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The conventional electrodes of flexible supercapacitors often suffer from poor mechanical properties or
low specific capacitance, which significantly impedes their application in flexible electronics. Herein,
MXene/PVA composite foams with porous structures were controllably fabricated. Compared with many
reported MXene/polymer electrodes that enhance mechanical robustness, such MXene/PVA foams are
designed to simultaneously achieve high strength and superior electrochemical performance for flexible
supercapacitors. On one hand, the hydrogen bonding formed between MXene sheets and PVA
molecules effectively improves the mechanical performance of the composite foams. On the other
hand, the construction of continuous ion transport channels in MXene/PVA foams efficiently restrains
restacking of MXene sheets and promotes rapid ion transport during electrochemical reactions, thus
improving the electrochemical performance. Therefore, flexible supercapacitors based on MXene/PVA
foams deliver a high specific gravimetric capacitance of 240.77 F g~* and areal capacitance of 66.21 mF
cm™2, superior rate capability, and long-term cycle stability (12000 cycles at 2.0 A g~! with 100%
capacitance retention). More importantly, the device exhibits robust electrochemical stability under
diverse mechanical deformations, including bending at multiple states and 1200 cycle bending

rsc.li/materials-a

1. Introduction

Rapid development in electronic technology significantly
accelerated the development and production of flexible and
portable electronic devices. To meet the growing demands of
flexible electronic devices, the energy supply systems should not
only deliver superior electrochemical performance but also
possess the characteristics of being “lightweight, thin, and
flexible”."> Among various energy storage devices, super-
capacitors have emerged as one of the most promising candi-
dates due to their high power density and long cycle life.’
However, traditional supercapacitors are often rigid due to their
electrode structures and preparation processes. When exposed
to repeated mechanical deformation, the electrode structure is
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endurance testing, with negligible degradation in capacitance and Coulombic efficiency.

frequently damaged, leading to a decline in electrochemical
performance.® This mismatch between mechanical strength
and electrochemical performance within traditional electrodes
severely restricts their application in portable electronic
devices. Therefore, the development of flexible supercapacitors
with excellent energy storage properties and high mechanical
strength is imperative.

Preparing flexible electrodes with enhanced mechanical
strength and high conductivity is a critical solution to solve this
problem. Freestanding electrodes without the use of inactive
substrates, conductive agents and polymeric binders, not only
increase the overall energy density, but also avoid the risk of
active material detachment.”® Furthermore, these electrodes
are often light weight and compact, aligning well with the
“lightweight, thin, and flexible” trend in flexible device devel-
opment. Therefore, the fabrication of freestanding electrodes
has become the preferred method for fabricating flexible elec-
trodes of supercapacitors.

Among various fundamental materials employed for con-
structing freestanding flexible electrodes (such as MXenes,
carbon nanotubes (CNTs), graphene, polymer films, etc.), MX-
enes have attracted wide interest due to their large specific
surface area, rich chemical composition, and excellent electrical
conductivity.>'* A variety of cations (H', Li*, Na', K', NH,",
Mg>", AI**, etc.) can be electrochemically intercalated into their
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interlayers."*™ As a result, MXenes demonstrate high interca-
lation pseudocapacitance in supercapacitors.*>*® Additionally,
the distinctive physical and chemical properties of MXenes
allow them to achieve a significantly higher volumetric energy
density than carbon materials. Furthermore, MXenes can serve
as fundamental building blocks for constructing flexible struc-
tures, such as MXene films or foams, either individually or in
conjunction with other functional materials.””*®* Nevertheless,
the currently available MXene-based freestanding flexible elec-
trodes still face significant challenges, including inadequate
mechanical strength and degradation or failure of electro-
chemical performance under repeated bending deforma-
tion.™?* Enhancing the interlayer interaction force between
MXene sheets and constructing robust MXene-based flexible
electrodes are recognized as effective strategies to address these
issues. In order to improve the mechanical properties of MX-
enes, many high strength MXene/polymer electrodes have been
developed, including Ti;C,T,~OH/CMC-PEDOT:PSS, MXene/
PZS, Ti;C,T,/APP-A, etc.**>* However, these electrodes usually
exhibit a compact, densely packed layered architecture. This
closely stacked structure inevitably impedes the rapid infiltra-
tion and transport of electrolyte ions, posing a significant
limitation for applications requiring high ionic conductivity
and fast electrochemical kinetics.

