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ARTICLE INFO ABSTRACT

Keywords: Soft matter containing Ti3C2Tx MXenes exhibits promising potential in electromechanical sensor development.
Vitrimer Current systems suffer from a decrease in sensibility up to complete breakdown due to small structural defects
MXene

that will be generated during their longtime practical service. Various non-covalent hydrogel systems, based on
hydrogen bonding and ionic coupling, have been employed to improve their durability related to their repair-
ability. However, TigCoTx MXenes are not stable in those networks, since they will be irreversibly oxidized in
high humidity environment during practical application. Here, we report the use of a novel dynamic covalent
bond based network — a MXene acrylate vitrimer network (MAVIN) with a low glass transition temperature,
which can not only be repaired fast with high efficiency but also protects the MXenes in sensor applications from
oxidation under working conditions. In addition, owing to the strong microwave absorptivity of TizC,Tx and of
the flexible dynamic covalent bond network, a damaged MAVIN sensor can be repaired by microwave radiation
with a high healing efficiency of 92.4% within 1 minute, which is as good as the best healing efficiency reported
in literature so far but 30 times faster. With stability at a voltage of 3 V and fast healing demonstrated, MAVIN

Fast-healing
Wearable sensor

promises potential usage in reliable and sustainable strain sensors.

1. Introduction

MXenes, that belong to a novel class of 2D materials, have been
widely studied in the last decade [1,2]. Ti3CoTy received tremendous
attention concerning its potential for application in numerous fields
[3-8], such as lithium battery fabrication [9,10], supercapacitor
development [11,12], smart window design [13], and hydrogen pro-
duction [14,15]. When external stress or pressure is applied, the inter-
layer distance of TigCyTx flakes substantially changes, which leads to
large resistance variations, resulting in a high strain sensitivity [16].
This characteristic of soft Ti3CyTx hybrid materials opens promising
prospects for wearable strain sensor fabrication.

Flexible and largely deformative wearable strain sensors attract a lot
of attention to mimic biological systems, e.g. soft robotic construction
[17,18]. However, due to their inherent working mechanism, large de-
formations usually generate small structural defects, which severely
impact their longevity and performance [19], leading to a decrease of
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sensibility of the sensor till breakdown. Repair mechanisms like healing
are crucial in sensor development to guarantee a longtime reliable ser-
vice. The majority of currently reported healing MXene sensors are
currently based on supramolecular non-covalent chemistry such as
hydrogen bonding or ionic interactions [20-23].

Despite their potential, Ti3CoTyx devices based on non-covalent in-
teractions remain vulnerable in real-world applications, because MXene
is prone to chemical degradation by oxidation. The current healing
MXene hydrogel sensors [24], based on hydrogen bonding or ionic in-
teractions, face even more severe challenges since they face irreversible
oxidation [25]. Once MXene is oxidized, the sensor loses its functionality
but this issue for practical applications has not been addressed until now
[26,27]. To prevent the oxidation of MXene and improve (mechanical)
stability of the sensor, a solvent-free healing sensor is required.

Vitrimers, a new class of polymeric materials developed in recent
years, consisting of polymer networks crosslinked by dynamic covalent
bonds [28,29], provide a solution for this problem. Similar to classical
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thermosets, vitrimers are robust materials [29-32] but feature also a
unique healing ability, owing to bond-exchange reactions [31-38].
Despite those advantages, the majority of vitrimers are rigid and need
high temperatures to trigger bond exchange reactions (> 100 °C for a
polyester-based network for example) [39] as well as long healing times
(often over 24 h) [30,39]. However, for breaking and reconstructing the
ester bond, the transesterification mechanism itself actually takes place
already at 60 °C [40].

Here we report a new type of material - a MXene acrylate vitrimer
network (MAVIN) - that relies on two different and at times synergistic
characteristics to achieve fast healing. Firstly, the flexible siloxane
backbone (PDMS) engenders a low glass transition temperature, above
which the increasing number of collision events between free hydroxyl
groups and ester bonds speeds up bond exchange reactions [41]. Sec-
ondly, a large concentration of hydroxyl groups, particularly in the
proximity of ester bonds (f-hydroxyl ester), built into this vitrimer
network via incorporated acrylate groups, also significantly accelerates
the transesterification rate [42].

