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Flexible conductive films based on light-to-heat conversion are promising for the next-generation
(PU/MA)  with excellent
photothermal conversion performance was obtained by combination of PU and silver nanoparticle
decorated MXene (MX/Ag). The silver nanoparticles (AgNPs) uniformly decorated on the MXene surface

electronic devices. A flexible waterborne polyurethane composite film

by y-ray irradiation induced reduction. Because of the synergistic effect of MXene with outstanding
light-to-heat conversion efficiency and the AgNPs with plasmonic effect, the surface temperature of the
PU/MA-II (0.4%) composite with lower MXene content increased from room temperature to 60.7 °C at
5 min under 85 mW cm™2 light irradiation. Besides, the tensile strength of PU/MA-II (0.4%) increased
from 20.9 MPa (pure PU) to 27.5 MPa. The flexible PU/MA composite film shows great potential in the
field of thermal management of flexible wearable electronic devices.
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With economic development and population growth, the global
energy demand has increased significantly. Finding reliable,
low-cost and high-profit renewable energy to meet the future
energy needs is important. Solar energy is a promising natural
energy source. The Earth receives about 4.4 x 10" MJ h™" of
solar energy, which far exceeds the global annual energy
consumption.™* Solar photothermal conversion technology is
a simple, direct and effective way to utilize solar energy. It has
been gradually applied in steam power generation,® seawater
desalination,* and photothermal therapy.®> However, exploiting
solar energy on a large scale is difficult because of its low energy
density and discontinuity. Therefore, the conversion of solar
energy to heat has always been the focus of international
attention.®

The utilization of photothermal conversion materials has
been considered as an effective approach to converse solar
energy to thermal energy. Polymer-based photothermal
conversion materials have the advantages of stable
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flexible tensile resistance® and so on. They are composed of
photothermal fillers and polymer matrix. In general, photo-
thermal fillers have high absorption capacity and photothermal
conversion efficiency over the entire solar spectrum. Noble
metal nanoparticles (such as gold and silver nanoparticles) are
common photothermal conversion material due to their
distinctive nanostructures with localized surface plasmon
resonance (LSPR) effects.'**> The match of the incident photon
frequency and the free electrons of noble metal nanoparticles is
beneficial to the adsorption of photon energy and LSPR
effect.”'* Chen et al. explored the photothermal conversion
properties of gold (Au), silver (Ag), and mixed gold-silver (Au-
Ag) nanoparticles. Au-Ag mixed nanoparticles (1.75-0.15 ppm)
had the highest photothermal conversion efficiency (30.97%).**
Chen et al. prepared a photothermal conversion material that
exhibits high absorption in the visible region by adjusting the
molar ratio of Ag to Au precursor.'® Ultrathin layered double
hydroxide loaded Ag@Ag,0 core-shell nanoparticles prepared
by Li et al. exhibited the high photothermal conversion effi-
ciency of 76.9%." Yuan et al. proposed a one-pot method to
prepare superparamagnetic iron oxide-enclosed hollow gold
nanoshell (SPIO-HGNS) with tunable optical absorption prop-
erties.”® Although the metal nanoparticles had good photo-
thermal conversion performance, the limitation of their narrow
absorption band requires high filler loadings in the polymer
matrix, which increases the cost and limits their development.*

MXene, a new two-dimensional (2D) transition metal
carbides or carbonitrides,**?* is widely used as a photothermal
filler in applications of photothermal conversion in smart
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electronics due to its excellent photothermal properties. Li et al.
designed a set of aqueous droplet light heating system and
mathematical program, and prepared the MXene film by
vacuum filtration method. The photothermal conversion effi-
ciency of MXene (TizC,) is 100%, the light-to-water-evaporation
efficiency of MXene film reached 84%.* A solar steam generator
based on a three-dimensional MXene architecture was prepared
by Zhao et al., which showed a solar evaporation efficiency of
88.7%.** A Janus membrane with excellent solar evaporation
efficiency (86.4%) was obtained by self-assembly of porphyrin
hydrophobic layer on MXene surface.”®

