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HIGHLIGHTS

® Porous MXene (p-MC) films with 3D-interconnected ion transmission paths are constructed by NH;-induced in situ etching strategy.
o The flexible p-MC film electrodes exhibit a superior capacitance of 688.9 F g=! with a good rate capability.

e The as-assembled p-MC solid-state flexible supercapacitors reveal superior electrochemical performance (99.7 F g~ at 1 A g7!) and

excellent flexibility.

ABSTRACT 2D MXene (Ti;CNT,) has been considered as the most

promising electrode material for flexible supercapacitors owing to its

metallic conductivity, ultra-high capacitance, and excellent flexibility.

However, it suffers from a severe restacking problem during the electrode - : ;
{ lon buffering reservoirs

fabrication process, limiting the ion transport kinetics and the accessibil- 7

. . . . . . . i. Minimize vertical ion path

ity of ions in the electrodes, especially in the direction normal to the elec- &

trode surface. Herein, we report a NH;-induced in situ etching strategy

to fabricate 3D-interconnected porous MXene/carbon dots (p-MC) films

for high-performance flexible supercapacitor. The pre-intercalated carbon

Prevent restacking ®

dots (CDs) first prevent the restacking of MXene to expose more inner CDs _.E

electrochemical active sites. The partially decomposed CDs generate NH; BRI Sl e
for in situ etching of MXene nanosheets toward 3D-interconnected p-MC
films. Benefiting from the structural merits and the 3D-interconnected
ionic transmission channels, p-MC film electrodes achieve excellent gravimetric capacitance (688.9 F g~! at 2 A g™!) and superior rate capa-
bility. Moreover, the optimized p-MC electrode is assembled into an asymmetric solid-state flexible supercapacitor with high energy density

and superior cycling stability, demonstrating the great promise of p-MC electrode for practical applications.
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1 Introduction

The past decades have witnessed the rapid development of
portable and flexible electronics such as bendable screens
[1, 2], electronic skins [3—6], flexible transistors [7], and
wearable sensor devices [8—11]. Most of these flexible
electronics require flexible power sources such as flexible
supercapacitors [12—15]. In this regard, 2D MXenes are
rising as ideal electrode materials for flexible and wear-
able supercapacitors due to their metallic conductivity,
tunable chemical properties, unique flexibility, and excel-
lent mechanical properties [16—21]. Moreover, MXene
can store large number of charges through surface Fara-
day redox reaction, delivering much higher capacitance
than traditional electric double-layer capacitors [22, 23].
However, the 2D MXene sheets are prone to restacking
during the electrode fabrication process, which limits ion
transport in the electrode and results in sluggish kinetics
and inferior capacitance [24, 25].

Constructing ion transport channels is an effective way
to resolve the abovementioned bottle-neck problem of 2D
MXenes. For example, introducing spacers into MXene lay-
ers can effectively enlarge the interlayer spacing of MXene
sheets. In this regard, transition metal oxides (e.g., TiO,,
Sn0O,, and Fe;0,) [26-28], transition metal dichalcogenides
(e.g., MoS,, and SnS,,) [29, 30], polymers (e.g., polypyr-
role, and polyaniline) [31, 32], and low-dimensional car-
bon materials [e.g., graphene, carbon nanotubes, and car-
bon dots (CDs)] [33-36] have been successfully inserted
into MXene layers, thus creating substantial ion transport
channels in the horizontal direction, and exposing more
internal electrochemical active sites. However, the spacer-
intercalation strategy cannot reduce the high ion-path tor-
tuosity in the direction normal to the MXene films, which
would be an obstacle for fast ion transport and high rate
capability. On the other hand, constructing in-plane pores
on MXene sheets can effectively reduce the ion-path tor-
tuosity and generate ion-transport microchannels in the
vertical direction [37-40]. However, this approach cannot
increase the interlayer spacing of MXene sheets, and thus
the ion diffusion in the horizontal direction is still limited.
In this context, it is highly anticipated that the combination
of introducing interlayer spacer and creating in-plane pores
could form 3D interconnected ion transport channels and
expose more internal electrochemical active sites, which
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would simultaneously promote the capacitance and rate
capability for the electrode.

