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MXenes have gained significant attention in supercapacitors (SCs) due to their high electronic conductivity
and tunable surface terminations. However, challenges arise during etching such as interlayer restacking
and the presence of inactive —F terminations that impede the full utilization of their intrinsic capabilities.
To tackle these issues, we propose a “sacrificial cation” strategy involving electrochemistry-driven cation
intercalation (ECI) and calcination. Specifically, alkylammonium cations with different chain lengths are
intercalated into the interlayers of TizC,T, MXene by ECI, and then these intercalated cations are
removed by pyrolysis at 400 °C. This approach aims to augment interlayer spacing and introduce
a substantial number of —O surface terminations, thereby enhancing capacitance contributions. The
resulting dodecyl-trimethylammonium cation intercalated TizC,T, after calcination (T-C8-C) presents
high volumetric capacitances of 1737.6 F cm ™ at 1 A g~*. T-C8-C, when integrated with nitrogen-doped
activated carbon (NAC) into an asymmetric SC, achieves outstanding volumetric energy density (56.7 W h
Lt at 0.15 kW L™, high power densities at elevated energy densities (30.1 kW L™ at 36.7 W h L™, and
remarkable lifespan (96.2% retention after 30 000 cycles at 10 A g~%). This strategy provides valuable
insights for developing high-performance 2D materials in energy storage through interlayer spacing
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Introduction

Efficient energy storage and conversion technology with good
reliability and availability is highly sought after."” Super-
capacitors (SCs) have the advantages of high power densities
and long cycle life.* However, low energy densities limit their
further applications.* MXenes, as two-dimensional (2D) transi-
tion metal carbides/nitrides, with a formula of M,,X,T, (M
represents transition metal, X denotes C or N, n =1, 2, 3, or 4,
and T, stands for the terminations, namely -OH, -O, -F, etc.),
have achieved great progress in SCs due to their high electrical
conductivity and abundant terminations.’” Currently,
a common method for the large-scale production of MXene
involves utilizing F-containing etching solutions, such as HF,
NH,HF,, LiF-HCI, etc. Such solutions can effectively break the
weaker M-A bonds in the MAX phase, selectively etching away
the A-layer atoms, while leaving the stronger M-X bonds unaf-
fected.®® However, during etching preparation, interlayer
restacking caused by van der Waals forces'™ and the
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adjustment and surface modification.

attachment of inactive -F terminations limit their potential
applications.”*®

To resolve the above issues, various strategies including
compositing, atomic doping, and intercalation have been
proposed. Compositing MXene with materials such as carbon,
metal oxides or conducting polymers enhances the ion pene-
tration but increases the preparation complexity.’*** Atomic
doping introduces nitrogen, sulfur or boron, optimizing
MXene's electronic structure and improving conductivity,
though it may introduce impurities.*®*?® Intercalation is widely
employed to pillar up the collapsed layers and modify the
surface terminations, thereby facilitating ion transport and
enhancing the availability of active sites for ion storage. Inter-
calators such as metal ion,” polymers,”® nanocarbons,” etc.,
have been used. Particularly, polymers with different chain
lengths can finely tune the interlayer spacing of MXenes,
resulting in enhanced SC performance.”*** However, these
organic cations have shown difficulty in full intercalation due to
their long chain lengths. More time was required, even though
these organic cations can be intercalated into MXene inter-
layers. The electrochemistry-driven cation intercalation (ECI)
method with rapid intercalation time has been developed to
address this issue.*** ECI involves utilizing the charging/
discharging process to intercalate cations into the Ti;C,T,
interlayers, which not only preserves the integrity of the Ti;C,T,
matrix but also opens up the obstructed channels that cannot

This journal is © The Royal Society of Chemistry 2024
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participate in reactions.*** Importantly, various voltages can be
utilized to determine the quantity of cations intercalated into
MXenes, thereby enabling precise control over the intercalation
process.*>?*

Literature reports have shown that polymers such as PMMA
can be removed by pyrolysis at an elevated temperature,**-*
leaving more space for ion accommodation. Similarly, if the
intercalation organic cations decompose at high temperatures,
it can also have more space left. Furthermore, the surface
terminations such as active —O terminations can be formed, and
-F terminations will be reduced during calcination.>”?**
Therefore, this “sacrificial cations” strategy is expected to
enhance SC performance.

