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ABSTRACT: Skin-mountable and transparent devices are highly
desired for next-generation electronic applications but are suscep-
tible to unexpected ruptures or undesired scratches, which can
drastically reduce the device lifetime. Developing wearable and
transparent materials with healable function that can recover their
original functionality after mechanical damage under mild and
noninvasive repairing operation is thus imperative. Herein, we
demonstrate that the incorporation of ultrasmall quantities of
plasmonic silver nanoparticle (AgNP)@MXene nanosheet hybrids
to serve as photothermal fillers in waterborne elastic polyurethane
enables high transparency as well as effective light-triggered healing
capabilities for wearable composite coatings. The AgNP@MXene
hybrid functions as a highly effective photon captor, energy
transformer, and molecular heater due to the amalgamation of (1)
ultrahigh photothermal conversion efficiency, high thermal conductivity, and structural properties of MXene, (2) the
outstanding plasmonic effect of AgNPs, and (3) the synergistic effects from their hybrids. The resulting wearable
composite coating with ultralow loading of plasmonic AgNP@MXene hybrids (0.08 wt % or 0.024 vol %) can produce a
significant temperature increase of ∼111 ± 2.6 °C after the application of 600 mW cm−2 light irradiation for 5 min, while
maintaining a high optical transmittance of ∼83% at a thickness of ∼60 μm. This local temperature increase can rapidly
heal the mechanical damage to the composite coating, with a healing efficiency above 97%.
KEYWORDS: MXene, photothermal conversion, plasmonic effect, light-triggered healing, wearable and transparent device

The Earth receives approximately 4.4 × 1014 megajoules
of renewable solar energy per hour, a quantity greater
than the worldwide consumption of energy in an

entire year.1,2 Because of these astronomical values, significant
effort has been dedicated to the development of advanced
green technologies, including photovoltaics,3 photocatalysis,4

artificial photosynthesis,5 and photothermal conversion,6

processes that can capture and convert this renewable energy
into sustainable power. In particular, solar-to-heat conversion
has received increasing interest in recent years, due in part to
its relatively simple operation and high energy conversion
efficiency when compared to other solar energy harvesting
technologies.7 This technology has been used in a wide variety
of applications including steam generation, water desalination,

photothermal therapy, and light-triggered self-healing materi-
als.8−14

Parallel to the development of advanced green technology,
the field of wearable and transparent devices has also
experienced extreme growth in recent years.15−18 While
stretchable devices have been perceived as an alternative
technology for the realization of next-generation electronics,
the emergence of wearable devices that combine elasticity with
high optical transparency offers opportunities for many more
exciting applications.19 High optical transparency would enable
the integration of optical components and allow more emission
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from or absorption to the wearable optoelectronics, would
make the conformal devices invisible on some uncovered areas
of the human body such as the face and neck during daily
activities, would not obstruct the wearer’s view when the
wearable devices are used as contact lenses, and would bring
additional valuable and fashionable effects on the wearable
devices.19,20 Representative potential applications enabled by
the stretchable and transparent form factors include skin-
mountable physical and chemical sensors,21−23 smart contact
lenses,24,25 wearable heaters or textiles,26,27 neural interfa-
ces,28,29 and wearable or fashionable display or lighting
systems.30,31 However, like other conventional wearable
electronics, wearable and transparent devices usually work in
harsh environments; one prevailing issue thus remains: the
susceptibility of the wearable and transparent devices to failure
after experiencing unexpected ruptures or undesired scratches,
which inevitably drastically reduces the device lifetime and
safety.32 In efforts to mitigate this limitation, much work has
been put forth in developing healable materials capable of
recovering their original functionality after experiencing
mechanical damage. In general, healable materials or devices
are automatically or non-automatically repaired via an internal
or external trigger, respectively.33 Within these classes of
healing mechanisms, light-driven processes are regarded as one
of the most promising trigger mechanisms, as they allow for
noncontact remote manipulation and precise control.34 These
attributes are particularly useful for wearable and transparent
devices, which typically require ambient, rapid, and non-
invasive repairs.35

