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Abstract

For energy storage applications, the practical potential of single materials is usually
limited by their intrinsic drawbacks. Specifically, metal-organic frameworks (MOFs)
suffer from poor conductivity, while 2D MXenes are prone to oxidation and restacking.

Herein, in situ growth of La-Ti-O MOF on Ti;CoTx MXene is reported to enable
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synergistic structural coupling of MXene@La-Ti-O composite for high-performance
supercapacitors. La-Ti-O MOF is in-situ grown from lanthanum-coordinated
titanium-oxo cluster precursors on MXene nanosheets, and the synergistic structural
coupling of MXene@La-Ti-O can effectively inhibit the restacking of MXene
nanosheets, enrich redox active sites, and simultaneously enhance the oxidation
resistance and mechanical toughness of free-standing film. The MXene@La-Ti-O film
electrode shows excellent electrochemical performance with high capacitance of 663 F
gl at 1 A g and high stability of 96% retention after 20,000 cycles. Moreover, the
MXene@La-Ti-O symmetric supercapacitor exhibits superior energy storage
performance with energy density of 58.93 Wh kg™ at power density of 400 W kg!,
which is among the best performances reported so far for MXene-based flexible
symmetric solid-state supercapacitors. The impressive results indicate the synergistic

structural coupling strategy of MXene and La-Ti-O MOF is very promising for

high-performance flexible supercapacitors.

Keywords: Ti;C.Tx MXene, metal-organic frameworks (MOFs), titanium-oxo cluster,

flexible supercapacitors, energy storage performance

INTRODUCTION

With the rapid advancement of flexible electronics and the growing demand for
distributed and portable energy solutions, flexible energy storage systems have garnered
considerable attention due to their superior compatibility and mechanical
adaptabilityl'*l. As next-generation energy storage devices, flexible supercapacitors
have emerged as highly promising candidates for portable and wearable electronics,
owing to their outstanding mechanical flexibility, excellent -electrochemical
performance, high safety, and seamless integration capabilities>®!. In recent years, the
design and fabrication of advanced functional materials for energy storage and

conversion have become a focal area of academic research, and remarkable progress has
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been achieved with a variety of functional materials, including MXenes, metal-organic
frameworks (MOFs), covalent organic frameworks (COFs), and other nanomaterials!”!,
MXenes are two-dimensional (2D) transition metal carbides or nitrides with a general
formula of Mn+1XnTx, where M represents early transition metals (e.g. Ti, V, Nb, Mo, Zr,
Hf), A denotes a Group III or IV element (e.g. Al, Si, Ga), X refers to carbon or nitrogen,
and Ty signifies surface functional groups (e.g. =O, -F, -OH, -C)[!%!], MXenes exhibit
metallic-like electrical conductivity, a unique layered structure, abundant surface
functional groups, and excellent solution processability, making them highly attractive
for energy storage and conversion applications, flexible sensors, and etc.l'*'4, MOFs, a
class of crystalline porous materials constructed by coordinating metal ions or clusters
with organic ligands, feature well-defined nanochannels and cavities with highly
tunable structures!!®!5-"1, Distinguished by their ultrahigh specific surface areas and
precisely controllable pore sizes, MOFs have been widely recognized as promising
functional materials in electrochemical energy storage and conversion fields. However,
the practical application of single-component materials is often constrained by their
intrinsic limitations. For instance, MOFs generally suffer from inadequate electrical
conductivity, while MXenes prepared through etching reactions inevitably expose a
large number of unsaturated metal atoms on their surfaces, leading to susceptibility to
oxidation and insufficient cycling stability??). In addition, MXene nanosheets are prone
to re-stacking due to the inner strong interaction, which results in the
aggregation/precipitation of nanosheets, and thus severely restrict the ions transport and

electrochemical performance of MXene film!2!22],

To address these limitations, researchers have developed various strategies, such as
integrating MOFs with highly conductive materials, and combining MXenes with
structurally robust components. For instance, organic molecules (e.g. tannic acid) and
carbon nanomaterials were used to modify the surface of MXenes, and thus enhance the

oxidation resistance and interlayer spacing!**-?*l, Recently, constructing MOF/MXene