In this paper, we choose Ti;C,T, as the electrode and alkyl
materials with different chain lengths (C4, C8, C12, and C16) as
the intercalators. Together with ECI and calcination, it is found
that the T-C8-C electrode has more uniformed interlayer
spacing and more favorited —-O terminations, leading to high
specific capacitances and exceptional rate performance,
together with a good cycling life. To improve the energy densi-
ties of the device, an asymmetric SC is assembled with the
positive electrode (nitrogen-doped activated carbon, NAC) and
the negative electrode (T-C8-C), which has high energy density
up to 56.7 Wh L™ " at 0.15 kW L ™" and excellent cycling stability
over 30 000 cycles at 10 A g~'. Impressively, high power densi-
ties are maintained even at elevated energy densities (30.1 kW
L 'at 36.7 W h L™"). The combination of high energy densities
at high powers is attractive in the SC field.

Results and discussion

Fig. 1 shows the preparation process of Ti;C,T,-Carbon X-
Calcination (T-CX-C, X represents carbon chain length). The
synthesis process of the Ti;C,T, freestanding films via Ti;AlC,
etching, sonication, and filtration is similar to our previous
work.*” The XRD patterns of Ti;AlC, and Ti;C,T, are shown in
Fig. S1.7 The absence of the (104) peak and the downshift of the
(002) peak indicate the successful synthesis of MXene. Ti;C,T,
aqueous suspension has the Tyndall effect shown in Fig. S2,f
meaning the good dispersion of MXene nanosheets. Ti;C,T,-
Carbon X (T-CX) films were obtained by intercalating different
organic cations (butyl, octyl, dodecyl- and hexadecyl-
trimethylammonium, marked as C4, C8, C12 and C16, respec-
tively) into Ti;C,T, using ECI. Finally, calcination was used to
remove the intercalated organic cations by pyrolysis and modify
T-CX's terminations simultaneously, obtaining T-CX-C.

Fig. 2(a) shows the X-ray diffraction (XRD) patterns of the T-
CX-C electrodes, and Fig. 2(b) shows its magnification at the 3-
20° range, from which the (002) peak of pristine Ti;C,T,
(abbreviated to T) is at 7.05°. TizC,T,-Calcination (abbreviated
to T-C) is shifted to the right to 7.3° after calcination due to the
part removal of absorbed water and -F terminations.””
Compared to T-C, the (002) characteristic peaks of T-CX-C
electrodes are all shifted left, meaning the expansion of the
interlayer spacing. Furthermore, the (002) peaks for T-C4-C and
T-C8-C electrodes are observed at 5.98° with no additional peaks
before this angle, indicating that the removal of C4 and C8 has
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left uniform space in Ti;C,T, interlayers. T-C12-C exhibits
a minor peak at 4.66°, which means only a portion of C12
successfully intercalated into the Ti;C,T, interlayers, which is
likely ascribed that the longer chain length hinders complete
intercalation and causes different interlayer distances. This
phenomenon is also reflected in T-C16-C.

The SEM images in Fig. 2(c)-(f) show the cross-section
morphology of the flexible T, T-C, and T-CX-C electrodes,
respectively. It can be clearly seen that freestanding electrodes
are composed of layers stacked sequentially, and their thickness
is about 5 pm. Fig. S31 shows their optical photographs, and it
has been observed that the freestanding films maintain their
integrity well after calcination. Fig. 2(g) and (h) display lattice
stripes in TEM images of both Ti;C,T, and T-C8-C, respectively.
It can be clearly seen that there is more uniform layer spacing,
and the obstructed channels are reduced in the T-C8-C inter-
layers compared with the pristine Ti;C,T,. Furthermore, no
residues can be observed in T-C8-C, meaning the “sacrificial
cations” have been removed totally.