Poly(vinyl alcohol) (PVA), a widely used gel electrolyte matrix
material, possesses abundant hydroxyl groups and other
oxygen-containing functional groups, capable of forming strong
intermolecular hydrogen bonds.”*** Although intrinsically
insulating and electrochemically inert, PVA is deliberately
incorporated not to mediate electronic conduction, but to
concurrently reinforce structural integrity, optimize electrode—
electrolyte interfaces, and facilitate ion transport. Specifically,
PVA infiltrates the interlayer galleries of MXenes, where it forms
stable hydrogen bonds with surface terminations, thereby
enhancing mechanical flexibility and tensile strength. Concur-
rently, the presence of PVA can also effectively fill defects that
arise during the MXene assembly process, thereby ensuring the
long-term stability and reliability of flexible electrodes. Its
intrinsic self-adhesive nature further promotes intimate, low-
resistance contact between the active material and current
collector, minimizing interfacial charge transfer resistance.
Therefore, the construction of MXene/PVA composite electrodes
shows great significance for the fabrication of high strength
flexible electrodes.

Constructing a three-dimensional (3D) porous architecture
represents an effective strategy to prevent the formation of
densely packed structures commonly observed in other MXene/
polymer composite systems with high strength. In addition, like
other two-dimensional materials, monolayer or few-layer
MXene sheets are prone to aggregation due to interlayer
forces, which markedly reduces their specific surface area,
impedes the effective utilization of surface active sites, and
decelerates diffusion kinetics during cycling.***” These factors
severely compromise the electrochemical performance of
MXene films. Constructing 3D porous structures can inhibit the
aggregation of MXene layers and enable full exposure of active
sites to electrolyte ions, thereby improving the utilization
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efficiency of active materials during charge-discharge processes
and substantially enhancing the electrochemical performance
of electrode materials.>®*>* However, such a porous structure is
prone to collapse during electrolyte wetting and charge-
discharge cycles. The incorporation of PVA may avoid this
phenomenon. The hydrogen bonds formed between PVA chains
and MXene sheets can create a resilient, interpenetrating
network that mechanically stabilizes the entire 3D porous
architecture during repeated deformation, ensuring long-term
cycle stability.

Based on the above considerations, we propose and experi-
mentally validate a central hypothesis in this work: the syner-
gistic integration of a 3D porous architecture with a robust
hydrogen-bonded network between MXene sheets and PVA
chains can overcome the longstanding performance trade-off
between mechanical flexibility and electrochemical efficiency
in flexible electrode design. Hierarchical porosity enables fast
ion diffusion and maximizes electroactive surface area while
hydrogen bonding improves mechanical cohesion and
suppresses pore collapse during deformation. To test this
hypothesis, we fabricate freestanding and flexible MXene/PVA
foams via a hydrazine-induced foaming treatment of MXene/
PVA composite films in this work. Although numerous
MXene-based porous and flexible electrodes have been devel-
oped, their structural porosity often compromises mechanical
robustness. The rational design of electrodes that simulta-
neously achieve high porosity and superior mechanical
robustness remains a significant challenge. Our MXene/PVA
composite foams exhibit a well-defined 3D cross-linked
porous structure and excellent mechanical performance.
Therefore, the flexible supercapacitors based on the composite
foams demonstrate superior electrochemical performance even
under different bending states and 1000 cycle bending endur-
ance, confirming our hypothesis.

2. Results and discussion

Fig. 1a schematically presents the fabrication process of high
strength MXene/PVA composite foams. In this study, TizC,T,
(where T denotes functional groups such as -F, -O, and -OH)
with high conductivity, large specific surface area, and superior
mechanical properties was selected as active materials for flex-
ible supercapacitors. The LiF and HCI selective etching method
was used to synthesize the Ti;C,T, MXene suspension. The raw
material of TizAIC, consists of bulk particles with size ranging
from several to tens of micrometers (Fig. S1). After selective
etching and sonication, a homogeneously dispersed Ti;C,T,
suspension was achieved (Fig. 2a). X-ray diffraction (XRD)
patterns reflect the structural evolution in this procedure
(Fig. 2b). The XRD spectrum of TizAlC, shows characteristic
peaks corresponding to the standard spectrum (JCPDS 52-0875).
After selective etching and sonication, the prominent peaks
corresponding to the (103), (104), (105) and (107) planes di-
sappeared. A distinct peak shift of the (002) peak from 9.5° to
6.5° was observed, indicating the increase in interlayer space.
These findings confirm the successful removal of the Al layer
from TizAlC,. In order to analyze the morphology of MXenes,
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scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) characterization were performed. SEM
images of MXene sheets on a silicon wafer show the lamellar
structure of MXenes, with the layer size less than 1 pm (Fig. S2).
The freeze-dried Ti;C,T, reveals a porous structure composed of
Ti;C,T, sheets (Fig. S3). The TEM image in Fig. 2¢ displays an
ultrathin MXene flake that is nearly transparent to the electron
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beam. The selected area electron diffraction (SAED, inset of
Fig. 2¢) pattern reveals a typical sixfold symmetric diffraction
pattern, suggesting the high crystallinity of Ti;C,T,.