DOI: 10.20517/scierxiv202606.0389.v1 3 https://www.scierxiv.com/



https://www.scierxiv.com/

composites has proven to be an effective approach to achieving enhanced overall
performance?®. Wu and colleagues developed a method using V.CTx MXene as a metal
source to synthesize MOF nanosheets, and the resulting V>CTx-PMOF composite
demonstrated excellent proton conductivity?’28, Zheng et al. proposed a simple yet
effective hybridization strategy for synthesizing MXene@Ni-MOF composites by
integrating TizCo MXene with 3D columnar porous MOF nanosheets, where the
synergistic interactions between MXene and Ni-MOF substantially enhanced the
specific capacitance!®”). Compared with conventional MXene-based composite systems
(e.g., MXene/organic or MXene/carbon composites), MXene/MOF composites offer
greater structural flexibility for supercapacitor electrode applications**3!l. Nevertheless,
synthesizing novel MXene/MOF composites that simultaneously possess high oxidation

resistance, excellent electrochemical performance, and mechanical flexibility remains a

critical challenge.

Titanium-oxygen (Ti-O) clusters are discrete, multinuclear metal-oxygen clusters
constructed through covalent or coordination bonding between titanium ions and
oxygen-containing ligands such as hydroxyl (-OH) and oxo (=O) groups, and
atomic-level precise regulation of cluster core size and ligand structure can be achieved
by controlling the titanium source, ligand types, and reaction conditions*>*}. In this
work, we propose a strategy that employs TisC.Tx MXene nanosheets as a substrate to
assist the in-situ growth of a La-Ti-O MOF structure via the coordination of lanthanum
metal ions with titanium-oxygen cluster precursors, and thus synthesize the
MXene@La-Ti-O composite. The in-situ grown La-Ti-O MOF effectively inhibits the
restacking of MXene nanosheets and modulates the pore structure of the composite,
thereby optimizing the ion diffusion pathways and increasing the redox active sites.
Simultaneously, the structural coupling of MXene@La-Ti-O improves the oxidation
resistance and mechanical toughness of free-standing film. The MXene@La-Ti-O film

electrode shows excellent electrochemical performance with high capacitance of 663 F
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glat 1 Ag! and high stability of 96% retention after 20,000 cycles. Moreover, the
MXene@La-Ti-O symmetric supercapacitor exhibits superior energy storage
performance with energy density of 58.93 Wh kg™! at power density of 400 W kg™!, and
possesses excellent cycling stability with a high capacitance retention of 84% after 5000
cycles at 10 A g!. In addition, the MXene@La-Ti-O devices show similar GCD curves
under bending angles of 0°, 45°, and 90°, and the brightness of the LEDs remains

almost unchanged under bending condition, indicating high bending stability.

EXPERIMENTAL
Materials
MAX (TizAlCz, 400 mesh) was purchased from Jilin 11 Technology Co., Ltd. The other

chemicals were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.

Preparations

Preparation of TisC>T. MXene

According to the previous reports>>2  single/few-layer TisC.Tx MXene was
synthesized by using HCI/HF etchant to etch Al atoms of Ti;AlC, phase and then using
LiCl intercalant for the delamination. Filter a certain amount of colloidal solution
through a hybrid cellulose membrane and measure the concentration of the TizC>Tx

dispersion (~10 mg mL").

Preparation of MXene(@La-Ti-O thin film electrode

Add Ti(OiPr)4(0.61mL, 2mmol), benzoic acid (1.22 g, 10 mmol), an aqueous solution of
lanthanum chloride (lanthanum ions 80mg, 0.2 mmol), and 20 mg of Ti;C.Tx MXene
colloidal solution into 6 mL of CH3CN. Stir the mixture for 30 min, then transfer it into
a high-pressure reactor and protect it with inert nitrogen gas. Heat it in an oven at
100 °C for 72 h. After cooling to room temperature, centrifuge and wash multiple times

to replace the organic solvent with an aqueous solvent. Dry the resulting powder in a
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vacuum drying oven for the next step. Disperse different amounts of the above powder
in deionized water by ultrasonication, add TizC,Tx MXene, and stir the mixture for 6 h.