In recent years, light-triggered, healable polymeric compo-
sites with photothermal fillers embedded into a polymer matrix
have been extensively explored.36,37 Generally, the healing
efficiencies of these materials are determined by three factors
of the photothermal fillers: photothermal efficiency, thermal
conductivity, and specific structural properties.38−40 To
achieve high photothermal efficiency, the photothermal fillers
must both exhibit high light absorption in broadband
wavelengths and be capable of effective light-to-heat
conversion. High thermal conductivity of the photothermal
fillers enables rapid thermal transportation throughout the
entire composite material and minimizes heat loss. Finally,
large aspect ratios and good compatibility with the matrix
facilitate rapid and uniform heat transportation even at low
loadings of the photothermal fillers, which is able to reduce the
production cost and increase the optical transparency of the
healable polymeric composites. Given these requirements, two
predominant categories of photothermal fillers have arisen for
applications in light-powered, healable polymeric composites:
carbon-based effective photon captors and molecular heaters,
such as graphene and carbon nanotubes,41,42 and plasmonic
nanoparticles, such as Ag, Au, and Al nanoparticles or
nanorods.7,43−46 Graphene nanosheets and carbon nanotubes
with sufficiently large aspect ratios exhibit excellent photo-
thermal efficiency and high thermal conductivity due in part to
their large π-conjugated system. However, perfect graphene
and carbon nanotubes with the integrity of a graphitic network
are insoluble in any aqueous and organic solvent, which
inevitably leads to rather poor dispersibility of these carbon-
based photothermal fillers in a healable polymer matrix.41

Although chemical functionalization has been widely employed
to improve dispersion of graphene and carbon nanotube-based
materials in a polymer matrix, the damage to the sp2 carbon
network structure would adversely affect their photothermal

efficiency and thermal conductivity.41,47,48 Thus, there exists a
dichotomy between functionality and processability for
materials based on graphene and carbon nanotubes. On the
other hand, plasmonic particles exhibit outstanding intrinsic
light-to-heat conversion but narrow absorption bandwidths
and small aspect ratios, which usually necessitates high filler
loadings in polymer composites.49,50 This in turn results in
high production costs and loss of transparency, an unintended
consequence particularly for wearable devices. Thus, a
photothermal filler that is simultaneously capable of possessing
broadband absorption, having high light-to-heat conversion
and high thermal conductivity, possessing a large aspect ratio,
and being easily processed, is still highly required for the
development of healable, wearable, and transparent devices.
Recently, a family of 2D layered materials termed MXene

has been the subject of intense investigations.51−55 This class
of material can be denoted by the general formula Mn+1XnTx,
wherein M is an early transition metal, X is either carbon or
nitrogen, T represents surface terminations (−O, −OH, and/
or −F), and x is the number of functional termination groups
and is obtained by etching away the A-group element from its
MAX phase (Ti3AlC2).

56−58 MXene has been reported to
exhibit nearly 100% internal light-to-heat conversion effi-
ciency7 and has high thermal conductivity.59 Moreover,
abundant surface functional terminations enable MXene to
be solution processed without disrupting its desirable intrinsic
physical properties.60 These attributes make MXene a
promising candidate for photothermal fillers for a variety of
light-responsive applications.61−63

Herein, we report on a wearable and transparent composite
coating with effective light-powered healing capabilities
through hybridizing plasmonic silver nanoparticle (AgNP)@
MXene nanosheets with waterborne elastic polyurethane (PU).
The hybridization of MXene and AgNPs (Table S1) results in
high photothermal conversion due to the combination of the
plasmonic properties of AgNPs in conjunction with the
photothermal effects and thermal conductivity of the 2D
MXene nanosheets. As a result, the thermal energy generated
via photothermal conversion from low loadings (0.08 wt %) of
the AgNP@MXene hybrid results in significant temperature
increases of approximately 111 ± 2.6 °C after applying light
irradiation for 5 min, even with a low-power visible−infrared
(vis−IR) light source. This temperature increase allows for
fusion of the elastic PU matrix and rapid repairing of damaged
composite coatings, with a healing efficiency exceeding 97%.
Moreover, the low loadings of photothermal fillers enable a
high optical transmittance of ∼75% at a thickness of 100 μm.
As a result, our wearable composite coating can achieve
effective photothermal conversion and rapid healing properties
while maintaining high transparency. As a proof of concept,
this healable AgNP@MXene-PU composite was employed as a
transparent, skin-mountable, and sun-powered worn coating in
order to demonstrate its feasibility for applications in wearable
and transparent devices.

RESULTS AND DISCUSSION
The fabrication process of the wearable and transparent
AgNP@MXene-PU composite coating is illustrated in Figure
S1. Briefly, the AgNP@MXene hybrid is synthesized via an in
situ self-reduction and hybridization method,64−66 with the
delaminated Ti3C2Tx MXene nanosheets obtained by acid
etching of the aluminum layers in the MAX phase followed by
ultrasonication.51,67 The large aspect ratio of the resulting
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MXene nanosheets can be observed through transmission
electron microscopy (TEM) and atomic force microscopy
(AFM) images, and selected area electron diffraction (SAED)
patterns indicate a well-defined hexagonal crystal symmetry
structure (Figure S2a and b), in line with previous reports.68