In a typical procedure, a predetermined amount of PVA
solution was first incorporated into the Ti;C,T, suspension. The
mixture was subsequently dispersed through ultrasonication
and stirring at room temperature. The PVA content was
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(a) An optical image showing the Tyndall scattering effect in a TisC,T, suspension. (b) XRD patterns of TizAlC, and TizC,T,. (c) TEM image

of an MXene sheet (inset shows the SAED pattern of TizC,T, MXene). SEM images of (d) an MXene film, (e) an MXene/PVA film, and (f) an MXene/
PVA foam (inset shows the optical image of a piece of MXene/PVA composite foam which supports a weight of 50 g), respectively.
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controlled by adjusting the amount introduced. In the Ti;C,T,/
PVA mixture, PVA molecules can readily adhere to TizC,T,
sheets as a result of the hydrogen bonding interactions between
functional groups on the surface of Ti;C,T, and hydroxyl groups
on PVA chains. This interaction facilitates stable couplings
between Ti;C,T, and PVA, as illustrated in Fig. 1b. A vacuum-
assisted filtration method was employed to prepare TizC,Ty
films and Ti;C,T,/PVA films (denoted as MPx, where x repre-
sents the mass ratio of PVA in the composite films, x = 1, 5, 10,
15, and 20 wt%, respectively). The resulting freestanding films
(Fig. S4) exhibit excellent mechanical strength and high flexi-
bility that allow repeated folding and stretching. However, the
compact layered structure of MPx films usually leads to limited
ion accessible surface area, resulting in undesired electro-
chemical performance. In contrast, MXene foams with abun-
dant pores benefit fast electrolyte ion diffusion and can lead to
more sufficient utilization of active sites, thus improving the
device performance. As a result, we prepare lightweight Ti;C, T,/
PVA foams (Fig. S4) by treating Ti;C,T,/PVA films with hydra-
zine at 90 °C. Hydrazine functions as both a porogenic agent
and chemical reductant. During processing, it decomposes to
release gases, enabling the fabrication of lightweight and
porous architectures. Concurrently, it chemically reduces MX-
enes by removing a portion of oxygen-containing functional
groups. This reduction induces a critical shift in surface
chemistry from hydrophilic to hydrophobic, which substantially
improves the environmental stability and long-term durability
under humid conditions.

The hydrophilic nature of MXene sheets combined with the
numerous small channels formed during vacuum filtration
(Fig. 2d) facilitates the penetration of hydrazine molecules into
the MXene films, promoting the development of a cellular
structure. As a result, after treating MXene films with hydrazine,
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a 3D continuous structure formed and significant volume
expansion was observed (Fig. S5), confirming the successful
fabrication of the lightweight MXene foams (denoted as MHx,
where x represents the hydrazine employed, x = 1, 5, 10, and 20
pL em™? respectively). In addition, the porous structure
exhibits little change when the amount of hydrazine used
exceeds 5 pL cm 2 Therefore, 5 uL cm > hydrazine was
employed for preparing MXene/PVA composite foams (denoted
as MPHx, where x represents the mass ratio of PVA in the
composite foams, x = 1, 5, 10, 15, and 20 wt%, respectively).
After integration with PVA, the MPx films still retain their well-
organized layered configuration, except for the gradually
shrinking channels as the content of PVA increases (Fig. 2e and
S6), which can be ascribed to the formation of hydrogen bonds
or other types of chemical bonding between MXene sheets and
PVA chains.*® This improves the mechanical performance of the
composite films, benefiting the construction of high strength
MXene/PVA foams. Upon foaming, numerous macropores with
a pore size larger than 2 pm were generated between the parallel
layers, leading to the formation of well-defined porous MXene/
PVA foams (Fig. 2f, S7, and S8). Although the porous structure is
not conducive to the improvement of mechanical properties,
the MXene/PVA foams still deliver excellent mechanical
strength and can support a weight of 50 g (inset of Fig. 2f) as
a result of the strong interaction between MXene sheets and
PVA molecules.