XPS was utilized to analyze the surface chemistries of the
TizC,T, and T-CX-C electrodes in Fig. 3(a). The T-CX-C elec-
trodes do not display new peaks which is consistent with FTIR
spectra (Fig. S47) but show a decrease in F 1s peaks and an
intensification of O 1s peaks, likely ascribed to the reduced -F
and increased -O terminations after the ECI and calcination
processes. The elemental composition of the electrodes is
depicted from XPS (Fig. 3(b)). Notably, the percentage of the F
element on the T-C8-C is lowest and the O element is highest.
For a quantitative analysis of the O 1s peak in Ti;C,T, and T-C8-
C (Fig. 3(c)), the enhancement of Ti-O bonds on the T-C8-C's
surface is observed. After ECI and calcination treatment, the
intensity of Ti-O peaks rises from 52.4% to 68.3%, compared
with the pristine Ti;C,T,. The underlying reason for this change
is still unknown. The contact angle serves as a measure of
electrolyte and electrode wettability, impacting the kinetics of
the electrochemical process (Fig. S51). TizC,T, was prepared
through the LiF and HCI etching process, resulting in the
incorporation of terminations such as -O, -OH, -F, and —Cl. The
negatively charged surface terminations enable Ti;C,T, nano-
sheets to form a stable colloidal dispersion in water. As a result,
Ti;C,T, films exhibited wettability in sulfuric acid electrolytes
with a contact angle of 81.6°. T-C8-C is much smaller than that
of pure Tiz;C,T,, which is only 59.3°. This is primarily attributed
to ion intercalation enhancing the active sites on the electrode.
Simultaneously, the calcination process reduces the hydro-
phobic -F content and increases the hydrophilic -O, effectively
modifying the electrode surface terminations. The electrodes
prepared by the “sacrificial cation” method have strong hydro-
philicity with aqueous electrolyte, which is favorable for energy
storage.”® However, it is well known that alkylammonium
cations easily decompose into NH; and acid during calcination
(will be discussed in Fig. 3(f)). These factors should be
accountable for alterations in terminations and are expected to
be beneficial in demonstrating improved electrochemical
performance.*****> The Raman spectrum of Ti;C,T, (red line in
Fig. 3(d)) is categorized into two regions: the modes at 199 and
725 em™ ! represent A,, symmetry out-of-plane vibrations of Ti
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Fig. 1 Schematic diagram showing the preparation of T-CX-C.

and C atoms. Meanwhile, the modes at 288, 375, 569, and
628 ¢cm ' are E, group vibrations, encompassing in-plane
(shear) modes of Ti, C, and surface terminations.***” All the T-
CX-C films show the signals of A,; and E, peaks, evidencing the
well structure maintained of Ti;C,T, after treatment. Addi-
tionally, the T-CX-C films have a comparable intensity ratio
between D and G (Ip/Ig), indicating their similar structures. The
pronounced increase of D and G peaks of the T-CX-C films,
compared with pristine Ti;C,T,, is likely ascribed to the
increased carbon species at the edges or defects after calcina-
tion."*® The TG results in Fig. 3(e) demonstrate that C8
undergoes a decomposition started at 180 °C and completed at
270 °C. Therefore, calcination at 400 °C is enough to remove all
C8. Clearly, Ti;C,T, gains a 0.6 wt% increase, while T-C8-C has
a 10.1 wt% loss after calcination. Therefore, 10.7 wt% of C8 has
been intercalated into Ti;C,T,. The removal of organic cations
results in larger interlayer space and more -O terminations for
ion storage and transport, thereby leading to enhanced SC
performance, which will be discussed in the electrochemical
test part.

To investigate the effect of the pyrolysis products of the
organic cation on the electrode, thermo-gravimetry-mass spec-
trometry (TG-MS) under an Ar atmosphere was employed to
monitor gas evolution during calcination in Fig. 3(f). Based on
the alkylammonium cations intercalation, coupled with MS
detection of amu signals, a gradual mass loss is observed at
around 50 °C, indicating the evaporation of water adsorbed
between Ti;C,T, layers. Subsequently, a noticeable mass loss
and some gas products appear around 200 °C, indicating that
the alkylammonium cations occur in pyrolysis. Due to the
constraints imposed by the Ti;C,T, layers, the alkylammonium
cations experience an extended duration for complete pyrolysis.
It was observed that alkylammonium cations readily decom-
posed into NH; (m/z 17), N, (m/z 28), and HCI (m/z 36) during
calcination. The detection of HCI is attributed to the use of
hydrochloric acid as an etchant, and the remaining Cl between
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the TizC,T, layers is thermally decomposed at elevated
temperatures. NH; and N, undergo pyrolysis at elevated
temperatures facilitated by the incorporation of alkylammo-
nium cations. The release of NH; and N, gases is most prom-
inent upon reaching 277 °C. The gases play a crucial role in
altering surface terminations, holding the potential for
enhancing the electrochemical performance of electrodes.