In this work, we propose a new strategy to construct a
3D-interconnected porous MXene/Carbon dots (p-MC) films
with well-distributed in-plane macropores on MXene layers
and tightly anchored CDs between MXene layers for high-
performance flexible supercapacitors. In this novel structure,
the in-plane macropores act as aortas to reduce the vertical
ion-path tortuosity for fast ion diffusion and the enlarged
interlayer spacing acts as capillaries to quickly transport the
ions to each electrochemical active site. Benefiting from
the structural advantages, the p-MC electrodes exhibit a
high capacitance of 688.9 F g~ at 2 A g7!, nearly 2.5 times
that of the pure MXene. Also, the p-MC electrodes exhibit
much higher pseudocapacitive contribution than that of pure
MXene. When assembled into solid-state asymmetric flex-
ible supercapacitors, the p-MC-based devices can exhibit
an attractive electrochemical performance with a good
flexibility.

2 Experimental and Calculation

2.1 Fabrication of Ti;CNT, MXene Solution and CDs
Aqueous Solution

The multilayered Ti;CNT, MXene was prepared following
our previous works [41]. Typically, 1 g of LiF (Chengdu
Ke Long Co.) was added to 20 mL of 9 M HCI solution
and stirred for 5 min. Then, 1.2 g of Ti;AICN (400 mesh,
purchased from 11 Technology Co., Ltd.) was added to the
mixture and maintained at 40 °C for 24 h. The product was
washed by deionized (DI) water repeatedly until the pH
value of the supernatant reached 6. The precipitate was dis-
persed in 80 mL of DI water and sonicated for 1.5 h. After
centrifugating at 3500 rpm for 60 min, the multilayered
Ti;CNT, colloidal solution was finally obtained.

The CDs were prepared by a reported solvothermal
method [42, 43]. Specifically, 1 g of citric acid (CA)
(Chengdu Ke Long Co.), 2 g of urea (Chengdu Ke Long
Co.), and 10 mL of N, N-dimethylformamide (Chengdu Ke
Long Co.) were mixed in a Teflon-lined autoclave and kept
at 160 °C for 4 h. After cooling down to room temperature,
the product was dialyzed in DI water for 3 days to remove
the impurities and then centrifuged at 3500 rpm for 10 min
to remove the oversized CDs.

https://doi.org/10.1007/s40820-023-01204-4
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2.2 Preparation of p-MC and AC Electrodes

First, 3—18 mL of CDs solution (0.4 mg mL™!) was mixed
with 10 mL of Ti;CNT, (5.1 mg mL™") solution and stirred
for 30 min. Then, the mixture was filtered under vacuum
through cellulose membrane and dried under vacuum at
30 °C to fabricate MXene/Carbon dots (MC) films. The
p-MC electrodes were finally obtained by annealing the
MC electrodes at 350 °C for 1 h at the heating rate of
10 °C min~"'. The pure MXene films were prepared with the
same method but without the addition of CDs.

As for the AC electrodes, 45 mg of AC (YP-50F, Kuraray)
and 50 mg of polytetrafluoroethylene (PTFE, 10 wt% solution)
were mixed and stirred for 10 min to form a suspension. Then,
the suspension was dried at 80 °C to remove the solvent. The
formed dough-like paste was repeatedly rolled into a thin AC
film and cut into the same size (d=12 mm) as p-MC electrodes.

2.3 Construction of p-MC-Based Flexible Solid-State
Supercapacitors

The gel electrolyte (PVA/H,SO,) was obtained by mixing
the PVA (1799 type), deionized water, and concentrated
H,SO, (mass ration of 10:1:1) and stirring at 80 °C for 1 h
[44]. To fabricate the p-MC-based supercapacitors, p-MC
and AC films were pressed onto current collectors. Then, the
PVA/H,S0, electrolyte was uniformly coated on the surface
of p-MC and AC electrodes, followed by pairing them face
to face and pressing together. The flexible solid-state super-
capacitors were finally obtained by packaging the assembled
electrodes with polydimethylsiloxane (PDMS) and drying
them at 30 °C until the PDMS completely cured [45].

2.4 Material and Electrochemical Characterization

The morphologies of materials were characterized with the
field emission scanning electron microscopy (SEM, FEI
QUANTA FEG 250) and transmission electron microscopy
(TEM, JEOL JEM-2100). The chemical structure of CDs
was recorded by Fourier Transform Infrared Spectrometer
(FTIR, TENSOR II). X-ray photoelectron spectroscopy
(XPS) was recorded on Thermo Scientific ESCALAB
250Xi. Raman spectra were measured on confocal Raman
microscope (HORIBA Jobin—Yvon XploRA).