In the X-ray diffraction (XRD) patterns (Fig. 3a) of MHx
treated with different amounts of hydrazine, the characteristic
(002) peak demonstrates little shift, indicating that the foaming
process does not affect the layer space. For MPx, the XRD
patterns show only the MXene diffraction peak, and the PVA
peaks at approximately 19.1° disappeared, suggesting that PVA
molecules were homogeneously dispersed into MXene sheets

Fig. 3 XRD plots of (a) MXene films and MH1-20 as well as (b) PVA, M
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(Fig. 3b). In addition, the layer space of the composite films
increases with the increase in PVA content, as suggested by the
obvious (002) peak shift to a lower angle in their XRD patterns.
This indicates that PVA molecules were inserted between
MXene sheets. However, after treating the composite films with
hydrazine, the (002) peak shifts to a higher angle, which may be
caused by the enlarged interface bonding force between MX-
enes and PVA chains induced by hydrazine, the decreased water
amount between MXene layers after thermal treatment, or the
weakened electrostatic repulsive force caused by the decrease in
hydrophilic functional groups (confirmed by the XPS and water
contact angle results) (Fig. 4a—f).2"**3¢ The specific changes in
layer space are shown in Fig. S9. In the Fourier transform
infrared (FTIR) spectra, the -OH peak of MXene films
(3440 cm™ ") exhibits a redshift to 3432 em™ ' in MP10 and to
3430 cm™" in MPH10, respectively, indicating the formation of
hydrogen bonding between MXene sheets and PVA chains
(Fig. 3c and S7). The strong interfacial coupling between MX-
enes and PVA chains endows the MPs and MPHs with excellent
mechanical properties, which is reflected in their stress-strain
curves (Fig. 3d and S10). As a result, the tensile strength and
Young's modulus of MPH20 reach 48.93 MPa and 2.22 GPa
(Fig. 3d and S11), respectively, which are approximately 1.94
and 3.89 times higher than those of the pure MXene foams
(tensile strength: 25.21 MPa; Young's modulus: 0.57 GPa).
Moreover, these mechanical properties exceed those of many
reported porous MXene/polymer composites (Fig S12).°7*
Although the mechanical performance of MP1-20 is also higher
than that of MPH1-20, this aligns with the fundamental mate-
rials science principles: the introduction of porosity generally
leads to the reduction of the material's mechanical strength.
Besides the excellent mechanical properties, MPHs also exhibit
a cellular structure. As reflected in their N, adsorption-
desorption isotherms, all MXene-based samples except MPH10
exhibit type-IV isotherms with a hysteresis loop, corresponding
to the slit-like holes in the samples (Fig. 3e). These character-
istics suggest the coexistence of macropores and mesopores.
The specific surface area of MH5 is 7.42 m* g ', which is
significantly higher than that of pure MXene films (4.79 m* g™ %).
However, the introduction of PVA enhances the interface force
between MXene sheets due to the formation of hydrogen
bonding, thereby making pore formation more challenging.
Therefore, the remaining micropores cannot be transformed
into mesopores during the foaming process, and only weak
adhesion areas (mesopores or macropores) can be expanded to
form macropores, which is proved by the disappearance of
hysteresis loops in its N, adsorption-desorption isotherms.
Although the formation of macropores is in favor of the
improvement of specific surface area, the limitations of the N,
adsorption-desorption measurement result in only a minor
difference in the measured specific surface area between
MPH10 and the pure MXene films. Nevertheless, the variation
in thickness during the foaming process in Fig. 3f confirmed
the formation of a porous structure. The average thickness of
the MXene films and MP10 is 5.3 and 4.8 um, respectively. After
the hydrazine treatment, a noticeable change in their thickness
is observed. Specifically, the average thickness of MH5 and

This journal is © The Royal Society of Chemistry 2026
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MPH10 increased to 129.1 and 121.8 um, respectively, which is
approximately 24.3 and 25.4 times higher than that in their
unfoamed state (Fig. 3f). As a result of the strengthened pore
architecture arising from the hydrogen bonding between
MXene sheets and PVA chains, the expansion of MPHs during
foaming is constrained. Consequently, the average thickness of
MPH10 is lower than that of MH5. This dramatic thickness
enhancement proved the development of a porous structure
during the foaming process, which facilitates rapid ion/electron
transport through interconnected channels, thus significantly
boosting the electrochemical performance.