The MXene nanosheets are approximately 1.5 nm thick with a
lateral length of ∼3 μm and a lateral width of ∼1.5 μm (Figure
S2b), indicating that the aspect ratio of the Ti3C2Tx
nanosheets is larger than 1000. To introduce AgNPs, aqueous
silver nitrate (AgNO3) was added dropwise into the uniformly
dispersed Ti3C2Tx MXene aqueous solution under continuous
stirring. The Ag+ in the mixture system could adsorb onto the
surface of MXene through electrostatic interaction between
Ag+ and the negatively charged −OH functional groups on
MXene. Thereafter, the adsorbed Ag+ received an electron
from MXene via electron transfer, which experiences a redox
reaction. Since the bond with the −OH functional group is
strong, these MXene-Ag dimeric complexes then undergo a
further reduction and form stable (Ag0) nanoclusters.65 This
nanocluster formation further leads to the nucleation and
subsequent growth of AgNPs onto the surface of MXene
nanosheets. This in situ self-reduction method guarantees
strong interaction between the plasmonic AgNPs and hydro-
philic MXene nanosheet and thus leads to the fabrication of
AgNP@MXene hybrids with AgNPs uniformly and firmly

anchored on the MXene nanosheets. To maximize the
photothermal conversion of the hybrid, plasmonic AgNPs
with diameters ranging from 20 to 50 nm were introduced and
hybridized with the 2D Ti3C2Tx MXene nanosheets. The silver
loading in the AgNP@MXene hybrid was controlled by the
initial concentration of Ag+ and MXene, and the initial mass
ratio between Ag+ and MXene in their raw mixture solution is
optimized to 0.25:1 in this work.64−66 The obtained AgNP@
MXene hybrid is subsequently incorporated into commercial
waterborne PU elastomers to fabricate wearable composite
coatings through full solution-based blending and coating
processes (Figure S1b). Following solution preparation,
composite coatings with low AgNP@MXene hybrid loadings
of 0.05, 0.08, and 0.16 wt % (corresponding to 0.015, 0.024,
and 0.048 vol %, respectively) were prepared. As a baseline,
composite coatings with pure MXene or AgNP alone as the
photothermal filler were also prepared to the same loadings.
Various characterization techniques were employed to

elucidate the architecture of the AgNP@MXene hybrid.
TEM images shown in Figure 1a and b were obtained to
visualize the morphology and distribution of the AgNPs on the
MXene nanosheets. The low-resolution TEM image of the
AgNP@MXene hybrid in Figure 1a illustrates that the AgNPs
are attached to the surface of MXene nanosheets and that their
shapes are approximately spherical, with diameters ranging

Figure 1. (a) Low-resolution TEM images of the AgNP@MXene hybrid. (b) High-resolution TEM images of the AgNP@MXene hybrid. (c)
EDS elemental mapping images of Ti, C, O, and Ag for the AgNP@MXene hybrid. (d) XRD patterns for pure MXene nanosheets and the
AgNP@MXene hybrid. (e) FTIR spectra of pure MXene nanosheets and the AgNP@MXene hybrid. (f) XPS survey spectra of the
delaminated MXene nanosheets and AgNP@MXene hybrid. (g) High-resolution XPS spectrum of Ag 3d for the AgNP@MXene hybrid. (h)
UV−vis spectra of aqueous solutions of pure MXene and the AgNP@MXene hybrid.
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from 20 to 50 nm. The corresponding high-resolution images
in Figure 1b indicate that the AgNPs have a constant
interplanar distance of ∼0.209 nm, corresponding to the
(111) crystallographic planes of the metallic silver. These
results further validate the successful attachment of AgNPs to
the surface of the MXene nanosheets. In addition, energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
(Figure 1c) of the TEM image shows a uniform distribution
of Ti, C, O, and Ag, further verifying the homogeneous
dispersion of AgNPs on the MXene nanosheets.
Following TEM and EDS mapping, X-ray diffraction (XRD)

analysis was used to confirm the formation and crystalline
nature of the AgNPs in the AgNP@MXene hybrid, with the
diffraction patterns of the MXene and AgNP@MXene hybrid
depicted in Figure 1d. The two diffraction peaks at 38.17° and
44.33° can be attributed to the (111) and (200) crystallo-
graphic planes of the face-centered cubic structure of metallic
silver, which is consistent with the aforementioned TEM