Esterification usually requires heating to be activated but MXene is
extremely sensitive to oxygen at high temperatures and in the presence
of a solvent [43]. To prevent oxidation of MXene during the curing
process, a thiol-Michael addition reaction was chosen to synthesize
MAVIN since it can take place under moderate conditions. To introduce
the necessary double bonds and the p-hydroxyl esters, short chain poly
(dimethylsiloxane) diacrylate (AA-PDMS) was synthesized to act as a
precursor to form MAVIN. In contrast to the traditional non-polar
acrylate PDMS, the presence of f-hydroxyl groups in AA-PDMS en-
ables the dissolution in ethanol and thereby a homogeneous mixture
with the MXene suspension.

To produce MAVIN with well-dispersed MXene, short chain AA-
PDMS, short chain AA-PEG and ethylene glycol (EG) were first
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dissolved in a MXene ethanol solution. Subsequently, an organogel was
achieved by crosslinking AA-PDMS and AA-PEG with a 4-arm thiol
crosslinker (tetra (3-mercaptopropionate) (PETMP)) under mild condi-
tions (Fig. 1a). Here, triazabicyclodecene (TBD) not only acts as catalyst
for the thiol-Michael addition reaction in this curing process but also
facilitates transesterification reactions at elevated temperature (>
60 °C), which enables the cured network to rearrange its topology by
bond exchange reactions during later healing steps. The PEG backbone
interacts with free EG molecules, and therefore enables MAVIN to retain
EG within the network during its preparation. Hence, it is a vital part of
the formulation, since EG will introduce the dangling hydroxyl groups
and generate topological defects in the network during solvent evapo-
rating at high temperature (100 °C) (Fig. 1b). As a result, a piece of
solvent-free MAVIN with flexible dangling chains comprising OH end-
groups was obtained.

Compared to previously reported rigid vitrimer systems, the topo-
logical defects and flexible (siloxane) moieties endow our network with
higher flexibility, which is crucial not only for fast healing, but also for
potential application in a wearable strain sensor. Meanwhile, the well-
dispersed Ti3CyTy flakes in MAVIN can efficiently heat to activate the
dynamic bond exchange under microwave radiation since TizCyTy is a
strong microwave absorber [44].

2. Materials and methods
2.1. Materials

Pentaerythritol Tetra(3-mercaptopropionate) (PETMP, 90 %) and
Polyethylene Glycol Diacrylate (n=approx. 14, AA-PEG) were pur-

chased from Tokyo Chemical Industry. Poly(dimethylsiloxane) (PDMS,
Mn ~ 800, diglycidyl ether terminated), triazabicyclodecene (TBD, 98
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Fig. 1. Design of Ti3CoTy vitrimer sensors. a Schematic illustration of the MXene acrylate vitrimer network (MAVIN) preparation, using thiol-Michael addition. b
Schematics of the mechanism of transesterification inside the dynamic covalent bonding network that occurs during solvent evaporation, introducing dangling chains

with hydroxyl end-groups.
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%), acrylic acid (99 %), 4-methoxyphenol (MEHQ, 99 %), triphenyl-
phosphine (TPP, 99 %), poly(vinyl alcohol) (PVA, My
146,000~186,000, 99 % hydrolyzed), NaHCO3 (99 %), sodium tetra-
borate (99 %), ethylene glycol (99 %), lithium fluoride(powder, -300
mesh) and silver conductive paste were purchased from Sigma-Aldrich.
Aceton (HPLC grade), ethanol (HPLC grade), dichloromethane (DCM,
HPLC grade) and hydrochloric acid (37 %) were supplied by Boom B.V.
MAX phase powder (Ti3AlC,, particle size < 40 um) was acquired from
Y-Carbon Ltd., Ukraine. Milli-Q water (resistivity 18 MQ-cm, 25 °C) was
freshly produced before use. All the chemicals were used as received.