The excellent physical properties of MXene/PVA composite
foams largely depend on their foaming mechanism. To further
explore their foaming process, we performed XPS and contact
angle measurements to analyze their chemical conversion
during the foaming process. It is noted that XPS survey spectra
of all MXene-based samples reveal the presence of Ti, C, O, and
F elements (Fig. 4a). And there is almost no detectable Al 2p
signal in all samples, indicating the complete etching of Al
After the foaming process, the peak ascribed to N 1s appears at
400.7 eV for the MH5 and MPH10 foams, which may originate
from the chemical reaction between MXenes and hydrazine
under thermal treatment. The presence of the nitrogen element
expands the interlayer spacing of MXene sheets and creates
abundant defects and active sites, significantly boosting
pseudocapacitance via reversible surface redox reactions.*>***
The high resolution spectra reveal that the C 1s and O 1s peaks
exhibit little change compared with those of MXene films
(Fig. 4b, d and Tables S2, S3). However, the foaming process
leads to a slight increase in both the C/O ratio (from 1.54 to
1.72) and the Ti/O ratio (from 1.16 to 1.19), suggesting partial
removal of oxygen-containing functional groups (Table S1). The
reducing role of hydrazine is further supported by a control
experiment in which water replaced hydrazine under otherwise
identical conditions, resulting in severe oxidation of MXene
films. As shown in Fig. S13, the C 1s and O 1s spectra of the
water-treated MZXene/PVA films exhibit a pronounced
enhancement in peaks corresponding to oxygen-containing
groups (C-O, C=0, and Ti-O/O-H). After the incorporation of
PVA, the peaks of C-O, and C=0O0 in the C 1s spectra and the
peaks of Ti-O/O-H, and C-O in the O 1s spectra of the MPH10
sample obviously weakened compared with that of MP10
(Fig. 4c, e and Tables S2, S3). Correspondingly, the C/O atomic
ratio increases markedly from 2.26 to 3.28, and the Ti/O atomic
ratio increases from 0.92 to 1.21 (Table S1). Unlike the modest
changes seen in samples without PVA, this pronounced shift
indicates that PVA significantly enhances the thermal stability
of MXenes,*****® which benefits the application of MXene-
based devices in extreme environments. These chemical
changes are consistent with variations in surface wettability.
Owing to the existence of oxygen and fluorine functional
groups, pure MXene films show a typical hydrophilic nature,
demonstrated by the water contact angle of 48.5° (Fig. 4f). After
the foaming process, the water contact angle of MH5 exhibits
little difference compared with that of MXene films. Upon the
incorporation of PVA, the water contact angle moves to a higher
value, as a result of the weaker hydrophilic nature of PVA
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compared with MXenes. However, after the foaming process,
the water contact angle of MPH10 significantly increased to
87.3°, close to the hydrophobic state, once again proving the
reduction of MXenes by hydrazine during the foaming process.
All these results are consistent with the previously published
literature.*

To explore the effect of different hydrazine amounts used
during the foaming process and the PVA content on the
electrochemical properties of the MXene-based electrodes,
a two electrode system with 1 M H,SO, as electrolyte was
employed. Fig. S14a and b shows the cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) plots of MH1-20
compared with MXene films. The CV curves of MXene films
and MH1-20 (Fig. S15) exhibit near-rectangular shapes, which
indicate the low resistance and good reversibility of the
charging/discharging process. The enclosed area of the MXene
films and MH1-20 increased with the increase in hydrazine
when the amount of hydrazine is less than 5 uL cm > and then
decreased when more hydrazine is employed, indicating the
highest specific capacitance of MH5. Moreover, the GCD plots
of MXene films and MH1-20 (Fig. S16) exhibit almost symmet-
rical triangular shapes, and MH5 shows the longest discharge
time, well consistent with the CV results. In order to get an
overview of the effects of different hydrazine amounts, specific
capacitance of MZXene films and MH1-20 is calculated
(Fig. S14c). As expected, the specific capacitance decreased with
the scan rate as a result of the limited migration of electrolyte
into the interior part of electrodes. In addition, MH5 displays
the highest specific capacitance among all scan rates. These
results can be attributed to the formation of more pores for ion
transport in MXene foams with higher hydrazine content.
However, a further increase in hydrazine dosage does not
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(a) XPS survey spectra, (b and c) C 1s spectra, (d and e) O 1s spectra, and (f) the water contact angle of MXene films, MH5, MP10, MPH10,