To study the electrochemical performance of the T-CX-C
electrodes, 3 M sulfuric acid (H,SO,) was chosen as the elec-
trolyte for testing, which is suitable for MXene to exhibit
superior performance due to the fast surface redox reactions
between H' and -O terminations.*~¢ To investigate the optimal
calcination temperatures for conducting electrochemical tests,
the T-C8 electrodes were subjected to different calcination
temperatures, specifically at 300, 400, 500, and 600 °C (Fig. S67).
The specific capacitances exhibit a trend of increasing and then
decreasing with rising calcination temperature. The maximum
specific capacitance is 1737.6 F cm > at 400 °C and the
minimum specific capacitance recorded is only 358.7 F cm ™ at
600 °C. The reaction kinetics was investigated by electro-
chemical impedance spectroscopy (EIS) in Fig. S6(d).T T-C8-C
calcinated 400 °C has the lowest charge transfer resistance,
with the imaginary part of the impedance nearly vertical to the
real part, indicating its ideal capacitive behavior.””*® The main
reason is that with the increase in calcination temperature,
oxidation is severe, and there will be more TiO, generation,
which destroys the structure of MXene and decreases the elec-
trode conductivity.>”** Therefore, 400 °C was optimized as the
calcination temperature.

Fig. 4(a) compares the CV curves for Ti;C,T, and T-CX-C
electrodes at 20 mV s~ *. These electrodes show a pair of broad
redox peaks, where reversible intercalation/deintercalation of
ions occurs during the redox reaction between H' and -O
terminations.***® The GCD curves of Ti;C,T,, T-C, and T-CX-C
electrodes are compared in Fig. 4(b). All the GCD curves show

symmetric charge/discharge processes, indicating good

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta07867a

Open Access Article. Published on 07 March 2024. Downloaded on 8/2/2025 4:14:31 PM.

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

[{ec

Paper

~
&
~

T-C16-C

o
wé T-C12-C

Intensity (cps)

% T:.(1.08%)
10 20 30 40 50 60 70
20 (degree)

View Article Online

Journal of Materials Chemistry A

(b) M e
= , T-C12-C .
< :
>‘ 1
Rt 1
.g gJ\L
g T-C8-C JL
= ,
e T-C (7.30°)
T (1.05%)
4 8 12 16 20

20 (degree)

Fig. 2 X-ray diffraction (XRD) patterns from (a) 3°~70° and (b) 3°-20° of T-CX-C. The XRD patterns T and T-C are not shown. The purple and
cyan lines show the (002) peak of T and T-C, respectively. (c)-(f) Scanning electron microscopy (SEM) images of T-C4-C, T-C8-C, T-C12-C, and
T-C16-C, respectively. The magnified crystal lattice stripes in Transmission electron microscopy (TEM) images of (g) TisC,T, and (h) T-C8-C.

reaction reversibility.***° Fig. S77 illustrates the Nyquist plots of
TizC,T,, T-C, and T-CX-C electrodes. T-C8-C exhibits the small-
est internal resistance (Ry) with a value of 1.31 Q. Compared to
other T-CX-C electrodes, T-C8-C shows a steeper slope in the
low-frequency region, indicating a more capacitive process. The

This journal is © The Royal Society of Chemistry 2024

volumetric capacitances of Ti;C,T,, T-C, and T-CX-C electrodes
are displayed in Fig. 4(c) as a function of current densities from
1to 50 A g~ ". When considering both specific capacitances and
capacitance retention, T-C8-C demonstrates the best perfor-
mance. It not only achieves 1737.6 F em > at 1 A g but also

J. Mater. Chem. A, 2024, 12, 8952-8962 | 8955
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Fig. 3

(a) X-ray photoelectron spectroscopy (XPS) survey of TisC,T, and T-CX-C. (b) The count of C 1s, O 1s, and F 1s for TizC,T, and T-CX-C

electrodes. (c) O 1s XPS spectra of TizC,T, and T-C8-C. (d) Raman spectra of TizC,T, and T-CX-C electrodes. (e) TG analysis of TizC,T,, T-C8-C,

and C8. (f) TG-MS spectra of T-C8.