2.2. AA-PDMS and TisCyTy synthesis

PDMS-diglycidyl ether terminated (16 g, 20 mmol), acrylic acid
(5.76 g, 80 mmol), triphenylphosphine (1 % w/w, 0.22 g) and MEHQ
(0.2 % w/w, 0.045 g) were added in a 100 mL round bottom flask. The
mixture was stirred at 105 °C for 16 h. After completion, the reaction

a b CH:  CHs

o
Hs~Asg o/'\/\sH

V\r"x%rv

10 1/nm

AA-PEG,TBD
c

DE-PDMS
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was diluted with 50 mL of DCM and washed with a 5 % sodium bicar-
bonate aqueous solution (200 mL, three times). Then the excess solvent
was evaporated under an air flow to yield the final product (Yield: 17.93
g, 94.97%). 'H-NMR (600 MHz, CDCls, 5): 6.45, 6.18, 5.85 (3H,
CHy;=CH-), 4.49-3.46 (5H, CH and CHj), 1.60 (2H, CHj), 0.52 (2H,
CHy), 0.05(27H, CHgs) (Fig. 2b).

TizCyTx was synthesized by etching of the Al atomic layers from the
MAX (Ti3AlCy) phase. For this, 8.0 g of LiF was added slowly to 100 mL
HCI (9.0 M) while magnetically stirring for 30 min, then 5.0 g of TizAlC,
powder was slowly added to the solution. Next, the mixture was stirred
at 350 rpm for 24 h at 40 °C. After reaction, the mixture was repeatedly
washed with Milli-Q water, and centrifuged at 4500 rpm for 10 min until
a deep dark supernatant and a swollen sediment were observed. Then
the sediment was redispersed in 200 mL of Milli-Q water and sonicated
in an ice bath with Ar flow for 2 h. Following, the mixture solution was
centrifuged at 3500 rpm for 1 h and the turbid upper black liquid was
collected. By washing several times with Milli-Q water, the pH of the
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Fig. 2. Characterization and mechanical healing performance of a TizC,Tx vitrimer sensor. a high-resolution TEM image of the exfoliated Ti3C,Tx nanosheet (Inset:
Corresponding SAED of MXene). b Synthetic approach for the preparation of AA-PDMS and crosslinking of the AA-PDMS via thiol-Michael reaction. ¢ 'H NMR spectra
of the DE-PDMS and corresponding AA-PDMS. d Illustration of the healing process of MAVIN. e Photographic images during the course of the healing experiment of
MAVIN, under microwave for 30 s. f and g Ordinary photograph and infrared thermal imaging of MAVIN and blank contrast with 60 s of microwave irradiation.
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supernatant was brought to 5.5, where after the Ti3CyTy flakes were
collected by centrifugation at 12,000 rpm and vacuum dried at room
temperature overnight. The dry black powder was stored in a vacuum
desiccator until further use.

2.3. Fabrication of stretchable and healable MAVIN and MHS

MAVIN was obtained by a straightforward process: first AA-PDMS
(0.47 g, 0.5 mmol), AA-PEG (0.346 g, 0.5 mmol), ethylene glycol (7
uL) and TBD (10 mg) were dissolved in 2 mL TizC,Tx ethanol solution (4
mg/mL) to obtain AA jytion- Then PETMP (0.24 g, 0.5 mmol) was first
dissolved in 400 pL acetone and then diluted with the same 1.6 mL
TigCyTx ethanol solution to get SH golution. Finally, by mixing AA solution
and SH gojution in @ PTFE mold, a piece of MAVIN was obtained after
solvent evaporation.

The MHS system was produced according to the protocol developed
by Liao et al. [21]: 0.8 g PVA powder was added to 9 g Milli-Q water
under vigorous stirring at 90 °C for 2 h to form a PVA solution. Subse-
quently, 1.0 g Ti3CyTx aqueous solution (4 mg/mL) and 2.0 g PVA so-
lution, were mixed together. After that, 500 pL borax solution (4 wt%)
was added dropwise under stirring until a hydrogel was obtained.