significantly enhance pore development. In contrast, excessive
hydrazine may lead to over-reduction of MXenes, reducing
oxygen-containing functional groups and consequently
degrading electrochemical performance. Based on this, we
construct MXene/PVA foams with different PVA contents by
employing 5 uL cm > hydrazine. Although moderate introduc-
tion of PVA benefits the mechanical and electrochemical
properties of the composite foams, excessive PVA impedes ion
transport, and thus deteriorates the electrochemical perfor-
mance. The construction of a 3D porous structure sheds light
on this problem. As shown in Fig. S14d-f, S17, and S18, the
specific capacitance of MP1, MP5, and MP10 is enhanced a little
compared with that of MXene films, especially at low scan rates
or low current densities, which may be attributed to the
enlarged layer space that suppresses the agglomeration of
MXene films as a result of the introduction of PVA molecules.
However, overuse of PVA that is inactive and nonconductive
would increase the impedance of the composite films and
decrease the content of the active material. As a result, MP15
and MP20 exhibit low specific capacitance. Upon foaming,
besides the intercalation effect of PVA, macropores can also
form between MXene sheets and primarily serve as ion trans-
port pathways. Thus, more active sites become accessible and
the electrochemical performance of MPH significantly
improved. The specific capacitance of MPH10 is calculated to be
237.40 Fg~' (261.14 mF em™ % 43.44 Fcm ™ %) at 5 mV s~ '. As the
scan rate increases to 100 mV s, the specific capacitance of
MPH10 is still maintained at 177.33 F g~ !, which is higher even
when compared with the porous sample of MH5 without the
incorporation of PVA (Fig. 5a-f, S19 and S20).

The MXene/PVA foams show unique structures with superior
conductivity and a high porosity ratio. Consequently, they are

This journal is © The Royal Society of Chemistry 2026
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MP10, and MPH10.

expected to be competitive electrode candidates for flexible
supercapacitors. Based on MPH10, a flexible supercapacitor
device was fabricated with PVA/H,SO, electrolyte (Fig. 6a). As
shown in Fig. 6b and S21, owing to the different ion diffusion
rates in the liquid and gel electrolyte, the CV and GCD shape of
the flexible supercapacitors differs slightly from that of
conventional supercapacitors. The CV curves of the flexible
supercapacitors display typical rectangle-like shapes (Fig. 6b),

indicating the superior capacitive behavior of MXene foams.
This is further supported by their GCD curves with an isosceles
triangle shape (Fig. S21 and S22). Besides, current responses of
the flexible supercapacitors show a nearly linear connection
with scan rates (Fig. 6d). The specific capacitance of the flexible
supercapacitors is calculated to be 240.77 F g ' (264.84 mF
cm™>; 44.06 F cm ™ for a single electrode) at 2 mV s, and they
can still deliver a high specific capacitance of 158.74 F g " even
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(a) Schematic illustration of flexible supercapacitors. Electrochemical performance of flexible supercapacitors: (b) CV curves at various

scan rates; (c) specific capacitances based on CV curves; (d) current responses from CV measurements of flexible supercapacitors; (e) Nyquist

plots (100 mHz—-100 kHz); (f) long-term cycle performance at 2.0 A g%
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at a high scan rate of 20 mV s~ (Fig. 6¢). Such superior rate
performance is attributed to the fast electrochemical reaction
kinetics, which can be revealed by the Nyquist plot (Fig. 6e). The
data were fitted by an equivalent circuit and the results show
small internal resistance (Rs, 12.51 Q) and charge transfer
impedance (R., 0.28 Q), indicating the fast charge-transfer
capability of MPH10 due to its porous structure and high
conductivity. Long-term cycle stability plays another important
role in evaluating the practicality of flexible supercapacitors.
Flexible supercapacitors exhibit a capacitance retention of
100% over 12000 cycles at 2.0 A g ', demonstrating their
excellent long-term cycle stability. Such performance is superior
compared with many other flexible supercapacitors based on
MXene/polymer electrodes (Table 1).2%%7%

The excellent electrochemical performance of the flexible
supercapacitor based on MPH10 is intrinsically linked to its
rapid ion transport kinetics, as evidenced by the well-retained
rectangular shape of CV curves across a wide range of scan
rates (Fig. 6b). The current (i) of the CV curves generally can be
expressed as the sum of the surface capacitance-controlled
current (ic.p) and the diffusion-controlled current (igig) with
the following empirical formula:**

. . . b
I = lcap T laifr = av (1)
This equation can also be rewritten as:

log(i) = blog(v) + log(a) (2)