Then vacuum filter and dry under vacuum at 50 °C for 4 h to obtain self-supporting

MXene@La-Ti-O film electrodes with different loading amounts.

Preparation of flexible symmetric sandwich supercapacitor devices

The standalone MXene@La-Ti-O film electrode was cut to 1.5 x 2.5 cm?, and the
PVA/H,SOs4 solid gel electrolyte was cut to 1.8 x 2.8 cm? to serve as the separator. The
separator was soaked in 1 M dilute sulfuric acid on both sides, then the
MXene@La-Ti-O film electrodes were symmetrically attached to both sides of the
separator. Next, copper conductive tapes were symmetrically attached to the surfaces of
the two electrodes. Finally, the flexible symmetric supercapacitor device was simply

encapsulated using a PET substrate.

Characterizations

Electrochemical measurement

The electrochemical performance of Ti;CoTx and MXene@La-Ti-O film electrodes was
measured using a three-electrode system, where the film electrode served as the
working electrode, carbon cloth as the counter electrode, Ag/AgCl as the reference
electrode, and 3M H>SOy4 as the electrolyte. Electrochemical measurements of the film
electrodes and supercapacitor devices (CV, GCD, and EIS) were conducted at room

temperature using a CHI 760E electrochemical workstation.

Calculation

Specific capacitances were calculated by the following equations: C,= (Si?/) ,

CfﬁAV, Ca:zistV’ where C; is the gravimetric capacitance, I is the current density
(A g1, At represents the discharge time (s), m is the mass of working electrode (g), and
AV is the potential window (V), 4 is the integral area of the CV curve, C, is the areal
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capacitance (mF cm?), v is the scan rate (V s!), S is the area of electrode (cm?). The
energy density (E,, Wh kg™!), power density (Pg, W kg!), areal energy density (Ea., uWh

cm?) and areal power density (P., ptW ¢cm?) were calculated according to the following
equations: Eféquw736 . P=3600E /Al Ef%QJAW736,

P,=3600 E, /At.

MXene MXene@La-Ti-O Sandwiched supercapacitor

Figure 1. Schematic illustration about the preparation of MXene@La-Ti-O composite,
where the internal TEM image shows the rod-shaped La-Ti-O MOF in situ grown on

MZXene.

RESULTS AND DISCUSSION

Preparation and characterization of MXene@La-Ti-O

According to our previous reports>>2], the Al atoms in the precursor (TizAIC; MAX)
were selectively etched using a mixed etchant of hydrofluoric acid and hydrochloric
acid (HCI:HF), then followed by intercalation with LiCl to obtain the pristine Ti3CoTx
MXene solution. As shown in Figure 1, the precursor for MOF growth, consisting of
Ti(OiPr)4, benzoic acid, and an aqueous solution of lanthanum chloride, was mixed with
the pristine Tiz3CoTx MXene solution, and then subjected to a protective hydrothermal
treatment of 100 °C and 72 h to prepare a composite of La ion coordinated
titanium-oxygen clusters in situ grown on MXene, denoted as MXene@La-Ti-O. The
internal TEM image in Figure 1 shows the rod-shaped La-Ti-O MOF in situ grown on

MXene, forming the composite of MXene@La-Ti-O. In order to highlight and analyze
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the XRD pattern of La-Ti-O MOF cluster, a pure La-Ti-O sample and a
MXene@La-Ti-O sample with 2% MXene (mass content) were prepared for
comparison. As shown in Figure 2A, the MXene@La-Ti-O sample with 2% MXene
shows a typical (002) peak of MXene, and exhibits similar peaks with the La-Ti-O
sample. In addition, the XRD patterns of La-Ti-O MOF for both the MXene@La-Ti-O
sample and the La-Ti-O sample are consistent with the previous report*#, indicating the
successful preparation of La ion coordinated titanium-oxygen clusters in situ grown on
MXene (MXene@La-Ti-O). Unless otherwise specified below, the MXene content and
the La-Ti-O cluster content in MXene@La-Ti-O composite are 77% and 23%,

respectively.
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Figure 2. (A) XRD patterns of La-Ti-O MOF and MXene@La-Ti-O (with 2% MXene);

—=— MXene
—=— MXene@La-Ti-O

MXene
MXene@La-Ti-O)|

2

BET Surface Area: 85904 m?g?

me (em® g STP)
z = B

Tntensity (a.u.}

Adsorbed Volu
H

|
v
T

BET Surface Area: 36.714m’ g’

(B) XRD patterns; (C) Infrared spectra; (D) Raman spectra; (E) BET adsorption curves
and specific surface area data; and (F) pore size distribution curves for MXene and

MXene@La-Ti-O.