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

The cyclic voltammetry (CV), galvanostatic charge—dis-
charge (GCD), and electrochemical impedance spectroscopy
(EIS) tests were performed on an electrochemical worksta-
tion (Chenhua CHI660E) in three-electrode system with AC
electrode as counter electrode, Ag/AgCl in saturated KC1
solution as reference electrode, and 1 M H,SO, as electro-
lyte. The EIS tests were conducted in the frequency range
of 100 kHz to 0.01 Hz at open circuit potential. The cycling
tests of the p-MC-based flexible solid-state supercapacitor
were carried out with a multi-channel galvanostat/potentio-
stat instrument (Arbin USA).

2.5 Capacitance Calculations

The charge balance (Qt =Q™) was achieved by balancing
the mass of positive and negative electrodes according to the
following equation:

m, _ Celeclrode—AV—

m. C AV, M

— electrode+

where m is the loading mass of AC and p-MC electrode,

Cejectrode 18 the gravimetric capacitance, and AV is the poten-

tial window of each electrode.

The specific capacitance (C), power density (P), and
energy density (E) were calculated according to the follow-
ing equations:

1dV
c=t

T 2mvAV &
CAV?2

= 7200 3)
3600vE

P="xv @

where I is the current, v is the scan rate.

3 Results and Discussion

3.1 Preparation of p-MC and Structural
Characterizations

The design principle of p-MC composite films is sche-

matically illustrated in Fig. 1. As shown in Route I, the
conventional tightly stacked pure MXene films with a high

@ Springer
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ion-path tortuosity usually led to sluggish ion transport
kinetics and low accessibility of electrochemical active
sites to ions, which is detrimental to the rate performance
and gravimetric capacitance of the electrodes. For com-
parison, the p-MC films obtained by vacuum filtration of a
colloidal solution containing MXene nanosheets and CDs
and annealing at 350 °C under Ar flow (shown in Route
IT) present three advantages: (i) the evenly intercalated
CD spacers can effectively prevent the serious restacking
of Ti;CNT, nanosheets and broaden the interlayer spacing
to expose more electrochemical active sites, thus increas-
ing the horizontal ion-accommodation; (ii) the in-plane
macropores can act as buffering reservoirs for electrolyte
to reduce electrochemical response time; (iii) the in-plane
porous structure can significantly reduce the ion-path
tortuosity in the vertical direction, facilitating rapid ion
transfer. These merits endow the p-MC electrodes with
high capacitance and rate capability.

As schematically illustrated in Fig. S1, the CDs were pre-
pared through hydrothermal reactions (the detailed process
can be found in Experimental Section). The TEM image in
Fig. S2 shows that the obtained CDs possess uniform mor-
phology with an average diameter of approximately 20 nm.
Both CDs and MXene sheets are negatively charged in aque-
ous solutions (Fig. S3); thus, they can form a uniform and
stable colloidal solution by mixing with each other owing to
the electrostatic repulsion force. During the vacuum filtra-
tion process, the well dispersion of CDs and MXene sheets
in the solution guarantees the uniform dispersion of CDs in

mix &
vacuum filtration j" )
=—————= e o
+ @ CDs
MXene MC film
solution

Route I

pure MXene film

the MXene/CDs (MC) composite film (the filter cake). In the
thermal annealing process, the CDs with a variety of func-
tional groups (e.g., —C=0, -COOH, —C-N) may react with
the surface group (e.g., —OH, —F, and —~O) on MXene sheets,
thus anchoring the CDs onto the MXene sheets [46]. After
thermal annealing, the MC film was converted to p-MC film.
The SEM images show that the MXene layers in p-MC film
are significantly wrinkled with expanded interlayer spac-
ing and well-distributed in-plane macropores (Fig. 2a, b).
Such a structure can effectively expose more internal elec-
trochemical active sites and shorten the ion transport path,
resulting in better electrochemical performance, especially
for the gravimetric capacitance and rate performance. It
should be noted that the flexibility of p-MC films can be still
maintained during the constructing of porous structure (Fig.
S4), showing a bright prospect in flexible devices. For com-
parison, the conventional pure MXene film shows a densely
packed structure without in-plane pores (Fig. 2c, d), which is
unfavorable for ion diffusion. From the Raman spectrum in
Fig. S5, both pure MXene and p-MC exhibit similar Raman
!, which should
be assigned to the A;, and E, group vibrations of Ti and