Here, v represents the scan rate while a and b are adjustable
parameters. When b equals 0.5, the diffusion-controlled process
dominates the electrochemical reaction. When b equals 1.0, the
surface capacitance-controlled process dominates the entire
electrochemical reaction. Based on formula (2), the curves of
log v versus log i were linearly fitted (Fig. 7a). The slopes of these
fitted lines are denoted by the parameter b, which varies from
0.924 to 0.949 at different potentials (Fig. 7b). This result indi-
cates that the surface capacitance-controlled process dominates
the electrochemical reaction of the flexible supercapacitors.
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Besides, the capacitance contribution percent was further
quantified using Dunn's method.®* According to this method,
the total current (i) at one given potential can be expressed as
the sum of two components: k;v (surface capacitance-controlled
contribution) and k,»*’? (diffusion-controlled contribution),
where v denotes the scan rate.®® The surface capacitance
contributions at different scan rates can be visualized as areas
in the CV plots (Fig. 7c and $23). It is noted that the capacitance
contribution gradually increases with the scan rate. This
phenomenon suggests that higher scan rates benefit the
enhanced capacitance contribution, for the reason that the ion
insertion and deintercalation process under such conditions
are primarily confined to surface charge and discharge reac-
tions. Moreover, the capacitance contributions at 2, 5, 8, 10 and
20 mV s~ were 57.36%, 62.17%, 66.00%, 68.46% and 78.80%,
respectively (Fig. 7d). These results can be attributed to the 3D
cross-linked porous structure of the MPH10 electrodes that
inhibits the restacking of MXene sheets and facilitates rapid ion
and electron transport throughout the network. As a result, the
flexible supercapacitors possess fast charge transfer kinetics.

For the purpose of evaluating potential electrochemical
degradation of the flexible supercapacitors over mechanical
strength, CV and GCD curves at varied bending states were
obtained on the stretching platform (Fig. 8a). The initial
distance between the two ends of the devices is 4.0 cm, and then
they are bent into 2.7, 1.5, and 0 cm, respectively. The CV curves
exhibit little distinction at different bending states (Fig. 8b).
Their corresponding normalized capacitances with a length of
4.0, 2.7, 1.5, and 0.0 cm are calculated to be 225.62, 208.20,
201.69 and 200.35 F g, respectively (Fig. 8d), suggesting the
high electrochemical stability of the flexible supercapacitors.
The electrochemical stability of the supercapacitors under
various bending conditions can also be inferred from their
almost overlapping GCD curves (Fig. 8c). Moreover, in order to
evaluate the mechanical fatigue resistance of the flexible
supercapacitors, GCD measurements were performed under
cyclic bending (30 cycles per test). The results show negligible
change in capacitance retention during 1200 bending times (the
distance between the two ends of the device was bent from 4.0

Table 1 Comparisons of electrochemical performance of some MXene-based electrode materials

Electrode Electrolyte Current density/  Specific gravimetric ~ Specific areal Retention ~ Number of
materials medium scan rate capacitance (F g ) capacitance (mF cm ?) (%) cycles Ref.
Ti;C,T,/PVA 1M KOH 2mvst 84 10 000 20
Ti;C,T,/CNF 2mvs 120 98 10 000 49
Ti;C,T,/CNC/PP 1M H,SO4 10 mvs ' 232 78 10 000 50
Ti;C,T,-BOPP 0.1 mA cm 2 238.8 358.2 78 2000 51
Ti;C,T,/PDT 0.5 M H,SO, 50 mA cm 2 284 100 10 000 52
Ti;C,T,/SCNF 1M H,S0, 220 100 5000 53
Ti;C,T,-S-ENR 1 M H,PO, 02Ag! 283.44 86 2000 54
Ti,;C,T,/MPFs 0.5M H,SO;, 1 mAcm® 95.9 7000 55
Ti;C,T,/PVA 1M H,S0, 5mvVs 119.3 130.9 56
Ti;C,T,-AFAO 1M H,S0, 1Ag? 211.2 92.0 5000 57
Ti;C,T,/SCNF 1 M H,S0, 1Ag? 218.3 241.2 95.1 5000 58
Ti;C,T,/pg-C;N; 1 M MgSO, 2mv st 140 10 000 59
Ti;C, T, 1 M Li,SO, 0.5mVs? 149.8 100 10 000 60
Ti;C,T,/PVA 2 M H,S0, 5mvs 240.77 261.14 100 12 000 This work
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to 2.0 cm; see Fig. 8e). This remarkable electrochemical stability  flexibility of the devices, three supercapacitors connected in
suggests that flexible supercapacitors hold great potential for series were tested under both flat and bent configurations to
use as flexible power sources. To visually demonstrate the power a calculator's liquid crystal display (LCD). Notably, even
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Fig. 8 (a) Optical images of the flexible supercapacitors during the bending test. (b—e) Electrochemical performance of the flexible super-
capacitors (where Cyg and L represent the initial capacitance and distance of flexible supercapacitors, and Cs and L denote the capacitance and
distance under different bending states, respectively): (b) CV curves at 5 mV s7%, (c) GCD plots at 0.2 A g~%, and (d) normalized specific
capacitances calculated from CV curves, (e) capacitance retention of the device at different bending times. (f) Optical photographs of a lit LCD
under different bending states.
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after being bent to a significant angle, the devices were able to
stably illuminate the LCD, confirming their suitability as
stretchable energy storage components (Fig. 8f).