analysis. However, the characteristic peak of MXene shifts from
7.5° in pure MXene to 6.6° in the AgNP@MXene hybrid,
which suggests the expansion of the d-spacing of MXene
nanosheets.64,68 This expansion of d-spacing further indicates
that the AgNPs can firmly anchor on the MXene nanosheets
and the anchored AgNPs can prevent the restacking of MXene
nanosheets and expand the interlayer spacing of MXene
nanosheets in their hybrids.69−72 The successful adhesion of
AgNPs to the MXene nanosheets in the hybrid was further
demonstrated using Fourier transform infrared spectroscopy
(FTIR) (Figure 1e). The pure MXene spectrum exhibits the
typical peaks for the −OH hydroxyl stretching mode at 3433
cm−1, −OH bending vibration in the plane at 1445 cm−1, C−F
bonds at 1045 cm−1, and Ti−O bonds at 550 cm−1. In the
AgNP@MXene hybrid, the bending vibration of −OH is
shifted from 1445 cm−1 to ∼1426 cm−1, suggesting a possible
bonding interaction between Ti-(OH)x of the MXene
nanosheets and AgNPs.60,64

Figure 2. Optical transmittance spectra of the AgNP@MXene-PU composite coatings with AgNP@MXene hybrid loadings of (a) 0.05 wt %,
(b) 0.08 wt %, and (c) 0.16 wt % for a variety of coating thicknesses. Inset photographs show a series of AgNP@MXene-PU composite
coatings with increasing thickness from 20 to 100 μm on glass substrates. (d) Temperature change as a function of time for 100 μm thick
MXene-PU (left) and AgNP@MXene-PU (right) composite coatings with different photothermal filler loadings under 600 mW cm−2 vis−IR
light irradiation. (e) Temperature increase (ΔT) versus the irradiated power density for 100 μm thick MXene-PU and AgNP@MXene-PU
composite coatings with 0.08 wt % photothermal fillers after an irradiation time of 5 min. (f) Surface temperature of 100 μm thick AgNP@
MXene-PU composite coatings with different AgNP@MXene loadings recorded by an infrared thermal imager as a function of time under
600 mW cm−2 vis−IR light irradiation.
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To analyze the adhesion of silver nanoparticles to the surface
of the MXene nanosheets, X-ray photoelectron spectroscopy
(XPS) was employed to analyze the pure MXene and AgNP@
MXene hybrid. As shown in Figure 1f, the wide survey scan
spectrum of the fabricated MXene and AgNP@MXene hybrid
exhibits peaks corresponding to C 1s, O 1s, Ti 2p, Ti 3p, and F
1s. Of particular note is the presence of the band located near
368 eV in the AgNP@MXene hybrid. This particular band is
associated with the characteristic peak of Ag 3d, but is absent
in the pure MXene spectrum. Figure 1g shows the Ag 3d core
level XPS spectrum of the AgNP@MXene hybrid. The two
characteristic peaks located at 367.75 and 373.76 eV
correspond to the binding energy of Ag 3d5/2 and Ag 3d3/2,
respectively, indicating the self-reduction of the silver. In
addition, the spin energy separation between the 3d doublet of
Ag is approximately 6.0 eV, which further confirms the
formation of metallic AgNPs on the MXene nanosheets.65,73

Finally, ultraviolet and visible (UV−vis) spectra for MXene
and the AgNP@MXene hybrid are shown in Figure 1h. In the
AgNP@MXene hybrid, there is a stronger absorption band in
the range of ∼400 to ∼650 nm in the visible region, and in
particular at 470 nm, which indicates the successful formation
of AgNPs in the AgNP@MXene hybrid.64,74 The combination
of these various characterization techniques conclusively
confirms the incorporation and strong anchor of AgNPs onto
MXene nanosheets in the hybrid.
Following material characterization, the optical and photo-

thermal properties of the coatings were measured. Figure 2a−c
show the optical transmittance of the AgNP@MXene-PU
composite coatings with different AgNP@MXene hybrid
loadings as a function of the coating thickness. Though there
exists variation of transmittance as a function of thickness, all
composite coatings exhibit a high transmittance across the
entirety of the visible range. Specifically, the optical trans-
mittance of the AgNP@MXene-PU composite coatings with
all three hybrid loadings (0.05, 0.08, and 0.16 wt %) exceeds
80% at 550 nm for coating thicknesses of less than 40 μm.
When looking at varying the thickness, the AgNP@MXene-PU
composite coating with 0.08 wt % hybrid loading exhibits an
optical transmission of 83% and 75% at 550 nm at a film

thicknesses of 60 and 100 μm, respectively. The insets of
Figure 2a−c show optical photographs of the corresponding
AgNP@MXene-PU composite coatings with increasing thick-
nesses from 20 to 100 μm, wherein the background logo can
be seen clearly through all coatings regardless of thickness.
This high transparency is critical for applications in wearable
and transparent devices.
To investigate the photothermal performance of the