peaks located between ~ 100 and ~ 800 cm™

C atoms and surface functional groups [47]. Comparing to
the pure MXene, the two peaks of p-MC located at ~ 1350
and ~ 1580 cm™! corresponding to the disordered-induced
D-band and graphitic G-band of carbon, respectively, are
much stronger, which should be ascribed to the contribution
of CDs [47, 48]. X-ray diffraction (XRD) patterns indicate
the intercalation of CDs does not change the basic crystal
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Fig. 1 Schematic illustration of the fabrication process of p-MC film and the advantages of p-MC film over traditional pure MXene film
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Fig. 2 a Top-view and b cross-sectional SEM images of p-MC film. ¢ Top-view and d cross-sectional SEM images for pure MXene film. The C

1s XPS spectra of e p-MC and f pure MXene films

structure of p-MC (Fig. S6). XPS was carried out to identify
the composition and chemical bonding information of pure
MXene and p-MC films (Figs. 2e, f, and S8-S9). In the high-
resolution C 1s XPS spectra (Fig. 2e, f), the p-MC shows
a higher content of C—C bond than that of pure MXene.
In addition, the peak at 288.3 eV, which corresponds to
the —COOH group of CDs, can only be observed in p-MC
[49-52]. These results confirm the successful insertion of
CDs into MXene layers. Compare to the N 1s spectrums of
pure MXene (Fig. S8a, b), the peaks at 398.7 and 400.1 eV
correspond to the pyrrolic nitrogen and pyridinic nitrogen
of CDs [53-55], respectively, can only be observed in p-MC
films too. These results are further in accordance with the
abovementioned inference.

3.2 Formation Mechanism of 3D-Interconnected Pores
for p-MC

To gain insight into the formation mechanism of p-MC film,
a control experiment conducted under the identical synthetic
conditions for p-MC film, but without CDs, produced a
densely packed MXene film without any pores on its surface

) SHANGHAI JIAO TONG UNIVERSITY PRESS
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(Fig. S10), suggesting that the CDs play a critical role in the
pore formation process. Considering no pores were observed
in the pristine MC film before annealing (Fig. S11), the
thermal annealing treatment is also a prerequisite for gen-
erating pores on MXene sheets. To further explore the pore
formation mechanism of p-MC during the annealing process,
in situ thermogravimetry-mass spectroscopy (TG-MS) and
thermogravimetry-Fourier transform infrared spectroscopy
(TG-FTIR) techniques were performed to monitor the gaseous
products during the annealing of CDs. The TG-MS spectra
(Fig. 3a) show that the pyrolysis of CDs generates many gase-
ous products, such as NH;, CO,, CO, and H,0 [56-58]. The
TG-FTIR spectra (Figs. 3b and S12) further confirm the gen-
eration of the abovementioned gases during the annealing pro-
cess [59, 60]. To investigate whether these gases promote the
formation of macropores on MXene sheets, we annealed pure
MXene film under each of gases mentioned above and found
that macropores were formed on the surface of MXene under
NH; atmosphere (Fig. S13). Based on the above results, we
infer that the NH; generated from the pyrolysis of CDs etches
the MXene nanosheet during the annealing process, resulting
in the formation of well-distributed in-plane macropores on
MXene sheets (as illustrated in Fig. 3c).

@ Springer
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Fig. 3 a Gaseous evolution curves of CDs during pyrolysis in TG-MS
matic diagram for the conversion process of p-MC film

3.3 Electrochemical Performance in a Three-Electrode
System

Owing to the unique structural advantages, p-MC films are
expected to exhibit superior electrochemical performance as
flexible electrodes for supercapacitors. To assess the elec-
trochemical properties of p-MC film, CV, GCD, and EIS
measurements were conducted in three-electrode system in
1 M H,SO,. To obtain an optimized ratio of CDs in p-MC,
the electrochemical properties of fresh and annealed MC
films with CDs contents ranging from O to 18 mL are shown
in Fig. S14. As can be seen, the MC films fabricated with
a MXene-to-CDs volume ratio of 10:12 exhibit the highest
specific capacitance and capacity retention. Therefore, this
MXene-to-CDs volume ratio is used to fabricate the MC and
p-MC films in the following discussion. Figure 4a compares
the CV profiles of p-MC and pure MXene films in the poten-
tial window of —0.4 to 0.3 V (vs Ag/AgCl) at a scan rate of
5mV s~!. The intensity of the redox peaks for p-MC film is
much stronger than that of the pure MXene film. Compare
to the CV curves of pure MXene (Fig. S15), the CV curves