maintains 708.5 F cm ™~ when the current density increases to
50 A g~ '. The charge storage kinetics of T-CX-C is assessed by
analyzing the relationship between peak current (ip) and scan
rate (v), according to the following eqn (1):

ip=av (1)

where a and b are variables. The b values are calculated of log i,
vs. log v in Fig. S8.1 The b value is 0.9 for T-C8-C, indicating that
the electrochemical mechanism 1is a surface-controlled
process.>®

8956 | J Mater. Chem. A, 2024, 12, 8952-8962

Due to the highest volumetric capacitances and impressive
rate performance of the T-C8-C electrodes, we conducted
further investigations into its electrochemical properties. The
CV curves of T-C8-C exhibit one pair of broad peaks at different
scan rates (Fig. 4(d)), indicating intercalated pseudocapacitance
(PC) behavior, as reported for TizC,T,-based -electrodes
previously.*~® Fig. 4(e) represents the GCD curves of T-C8-C
between —0.5 to 0.2 V (vs. Ag/AgCl) at different current densi-
ties from 1 to 50 A g~ *. The GCD curves exhibit nearly equal
charge and discharge times at any current density, signifying
excellent electrochemical reaction reversibility.>>**

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Cycle voltammetry (CV) curves at 20 mV s~* for the TizC,T,, T-C, and T-CX-C electrodes. (b) Galvanostatic charge/discharge (GCD)
curves at 1 A g*1 for the TizC,T, and T-CX-C electrodes. (c) Capacitance comparison of TizC,T, and T-CX-C electrodes at different current
densities. (d) The CV curves from 1 mV s~ to 50 mV st and (e) GCD curves from 1A g™t to 50 A g~ for the T-C8-C electrode. (f) Cycling stability
of T-C8-C at 10 A g™, Inset of (f) shows the GCD curves of the first and the last 5 cycles.

From Fig. S9,f it can be observed that the capacitive-
controlled contribution surpasses the diffusion-controlled
contribution at any scan rate from 1 to 50 mV s~ ', which indi-
cates T-C8-C possesses rapid charge storage kinetics and is
advantageous for achieving excellent rate performance. When
conducting 10000 cycles at 10 A g~ ', the T-C8-C electrode
maintains 102.8% of its initial capacitance and the coulombic

efficiency is nearly 100% (Fig. 4(f)). Additionally, compared to
other Ti;C,T,-based electrodes, the T-C8-C maintains a leading
position in specific capacitances, capacitance retention, and
long-cycling performance, as shown in Table S1.

Post cycling characterization is typically conducted to assess
the stability of electrodes. Herein, the T-C8-C electrode after
10 000 cycles at 10 A g~ ' was characterized with XRD, Raman,
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Fig.5 (a) GCD curve of the T-C8-C electrode at 1 A g~. The corresponding ex situ XRD patterns (b) and (c). (d) Crystal lattice stripes of T-C8-C
electrode at point C and E. Ex situ XRD (e) and Raman patterns (f) of T-C8-C electrode.
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Fig. 6 Asymmetric supercapacitor (ASC) electrochemical performance of T-C8-C//NAC. (a) Schematic representation of T-C8-C//NAC. (b) CV
curves of T-C8-C and NAC electrode at 20 mV s~ (c) CV curves at different scan rates. (d) GCD curves at different current densities. (e) Specific
capacitance comparison at different current densities. (f) Ragone plots (volumetric values). (g) Self-discharge performance. (h) Cycling
performance at 10 A g~* for 30 000 cycles (insets show GCD curves of the first and last 5 cycles and photographs showing the ASC device to light

up a green LED).

and SEM. Fig. S10(a) and (b)T show the XRD comparison of the
T-C8-C before and after long cycling tests. By comparing the
(002) characteristic peak, it is observed that the peak shifts from
6.68° to 6.42° (Fig. S10(b)T). This shift is primarily attributed to
the increased interlayer spacing from trapped ions during
cycling. Meanwhile, the electrode maintains the characteristic
peaks of Ti;C,T, and its layered structure is reserved after
cycling (inset in Fig. S10(a)t). Furthermore, the Raman spectra
of the electrodes still maintain the characteristic peaks of the
pristine Ti;C,T, after long cycling tests (Fig. S10(c)t). Therefore,
it is confidently claimed that the T-C8-C has good cycling
stability.