2.4. Healing, tensile testing and electromechanical (sensor) measurements

We characterized the mechanical properties of hybrid elastomers
using a Low Force Universal Testing Systems Instron 5565 (USA) with a
100 N load cell. Samples were cut from the film that had been peeled off
from the PTFE mold. The samples have a dimension of 21 mm in length,
5 mm in width, and 0.23 mm in thickness. Mechanical tensile stress and
mechanical healing tests were performed at room temperature with a
stain rate of 10 mm/ min. Damaged samples were given 30 s or 60 s to
heal under 400 W microwave irradiation. Cyclic extension tests were
performed on the same tensile machine cycling ten times with a
maximum of 20 % strain at a strain rate of 10 mm/ min. A minimum of
three specimens per sample were analyzed.

Electromechanical measurements were performed on MAVIN sensor
samples using a Rigol DS1054 setup in the two-probe mode. To fabricate
MAVIN sensors, a stripe of MAVIN was integrated into the circuit by
using copper foil and silver paste. For gauge factor tests, the specimens
were strained at a rate of 10 mm/min until reaching a breaking strain of
~103 %. During electromechanical tests, contact was made by using
silver paste and copper tape to place the wire at the end of the sample.

2.5. TisCyTy sample preparation for XPS measurements

TizCsTy MAVIN (3V): As the concentration of Ti3CyTy is too low in
MAVIN to be detected by XPS, after applying 3 V for 18 h, the sample
was first depolymerized with 1 mL ethylene glycol and 4 mL ethanol at
55 °C for 30 min. The MXene was then collected by centrifugation
(14,000 rpm, 10 min). Following three times washing with ethanol, the
Ti3CyTy flakes were finally collected and dispersed in the ethanol to
achieve a suitable concentration for XPS sample preparation.

Ti3CeTx MHS (3 V): The liquid MHS sample was obtained by aban-
doning the borax solution. Following the oxidation test, the liquid MHS
sample was directly used for XPS investigation.

In each case the dispersion was drop-casted on a homemade [45]
150 nm thick gold film was supported on mica and dried in air before
being introduced in UHV for XPS measurements.

2.6. Material characterization

Nuclear Magnetic Resonance (NMR) spectra were recorded on a
Bruker Avance II 400 or Bruker Ascend 600 FT-NMR spectrometer at
25 °C in the deuterated solvent as indicated.

Infrared (IR) images were captured with a FLIR i7 infrared camera.

Differential Scanning Calorimetry (DSC) was carried out on a TA DSC
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Q1000 instrument in a dry Ny atmosphere. Samples were analyzed in a
range from -90 °C to 180 °C by performing heating-cooling-heating
scans with heating and cooling rates of 10 °C/min.

The morphology, size distribution, and SAED of Ti3CoTx were
analyzed by transmission electron microscopy (TEM, JEOL 2010)
operating at 200 kV. XPS was performed with an SSX-100 (Surface
Science Instruments) spectrometer equipped with a monochromatic Al
Ka X-ray source (hv = 1486.6 eV). The pressure in the measurement
chamber was maintained at 1 x 10~° mbar during data acquisition; the
photoelectron take-off angle was 37° with respect to the surface normal.
Spectral analysis, including Shirley background subtraction and fitting,
was performed utilizing least squares curve-fitting program WinSpec
(LISE, University of Namur, Belgium) and peak profiles as a convolution
of Gaussian and Lorentzian functions. Binding energies were referenced
to the Au4fy,, peak [46] at 84.0 eV and are accurate to +0.1 eV when
deduced from the fitting procedure. All measurements were carried out
on freshly prepared samples; three different spots were measured on
each sample to check for homogeneity.

XRD spectra were acquired using a D8 Advance Bruker diffractom-
eter with Cu Ko radiation (. = 1.5418 A) employing a 0.25° divergent
slit and a 0.125° anti-scattering slit; the patterns were recorded in the 260
range from 2° to 80°, in steps of 0.02° and a counting time of 2 s per step.