© The authors

. b TG-FTIR spectra for volatiles at various temperatures for CDs. ¢ Sche-

of p-MC film (Fig. 4b) can retain their peak-shapes even at a
high scan rate of 500 mV s~! while the peak-shapes for pure
MXene have already deformed at 100 mV s~!, suggesting
that the porous structure and the enlarged interlayer spacing
can improve the ion accessibility to pseudocapacitive redox
sites on MXene sheets. Figure 4c shows the gravimetric
capacitances of the p-MC and pure MXene films. Compare
to the pure MXene film (283.7 F g™!), the p-MC film deliv-
ered a much improved capacitance of 688.9 F g~! at 2 A
g~!. With the current density increased to 100 A g~!, the
p-MC film can exhibit a high capacitance retention of 264 F
g~ !, which is more than five times that of pure MXene film
(514F g'l). Thus, it could be concluded that the ion trans-
port would be more efficient in a porous structure, which
leads directly to the improved rate capability for p-MC film
(Fig. 4c).

The GCD curves of p-MC and pure MXene electrodes
in Fig. S16 are symmetric and nonlinear, which is different
from the isosceles-triangular-shaped ideal capacitive behav-
ior, reflecting their intrinsic charge storage mechanisms
are the combination of pseudocapacitive and electrolytic

https://doi.org/10.1007/s40820-023-01204-4
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Fig. 4 Electrochemical performance of pure MXene and p-MC films. a CV curves of pure MXene and p-MC films at 5 mV s™'. b CV curves of
p-MC film from 5 to 500 mV s~!. ¢ Gravimetric capacitances versus current densities for pure MXene and p-MC films. d Nyquist plots of pure
MXene and p-MC films. e Plots of the log(anodic peak current) versus log(scan rate). f Comparison of the capacitance contribution for pure

fresh MXene and p-MC films at a scan rate of 5 mV s.™!

double-layer capacitive (EDLC) mechanism. Additionally,
the Nyquist plots (Fig. 4d) demonstrate that p-MC film
exhibits smaller ohmic resistance (R,) and charge transfer
resistance (R,,) than pure MXene (Table S1), revealing the
faster charge-transfer kinetics within the p-MC film. The
slopes of the straight-line in the Nyquist plots reflect the
Warburg impedance of electrodes. The steeper slope of the
linear region for p-MC film indicates that the 3D-intercon-
nected porous structure facilitates fast ion diffusion [61].

To shed light on the charge storage mechanism of p-MC
electrodes, a power law equation is used to analysis their
electrochemical kinetic:

i =av

&)

where i is the peak current, v stands for the scan rate, a and
b are constants. The b value can be obtained by fitting the
slope of the log (v)-log (i) plot (Fig. 4e). Generally, b=0.5
indicates a diffusion-controlled process, while b =1 reflects
a surface capacitive process [62]. The b value of p-MC is
determined to be 0.98, implying that the charge storage is
mainly governed by the surface capacitive process. The
pseudocapacitive contributions to the total capacitance can
be further quantified through the following formula (6):

SHANGHAI JIAO TONG UNIVERSITY PRESS

i(V) = kv + kv'/? (6)

where i(V) is the current response, v stands for the scan rate,
and kv and k'’ correspond to the surface capacitive and
diffusion-controlled process, respectively [63]. The pseudo-
capacitive contributions of the p-MC and pure MXene films
at a scan rate of 5 mV s~! are shown in Fig. 4f. The pseu-
docapacitive contribution of p-MC is 68.8%, much higher
than that of pure MXene (49.8%). Such a high proportion
of pseudocapacitive contribution is attributed to the unique
structural merits of p-MC film that the intercalation of CDs
can help MXene layers expose more internal pseudocapaci-
tive redox sites, leading to improved capacitance and rate
performance.