transparent composite coatings, pure PU, AgNP-PU, MXene-
PU, and AgNP@MXene-PU composite coatings were exposed
to vis−IR light, and their surface temperatures as a function of
time were measured using an IR camera. When exposed to 600
mW cm−2 light irradiation for 5 min, the surface temperatures
for the AgNP-PU, MXene-PU, and AgNP@MXene-PU
composite coatings increase significantly, whereas the temper-
atures of the pure PU coating show only moderate increases
(Figure 2d and Figure S3). This discrepancy in temperature
increase stems from the incorporation of AgNP, MXene, or
hybridized AgNP@MXene photothermal fillers into the PU
matrix, which enables the system to efficiently convert
incoming light to thermal energy. In addition to the difference
in temperature increase, the overall temperature of the AgNP@
MXene-PU composite coatings was also consistently higher
than that of the AgNP-PU and MXene-PU composite coatings
under the same conditions. As an illustration, the surface
temperature of the 0.16 wt % AgNP@MXene-PU composite
coating reached about 145 °C, while that of the 0.16 wt %
AgNP-PU and MXene-PU composite coatings reached only
100 °C (Figure S3) and 134 °C after 5 min of 600 mW cm−2

light irradiation. The photothermal conversion efficiency of
composites containing the AgNP@MXene hybrid is superior
to that of those containing MXene nanosheets or AgNP alone
due to the synergistic interactions between AgNPs and MXene
nanosheets within the AgNP@MXene hybrid as discussed
below.
The surface temperature change (ΔT) of 100 μm thick 0.08

wt % MXene-PU and 0.08 wt % AgNP@MXene-PU composite
coatings was also measured as a function of irradiation
intensity, as illustrated in Figure 2e. For light intensities of 600
and 800 mW cm−2, the ΔT of the AgNP@MXene-PU

Figure 3. Schematic of the photothermal effects produced from the AgNP@MXene hybrids in the AgNP@MXene-PU composite coating
when irradiated with light.
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composite coatings are as high as 111 ± 2.6 and 148 ± 5.1 °C,
respectively. To visualize the surface temperature change of the
composite coatings, IR thermal imaging was used to capture
thermal images of the AgNP@MXene-PU composite coatings
at varied AgNP@MXene filler contents as a function of time
under 600 mW cm−2 light irradiation. The resulting thermal
images depicted in Figure 2f align well with the data presented
in Figure 2d. Furthermore, the optical transmittance of this
composite coating is above 75% at 550 nm (Figure 2b),
highlighting the ability to simultaneously achieve high
photothermal conversion and high transparency.
The rapid and substantial temperature increase of the

transparent AgNP@MXene-PU composite coatings even at
low photothermal filler loadings is largely attributed to the
combination of the physical and structural properties of the
MXene nanosheets, the plasmonic effect of the AgNPs, and the
synergistic effects when combining the two materials (Figure
3). The hydrophilic nature of the MXene nanosheets enables
the AgNP@MXene hybrid to be uniformly distributed within
the waterborne PU matrix, allowing for homogeneous thermal
behavior. When the system is irradiated with light, the
broadband light-absorption property and high light-to-heat
conversion efficiency of MXene can lead to effective heat
production from the MXene and AgNP@MXene hybrids.7,61

Moreover, the plasmonic AgNPs can absorb more light in the
wavelength ranging from 400 to 650 nm due to the dipole
resonance coupling with incident light (Figure 1h) and convert
the incident light into more heat based on the plasmonic
effect.75,76 The heat produced outside of the AgNPs can be
subsequently transferred to the hybridized MXene nanosheets
due to the close proximity between the AgNPs and MXene
nanosheets, in addition to the high intrinsic thermal
conductivity of AgNPs.77 Finally, the high thermal conductivity
and large aspect ratio of the MXene nanosheets ensure
effective heat transfer throughout the polymer matrix, allowing
localized heating of the AgNP@MXene hybrid to raise the
temperature of the entire composite coating.14,78

To evaluate and quantify the photothermal stability and
sensitivity of the AgNP@MXene-PU composite coatings, five

light on/off cycles were conducted for composite coatings with
various loadings (Figure S4). Within each cycle, the temper-
atures of the AgNP@MXene-PU composite coatings were
recorded when subjected to irradiation at a power density of
600 mW cm−2 for 10 s followed by a 10 s cooling period. It was
observed that the maximum light-induced temperature
increased sharply with increasing AgNP@MXene hybrid
loading. With regard to repeatability, the peak photothermal
temperature showed no deterioration upon cycling, high-
lighting not only the sensitive response but also the fatigue-free
photothermal effects of the AgNP@MXene hybrid. The high
optical absorption properties and excellent thermal conductiv-
ity of the AgNP@MXene hybrid enable rapid, consistent
temperature increases in polymer composites.
After characterization of optical transmittance and photo-