In addition, MXene is easy to be modified with other mate-
rials, such as semiconductors, metal nanoparticles,”® metallic
nanowires,” carbon nanomaterials,”® or polymers, due to its
large specific surface area, good hydrophilicity, rich functional
groups.™ Liu et al. prepared AgNW@MXene modified polyester
fabric (AM-textile) by a simple alternating impregnation
method. The composite fabric rapidly reached 224 °C within
10 s under near-infrared laser (100 mW), showing excellent
photothermal response.> Zhou et al. developed a flexible and
multifunctional transparent conductive film by combining
MXene and AgNW with polycarbonate by simple spraying
method. When the film was exposed to 1 solar radiation (100
mW cm™?) for 150 s, the surface temperature was 40.2 °C,
showing an effective photothermal response.** The combina-
tion of 2D MXene and zero-dimensional (0D) metal nano-
particles can also improve the efficiency of photothermal
conversion. Gold nanorods (GNRs) decorated Ti;C, nanosheets
(TizC,@GNRs) were obtained by in situ growth and self-
assembly, and it exhibited a higher photothermal conversion
efficiency (45.89%) than that of MXene (31.44%).*' The water
evaporation efficiency of Au/Tiz;C,/PF membrane reached
83.63%, which were attributed to the increase of the light
absorption by Au nanoparticles.* Copper sulfide (CuS) nano-
particles decorated Ti;C,T, nanosheets (Ti;C,T,@CuS) were
obtained by hydrothermal method, and it exhibited a higher
photothermal conversion temperature.* Wang et al. prepared
£Si0,/MXene@Au-WPU composites by a simple spray method,
which showed high photothermal conversion rate, super-
hydrophobicity and acid (alkali) resistance.* Jia et al., prepared
a multifunctional flexible film with good photothermal ability
by continuously spraying silver particles and MXene suspension
on waterborne polyurethane film, supplemented by hot
pressing.*® Jiao et al., prepared MXene@Ag by direct reduction,
and then obtained CNF/MXene@Ag composite membrane by
vacuum filtration. The composite film exhibited excellent pho-
tothermal properties, and the surface temperature of the film
can rise to 48 °C for 210 s under 55 W light irradiation.*

Gamma irradiation technology is a facile technique for the
modification of nanomaterials. There are some advantages,
such as environmentally friendly, the higher product purity,
lower energy consumption, and without the need of adding
initiators, reducing agents, or other harmful chemicals to the
reaction system.’” Furthermore, controllable synthesis of
nanoparticles can be achieved by adjusting absorbed dose or
dose rate during irradiation.*® There have been some reports on
the synthesis of modified 2D nanomaterial with inorganic
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nanoparticles by y-ray irradiation in recent years. MXene/MoSx
hybrid materials were synthesized with high hydrogen evolu-
tion reaction performance by gamma irradiation.** Hareesh
et al. prepared reduced graphite oxide nanocomposites loaded
with silver nanoparticles (Ag-rGO) by gamma radiation-assisted
method.” And graphene oxide-based magnesium oxide nano-
composites were successfully prepared by gamma irradiation.*

Herein, silver nanoparticles (AgNPs) decorated MXene (MX/
Ag) hybrids was prepared by y-ray induced reduction at room
temperature. The obtained MX/Ag was characterized by XRD,
TEM and XPS. Furthermore, a waterborne polyurethane
composite film (PU/MA) were prepared and its photothermal
conversion properties were also investigated. The prepared PU/
MA film is expected to be applied as a smart electronic material.

2 Experimental
2.1 Materials

TizAlC, (MAX) was purchased from 11 Technology Co., Ltd.
Lithium fluoride (LiF, AR), hydrochloric acid (HCIl, AR) and
isopropanol (AR) were obtained by Shanghai Macklin
Biochemical Co., Ltd. Silver nitrate (AgNO3, AR) was obtained by
Beijing Tongguang Fine Chemical Co., Ltd. Waterborne poly-
urethane (PU, Impranil DL1380) was obtained from Shanghai
Yuanhe Chemical Co., Ltd.

2.2 Synthesis of MXene nanosheets

The MXene nanosheets were synthesized based on a LiF and
HCI etching method. First, 4 g of LiF was slowly added to 50 mL
of HC], and then 1.5 g of MAX powder was slowly added to the
above solution and stirred at 40 °C for 72 h. After this, the
mixture was washed with deionized water until the pH reached
about 7. MXene nanosheets were obtained through ultra-
sonication under the protection of N, and centrifuged at
3500 rpm for 30 min. The concentration of the MXene colloidal
dispersion was obtained by weighing the mass of the dry sample
for the fixed volume.

2.3 Synthesis of MX/Ag hybrids

MX/Ag hybrids were synthesized by y-ray induced reduction of
AgNO;. Typically, AgNO; were added to 10 mL deionized water
to form 5, 10 and 20 mmol L™ solution. Then, 10 mL of MXene
(5 mg mL™") and 2.1 mL of isopropanol were added. The ob-
tained solution was deaerated by N, gas, sealed, and irradiated
using a®’Co source at the College of Chemistry and Molecular
Engineering of Peking University. The dose was 50 kGy and the
dose rate was 200 Gy min~ . Then the product was separated by
filtration, washed with deionized water several times, and the
concentration of the dispersion was measured. According to the
different concentrations of AgNOj; solution (2.5, 5, and 10 mmol
L") in the reaction system, the products were named as MA-I,
MA-II, and MA-III, respectively.