3.4 Flexibility and Application of the p-MC-Based
Supercapacitors

To further investigate the practical application potential of
p-MC films, the flexible asymmetric all-solid-state superca-
pacitors were fabricated by taking p-MC film as the negative
electrode and AC (active carbon) film as the positive elec-
trode (the detailed assembly process can be found in Exper-
imental Section). As shown in Fig. 5a, the MXene-based

@ Springer
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Fig. 5 a CV curves of pure MXene and AC films at 5 mV s~'. b GCD curves of pure MXene and p-MC-based asymmetric all-solid-state flex-
ible supercapacitors at a current density of 1 A g~!. ¢ Ragone plots of p-MC and other MXene-based supercapacitors. d Cycling stability per-
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p-MC devices connected in series and in parallel. g Optical photographs of p-MC-based supercapacitors under various bending angles. h CV
curves of the p-MC devices bending at various angles. i Hundreds of LEDs powered by p-MC-based supercapacitors

electrode and AC electrode exhibit the potential window of
-0.4t0 0.3 V and 0 to 0.8 V, respectively, enabling the asym-
metric devices to operate at a high potential of 1.2 V. With
the scan rate increased from 5 to 50 mV s~! (Fig. S17), a
couple of redox peaks were still present on the CV curves of
p-MC devices. As calculated from the GCD curves (Figs. 5b
and S18-S19), the p-MC-based asymmetric supercapacitor
delivers capacitances of 99.8, 86.7, and 68.2 F g_1 at 1, 2,
and 10 A g~!, respectively, which are higher than those of

© The authors

pure MXene-based device. Figure 5c shows the Ragone plots
of p-MC-based supercapacitors and many other previously
reported MXene-based supercapacitors. The p-MC-based
flexible supercapacitors deliver a maximum energy den-
sity 20 Wh kg™! at a power density of 600 W kg~!, which
is higher than that of many reported MXene-based super-
capacitors [47, 64-70]. Furthermore, Fig. 5d depicts the
long-term cycling stability of p-MC-based supercapacitor,
where a high capacitance retention of 90% (with a superior

https://doi.org/10.1007/s40820-023-01204-4
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Coulombic efficiency of 99.5%) is maintained after 10,000
cycles, indicating its excellent cycling stability.

To meet the urgent demand for high operating voltage and
high-capacity applications, the p-MC-based supercapacitors
are integrated together in series and in parallel. As depicted
in Fig. Se, f, two p-MC-based supercapacitors constructed
in series afford an operating voltage of 2.4 V, which is twice
that of a single device, enabling high energy output (E=1/2
CV?). When constructing two p-MC-based supercapacitors
in parallel, the obtained device can deliver nearly doubled
discharge time as well as current output. The solid-state
supercapacitors can be bent at various angles (i.e., 0°, 15°,
60°, and 90°), demonstrating their good mechanical flexibil-
ity (Fig. 5g). In addition, the CV curves of the p-MC-based
supercapacitor under various bending angles (0° to 90°) are
almost unchanged (Fig. 5h), suggesting that the device can
maintain a stable energy-output during the distorting pro-
cess. As a demonstration, a panel integrated with about 400
LEDs can be successfully powered by the five-tandem cells
(Fig. 51), showing the great practical application potential of
the flexible p-MC-based supercapacitors.

4 Conclusions

In summary, a flexible and 3D-interconnected porous
MXene/ Carbon Dots (p-MC) composite film was fabricated
via a facile thermal annealing process for high-performance
flexible supercapacitor. The introducing of CDs enlarges the
interlayer spacing of MXene nanosheets, allowing the expo-
sure of more inner pseudocapacitive redox sites and effi-
cient ion diffusion. Comprehensive characterizations reveal
that the NH; released from the pyrolysis of CDs etches the
MXene nanosheets and creates well-distributed in-plane
macropores, thus reducing the ion-path tortuosity in the
vertical direction and guaranteeing fast ion transportation.
When used as electrode for flexible supercapacitor, p-MC
film delivers a high specific capacitance of 688.9 F g~! at
2 A g7! and maintain a high capacitance of 264.3 F g~!
even at 100 A g~!. Moreover, the p-MC film-based asym-
metric flexible supercapacitor exhibits a high energy density
(20 Wh Kg™') and superior cycling stability (90% capaci-
tance retention after 10,000 cycles). This work proposes an
efficient strategy for constructing porous flexible MXene
films and may pave the way to develop high-performance
supercapacitors.
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