thermal efficiency, the self-healing properties of the AgNP@
MXene-PU composite coatings were investigated. Microscopic
cracks approximately 10 μm wide and 90 μm deep were
intentionally cut on the surface of 100 μm thick pure PU and
composite coating samples using a surgical blade. Following
this manual crack generation, the cracked pure PU coating was
first scribbled on the surface of the hot plate whose
temperature was kept at 100 and 120 °C, respectively, to
verify the thermal-triggered healing process of the thermo-
plastic and elastic polymer matrix used in this work. Crack
healing in the thermoplastic PU has several stages, namely,
surface rearrangement, surface approach, wetting, diffusion,
and randomization.79 Thus, once the cracked PU was heated
to the temperature above its melting temperature of ∼95 °C
(Figure S5), the dynamic PU chains became movable and
started to wet the crack interface. By the end of the wetting
stage, potential barriers associated with the inhomogeneities at
the crack interface disappear and the PU chains are free to
move across the crack interface in the following stages of
diffusion and randomization, which can subsequently heal the
crack.41,42 Obviously, higher temperature leads to faster
polymer chain diffusion and randomization, thus resulting in
shorter healing time. As shown in Figure S6, the cracks on the
surface of PU coatings fully disappeared after about 12 and 8

Figure 4. Optical micrographs showing the healing process of the cracked (a) pure PU and (b) 0.05 wt %, (c) 0.08 wt %, and (d) 0.16 wt %
AgNP@MXene-PU composite coatings as a function of time under 600 mW cm−2 vis−IR light irradiation. Right images in (d) show 3D
topography images of the healing process of the 0.16 wt % AgNP@MXene-PU composite coating. The thickness for all coatings is
approximately 100 μm.
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min of heating at a temperature of 100 and 120 °C,
respectively. Moreover, choosing a thermoplastic PU with
lower melting temperature as the polymer matrix can further
reduce the healing temperature.
Next, to characterize the light-triggered healing process, the

coatings were exposed to 600 mW cm−2 irradiation under vis−
IR light, with the crack closure process recorded using optical
microscopy, as shown in Figure 4. The crack on the surface of
the pure PU coating exhibits no visible change after 15 min
(Figure 4a). In contrast, the cracked 0.05 wt % AgNP@
MXene-PU composite coating demonstrates gradual healing:
the crack on the surface is observed to narrow within 5 min
and disappears fully after 10 min (Figure 4b), indicating that
the composite coating can completely heal over short durations
of time, even at such low filler loadings. When the content of
the hybridized AgNP@MXene photothermal fillers is increased
to 0.08 and 0.16 wt %, the composite coatings exhibit faster
healing behavior, with the width of the crack shrinking
significantly within 3 min and vanishing completely after only 5
min of irradiation (Figure 4c and d). This shortened time
frame indicates that the healing ability of the composite
coatings is strongly dependent on the loading of the AgNP@
MXene hybrids. When the AgNP@MXene-PU composite is
irradiated with light, the AgNP@MXene hybrids that are well
dispersed in the PU matrix can absorb the light, convert it into
thermal energy, and transfer it to the PU matrix. The surface
temperature of the 0.05, 0.08, and 0.16 wt % AgNP@MXene-
PU composite coatings reached about 118, 127, and 139 °C
after 3 min of 600 mW cm−2 light irradiation (Figure 2d).
Obviously, only 0.08 wt % loading under 3 min irradiation can
generate a large localized photothermal temperature increase,
which is much higher than the melting temperature of PU (95
°C), to allow for fast fusion of the polymer matrix and rapid
healing of the damage. At this concentration, the AgNP@
MXene-PU composite coating exhibits light transmittance up
to 75% at 550 nm, demonstrating that self-healing properties

and high optical transmittance are not mutually exclusive. It is
also important to note that compared to MXene-PU composite
coating, AgNP@MXene-PU composite coating produces
higher surface temperature (Figure 2d) and thus exhibits a
faster light-triggered healing process under the same filler
loading and irradiation conditions (Figure S7).
An optical profiler was also used to characterize the self-

healing process of the 0.16 wt % AgNP@MXene-PU
composite coating. The surface topographies of the cracked
coating were recorded visually under the aforementioned
conditions for 5 min, with the resulting images displayed on
the right side of Figure 4d. The results from the optical profile
were found to be in agreement with the optical microscope
measurements. The crack on the coating surface gradually
diminishes and closes with increasing radiation time, and there
is no trace line left on the surface of the composite coating
after complete healing.
In order to characterize the self-healing properties more

quantitatively, strain−stress tests were conducted to evaluate
the recovery of mechanical properties in the AgNP@MXene-
PU composite coatings upon healing. The healing efficiency is
defined as the ratio of the tensile strength of the healed sample
to that of the original sample, according to eq 1:80