2.4 Preparation of PU/MX and PU/MA nanocomposite films

MX/Ag and MXene aqueous solution were mixed with a PU
solution (solid content of 60 wt%). After ultrasonication for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Preparation conditions and the weight percent of fillers

Weight percent

Name Filler (Wt%)
PU/MX (0.1%) MXene 0.1
PU/MA-I (0.1%) MA-T 0.1
PU/MA-TI (0.1%) MA-TI 0.1
PU/MA-III (0.1%) MA-III 0.1
PU/MA-II (0.2%) MA-TI 0.2
PU/MA-II (0.3%) MA-II 0.3
PU/MA-TI (0.4%) MA-TI 0.4

15 min (270 W), the mixtures were coated on the glass substrate
and dried at 60 °C for 2 h to prepare the composite films. The
MX/Ag hybrids was 0.1, 0.2, 0.3 and 0.4 wt% of PU resin, and the
obtained composite films were recorded in Table 1. And the
fabrication process is demonstrated in (Scheme 1).

2.5 Characterization

The samples were characterized by X-ray diffraction (XRD,
Rigaku D/Max 2400 diffractometer, Japan) with Cu Ko source.
The structure and morphology of the products were character-
ized by scanning electron microscopy (SEM, JEOL JSM-7500F,
Japan) and transmission electron microscopy (TEM, JEM-
2100F, Japan). X-ray photoelectron spectroscopy (XPS, Kratos
Analytical, UK) was measured on an Axis Ultra X-ray photo-
electron spectrometer using monochromatic Al Ka radiation.
The UV-VIS-NIR absorbance spectra were collected using a Shi-
madzu UV-2600 absorption spectrophotometer. Xenon light
intensity was tested by a solar power meter (SM206-SOLAR,
China). The surface temperature of the composite film is
measured by an infrared thermal imager (Testo 869, Germany).
The mechanical properties of the composite films were tested at
room temperature using a tensile testing machine (Instron-
3365, China) at a speed of 100 mm min '. The photo-to-
thermal conversion tests was carried out using a xenon lamp
in an indoor environment. The PU/MA composite film was
placed on a polystyrene foam board. The infrared thermal
imager is vertically fixed on the upper left side of the sample,
and the vertical distance to the sample surface is 20 cm. A solar
power meter and a thermos-hygrometer were used to monitor
the solar irradiance, the ambient temperature and relative
humidity.

3 Results and discussion

The crystal structure of MXene and MA hybrid materials was
confirmed by XRD patterns (Fig. 1). The peak at ~39° belonging
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MXenelAGNO; MX/Ag

LiF-HCI
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Scheme 1 Schematic diagram of the synthetic route of PU/MA film.
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Fig.1 XRD patterns of MXene and MA hybrid materials.

to MAX disappeared, and a new characteristic peak at 6.8° can
be indexed to (002) plane of MXene, indicating that MAX was
completely etched. After MXene nanosheets were modified by
AgNPs, five characteristic diffraction peaks at 38.1°, 44.3°, 64.5°,
77.4° and 81.6° are ascribed to the (111), (200), (220), (311), (222)
crystal planes of AgNPs, respectively. The peak intensity
increases with the increased AgNPs content, while the (002)
peak intensity of MXene decreases because of the introduction
of AgNPs. In addition, compared with MXene, the (002) char-
acteristic peak of MA-IIT hybrid material shifts to 5.9°, which is
lower than that of MXene. This is due to the AgNPs decorated
between the MXene layers increasing the interlayer spacing.
And the AgNPs between the layers can prevent the restacking of
MXene nanosheets.

Fig. 2 shows the TEM images of MXene, MA-I, MA-II and MA-
IIT hybrid materials. The surface morphology of MXene nano-
sheet and the AgNPs on the MXene surface can be observed. A
single MXene sheet with wrinkle structure is shown in Fig. 2a,
which is an intrinsic feature of MXene. Fig. 2b-g is the TEM
images and the size distributions of AgNPs for MA-I, MA-II and
MA-III samples. The spherical AgNPs (diameter, 20-80 nm) are
more uniformly distributed on MXene surface. For MA-I, a small
amount of AgNPs loaded on the surface of MXene, with an
average diameter of 30.3 nm (Fig. 2e). In addition, with the
increase of AgNO; concentration, the average diameter of
AgNPs for MA-II and MA-III slightly increased to 36.4 and
48.6 nm, and a certain degree of agglomeration occurred. The
silver contents of MA-I, MA-II, and MA-III samples were
measured by ICP (Fig. 2h). When the AgNO; concentration in
the reaction system were 2.5, 5, and 10 mmol L™, the corre-
sponding silver contents of MA-I, MA-II, and MA-III were 2.8 X
10%, 9.4 x 10° and 2.0 x 10* mg g™, respectively. The silver
content increased with the increase of AgNO; concentration.