To further investigate the electrochemical mechanism of the
T-C8-C electrodes during the charging/discharging processes,
ex situ XRD, HRTEM, XPS, and Raman were conducted. During
the charging process from —0.5 V to 0.2 V (Fig. 5(a) point A to C),
the (002) peak shifts to the right which is attributed to the H"
deintercalation.®®*> Conversely, the (002) peak shifts to the left
during discharging (Fig. 5(a) point C to E). Ex situ HRTEM was
applied in T-C8-C in Fig. 5(d). Lattice fringes with lattice spac-
ings of 2.02 A, corresponding to (101) of Ti;C,T,, were found
when the electrode was completely charged to 0.2 V vs. Ag/AgCl.

8958 | J Mater. Chem. A, 2024, 12, 8952-8962

When completely discharged to —0.5 V vs. Ag/AgCl, the lattice
spacing of 2.02 A corresponds to (101) of Ti;C,T,, which has
been increased due to the embedding of protons from the
electrolyte. These phenomena have been observed in ex situ
XRD, as shown in Fig. 5(b) and (c).

Combined with the ex situ XPS, it is observed that the Ti
peaks shift towards higher binding energies during charging
which means oxidization. In comparison, the Ti peaks shift to
lower binding energies during discharging, indicating reduc-
tion. Raman spectra were obtained from electrodes represent-
ing three different charge and discharge states (corresponding
to points A, C, and E marked on the GCD curve, as shown in
Fig. 5(a)). In Fig. 5(f), the reversible peak intensity changes of
the A;; band were observed with different potentials. The A4
peaks represent the symmetric out-of-plane vibrations of Ti, C,
and surface terminations, respectively.®® The peak at 720 cm ™"
is attributed to the out-of-plane vibration of a C-Ti bond sur-
rounded by -O terminations, as seen in Ti;C,0,, while the peak
at 708 cm ™' corresponds to C-Ti bond in a Ti;C,O(OH) envi-
ronment.® During the charging process (point A to C), the peak
intensity of A;, weakens. This is attributed to the gradual
transformation of the environment of Ti from -OH to -O,

This journal is © The Royal Society of Chemistry 2024
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causing the peak to shift downward. Conversely, the A, peak
intensity strengthens during the discharge process. Similar
phenomena have also been observed in related literature.®**
Additionally, a similar phenomenon was observed in the 150~
300 cm ™. Around 200 cm ™! for Ay (Ti, O, C) such as Ti;C,0,,
during the charging process (point A to C), the Raman peak at
208 cm ' for A,y gradually intensifies, while the peak at
265 cm™ ' originating from A, (Ti, OH, C) such as Ti;C,(OH),
gradually weakens. The discharge process is also reversible.
Therefore, the variation of peak intensity in the Raman is
attributed to the (de)embedding of protons from the electrolyte,
coupled with -O termination bond/de-bond processes.®® The
reaction process in MXene can be expressed as the eqn (2):*

Ti3C,0,(OH),F. + OH" + o © Ti3C,0,_s(OH),+sF.  (2)

Therefore, a combination of ex situ XRD, HRTEM, XPS, and
Raman can illustrate that the (de)Jembedding of H' is involved
in the T-C8-C electrode.

