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Solar-driven interfacial water evaporation technology (SIET) is an emerging method for achieving

sustainable production of clean water. Most available studies have focused on improving the

evaporation efficiency of water, while less attention has been paid to the enrichment of evaporated

organic contaminants, especially volatile organic compounds (VOCs) in distilled water, which is one of

the key challenges in SIET. Herein, Ti3C2 MXene/CdS (MC) nanomaterials were synthesized by acid

etching and hydrothermal methods, and MC composite hydrogels (MCHs) with synergistic effects of

photothermal evaporation and photocatalysis were successfully prepared by crosslinking foaming

polymerization. The water evaporation rate of optimal MCHs was 1.80 kg m−2 h−1 and the

photothermal conversion efficiency of 82.80% could be achieved under one sun irradiation. Most

importantly, MCHs significantly degraded a variety of organic contaminants in wastewater, among

which the photodegradation rate of a typical VOC (phenol) was 85.12%, and the antibiotic

metronidazole was completely removed. This research inferred that the MC hydrogels could be the

promising synergistic photothermal evaporation and photocatalytic materials, providing a potential

pathway for sustainable clean water production in the SIET field.
1 Introduction

In the past decades, owing to population growth, climate
change, environmental deterioration, and industry expansion,
the shortage of freshwater resources has become one of the
world crises. To alleviate the problem of water shortage, scien-
tists have developed a variety of water treatment technologies to
obtain clean water, including reverse osmosis,1 electrodialysis,2

and membrane distillation.3 However, these technologies suffer
from problems such as high energy consumption and
secondary pollution. Comparably, solar-driven interfacial water
evaporation technology (SIET) has attracted increasing atten-
tion in seawater desalination,4 wastewater purication,5 and
clean water production6 due to its green, efficient, and low
energy consumption virtues. To date, various promising pho-
tothermal materials such as organic semiconductors,6 carbon-
based materials,7,8 polymers,9 and plasma nanoparticles10,11
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have been developed and tested in SIET. Nevertheless, water
evaporation efficiency highly depends on the light absorption
rate, heat transfer efficiency and water transport ability.12,13

Therefore, it remains a challenge to construct the composites
for effectively obtaining clean water by use of SIET. On the other
hand, many organic contaminants are commonly present in
wastewater, including volatile organic compounds (VOCs),
which can be easily enriched in condensed water with steam
migration during the solar-driven water evaporation
process.14–16 This could seriously affect water quality; however, it
has remained a less researched area. Therefore, the effective
removal of various organic contaminants, especially VOCs, is an
urgent issue to solve in the SIET systems. Recently, photo-
catalysis coupled with photothermal water evaporation17,18 has
become a viable strategy to remove contaminants and produce
drinking water. For instance, Ma et al. have prepared a porous
sponge incorporated with BiOBrI photocatalyst as a solar
evaporator, and the high rejection of VOCs in the evaporated
water can be conrmed when river water containing extra added
phenol was used as source water.19 It is well known that as
a typical metal sulde, CdS belongs to one of the efficient
semiconductor photocatalysts. It is inexpensive and easy to
obtain with relatively narrow bandgap,20,21 which can effectively
degrade various organic contaminants in the aqueous solution.
While, MXene, as one of two-dimensional (2D) layered transi-
tion metal carbides and nitrides, exhibits tunable band gap and
J. Mater. Chem. A, 2024, 12, 10991–11003 | 10991
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specic surface area, good hydrophilicity, surface activity,
chemical stability, and unique local surface plasmon resonance
(LSPR) effect.22,23 Titanium carbide (Ti3C2) is a typical MXene
material, which has wide application in environmental reme-
diation,24 energy catalysis,25 etc., and has also been suggested as
an excellent photothermal conversion material.26 In addition,
Ti3C2 MXene has high redox capacity and abundant hydrophilic
functional groups (–F, –OH, or –O) on the surface, which allows
it to be in close contact with CdS,20,27 signicantly enhancing the
photo-induced electron and hole separation rate, reducing
charge recombination, and improving photocatalytic activity. In
typical examples, Liang et al. applied Ti3C2/CdS nanorod
composites to treat radioactive wastewater.21 It was found that
the photocatalytic reduction efficiency of the composites for
uranium(VI) reached 97%, and the composites showed excellent
performance under different pH conditions. Chen et al.
designed 2D/2D CdS nanosheets (NS)@Ti3C2 MXene compos-
ites for highly photocatalytic hydrogen production.20 The
enhancement of the photocatalytic performance of the
composites can be explained by the strong physical and elec-
tronic coupling effect between CdS and Ti3C2 MXene. However,
the performance of the photothermal evaporation and photo-
catalysis based on the combination of CdS and Ti3C2 MXene
evaporator in the SIET has not been explored.