The MA-II samples were further tested by high-resolution
TEM and EDS (Fig. 3). The interplanar spacing of the nano-
particle is 0.235 nm, which is ascribed to the (111) plane of Ag.
In addition, Ag, Ti, C and O were uniformly distributed in the
sample (Fig. 3c-f), which further verified the uniform disper-
sion of AgNPs. Therefore, MXene decorated with AgNPs hybrids
can be simply obtained by y-ray irradiation.

The different chemical environments of MXene and MA-II
nanosheets are investigated by XPS spectra (Fig. 4). The low-
resolution XPS spectra of MXene and MA-II hybrid exhibit the

RSC Adv, 2023, 13, 15157-15164 | 15159
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Fig.2 TEM images and the size distribution of AgNPs for (a) MXene, (b
and e) MA-|, (c and f) MA-Il and (d and g) MA-III. (h) The silver contents
of MA-1, MA-Il and MA-III.

Fig. 3 (a) High-resolution TEM images of the MA-Il. (b—f) EDS
elemental mapping images of Ag, Ti, C and O for the MA-II.

peaks of C, O, Ti and F. Compared with MXene spectrum, a new
peak corresponding to Ag 3d at 368 eV appears, demonstrating
the existence of AgNPs in the hybrid material. The Ag 3d spec-
trum of MA-II hybrid material shows two peaks at 368.3 eV and
374.3 eV, belonging to Ag 3ds, and Ag 3d;,, respectively
(Fig. 4b). Furthermore, the spin energy separation between the
two peak is about 6.0 eV. It is indicated that AgNPs were loaded
on MXene nanosheets.*” Ti 2p XPS spectra of MXene and MA-II

15160 | RSC Adv, 2023, 13, 15157-15164
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Fig. 4 (a) Low-resolution XPS spectra of MXene and MA-II, (b) Ag 3d
XPS spectra of MA-II, Ti 2p XPS spectra of (c) MXene and (d) MA-II.

exhibit four characteristic peaks located at 455.2, 455.6, 456.8
and 459.3 eV, which are ascribed to Ti-C, Ti(u), Ti(m) and Ti-O
bonds, respectively (Fig. 4c and d). Compared with MXene, the
Ti-O peak intensity of MA-II hybrid increases significantly,
indicating the existence of oxidation in MA-II under y-ray irra-
diation. This may be due to the fact that Ti atoms on the surface
of MA-II are oxidized by some oxidizing free radicals produced
by H,O radiolysis.

The dispersion of MA in PU/MA composites was observed by
SEM in Fig. 5. The brittle fracture section of the pure PU
composite film is smooth and flat. For PU/MX (0.1%), there was
no obvious change in the cross section of the polymer. When
0.1 wt% MA-II was added to PU, the roughness of the PU/MA-II
(0.1%) surface slightly increased. When the addition of MA-II
increased to 0.4 wt% (PU/MA-II (0.4%)), some bulges were
observed on the cross section of the samples, implying that the

Fig. 5 SEMimages of (a) PU, (b) PU/MX (0.1%), (c) PU/MA-I1I (0.1%) and
(d) PU/MA-11 (0.4%).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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roughness of PU composites surface increased. Besides, MA-II is
well dispersed in PU, which may be attributed to the interaction
between PU and the polar groups (-OH) on MXene surface.

Mechanical property plays a key role in evaluating the
potential applications of polymer nanocomposites. The stress—
strain curves of PU nanocomposites are exhibited in Fig. 6.
Compared with pure PU, the tensile strength of PU/MA-III
(0.1%) samples increased by 27.0% from 20.9 MPa to
26.6 MPa. It is attributed to the addition of AgNPs, which
attached on MXene surface impeding the stacking of MXene
sheets and promoting their dispersion in the PU matrix.>>* The
tensile-strain curve of PU composites with different MA-II
content are shown in Fig. 6¢c and d. The tensile strength of
the PU composites slightly increased with the increasing MA-II
content. The tensile strength of PU/MA-II (0.4%) increased by
31.6%, from 20.9 MPa of pure PU to 27.5 MPa. The increased
tensile strength of PU/MA composites prepared in this paper is
much higher than other work.*»** The improved mechanical
properties of PU/MA composites are mainly attributed to the
abundant interfacial interactions between the inorganic nano-
material and polymer networks.*® MXene and MA-II hybrid
materials not only absorb the stress, but also transfer the
loadings to the adjacent polymer chains and nanofillers due to
the good compatibility between PU matrix and MA-II hybrid.
Thereby the tensile strength of the composite improved.”” In
addition, the elongation at break of PU nanocomposites slightly
increased with the increasing of MA-II content. The elongation
at break of PU/MA-II (0.1%) nanocomposites increased by 7.2%,
from 1125% of PU to 1206%. When the content of MA-II
increased to 0.4%, the value reached 1245%, which may be
due to the wrinkled morphology of PU/MA-II in the PU
nanocomposites.