To demonstrate the practical application of the T-C8-C
electrodes, an ASC was assembled, where T-C8-C was used as
the negative electrode coupling with the NAC positive electrode,
as illustrated in Fig. 6(a). The electrochemical performance of
the ASC was tested using CV to determine the potential window.
Fig. 6(b) displays the CV curves of T-C8-C and NAC electrodes
separately at 20 mV s~ '. The former exhibits a pair of redox
peaks and has a potential window from —0.5 to 0.2 V (vs. Ag/
AgCl), and the NAC's potential window is from 0 to 1 V (vs.
Ag/AgCl). Hence, the ASC has a 1.5 V voltage. Fig. 6(c) shows the
CV curves at different scan rates ranging from 1 mV s to
50 mV s . The deviation from the ideal rectangular shape of
the CV shape is due to the different charge storage mechanisms
of the negative and positive electrodes. The shape of the CV can
still be maintained when the scan rate increases, indicating
a good rate performance. The GCD curves at the current
densities of 0.1 Ag~ "' to 20 A g~ ' are shown in Fig. 6(d). With the
increase of current densities, the discharge curves gradually
become straight, indicating that the contribution of capacitance
is transformed from the pseudocapacitance (PC) to the elec-
trical double-layer capacitance (EDLC). Fig. 6(e) compares the
volumetric capacitances of T-C8-C//NAC in terms of the current
densities, and the ASC has a very excellent capacitance retention
of 70.1% when the scan rate is increased from 1 mV s~ ' to
100 mV s~ '. The Ragone plot of the T-C8-C//NAC is shown in
Fig. 6(f). At a power density of 0.2 kW L™, T-C8-C//NAC can
achieve a high energy density of 56.7 W h L™'. Even when the
power density increases to 30.1 kW L™, T-C8-C//NAC can still
deliver 36.7 W h L™". This combination of energy densities at
high powers is excellent, surpassing other reports.®*”¢ The self-
discharge performance of T-C8-C//NAC was tested in Fig. 6(g).
After 10 hours, the voltage of the cells is observed to stabilize at
0.57 V, indicating a retention rate of 38.0%. The T-C8-C//NAC
exhibits good cycling performance with a capacitance reten-
tion of 96.2% after 30 000 cycles at 10 A g~* (Fig. 6(h)), and
88.6% retention after 2000 cycles at 1 A g~ " (Fig. S111), which is
still competitive compared to previous reports, as shown in
Table S1.F
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Conclusion

MXene-based freestanding electrodes with high SC perfor-
mance via a “sacrificial cations” method combined with an
electrochemistry-driven cation intercalation and calcination
process have been designed. As a result, the MXene nanosheet
restacking is effectively addressed and the surface terminations
are modified. When applied as the electrodes for SCs in a three-
electrode system, the freestanding T-C8-C electrodes show high
volumetric capacitances, excellent rate capability, and impres-
sive cycling stability. Furthermore, the T-C8-C//NAC asymmetric
SCs exhibit extraordinary volumetric energy densities (56.7 W h
L' at 0.15 kW L™, and 36.7 W h L™" at 30.1 kW L"), and
excellent cycling stability with stable performance of over 30 000
cycles. Due to its straightforward fabrication process and
remarkable electrochemical performance, we believe this
design strategy can find widespread application in other 2D
materials, enabling the fabrication of SCs with high energy
densities and power densities.

Experimental methods

With the exception of dodecyl-trimethylammonium (Macklin
Biochemical company, China), all chemical agents were
purchased from Bidepharm (China) without any further
treatment.

Preparation of Ti;C,T, films

The procedure for synthesizing Ti;C,T, freestanding films is
detailed in our prior research.*” To begin, lab-made TizAlC,
(~48 pm) was introduced into a solution of HCl and LiF for 24 h
at 40 °C. Next, the as-obtained mixture was washed with
deionized (DI) water, followed by ultrasonication and centrifu-
gation to obtain Ti;C,T, suspensions. Subsequently, the Ti;C,T,
suspension was filtered through a membrane (Celgard 3501,
with a pore size of 0.22 mm) by using a Buchner funnel
equipped with a sand core (40 mm in diameter). Finally, the
membrane was freeze-dried for 24 hours, after which the free-
standing Ti;C,T, films peeled off from the filter membrane.