Herein, the acrylamide hydrogels consisting of Ti3C2 MXene
and CdS nanoparticles (MC) were rst fabricated and used for
efficient evaporation of water and synergistic photocatalytic
removal of various organic contaminants. MC hydrogels
showed excellent vapor generation capacity and the water
evaporation rate was 1.80 kg m−2 h−1. Meanwhile, the hydrogel
has superior purication performance for metronidazole and
a typical VOC (phenol), which are usually enriched in
condensed water. This work inferred that MC hydrogels are the
promising synergistic photothermal evaporation and photo-
catalytic materials, providing a potential pathway for sustain-
able clean water production in the SIET eld.
2 Experimental section
2.1 Chemicals and materials

All analytical-grade chemicals involved in the experiments were
directly used as received. Titanium aluminum carbide (Ti3AlC2)
was supplied by Jilin 11 Technology Co., Ltd. Lithium uoride
(LiF), hydrochloric acid (HCl, 36–38 wt%), N,N-methyl-
enebisacrylamide (MBA), acrylamide (AM), N,N,N0,N0-tetrame-
thylethylenediamine (TMEDA), sodium lauryl sulfate (SDS),
ammonium persulfate ((NH4)2S2O8) and rhodamine B (RhB
95%), phenol were provided by Sinopharm Corporation and
Aladdin. The experimental deionized water (DIW) was prepared
using a PSDK ultrapure water machine (Beijing Zihan Century
Technology Co., Ltd).
2.2 Methods

2.2.1 Synthesis of Ti3C2 MXene. Ti3C2 MXene was obtained
by selectively etching the Al layer in Ti3AlC2 with a mixture of
LiF/HCl.22,28 In a typical synthesis, 2 g of LiF was dissolved in
10992 | J. Mater. Chem. A, 2024, 12, 10991–11003
40 mL of 9 M HCl solution and stirred magnetically for 10 min,
and then 2 g of Ti3AlC2 powder was slowly added to the above-
mixed solution under stirring. It is worthwhile to note that the
process needs to be very slow to prevent the solution from
boiling and reacting for 24 hours under the condition of a 40 °C
water bath. The etched black suspension was centrifuged and
the pellet was washed alternately with DIW and absolute
ethanol (10 000 rpm for 5 min each) until the pH of the super-
natant was 6–7. Finally, Ti3C2 powder was dried in an oven at
60 °C for 12 h to obtain the desired MXene.

2.2.2 Synthesis of CdS and Ti3C2 MXene/CdS (MC)
composites. CdS was prepared according to the reported
hydrothermal method.20,27 First, a certain amount of CdCl2-
$2.5H2O was added to DIW (50 mL), sonicated for 5 min, and
then magnetically stirred for 1.5 h at room temperature. Then,
0.0042 mol of thiourea and the above-mixed solution were
added into a 100 mL of polytetrauoroethylene autoclave, and
heated at 180 °C for 20 h. Aer natural cooling to room
temperature, the pellet was collected by centrifugation, washed
several times alternately with DIW and ethanol, and dried at
60 °C for 12 h. According to the different weight ratios of Ti3C2

MXene and CdS (2 : 1, 1 : 1, 1 : 2), the obtained Ti3C2 MXene/CdS
(MC) composites were named MC-1, MC-2, and MC-3.

2.2.3 Synthesis of Ti3C2 MXene/CdS hydrogels (MCHs).
Firstly, blank hydrogels (BH) were prepared according to the
cross-linked foam polymerization method developed by our
research group (Fig. 1),29–32 without adding Ti3C2 MXene, CdS,
and MC. In a typical preparation, 7.2 g of AM and 0.6 g of MBA
were dispersed in 20 mL of DIW using ultrasound, rst. Then,
under strong mechanical stirring, 0.05 g of SDS was added to
foam the mixed slurry for 10 min, which required slow injection
of the catalyst of TMEDA to maintain the foamed slurry at
a certain volume. Finally, (NH4)2S2O8 was used as the initiator to
promote the gelation reaction of the slurry to form a solid
hydrogel. The obtained hydrogels were washed off the surface
impurities and soaked in DIW for storage, and the water was
replaced every 12 h.