The UV-vis spectra of MXene and MA-I, MA-II and MA-III
nanohybrids are shown in Fig. 7a. MXene exhibits a unique
absorption peak at approximately 260 nm and 770 nm. It can be
assigned to the band gap energy of MXene. In addition, MA-I,
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Fig. 6 (a) Stress—strain curves of PU, PU/MX (0.1%), PU/MA-1 (0.1%),
PU/MA-1I (0.1%) and PU/MA-III (0.1%) composites, (b) stress—strain
curves of PU, PU/MA-II (0.1%), PU/MA-II (0.2%), PU/MA-I1I (0.3%) and
PU/MA-11 (0.4%), (c) stress strength of PU/MX and PU/MA composites.
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Fig. 7 (a) UV-vis spectra of MXene, MA-I, MA-Il and MA-IIl aqueous
solutions. (b) UV-VIS-NIR spectra and (c) the surface temperature
evolution of PU, PU/MX (0.1%), PU/MA-I (0.1%), PU/MA-II (0.1%), and
PU/MA-III (0.1%). (d) PU and PU/MA-II composites with 0.1, 0.2, 0.3,
and 0.4 wt% MA-II. (e) Infrared thermal images of PU, PU/MX, and PU/
MA composites under 85 mW cm~2 irradiation.

MA-II and MA-III hybrid materials showed a new peak at
~443 nm in the visible region. And the peak intensity increased
with the increasing AgNPs content, which is ascribed to the
surface plasmon resonance effect of AgNPs loaded on MXene
surface.*® The UV-VIS-NIR spectra of PU, PU/MX (0.1%), PU/MA-
1(0.1%), PU/MA-II (0.1%), and PU/MA-III (0.1%) at 200-2000 nm
were further studied (Fig. 7b). Compared with pure PU film, the
other four samples also showed the characteristic absorption
peaks of 260 nm and 770 nm, and exhibit good absorption in
NIR range (wavelength: 1100-2000 nm). In addition, with the
increase of AgNPs content, PU/MA-II (0.1%) and PU/MA-III
(0.1%) showed the characteristic absorption peaks of AgNPs at
440 nm. The increased absorption intensity of the hybrid
material is beneficial to the improvement of the photothermal
properties of PU composites.

The photothermal conversion abilities of PU nanocomposite
films were confirmed by recording the surface temperature
(tested by infrared thermal imager) of PU composite exposed to
xenon lamp (simulated solar light source with light intensity of
85 mW cm ?). As shown in Fig. 7c, PU film exhibits a negligible
photothermal conversion performance with a slight rise of
~4.7 °C from 23.3 °C to 28.0 °C when the film was irradiated for
5 min. By contrast, with the same irradiated time, the surface
temperatures of PU/MX (0.1%), PU/MA-I (0.1%), PU/MA-II
(0.1%) and PU/MA-II (0.1%) composite films significantly
increased to 49.2, 51.0, 52.7 and 51.3 °C, respectively. This is

RSC Adv, 2023, 13, 15157-15164 | 15161
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ascribed to the effective photothermal conversion of PU
composite with the addition of MA hybrid material. Besides,
PU/MA-II composite film exhibits the highest temperature
among the other composite films under the same irradiated
time, which is attributed to the synergistic interaction between
AgNPs and MXene under this condition. Meanwhile, the surface
temperature of PU/MA films with different MA-II contents were
provided in Fig. 7d. The surface temperature of PU/MA-II
(0.1%), PU/MA-II (0.2%), PU/MA-TI (0.3%) and PU/MA-TI (0.4%)
increase obviously from room temperature to 52.7, 55.9, 58.4
and 60.7 °C, respectively. It is worth noting that PU/MA-II (0.4%)
exhibited the most excellent photothermal conversion perfor-
mance. Under the same irradiated conditions, the surface
temperature was 36.9 °C higher than that of the PU film. And
the infrared thermal imager was applied to visually record the
surface temperature of these composites films with different
photothermal fillers (Fig. 7e). The photothermal conversion
performances of other typical MXene-based or PU nano-
composites film are summarized in Table 2. PU/MA-II (0.4%)
exhibits relatively excellent photothermal conversion properties
under lower energy density.