3. Conclusions

In summary, flexible MXene/PVA composite foams were
successfully prepared and applied to flexible supercapacitors.
Such MXene/PVA composite foams realized the balance
between mechanical strength and electrochemical performance
in conventional electrodes by constructing a 3D porous struc-
ture on the high strength MXene/PVA composite films. Specif-
ically, the introduction of PVA induces the hydrogen bonding
between MXene sheets and PVA chains, which improves the
mechanical properties of the composite foams. Moreover, the
construction of a 3D porous structure suppresses the agglom-
eration of MXene sheets and promotes rapid ion transport, thus
improving the electrochemical performance. Therefore, the
MXene/PVA foams deliver a high tensile strength of 48.93 MPa
and Young's modulus of 2.22 GPa. More importantly, the flex-
ible supercapacitors based on the MXene/PVA foams show
a high specific capacitance of 240.77 F ¢~ ' and stable electro-
chemical performance even under various bending states and
repeated bending cycles. The combination of high mechanical
strength and excellent electrochemical properties of such
supercapacitors makes them promising candidates for flexible
and wearable electronics.

4. Experimental section

4.1 Preparation of MXenes

Ti;C,T, was synthesized by etching Ti;AlC, using a LiF/HCl
solution. Typically, 2 g of LiF (Alfa Aesar) was first dissolved
in 40 mL of 6 M HCI under continuous stirring. Subsequently,
2 g of TizAlC, was added to the resulting solution, which was
then heated to 45 °C. After reacting for 72 hours at this
temperature with continuous stirring, the product was collected
and repeatedly washed with deionized water until the pH
approached approximately 6. Thereafter, 200 mL of deionized
water was added to the resulting precipitate. Following ultra-
sonication and centrifugation at 3500 rpm for 30 minutes,
a well-dispersed Ti;C,T, suspension with a yield of approxi-
mately 50% was successfully obtained.

4.2 Fabrication of MXene/PVA foams

A well-dispersed MXene/poly(vinyl alcohol) (PVA) suspension
was initially prepared by mixing the MXene suspension (0.3 mg
mL ") with the PVA solution (1 mg mL™"). The PVA content was
precisely controlled by adjusting the volume of the PVA solu-
tion. Subsequently, the MXene/PVA films were obtained via
vacuum filtration of the above MXene/PVA suspension using
a polypropylene membrane (Celgard 2400). The thickness of the
films was tailored by varying the concentration and volume of
the suspension. After that, a piece of freestanding MXene/PVA
film was coated with hydrazine monohydrate (80%, coating
amount: 5 uL. cm ™) and then heated at 90 °C for 3 h to fabricate
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MXene/PVA foams. For comparison, pure MXene foams were
also prepared with identical steps without the presence of PVA.

4.3 Fabrication of conventional supercapacitors

Conventional supercapacitors were assembled to assess the
fundamental electrochemical characteristics of the electrodes.
Pt slices functioned as current collectors, while filter paper
acted as the separator. The MXene-based electrodes and sepa-
rator were layered together, with the 1 M H,SO, electrolyte
introduced between them.

4.4 Fabrication of flexible supercapacitors

The PVA/H,SO, electrolyte was prepared by dissolving 1 g of PVA
in a solution containing 1 g of concentrated H,SO, and 10 mL of
deionized water. The mixture was then heated to 85 °C under
continuous stirring till it became transparent. Subsequently,
two identical rectangular shaped MXene/PVA foam electrodes
with a size of 3 x 1 cm? and areal loading of 1.1 mg cm™ > were
placed on polyethylene terephthalate (PET) substrates. The PVA/
H,S0, gel electrolyte was then added dropwise and dried under
vacuum conditions. Finally, a piece of filter paper was sand-
wiched between two identical MXene films, completing the
fabrication of the flexible supercapacitors. Afterwards, it was
sealed by using a piece of polyethylene terephthalate film.

4.5 Material characterization

The morphology features of the materials were analyzed by
scanning electron microscopy (SEM, Hitachi SU8010) and
transmission electron microscopy (TEM, FEI Talos F200X G2).
X-ray diffraction (XRD, Bruker D8 Advance A25) was employed
to investigate the crystal structure of materials. X-ray photo-
electron spectroscopy (XPS, ESCALAB Xi+, Thermo Fisher
Scientific, USA) was used to determine the elemental composi-
tion and oxidation states of the samples and the contact angles
were measured using an SDC-100 system. Specific surface area
of the material was measured by using an nitrogen adsorption
isotherm tester (Quantachrome 4000nova). Fourier transform
infrared spectra (FTIR) were obtained on a BIORAD FTS 600.
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