Figure 2B displays the XRD patterns of MXene and MXene@La-Ti-O. Compared with

the (002) peak of the pristine MXene at 6.31°, the (002) peak of MXene@La-Ti-O
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appears at a smaller angle of 5.93°, indicating that the in-situ grown La-Ti-O MOFs
increase the lattice spacing of MXene. As shown in Figure 2C, the Infrared spectrum of
MXene@La-Ti-O shows an extra peak at 2,832 c¢cm™' compared to MXene, which
corresponds to the vibration peak of C—H in the benzene ring from La-Ti-O MOFB336],
Figure 2D displays the Raman spectra of MXene and MXene@La-Ti-O. The peaks
around 206 and 725 cm™! correspond to the characteristic Az out-of-plane symmetric
vibrations of Ti and C atoms, while the Eg group vibrations, representing in-plane
modes involving Ti, C, and surface termination atoms, appear near peaks at 270, 388,
576, and 635 cm'[242537] Compared with pristine MXene, MXene@La-Ti-O shows
relatively decreased Aj; and E, characteristic peaks, indicating that the coupling
between MXene nanosheets is weakened after the introduction of La-Ti-O, which can
effectively alleviate the restacking of MXene nanosheets. The peaks observed at
approximately 1,350 and 1,580 cm’' are attributed to the characteristic D band of
defects in carbon-based materials and the characteristic G band of vibrations of sp?
hybridized carbon atoms?**l. Compared with pristine MXene, MXene@La-Ti-O
exhibits a slight decrease in the G band, which may be ascribed from the increase of

disordered carbon materials during the hydrothermal growth of La-Ti-O.

Figure 2E and Figure 2F show the N> (77 K) adsorption-desorption isotherms of MXene
and MXene@La-Ti-O freestanding films, as well as the pore size distribution calculated
by the Barrett—Joyner-Halenda method. As shown in Figure 2E, the pristine MXene film
possesses a relatively small specific surface area of 36.714 m?/g due to its densely
stacked structure, while the MXene@La-Ti-O film exhibits a significantly larger
specific surface area of 85.904 m?/g and displays more micropores (approximately 2-40
nm). During the hydrothermal growth of La-Ti-O MOF, the organic linkers in the
precursor can decompose to form porous carbon materials, and the in-situ growth of
La-Ti-O MOF on MXene can act as a volume buffer and create many pores*>#%, which

synergistically suppresses the restacking of MXene nanosheets, and increase the overall
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porosity and specific surface area of the MXene@La-Ti-O film. Notably, the increase of
porosity and specific surface area can not only provide more active sites for ion storage,
but also facilitate more efficient ions accessibility and interaction between the

electrolyte and electrode materials, thereby improving the electrochemical performance