The temperature of PU/MA composite film with lower MA
content rapidly increases under the light irradiation, which is
due to the synergistic photothermal conversion of MXene
nanosheets® and the AgNPs.* Firstly, the light can be absorbed
by PU/MA composites to convert heat due to the highly efficient
photothermal conversion efficiency of MXene.>>*? Secondly, the
dipole resonance coupling between AgNPs and simulated
sunlight promotes the absorption of incident light in a wider
wavelength range, and converts it into heat, which is due to the
plasmon resonance effect of AgNPs.">** Finally, the photo-
thermal filler MA can be well dispersed in PU matrix, which is
beneficial to the effective heat conversion from 2D MXene and
0D AgNPs to PU polymer matrix, thereby increasing the
temperature of nanocomposite film. And the well dispersion of
nano fillers in polymer matrix is ascribed to the good hydro-
philicity of MXene nanosheets.>

The heating stability is also an important property for pho-
tothermal materials. Fig. 8a shows the repeated on-off light
cycles of PU/MA-II (0.1%) under 85 mW cm ™~ irradiation. The
cycle curve of PU/MA-II (0.1%) exhibits the stable and regular
temperature change corresponding to the on-off light cycles,
demonstrating the distinguished heating cycling stability of the
PU composites film. Besides, the long-term (0.5 h) heating

Table 2 Comparison of the increased temperature after the irradia-
tion with other photothermal conversion materials

Light intensity The temperature

Photothermal materials (mW cm ?) increased (°C) Ref.
PDA-WPU 100 30.3 49
WPU/NR/MXene 100 ~42 50
WPU@MXene/PEG 100 ~25 9
Au/Ti;C,/PF 200 ~23.1 32
Ag/MXene films 100 ~38.2 35
PU/MA-II (0.4%) 85 36.9 This work
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Fig. 8 (a) Repeated on-off light cycles, (b) long-term irradiation for
0.5 h with corresponding IR images (insets) of PU/MA-II (0.1%) under
85 mW cm™? irradiation.

stability of PU/MA-II (0.1%) under the same light irradiation is
shown in Fig. 8b. When the light irradiation time is extended to
0.5 h, the surface temperature of PU/MA-II (0.1%) remains
basically constant, which is attributed to the high chemical
stability of MA-II and the well dispersion of MA-II in the PU
matrix.

4 Conclusions

MX/Ag hybrid materials were prepared by a simple and envi-
ronmentally friendly approach by y-ray induced reduction at
room temperature. The AgNPs was uniformly decorated on
MXene surface and enlarged the interlayer spacing, which is
beneficial for the preventing of the aggregation of MXene.
Furthermore, MX/Ag hybrid materials was efficient in
improving the photothermal conversion and mechanical prop-
erties of PU. The tensile stress of PU/MA-II (0.4%) reached
27.5 MPa with a lower filler content. And the surface tempera-
ture of PU/MA-II (0.4%) composite increased to 60.7 °C at 5 min
under 85 mW cm >, The improved properties of the nano-
composites are ascribed to the synergistic light-to-heat conver-
sion effect of MXene and AgNPs, and the well dispersion of MX/
Ag in PU matrix. The obtained material has excellent mechan-
ical properties, photothermal conversion performance and
good cycle stability, which is expected to be used in the flexible
wearable electronic devices.

Author contributions

H. Ma, X. Zhang and M. Zhai guided the project. C. Zhang and
Y. Zhang were responsible for the design of experiments. C.
Zhang and X. Gu performed PU/MX and PU/MA composite films
fabrication. C. Ma, Y. Wang and M. Kuang carried out the
structural characterization and analysed the data. C. Zhang and
J. Peng conducted the photothermal conversion performance
measurements. H. Ma and C. Zhang wrote the initial draft of the
manuscript, and the manuscript was revised by M. Cui. All
authors have given approval to the final version of this
manuscript.

Conflicts of interest

There are no conflicts to declare.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02799f

Open Access Article. Published on 18 May 2023. Downloaded on 3/14/2026 3:18:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Acknowledgements

Financial support from the National Natural Science Founda-
tion of China (51929301), Beijing Scholar Program (RCQJ20303)
and Beijing Outstanding Youth Engineer Innovation Studio
Program are gratefully acknowledged.