= ×healing efficiency (%)
tensile stress
tensile stress

100%healed

original (1)

The stress−strain curves for the virgin, cracked, and healed
0.08 and 0.16 wt % AgNP@MXene-PU composite coatings
after 3 and 5 min irradiation treatment times are shown in
Figure 5, and the corresponding mechanical properties
including tensile strength and elongation at break are given
in Table S2. For both composite coatings, the tensile strength
and elongation at break of the cracked coatings increase with
increasing irradiation time (Figure 5a and b). Equation 1 was
used to quantify the healing efficiency after an irradiation time

Figure 5. Stress−strain curves of AgNP@MXene-PU composite coatings during the healing process of composites with (a) 0.08 wt % and (b)
0.16 wt % AgNP@MXene hybrids.

Figure 6. (a) Photograph of a ∼100 μm thick 0.08 wt % AgNP@MXene-PU composite coating attached on the hand of a volunteer. IR
thermal images of (b) a hand with attached coating before solar irradiation and (c) after solar irradiation for 1 min.
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of 5 min. These values were calculated to be 97% and 98% for
the 0.08 and 0.16 wt % AgNP@MXene-PU composites,
respectively, illustrating that the mechanical properties of the
cracked coatings are virtually fully recovered after only 5 min
of photothermal healing.
To demonstrate the practical feasibility of the self-healing

AgNP@MXene-PU composite coating as a transparent and
skin-mountable heating device, the temperature of a hand with
an attached coating was measured. A freestanding, wearable,
and transparent 0.08 wt % AgNP@MXene-PU composite
coating with a thickness of ∼100 μm was attached onto the
skin of a volunteer’s hand (Figure 6a), and the surface
temperature of the hand was monitored using an IR thermal
imager. The experiment was conducted outdoors in winter at
approximately −12 °C, and the surface temperature of the
hand was initially measured to be 18.3 °C (Figure 6b). Upon
exposure to sunlight for about 1 min, the temperature of the
composite coating increased by 6 °C to 24.3 °C, while the
temperature of other parts of the hand increased by only 0.5
°C (Figure 6c). These results highlight the efficacy of the 0.08
wt % AgNP@MXene-PU composite coating in transforming
sunlight into heat in practical applications. This demonstration
on a human hand in a cold outdoor environment demonstrates
the potential of the AgNP@MXene-PU composite coating to
be used as a skin-mountable, sunlight-powered heating
material for wearable and transparent devices.

CONCLUSIONS

A strategy is proposed to construct healable, wearable, and
transparent composite coatings based on the green technology
of photothermal conversion. The in situ hybridization of
plasmonic AgNPs with 2D MXene nanosheets combines the
outstanding plasmonic effects of AgNPs with the thermal
properties and structural features of MXene nanosheets. The
resulting AgNP@MXene hybrids are effective photon captors,
energy transformers, and molecular heaters. When integrated
into wearable AgNP@MXene-PU composite coatings, signifi-
cant temperature increases under mild light irradiation can be
realized even with low (0.08 wt %) loadings of the AgNP@
MXene hybrid. These attributes endow the coatings with a
rapid and effective light-triggered healing functionality while
simultaneously retaining high transparency. As a proof of
concept, the composite coating was directly applied as a
transparent and skin-mountable warming material to demon-
strate its applicability for wearable and transparent devices.
This facile strategy to construct wearable and transparent
materials with effective photothermal and remotely triggered
healing features represents an important step toward producing
safe, long-lifetime skin-mountable devices, such as wearable
physical and chemical sensors, smart contact lenses, wearable
heaters or textiles, neural interfaces, wearable or fashionable
display or lighting systems, and so on.

EXPERIMENTAL SECTION
Raw Materials. Silver nitrate (AgNO3) was purchased from

Beijing Innochem Co., Ltd. Waterborne polyurethane (Impranil
DL1380) was obtained from Shanghai Yuanhe Chemical Co., Ltd.
Lithium fluoride (LiF) was acquired from Chemart (Tianjin)
Chemical Technology Co., Ltd. Sodium citrate dehydrate was
obtained from Alfa Aesar. Hydrochloric acid (HCl) was purchased
from Tianjin Bohua Chemical Reagent Co., Ltd. All chemicals were
used without further purification.