of the MXene@La-Ti-O film electrode!*!42],

Transmission electron microscopy (TEM) was used to investigate the morphology of
MXene@La-Ti-O composite. Figure 3A shows that rod-shaped La-Ti-O MOFs are
relatively uniformly loaded on MXene nanosheets. During the in-sifu growth of La-Ti-O
MOF on MXene, MXene can directly interact with the MOF precursor, and thus the
interaction between MXene and La-Ti-O MOF is enough strong to show the clear TEM
image of MXene@La-Ti-O composite. In addition, the strong interaction between
MXene and La-Ti-O MOF is beneficial to improving the structural stability and
electrochemical performance of MXene@La-Ti-O"**#, The corresponding EDS
mapping of MXene@La-Ti-O is shown in Figure 3B, and the La elements are
prominently highlighted at the locations of the rod-shaped MOF, demonstrating the
successful integration of the MXene and La-Ti-O MOF. High-resolution TEM image of
MXene@La-Ti-O [Figure 3C] reveals clear lattice fringes of MXene with a d-spacing of
0.37 nm, corresponding to the (004) crystal plane, which indicates the overall complete
crystal structure of MXene in the MXene@La-Ti-O composite. Figure 3D shows the
SEM image of MXene@La-Ti-O composite, and it is clearly observed that the La-Ti-O
MOF nanorods are uniformly distributed on the surface of MXene nanosheets, further
demonstrating the successful integration of the MXene and La-Ti-O MOF in the
MXene@La-Ti-O composite. Figure 3E displays the cross-sectional SEM image of
MXene@La-Ti-O freestanding film. Due to the in-situ growth of La-Ti-O MOF
nanorods on MXene nanosheets, the MXene@La-Ti-O film shows relatively loose
stacking with more pores and larger interlayer spacing compared to the pristine MXene

film [Supplementary Figure 1], which is beneficial to facilitating electrolyte ions
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transport and accessibility and thus improving the electrochemical performance of the

NOT PEER-REVIEWED

MXene@La-Ti-O film electrode.
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Figure 3. (A) TEM image and (B) corresponding La elemental EDS mapping of
MXene@La-Ti-O; (C) High-resolution lattice fringe image of MXene@La-Ti-O; (D)
Surface SEM image and (E) cross-sectional SEM image of MXene@La-Ti-O; The
high-resolution (F) C 1s spectrum; (G) Ti 2p spectrum; and (H) O 1s spectrum for
MXene and MXene@La-Ti-O.

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical composition
of MXene@La-Ti-O. As shown in Supplementary Figure 2, the XPS survey spectrum of
MXene@La-Ti-O shows extra La elements from La-Ti-O MOF compared to pristine

MXene. The high-resolution C 1s, Ti 2p, and O 1s spectra of MXene@La-Ti-O and
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MXene were further made comparison and analysis. The high-resolution C 1s spectrum
[Figure 3F] displays four main types of bonds formed by C 1s: C—Ti, C—Ti—Ox, C—C,
and C—0, located at approximately 282.2, 282.9, 284.8, and 286.5 eV, respectively?>43,
According to the previous report*), an additional O=C—O bond can be observed in
MXene@La-Ti-O, which originates from the La-Ti-O MOF coordination. In C s
spectrum, the relative content of C—Ti—Ox for MXene@La-Ti-O is increased to 6.27%
than that (5.13%) of pristine MXene, which may result from the bonding between the
surface positively charged Ti atoms of MXene and the negative electron oxygen atoms
of La-Ti-O MOF. The high-resolution Ti 2p spectrum [Figure 3G] can be divided into
three doublets located at approximately 454.8/460.8 eV, 456.0/462.1 eV, and
457.0/463.1 eV, as well as a single peak at around 458.7 eV, corresponding to Ti—C,
Ti(Il), Ti(Ill), and TiO» bonds, respectively!®’l. The relative content of TiO» in
MXene@La-Ti-O is decreased to 4.66% than that (5.31%) of pristine MXene,
indicating that in-situ grown La-Ti-O MOF can reduce the oxidation of MXene and thus
improve oxidation resistance of MXene@La-Ti-O. The high-resolution O 1s spectrum
[Figure 3H] shows three distinct peaks at approximately 530.1, 531.5, and 533.2 eV,
corresponding to O—Ti, La—O/C-Ti—Ox, and C-Ti—(OH)x bonds, respectively?>48,
Since the binding energies of La—O and C—Ti—Ox both appear at around 531.5 eV and
are difficult to distinguish, they are represented together. The La—O bond in
MXene@La-Ti-O is attributed to the coordination structure within the La-Ti-O MOF. In
O 1s spectrum, the relative content (20.45%) of La—O/C—Ti—Ox for MXene@La-Ti-O is
obviously higher than that (18.61%) of pristine MXene, which may result from the
contribution of La—O and the Ti—O bonding between the surface positively charged Ti
atoms of MXene and the negative electron oxygen atoms of La-Ti-O MOF. Notably, the
increase in the relative content of C—Ti—Ox can increase redox active sites, thereby

enhancing the pseudocapacitance of MXene@La-Ti-O.