References

1 N. Kannan and D. Vakeesan, Renewable Sustainable Energy
Rev., 2016, 62, 1092-1105.

2 X.Fan, Y. Ding, Y. Liu, J. Liang and Y. Chen, ACS Nano, 2019,
13, 8124-8134.

3 F. Wu, D. Liu, G. Li, L. Li, L. Yan, G. Hong and X. Zhang,
Nanoscale, 2021, 13, 5419-5428.

4 L. Zhang, J. Xing, X. Wen, J. Chai, S. Wang and Q. Xiong,
Nanoscale, 2017, 9, 12843-12849.

5 Y.Yang, D. Zhu, Y. Liu, B. Jiang, W. Jiang, X. Yan and K. Fan,
Nanoscale, 2020, 12, 13548-13557.

6 C.-Y. Sun, Z.-W. Zhao, H. Liu and H.-Q. Wang, Rare Met.,
2022, 41, 1403-1405.

7 Z. Wei, F. Xue, F. Xin, M. Wu, B. Wang, X. Zhang, S. Yang,
Z. Guo and X. Liu, Nanoscale, 2020, 12, 19665-19672.

8 C. E. Tas, E. Berksun, D. Koken, S. Kolgesiz, S. Unal and
H. Unal, Ind. Eng. Chem. Res., 2021, 60, 14788-14800.

9 W. w. Hu, X. y. Shi, M. h. Gao, C.-h. Huang, T. Huang,
N. Zhang, J.-h. Yang, X.-d. Qi and Y. Wang, Compos.
Commun., 2021, 28, 100980.

10 P. Zijlstra, P. M. R. Paulo and M. Orrit, Nat. Nanotechnol.,
2012, 7, 379-382.

11 D. Xu, Z. Li, L. Li and J. Wang, Adv. Funct. Mater., 2020,
30(47), 2070314.

12 Y. Wang, J. Huy, L. Yu, X. Wu, Y. Zhang and H. Xu, Nano
Research Energy, 2023, 2(2), €9120062.

13 C.Wang and D. Astruc, Chem. Soc. Rev., 2014, 43, 7188-7216.

14 H. Eom, J. Y. Jung, Y. Shin, S. Kim, J. H. Choi, E. Lee,
J. H. Jeong and I. Park, Nanoscale, 2014, 6, 226-234.

15 M. Chen, Y. He, J. Huang and J. Zhu, Energy Convers.
Manage., 2016, 127, 293-300.

16 M. Chen, Y. He and J. Zhu, Int. J. Heat Mass Transfer, 2017,
114, 1098-1104.

17 K. Li, X. Ma, S. He, L. Wang, X. Yang, G. Zhang, S. Guan,
X. Qu, S. Zhou and B. Xu, ACS Biomater. Sci. Eng., 2022, 8,
540-550.

18 M. Yuan, X. Feng, T.-H. Yan, J. Chen, X. Ma, P. Cunha, S. Lan,
Y. Li, H.-C. Zhou and Y. Wang, Adv. Compos. Hybrid Mater.,
2022, 5, 2387-2398.

19 E. Satheeshkumar, T. Makaryan, A. Melikyan, H. Minassian,
Y. Gogotsi and M. Yoshimura, Sci. Rep., 2016, 6, 32049.

20 M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon,
L. Hultman, Y. Gogotsi and M. W. Barsoum, Adv. Mater.,
2011, 23, 4248-4253.

21 X. Que, S. Li, Y. Hu, Z. Zhang, L. Sheng, T. Lin, J. Ma, J. Peng,
J. Li and M. Zhai, J. Phys. Chem. C, 2022, 126, 10703-10712.

22 H. Huang, R. Jiang, Y. Feng, H. Ouyang, N. Zhou, X. Zhang
and Y. Wei, Nanoscale, 2020, 12, 1325-1338.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

23 R. Li, L. Zhang, L. Shi and P. Wang, ACS Nano, 2017, 11,
3752-3759.

24 X. Zhao, X. Zha, J. Py, L. Bai, R. Bao, Z. Liu, M. Yang and
W. Yang, J. Mater. Chem. A, 2019, 7, 10446-10455.

25 B. Zhang, Q. Gu, C. Wang, Q. Gao, J. Guo, P. W. Wong,
C. T. Liu and A. K. An, ACS Appl. Mater. Interfaces, 2021,
13, 3762-3770.

26 N. Li, Y. Jiang, Y. Xiao, B. Meng, C. Xing, H. Zhang and
Z. Peng, Nanoscale, 2019, 11, 21522-21531.

27 Y. Cheng, Y. Lu, M. Xia, L. Piao, Q. Liu, M. Li, Y. Zhou, K. Jia,
L. Yang and D. Wang, Compos. Sci. Technol., 2021, 215,
109023.

28 Y. Ding, K. Feng, P. He, N. Liu, L. Hao, J. Gong, R. Niu and
J. Qu, Sustainable Energy Fuels, 2021, 5, 5627-5637.

29 X. Liu, X. Du, L. Li, Y. Cao, Y. Yang, W. Wang and J. Wang,
Composites, Part A, 2022, 156, 106883.

30 B. Zhou, M. Su, D. Yang, G. Han, Y. Feng, B. Wang, J. Ma,
J. Ma, C. Liu and C. Shen, ACS Appl. Mater. Interfaces, 2020,
12, 40859-40869.

