous solution containing 1 g of LiCl for intercalation at a
temperature of 35 °C with a stirring speed of 750 rpm. Finally, it was
washed with deionized water, and the supernatant containing well-
dispersed monolayers of MXene was collected by centrifugation
several times.

The well-dispersed monolayer Ti,C,T, dispersion was filtered
through a 45 um nylon-6 membrane, and after filtration, the
membrane was placed in a vacuum drying oven overnight to obtain
the final vacuum-filtered Ti;C,T,, film.

Materials Characterization. X-ray diffraction (XRD) spectra of
Ti;C,T, thin films as well as Ti;C, T, thin films after immersion in the
electrolyte were collected on a Rigaku SmartLab (45 kV, 200 mA)
diffractometer using Cu Ka radiation. The in situ X-ray diffraction cell
had a Ti;C,T, film (D = 8 mm) as the working electrode, a graphite
electrode (1 cm X 1 cm) as the counter electrode, and a silver wire as
the reference electrode. In situ X-ray diffraction (XRD) was carried
out using an X'Pert Pro diffractometer (PANalytical, 45 kV and 40
mA) and Cu Ka (1 = 1.54 A) radiation. Cyclic voltammetry (CV)
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was carried out using a Lahne G340A potentiostat at an open-circuit
potential of 0.2 mV s}, and XRD patterns of Ti;C,T, electrodes were
collected in steps of 0.01° over the range 20 = 4—15°. CV scans in 3
M H,SO, were recorded in the range of —0.8—0.1 V, while those in 3
M H,SO, 10 M LiCl were recorded in the range of —0.4—0.6 V
(reference electrode: Ag wire).

Electrochemical Testing. Vacuum-filtered Ti;C,T, films were
cut into S mm diameter discs to be used as electrode materials. The
activated carbon electrode used in this work was obtained by mixing
activated carbon (YP-50) powder with PTFE in a ratio of 95:5 by
mass. First, a certain mass of activated carbon was dispersed in
deionized water, and after that PTFE emulsion was added slowly in
proportion to the mixing, following which vacuum filtration was
carried out to obtain a film with a thickness of 100—150 gm by roller
pressing, and then it was left to dry naturally to obtain the activated
carbon electrode.

In the Swagelok battery, a Ti;C,T, film was used as the working
electrode, the activated carbon electrode as the counter electrode, Ag/
AgCl (saturated KCI) as the reference electrode, and the glassy
carbon electrode as the current collector. In the three-electrode
system, the working electrode was separated from the counter
electrode by a Celgard film. For the two-cell system, the Ti;C,T, film
was used as the positive and negative electrodes, and the cell was
sealed with a Parafilm sealing film. Both two-electrode and three-
electrode cells were rested for 12 h before electrochemical testing.

The electrochemical performance was tested on a CHI760e
electrochemical workstation. Chronoamperometry tests were carried
out by applying a constant voltage (—0.1, 0.1, 0.2, 0.3, 0.4, and 0.5 V
(vs Ag/AgCl)) to the three-electrode cell and recording the response
of current density over time. Cyclic voltammetry (CV) tests were
performed at scan rates of 2—1000 mV s™'; constant current charge/
discharge (GCD) tests were performed at current densities ranging
from 1 to 10 A g™', and the AC impedance (EIS) was obtained by
testing at frequencies from 0.1 Hz to 10 kHz.

The gravimetric capacitance (C,) was calculated from the CV scan
curve based on the following expression

[idv

vm-V

-1
Cg (F g )= (1)
where i is the current (A) that changes at time ¢, V is the potential
window (V) of the CV scan, v stands for the scan rate (mV s™'), and
m is the mass of the active material (g) on the working electrode for
the three-electrode cell and is the mass of the active material on both
electrodes for a two-electrode cell.

The energy density (E) of the full cell was estimated based on the

following expression

IS
E (Whkg )ZECV @)

where C is the gravimetric cagacitance (F g™") and V is the voltage
window (V) of the CV scan.***

The power density (P) of the full cell was estimated based on the
following expression

- £
At 3)
where E is the energy density (W kg™') and At is the charge/

discharge time (s) R
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