Oxidation resistance and mechanical property of MXene@La-Ti-O film
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The stability of MXene-based electrode materials is also critical for commercial
application. The oxidation resistance of MXene@La-Ti-O were further investigated by
adding a small amount of strong oxidizing agent (hydrogen peroxide, H20Oz) into the
MXene@La-Ti-O dispersion. Figure 4A shows optical images of MXene and
MXene@La-Ti-O dispersions before and after the introduction of an equal amount of
H>O,, where (1) and (2) represent the MXene and MXene@La-Ti-O dispersions,
respectively. Initially, both MXene and MXene@La-Ti-O dispersions appear as
uniformly dispersed black colloidal solutions. After 12 h of adding H2O2, most of
MXene dispersion turns yellow due to the severe oxidation, while the MXene@La-Ti-O
dispersion is almost unchanged, showing significantly improved oxidation resistance.
The in-situ growth of La-Ti-O MOF on MXene facilitates the strong interaction
between La-Ti-O MOF and MXene, effectively inhibiting the oxidation of MXene and
maintaining its structural integrity, and thus enabling the significantly improved

oxidation resistance of MXene@La-Ti-O3%4],

5:

Figure 4. (A) Digital photos of the oxidation process of MXene (1) and
MXene@La-Ti-O (2) at 0 h, 6 h, and 12 h from left to right; (B) Comparison of

high-resolution O 1s XPS spectra of MXene and MXene@La-Ti-O before and after
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oxidation treatment; (C) Tensile strain curves of MXene film and MXene@La-Ti-O film;

(D) Folding and unfolding images of the free-standing MXene@La-Ti-O film and its

load-bearing with weights.

In order to further analyze the antioxidant mechanism, XPS measurement was
performed on MXene@La-Ti-O and MXene samples oxidized with H,O> for 12 h.
Figure 4B and Supplementary Figure 3 separately display the high-resolution O 1s and
Ti 2p XPS comparison of samples before and after oxidation, and the relevant data is
summarized in Supplementary Table 1. In O 1s spectra of MXene, the relative content
of C—Ti—(OH)x and C—Ti—Ox are both obviously decreased and the relative content of
O—Ti is obviously increased after H2O> oxidation, indicating the severe oxidation of
MXene by H20.. In Ti 2p spectra of MXene, the relative content of TiO: is also
obviously increased by 61% (from 5.31% to 8.53%) after H,O» oxidation, further
demonstrating the severe oxidation of MXene by H,O.. However, for MXene@La-Ti-O,
the relative content changes of C—Ti—(OH)x and C—Ti—Ox and O—Ti in O 1s spectra
before and after H,O» oxidation are all significantly smaller, and the relative content of
TiO; in Ti 2p spectra is only slightly increased by 30% (from 4.66% to 6.07%) after
H>O, oxidation, demonstrating the significantly improved oxidation resistance of

MXene@La-Ti-O.

The mechanical strength of freestanding film electrode is also important for practical
application. The mechanical properties of the freestanding films were evaluated through
strain-stress testing, as shown in Figure 4C. Compared with pristine MXene film, the
strain of the MXene@La-Ti-O film is increased from 1.326% to 2.539%, and the tensile
stress is increased from 13.18 MPa to 21.10 MPa, indicating a notable enhancement in
the toughness of the MXene@La-Ti-O film due to the strong interaction between
La-Ti-O MOF and MXene. Figure 4d shows a simple folding and recovery test of the

MXene@La-Ti-O film. After folding and restoration, the MXene@La-Ti-O film did not
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rupture and was still able to lift up to 100 grams of weight without tearing,

demonstrating excellent mechanical strength and flexibility, which corresponds to the

significantly enhanced toughness observed in Figure 4C.