3. Results and discussion

3.1. Preparation and characterization of TizCsTy and TisCsTy
nanocomposites

Selective etching of Ti3AlC,; (MAX phase), followed by exchanging
the dispersant from water to ethanol [47], yielded a stable ethanol
dispersion of Ti3CyTx. As can be seen from the X-ray photoelectron
spectroscopy (XPS) data presented in the Supplementary information
Fig. S1, all the elements expected after the etching process are present in
the right proportions, and the detailed photoemission spectra of the Ol1s,
Fls, Ti2p, and Cls, core level regions confirm that there are abundant
functional groups at the surface of the MXene flakes, including hydroxyl
groups, carbonyl groups and fluorine [48].

The structure of MXene was examined by transmission electron mi-
croscopy (TEM) and X-ray diffraction (XRD). The micrograph in Fig. 2(a)
unambiguously reveals the presence of well-etched Ti3C2Tx nanosheets.
The selected area electron diffraction (SAED, inset in Fig. 2(a) exhibits a
typical hexagonal symmetry diffraction pattern, indicating the high
crystallinity of a typical MXene nanosheet (Fig. 2a) [49]. Its lateral
diameter is several hundred of nanometers, which matches the flake size
distributions of MXene reported in the literature [13]. From the XRD
peak located at 6.12° (001) an interlamellar distance of 1.51 nm is
deduced for the MXene (Fig. S2).

To fabricate a stretchable vitrimer network, AA-PDMS was synthe-
sized by the reaction of acrylic acid with diepoxidized PDMS (DE-PDMS)
(Fig. 2b) [34]. A successful substitution is confirmed using TH-NMR,
where, as indicated in the spectrum in Fig. 2c, the signal of acrylate
double bonds (6.39, 6.11 and 5.82 p.p.m.) was detected while the
epoxy-related signals (3.12, 2.77 and 2.58 p.p.m.) vanished. In addi-
tion,'3C-NMR, HSQC and FTIR spectrometry were employed to confirm
full conversion (Figs. S3 and S4). Due to its polarity, AA-PDMS is solv-
able in the Ti3CyTy ethanol suspension, which is crucial to obtain a well
dispersed MXene vitrimer network.

The network was formed by reacting the defined quantities of the
acrylate monomers (AA-PDMS and AA-PEG) with pentaerythritol tetra
(3-mercaptopropionate) (PETMP) and ethylene glycol (EG) in the
Ti3CyTx ethanol suspension (Fig. 1a and Methods). Following a solvent
evaporation process, the quantified EG (0.125 to the thiol group molar
ratio) was utilized to cleave ester bonds to create dangling chains in the
MAVIN (Fig. 1b and Methods). During this process, TBD acts as a catalyst
not only to activate the transesterification but also to increase the rate of
crosslinking.
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3.2. Mechanical properties of MAVIN, before and after healing through
dynamical covalent bond exchange reactions

Owing to flexible PDMS and the PEG-based polymeric backbone, our
vitrimer network exhibits a low glass transition temperature (Tg = -
47.9°C) (Fig. S5), which warrants high stretchability at room tempera-
ture. The MAVIN exhibited a tensile stress of 130 KPa at a maximum
strain (Fig. 3a). Additionally, unlike other MXene hydrogen bonding
networks [50], there is no obvious hysteresis observed during a 200
cycles tensile loading-unloading test of MAVIN, which indicates excel-
lent stability of the network bearing strain under ambient environment
(Fig. 3b). Moreover, due to the bond exchange reactions within the
network, the MAVIN possesses an excellent healing capability. To prove
that, the elastomer was cut into two pieces that were subsequently
placed on top of each other for reaction under microwave irradiation.
The topological defects (intra-chain cycles or dangling chains) are ex-
pected to synergistically provide more entanglements at the damaged
surface. The more polymer chains re-entangle, the more reconfiguration
takes place (Fig. 2d). Benefiting from the well-dispersed TizCyTy flakes
in the network, the as-prepared material shows a high microwave
thermal conversion (Fig. 2f, g). Notably, it takes merely 30 s to reach
162 °C for the MAVIN, while the blank sample reaches 64°C at the same
time. Therefore, the cut MAVIN was found to heal in less than 1 min as
illustrated in the photographs in Fig. 2e. To further quantify the healing
ability, tensile stress—strain experiments were carried out (Fig. 3a). The
healing efficiency is defined as the ratio of the breaking stress of healed
Ti3CyoTx nanocomposites to the breaking stress of the pristine sample. For
longer time irradiation, the tensile stress—strain curves show improved
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healing efficiency of the MAVIN, which is above 90 % after 1 minute of
irradiation. Moreover, the healed MAVIN exhibited the same behavior
during the 200 cycles tensile loading-unloading test, which confirms its
excellent healing capability (Fig. 3b, c). The concentration of MXene
plays a crucial role in the healing process as well as the mechanical
properties. (Fig. S6) When we halved the amount of MXene, the MAVIN
became more stretchy (strain= 197%) but it only can be healed 46.3%
within 1 min by applying the same condition. In contrast to this, the
MAVIN with doubled MXene content can be healed 93.5% within the 60
s and the network is stronger but rigid, which is unfavorable for strain
Sensors.