Synthesis of Ti3C2Tx MXene Nanosheets. Ti3C2Tx was
synthesized by selective etching of a Ti3AlC2 MAX phase in LiF
with HCl. A minimally intensive layer delamination (MILD) method
was used to delaminate the resulting bulk materials. A 2 g amount of
LiF was added to 20 mL of 9 M HCl and sonicated for 30 min, after
which 2 g of Ti3AlC2 was gradually added at 35 °C, and the solution
was stirred for 24 h. Afterward, the solution was centrifuged at 3500
rpm several times to allow the pH of the supernatant to reach ∼7,
followed by vibration for 30 min. The solution was subsequently
centrifuged at 3500 rpm for 30 min, and the supernatant was collected
and freeze-dried to isolate the delaminated MXene nanosheets.

Preparation of the AgNP@MXene Hybrid. A 10 mg amount of
Ti3C2Tx MXene nanosheets was dispersed uniformly in 10 mL of
distilled water under vibration. A 1 mL amount of aqueous AgNO3
with 3.94 mg of AgNO3 was added dropwise into the MXene solution
under continuous stirring to reach an initial mass ratio of 0.25:1
between Ag and MXene. The obtained hybrid solution was sonicated
for 12 min and centrifuged at 10 000 rpm for 10 min. This
centrifugation process was repeated twice. The resultant precipitate
was redispersed in deionized water and then sonicated for 5 min,
yielding a 1 mg mL−1 uniform AgNP@MXene hybrid solution.

Preparation of MXene-PU and AgNP@MXene-PU Compo-
site Coatings. The MXene colloidal solution or the AgNP@MXene
hybrid solution was mixed with waterborne elastic polyurethane to
achieve loadings of MXene or AgNP@MXene hybrid in PU of 0.05,
0.08, and 0.16 wt %. The resulting mixture was dispersed uniformly
under vibration and sonication. The composite coatings were
subsequently prepared by coating the solution onto a glass substrate
and drying at 50 °C for 2 h. The thickness of the composite coating
can be controlled via simply tuning the concentration of photothermal
filler and PU in their solution.

Preparation of AgNP-PU Composite Coatings. The AgNP-PU
composite coatings were prepared according to the previously
reported method.81 Briefly, 1 mL of aqueous AgNO3 (3.9 mg
mL−1) was mixed with different amounts of waterborne PU under
stirring to achieve loadings of Ag in PU of 0.05, 0.08, and 0.16 wt %
and then sonicated for 10 min. Then the mixture was heated to 90 °C
under stirring in an oil bath. After that, 1 mL of aqueous sodium
citrate (0.048 wt %) was introduced into the above AgNO3−PU
solution. The reaction was allowed to proceed for 1 h to obtain a
beige solution, which indicates the formation of AgNPs in PU
emulsions. Then the resulting mixture was dispersed uniformly further
under vibration and sonication, and the composite coatings were
subsequently prepared by coating the solution onto a glass substrate
and drying at 50 °C for 2 h.

Characterization. Ultraviolet−visible absorbance spectra were
measured using a Shimadzu UV-2600 spectrophotometer. Optical
microscope and TEM images were obtained using an upright
metallurgical microscope (Leica DM750 M) and a transmission
electron microscope (JEM-2800, Japan), respectively. AFM images
were captured using a MultiMode 8 system from Bruker. XPS spectra
were obtained using an ESCALAB 250Xi system from Thermo
Scientific. XRD patterns were recorded using a Rigaku D/max 2200
pc diffractometer using Cu Kα radiation. FTIR spectra were acquired
using a Bruker TENSOR27 FTIR spectrometer in the range of 400 to
4000 cm−1. Vis−IR light was produced using a vis−IR bulb (HW220-
275W-E27), with the surface temperature of the coatings measured
using an infrared thermal imager (Testo 869, Testo SE & Co. KGaA).
The mechanical properties of the AgNP@MXene-PU composite
coatings were tested using a tensile testing machine (Shimadzu AGS-
X) at a crosshead speed of 100 mm min−1 at room temperature. The
composite coatings were cut into rectangular samples and their exact
sizes measured using a micrometer thickness gauge (0.001 mm/
0.00005″AICE).

The emissivity of all AgNP@MXene-PU and MXene-PU
composite coatings was measured and calibrated. The composite
coating was scribbled on the surface of the hot plate whose
temperature was kept at 70 °C. The surface temperature of the
composite coating was recorded through both a thermal couple and
IR camera. The emissivity of the composite coating was calculated
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based on the temperatures read from the thermal couple and the IR
camera. The emissivity of the 0.05, 0.08, and 0.16 wt % AgNP@
MXene-PU composite coatings was measured to be 0.93, 0.94 and
0.94, and the emissivity of the 0.05, 0.08, and 0.16 wt % MXene-PU
composite coatings was measured to be 0.93, 0.94 and 0.94.
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