Preparation of Ti;C,T,-CX (T-CX) and Ti;C,T,-CX-C (T-CX-C)
films

To accommodate the glassy carbon electrode test, Ti;C,T, film
was punched into discs with a 6 mm diameter. Initially, 1 M
alkylammonium salts aqueous solutions were papered as elec-
trolytes. The employed alkylammonium salts have a formula of
[(CH;);NR]", where R represents C,H,,+,. The carbon content in
R was named C4, C8, C12 and C16, corresponding to butyl-,
octyl-, dodecyl- and hexadecyl-trimethylammonium, respec-
tively. Next, TizC,T, discs were used as working electrodes,
platinum (Pt) was used as counter electrodes, and Ag/AgCl in
saturated KCl was used as reference electrodes. In order to
prevent fragmentation of the Ti;C,T, discs in the electrolytes,
they were fixed with carbon paper on both sides. Subsequently,
organic cations with different chain lengths were intercalated
into the Ti;C,T, layer using a cyclic voltammetry (CV) program
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in the electrochemical workstation (CHI 660E, China). The scan
rate was 20 mV s~ from —0.8 V to 0.4 V (vs. Ag/AgCl) and was
cycled 50 times. The obtained T-CX discs were washed with DI
water and dried naturally at room temperature for 24 h. To
obtain the T-CX-C electrodes, the T-CX discs were calcinated at
400 °C for 2 h at a temperature increase rate of 5 °C min~* under
an Ar gas atmosphere with a flow of 100 mL min '. For
comparison, pure Ti;C,T, films were also calcined to obtain T-C
electrodes.

Preparation of AC and NAC films

The preparation method refers to previous work.”” Briefly, the N
source (urea) and activated carbon (AC) solutions were thor-
oughly mixed. Then it was transferred to a Teflon-lined
stainless-steel autoclave and the hydrothermal reaction was
held at 180 °C for 24 h. Next, the reaction products were cleaned
by centrifuge and dried to obtain nitrogen-doped AC (NAC).

To make freestanding electrodes for AC or NAC, the powder
was mixed with Poly(tetrafluoroethylene) (PTFE) in a mass ratio
of 9:1. Then DI water was added to make the mixture into
a slurry which was rolled into a flat film and dried at 70 °C for
24 h. The AC or NAC freestanding films were punched into
6 mm discs to be used as counter or positive electrodes.

Materials characterizations

XRD patterns were recorded by a DX-2700BH (Haoyuan)
diffractometer with Cu Ka radiation in the range of 26 = 3°-70°.
SEM images were obtained using a Nova Nano SEM450 micro-
scope with an acceleration voltage of 15 kv. TEM and HRTEM
images were acquired by a Talos F200X microscope with an
acceleration voltage of 200 kV. XPS spectra were recorded by
a Thermo Scientific K-Alpha spectrometer with Al Ko radiation.
Raman spectra were obtained by a Thermo Fisher Renishaw
inVia spectrometer with A = 532 nm. TG measurements were
performed on STA 449F5 in the dry nitrogen atmosphere at the
heating rates of 5 °C min . FTIR spectra were recorded at room
temperature by using a Nicolet iS10 spectrometer. TG-MS
patterns were recorded by thermo plus EVO2 in an Ar atmo-

sphere at the heating rates of 10 °C min™".

Electrochemical measurements

The 6 mm Ti;C,T,-based discs were tested directly in a plastic
Swagelok T-shaped cell. Before testing, it was necessary to pre-
cycle all electrodes at a scan rate of 20 mV s~ for 50 cycles to
stabilize performance. For all testing, glassy carbon (CHI
Instruments, China) was used as current collectors, poly-
propylene membranes (Celgard 3501) were used as separators,
and 3 M H,SO, was used as electrolytes. All electrochemical
measurement data were recorded on a CHI 660E electro-
chemical workstation, except the long-cycling testing and self-
discharge testing, which was recorded on the SP-150 electro-
chemical workstation (Bio-logic). Techniques employed
included cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS). The frequency range for EIS measurements was from 10
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mHz to 100 kHz. All electrochemical measurements were con-
ducted at RT.

The volumetric capacitance (C,) of the electrode was calcu-
lated from the CV curves following eqn (3)-(5):

p =mlAd (3)
C, = JD 1(V)d V/va )
C, = pC, (5)

where m (g), A (em™?), and d (cm) are the mass, area, and
thickness, respectively. U (V), v (mV s~ '), and I (mA) are the
potential, scan rate, and current, respectively. U, and U_ are the
positive and negative potentials, respectively.

The volumetric energy (E,) and power densities (P,) were
calculated assuming (6) and (7):

E,= C, U712 (6)
P, =3.6 x EpU )

The self-discharge testing was conducted by first holding the
cells at specific voltages for 0.5 h and then tracking the cell
voltage as a function of time for 10 h.
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