For practical applications, healing speed and healing efficiency are
two crucial parameters that need to be considered for a reliable healing
strain sensor. On the one hand, as dynamic covalent bond network,
vitrimers typically demonstrate high healing efficiency, however, usu-
ally they are rigid and need a very long time, of the order of several
hours, for effective healing [39]. On the other hand, elastomer networks
based on non-covalent interaction (i.e. hydrogen bonds) can be healed in
a very short time but show lower healing efficiency [21,23,50-52]. In
contrast to systems reported until now, owing to the integration of
dangling chain entanglements and fast bond exchange reactions, the
designed MAVIN is flexible and exhibits a high healing efficiency (92.4
%) within 1 min, which is as good as the best healing efficiency reported
so far but it can be reached 30 times faster than any system reported so
far (Fig. 3d).
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Fig. 3. Mechanical healing performance of a Ti3C,Ty vitrimer sensor. a tensile stress—strain curves of the original and healed MAVIN - healing time 30 s and 60 s.
Stress—strain curves of (b) pristine MAVIN, and (c) healed MAVIN during 200 cyclic loadings MAVIN with 20 % strain and 30 mm/min loading rate. d Ashby plot of
healing efficiency versus healing time. MAVIN is highlighted by red star and the triangles refer to previously reported vitrimers and healing elastomers [21,

23,50-571.
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3.3. Sensing Properties of the MXene-based healing electronic sensor

A stripe (5.8 mm x 12.7 mm x 1.0 mm) of the MAVIN was integrated
into a closed circuit connected to a semiconductor characterization
system, to work as a strain sensor (Methods). With strain applied, the
interlayer distance of TizCyTx nanosheets in MAVIN changes, which in
turn causes changes the resistance resulting an electrical signal varia-
tion. As an essential sensor property, the gauge factor (GF) was first
investigated to evaluate the sensitivity corresponding to the variation of
the strain. The GF is defined as: GF = d(AR/Rg)/de). Here, AR/R rep-
resents the relative resistance variation during deformation, Ry is the
electrical resistance when no strain is applied, and ¢ is the strain. When
the applied strain increases progressively, the relative resistance is
found to increase almost linearly (GF =~ 3.71) (Fig. 4a), causing a distinct
drop in the electrical conductance. This phenomenon can be understood
considering that when the Ti3CyTx flakes move apart they disconnect
electronically. A cyclic strain test (from 0 % to 20 %) was carried out to
evaluate the sensor's durability and stability. Fig. 4b shows MAVIN
responding to the loading—unloading cycles with an excellent stability
and outstanding reproducibility for 200 cycles.

Additionally, MAVIN exhibits excellent stability under 20 % strain at
frequencies ranging from 0.25 to 1 Hz. (Fig. S7). To demonstrate the
potential application of MAVIN, a stripe (5.8 mm x 10.3 mm x 1 mm) of
MAVIN was attached to a finger for real-time motion monitoring of
finger bending. As shown in Fig. 4c, the relative resistance variation was
uniform over many bending cycles.