Electrochemical performance of MXene@La-Ti-O film electrode

The electrochemical performance of MXene@La-Ti-O film as supercapacitor electrode
was measured by using a three-electrode system based on a 3M H2SOj4 electrolyte. First,
the weight content of La-Ti-O MOF in MXene@La-Ti-O composite was optimized, and
the electrochemical performances of MXene@La-Ti-O film electrode with different
weight content of La-Ti-O MOF are shown in Supplementary Figure 4. The
comparative results of cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) curves for MXene@La-Ti-O film electrode suggest that the MXene@La-Ti-O
film electrode with 23% weight content of La-Ti-O MOF achieves the best
electrochemical performance. Therefore, the electrochemical performance of the
optimal MXene@La-Ti-O film electrode was further investigated by comparison with

the pristine MXene film electrode.
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Figure 5. (A) CV and GCD curves of Tiz3CoTx and MXene@La-Ti-O film electrodes at
2mVstand (B) 1 Ag!; (C) CV curves of MXene@La-Ti-O film electrode at different
scan rates; (D) specific capacitance of MXene@La-Ti-O film electrode at different scan
rates; (E) comparison Chart of Capacitance Contribution Rates between MXene and
MXene@La-Ti-O; (F) electrochemical impedance spectroscopy; (G) cycling stability
curve of MXene@La-Ti-O film electrode at 10 A g'; (H) kinetic b-value analysis; (I)

performance comparison of different film electrodes.

Figure 5A shows the CV curves of MXene@La-Ti-O and MXene film electrodes at a
scan rate of 2 mV s”!. Compared with the MXene film electrode, the MXene@La-Ti-O
film electrode displays a larger integrated CV area and higher current response within
the potential window of —0.7 to 0.1 V, achieving a significantly larger capacitance of
615 F-g!'. Figure 5B shows the GCD curves of MXene@La-Ti-O and MXene film
electrodes at a current density of 1 A g'!. Compared with MXene, the MXene@La-Ti-O
film electrode exhibits a significantly longer charge-discharge time and a more

symmetrical GCD curve, and demonstrates a notably higher capacitance of 663 F-g!,
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indicating a 63.4% increase over MXene. The CV curves at different scan rates and
GCD curves at different current densities of MXene@La-Ti-O film electrode are shown
in Figure 5C and Figure 5D, respectively, and the calculated specific capacitances are
summarized in Supplementary Figure 5. The specific capacitances of the
MXene@La-Ti-O film electrode slowly decrease from 615 F g'! at 2 mV s to 267 F g!
at 50 mV s and from 663 F g!' at 1 A g! to 325 F g! at 20 A g”!, indicating that the
MXene@La-Ti-O film electrode possesses good rate performance. In addition, the
MXene@La-Ti-O film electrode exhibits high capacitance retention of 96% after
20,000 cycles at 20 A g! [Figure 5E], indicating excellent cycling stability. Figure 5F
displays the specific capacitances comparison of this work to other MXene-based film
electrodes reported in recent years, and Supplementary Table 2 summarizes the detailed
conditions and parameters. Apparently, the excellent electrochemical performance (high
capacitance of 663 F g' at 1 A g!' and high stability of 96% retention after 20,000
cycles) of the MXene@La-Ti-O film electrode outperforms most of MXene-based film

electrodes reported so far.

The electrochemical impedance spectroscopy (EIS) Nyquist plots of film electrodes and
the equivalent circuit diagram fitted using Zview software are shown in Figure 5G. The
series resistance (Rs) and charge transfer resistance (R.t) of MXene film electrode are
calculated to be 0.80 and 0.60 Q, respectively. However, the MXene@La-Ti-O film
electrode shows obviously lower Rs 0.59 Q and smaller R of 0.32 Q, indicating more
efficient ions transport and charge transfer. The in-situ grown La-Ti-O MOF effectively
weakens the re-stacking of MXene nanosheets and significantly increases the interlayer
spacing, thus enabling the improved ions transport and charge transfer in the
MXene@La-Ti-O film electrode. The charge storage kinetics was further analyzed by
investigating the correlation between peak current and scan rate with the equation of
ip=av’, where i, and v separately represents the peak current and scan rate, and « and b

are parameters. As shown in Figure 5H, the MXene film electrode possesses the b
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values of 0.60 and 0.57 under cathodic and anodic sweep, respectively. However, the
MXene@La-Ti-O film electrode shows obviously larger b values of 0.74 and 0.72 under
cathodic and anodic sweep, respectively, indicating significantly improved kinetic
properties. The capacitive-/diffusion-controlled charge storage processes were also
analyzed by using the equation of i(¥)=k,v+,v"?, where i(V) represents the current at a
fixed potential, including the capacitive process (k,v) and diffusion-controlled process
( ,v'?). As shown in Figure 51, the MXene@La-Ti-O film electrode shows a
significantly higher capacitive contribution of 86% compared to the MXene film

electrode with a capacitive contribution of 55.8% at 5 mV s!, which is attributed to the

improved ions transport and charge transfer in the MXene@La-Ti-O film electrode.