31 B. Zhu, J. Shi, C. Liu, J. Li and S. Cao, Ceram. Int., 2021, 47,
24252-24261.

32 W. Qu, H. Zhao, Q. Zhang, D. Xia, Z. Tang, Q. Chen, C. He
and D. Shu, ACS Sustainable Chem. Eng., 2021, 9, 11372~
11387.

33 Q. Li, W. Wang, H. Feng, L. Cao, H. Wang, D. Wang and
S. Chen, J. Colloid Interface Sci., 2021, 604, 810-822.

34 J. Wang, P. Li, P. Yu, T. Leydecker, I. S. Bayer, D. Losic,
A. Neogi and Z. Wang, Adv. Compos. Hybrid Mater., 2022, 5,
3035-3044.

35 Y. Jia, Y. Pan, C. Wang, C. Liu, C. Shen, C. Pan, Z. Guo and
X. Liu, Nanomicro Lett., 2021, 13, 201.

36 E. Jiao, K. Wu, Y. Liu, M. Lu, H. Zhang, H. Zheng, C.-a. Xu,
J. Shi and M. Lu, Composites, Part A, 2021, 143, 106290.

37 G. G. Flores-Rojas, F. Lopez-Saucedo and E. Bucio, Radiat.
Phys. Chem., 2020, 169, 107962.

38 K. C. V. Cuba, Radiat. Phys. Chem., 2020, 169, 108774.

39 S. Li, X. Que, X. Chen, T. Lin, L. Sheng, J. Peng, J. Li and
M. Zhai, ACS Appl. Energy Mater., 2020, 3, 10882-10891.

40 K. Hareesh, R. P. Joshi, S. S. Dahiwale, V. N. Bhoraskar and
S. D. Dhole, Vacuum, 2016, 124, 40-45.

41 R. M. Fathy and A. Y. Mahfouz, J. Nanostruct. Chem., 2021,
11, 301-321.

42 C. Ji, Y. Wang, Z. Ye, L. Tan, D. Mao, W. Zhao, X. Zeng,
C. Yan, R. Sun, D. ]J. Kang, J. Xu and C. P. Wong, ACS Appl.
Mater. Interfaces, 2020, 12, 24298-24307.

43 S. Tang, Z. Wu, X. Li, F. Xie, D. Ye, E. Ruiz-Hitzky, L. Wei and
X. Wang, Carbohydr. Polym., 2023, 299, 120204.

44 H. Li, D. Yuan, P. Li and C. He, Composites, Part A, 2019, 121,
411-417.

45 T. Wan and D. Chen, Prog. Org. Coat., 2018, 121, 73-79.

46 M. Li, Y. Zhang, L. Lian, K. Liu, M. Lu, Y. Chen, L. Zhang,
X. Zhang and P. Wan, Adv. Funct. Mater., 2022, 32(47),
2208141.

47 X. Sheng, S. Li, H. Huang, Y. Zhao, Y. Chen, L. Zhang and
D. Xie, J. Mater. Sci., 2020, 56, 4212-4224.

48 R. P. Pandey, K. Rasool, V. E. Madhavan, B. Aissa, Y. Gogotsi
and K. A. Mahmoud, J. Mater. Chem. A, 2018, 6, 3522-3533.

RSC Adv, 2023, 13, 15157-15164 | 15163


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02799f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 18 May 2023. Downloaded on 3/14/2026 3:18:43 AM.

(cc)

RSC Advances

49 C. E. Tas, E. Berksun, D. Koken, S. Unal and H. Unal, ACS
Appl. Polym. Mater., 2021, 3, 3929-3940.

50 C. Jiao, Z. Deng, P. Min, J. Lai, Q. Gou, R. Gao, Z.-Z. Yu and
H.-B. Zhang, Carbon, 2022, 198, 179-187.

51 A. H. Avci, S. Santoro, A. Politano, M. Propato, M. Micieli,
M. Aquino, Z. Wenjuan and E. Curcio, Chem. Eng. Process.,
2021, 164, 108382.

15164 | RSC Adv, 2023, 13, 15157-15164

View Article Online

Paper

52 C. Yang, D. Xu, W. Peng, Y. Li, G. Zhang, F. Zhang and
X. Fan, Nanoscale, 2018, 10, 15387-15392.

53 X. Ding, C. H. Liow, M. Zhang, R. Huang, C. Li, H. Shen,
M. Liu, Y. Zou, N. Gao, Z. Zhang, Y. Li, Q. Wang, S. Li and
J. Jiang, J. Am. Chem. Soc., 2014, 136, 15684-15693.

54 T. T. Baby and S. Ramaprabhu, J. Mater. Chem., 2011, 21,
9702-9709.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02799f

	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films

	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films
	Radiation synthesis of MXene/Ag nanoparticle hybrids for efficient photothermal conversion of polyurethane films