The healed MAVIN was tested in the same fashion as the pristine one
and found to not only show good (mechanical) recovery but also
excellent stability and reproducibility of its functionality, as demon-
strated in Fig. 4d-f in comparison to Fig. 4a—c. Such outstanding per-
formance surpasses that of previously reported MXene-based sensors,
leading to the conclusion that in terms of healing time and healing ef-
ficiency, two-key factors for healable stretchable sensors, MAVIN
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outperforms other healing MXene sensors [20,21,23,58,59].

3.4. Remarkable oxidation resistance of MAVIN under working
conditions

A hydrogel has been the most common system for Ti3CyTy healing
strain sensor fabrication in recent years [22]. Despite their promising
properties, questions about MXenes chemical stability remain because
they are prone to oxidize over time. Corrosion of Ti3CyTx in a hydrogel
should be even faster when applied in a working circuit since the applied
voltage will speed up corrosion. This issue is critical for the future suc-
cess of Ti3CyTy-based strain sensors. MAVIN provides a solution to this
challenge as well because here the Ti3CyTy flakes are protected from
oxidation since, due to the absence of solvent, they merely perform as
“conductive wire” rather than electron donor under the working
conditions.

To investigate the electrochemical stability performance of MAVIN,
we prepared also a MXene hydrogel sensor (MHS) with the same Ti3CyTx
as described in the Methods section [21], and connected both MAVIN
and MHS separately to a 3 V battery, which mimics a commercial button
cell (Fig. 5a). After running at ambient temperature for 18 h, the MHS
sample revealed two large voids around electrodes and its color turned
light, which indicates that the Ti3CyTx flakes were oxidized (Fig. 5b). In
contrast, the same conditions didn’t cause observable damage or color
change on the MAVIN sample (Fig. 5¢) and did not change the sensing
behavior (Fig. S8).

XPS was carried out to quantify the oxidation process. As demon-
strated in Fig. 5d, in the Ti 2p core level spectrum a clear oxide-related
peak emerges at a binding energy (BE) of 459.5 eV for MHS after
applying 3 V for 18 h. In contrast, there is only an inconspicuous signal
at 459.5 eV in our MAVIN sample after the same treatment, which could
be caused by the XPS sample preparation (Methods). The XPS data of
MAVIN before applying voltage indeed shows that there is already a
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MXene in MAVIN and in MHS after applying 3 V for 18 h. e and f high-resolution TEM images of MHS and MAVIN after applying 3 V for 18 h (Inset: Corresponding

SAED of beads (e) and flakes (f)).

slight oxidation of TigCyTx, which must have taken place during depo-
lymerization of MAVIN at 55 °C (Fig. S9) [43,60].

The TEM results (Fig. 5e) show that for the MHS sample the flake
structure of Ti3CeTy disappeared and bead-like oxides formed. The
crystalline structure typical for TizCoTy, is recognized for in the SAED
pattern of MAVIN (Fig. 5e), while the SAED of MHS testifies to an
anamorphous oxide structure. We speculate that the latter is due to the
fact that the F-doping breaks up the lattice structure of TiO to form
amorphous TiO9 xFoy (Fig. 5f) [48].

4. Conclusion

High performance strain sensors based on a MXene vitrimer com-
posite material named MAVIN have been successfully developed and
applied. Owing to the highly flexible molecular structure of the designed
polymer network with abundant hydroxyl groups and dynamic
hydrogen bonding between TizCyTx flakes and vitrimer matrix, MAVIN
accommodated the stretching deformations without deterioration and
showed high electromechanical performance. As demonstrated by the
impressive electromechanical performance of healed MAVIN, the well-
dispersed Ti3CeTx flakes which are strong microwave absorbers,
allowed for highly effective healing with a healing speed that is superior
to that of any previously reported vitrimer system. Furthermore, the
absence of solvent in MAVIN prevents severe oxidation of TizCyTx in
working conditions, thereby overcoming a major obstacle for self-
healing MXene-based strain sensors in practical applications. The
strategy presented in this work has demonstrated its effectiveness in
design and construction of super stretchable MXene composites with
excellent healing capability and oxidation tolerance. Since it effectively
eliminates pre-existing limitations of healing MXene hybrid materials,

MAVIN has tremendous potential, not only as a strain sensor but also for
artificial skin, soft robots, and human-machine interfacing.
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