Flexible solid-state supercapacitor devices

A flexible solid-state symmetric supercapacitor [Figure 6A] was fabricated by
sandwiching a PVA/H2SO4 gel electrolyte between two symmetric film electrodes. The
GCD curves at 0.5 A g'! of MXene-based control device and MXene@La-Ti-O-based
device are displayed in Figure 6A. The MXene@La-Ti-O device shows an obviously
larger specific capacitance of 113.3 F g!' compared to the MXene device (64.2 F g).
Figure 6B and Figure 6C separately display the CV curves at different scan rates and
GCD curves at different current densities of the MXene@La-Ti-O device, indicating
high rate performance. Moreover, the energy storage performance of MXene@La-Ti-O
device can be calculated based on the GCD results, and the MXene@La-Ti-O device
achieves a high energy density of 58.93 Wh kg! at a high power density of 400 W kg!.
Figure 6D shows the capacitance retention of MXene@La-Ti-O device after different
charge-discharge cycles. The MXene@La-Ti-O device still possesses a high capacitance
retention of 84% after 5000 cycles at 10 A g, indicating excellent cycling stability.
Figure 6E displays the energy storage performance comparison of this work to other
MXene-based flexible supercapacitor devices reported in recent years, and

Supplementary Table 3 summarizes the detailed conditions and parameters. Apparently,
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the energy storage performance of MXene@La-Ti-O device outperforms most of
MXene-based flexible sandwiched supercapacitor devices reported so far. Figure 6f
displays the electrochemical performance of flexible MXene@La-Ti-O devices under
bending condition and the digital photo of illuminated LEDs lit by three devices
connected in series under different bending conditions. The MXene@La-Ti-O devices
show similar GCD curves under bending angles of 0°, 45°, and 90°, and the brightness
of the LEDs remains almost unchanged under bending condition, indicating high

bending stability. Moreover, the high bending stability would provide great application

potential of MXene@La-Ti-O film electrode in flexible energy storage devices.
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Figure 6. (A) Cyclic voltammetry curves at different scan rates of the PVA/H2SO4-type
sandwich device MXene@La-Ti-O; (B) charge-discharge curves; (C) CV curves of
MXene@La-Ti-O and TizC,Tx devices at 5 mV s!; (D) GCD curves at 0.5 A g''; (E)
stability test of the MXene@La-Ti-O device at 10 A g'; (F) photograph of the

MXene@La-Ti-O device.

CONCLUSIONS
In conclusion, La-Ti-O MOF is in-situ grown from lanthanum-coordinated titanium-oxo

cluster precursors on TizCoTx MXene nanosheets to construct the MXene@La-Ti-O
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composite. The in-situ grown La-Ti-O MOF effectively inhibits the restacking of
MXene nanosheets and modulates the pore structure of the composite, thereby
optimizing the ion diffusion pathways and increasing the redox active sites.
Simultaneously, the structural coupling of MXene@La-Ti-O improves the oxidation
resistance and mechanical toughness of free-standing film. The MXene@La-Ti-O film
electrode shows excellent electrochemical performance with high capacitance of 663 F
gl at 1 A g! and high stability of 96% retention after 20,000 cycles. Moreover, the
MXene@La-Ti-O symmetric supercapacitor exhibits superior energy storage
performance with energy density of 58.93 Wh kg™ at power density of 400 W kg!,
which is among the best performances reported so far for MXene-based flexible
symmetric solid-state supercapacitors. The impressive results indicate the synergistic

structural coupling strategy of MXene and La-Ti-O MOF is very promising for

high-performance flexible supercapacitors.
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