MC hydrogels (MCHs) were prepared by assembling MC
composites on the BH backbone by multi-dip coating (Fig. 1).
The obtained BH was rst cut to the desired size and freeze-
dried for 24 hours prior to usage. Second, the dried gel was
immersed in the MC dispersion (50 mg mL−1) for 10 min and
the process was repeated several times to ensure that MC
composites were fully impregnated in BH. The resulting
hydrogels were labeledMH,MCH-1, MCH-2, MCH-3, and CH, in
which the corresponding weight ratios of Ti3C2 MXene to CdS
were 1 : 0, 2 : 1, 1 : 1, 1 : 2, and 0 : 1, respectively.
2.3 Characterization

The surface morphology, microstructure, and elemental distri-
bution of samples were observed using the Zeiss Sigma 300
scanning electron microscope (SEM), energy dispersive spec-
trometer (EDS), and FEI Tecnai G2 F20 S–Twin transmission
electronmicroscope (TEM), respectively. The crystal structure of
the samples was analyzed by X-ray diffractometer (XRD). UV-
visible-near-infrared (NIR) diffuse reectance spectra of the
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Preparation of Ti3C2 MXene/CdS hydrogels.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
6 

m
ar

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
.3

.2
02

6.
 2

3.
17

.1
2.

 
View Article Online
samples were measured using a UV-3600 spectrophotometer
from Shimadzu, Japan. The elemental composition and chem-
ical functional groups of the samples were evaluated using
Bruker TENSOR27 Fourier transform infrared absorption
spectroscopy (FTIR) and the Thermo Fisher Scientic K-Alpha
X-ray photoelectron (XPS) spectrometers. Raman spectroscopy
was performed with the help of the Horiba JobinYvon LabRAM
HR Evolution, France, instrument. The DSA100 contact angle
measuring instrument, Germany, was used to evaluate the
surface hydrophilicity of the hydrogels. A JES-FA300 electron
spin resonance spectrometer (ESR), Japan, was used to identify
the species of the reactive radicals.
2.4 Interfacial water evaporation experiment

The interface water evaporation experiment (experimental
environmental conditions: humidity 30± 1%, temperature 24±
0.5 °C) under a solar simulator (PLS-SXE300+, Perfectlight)
using a standard AM 1.5G optical lter with a light ux range of
0.5 to 3.0 kW m−2. The irradiation intensity of the MCHs'
surface was determined using an optical power meter (CEL-
NP2000-2, Aulight). Specic MCHs were used as evaporators
and polystyrene (PS) foam was used to support them on
a vacuum-insulated glass beaker with an inner diameter of
4.5 cm, and the beaker was lled with a certain volume of water,
PS foam completely covered the water surface for heat insu-
lation and also avoided escape of water from the gap between
the glass and the foam during evaporation, and the commercial
skim cotton strip vertically through the PS foam was used as
a water delivery medium to connect the MCHs at the top with
the water at the bottom. The water weight change was recorded
every 1 minute using an electronic balance (Ohaus, PX224ZH/E,
accuracy 0.0001 g) connected to a computer. The surface
temperature change of MCHs under light conditions was
measured using a thermal infrared imager (FLIR, ONE Pro
AND). Schematic and a digital photo of a solar-driven interfacial
water evaporation device are shown in Fig. S1.†

Calculation of the solar-vapor conversion efficiency of
hydrogels:

h = m × hLV/(Copt × P0) (1)
This journal is © The Royal Society of Chemistry 2024
where m is the evaporation rate of water (considering the effect
of natural evaporation, kg m−2 h−1), hLV is the equivalent
evaporation enthalpy of water in the hydrogels (J g−1), Copt is the
surface optical concentration of the photothermal evaporation
materials, and P0 is the non-limit solar radiation value.
2.5 Evaluation of photocatalytic performance

The photocatalytic performance of the MC composites was
evaluated by RhB simulating the degradation of wastewater. In
this experiment, a Xenon lamp (PLS-SXE300+, Perfectlight) was
used as the visible light source (l > 420 nm), and the light
intensity at the double-jacketed beaker liquid level was set to 1.0
kWm−2, and the temperature of the solution was maintained at
room temperature through the continuous ow of circulating
water. The photocatalysts (12 mg) were added to RhB
(10 mg L−1, 40 mL) solution and placed in a dark environment
with magnetic stirring for 30 minutes to achieve adsorption
equilibrium, followed by the light turned on, and samples (2
mL) were taken every 20 minutes to detect the remaining
concentration of RhB.

The degradation rate (DR) of RhB is calculated as follows:

DR = Ct/C0 (2)

where Ct is the concentration of RhB solution at different time
points, and C0 is the initial concentration of RhB solution.
2.6 In situ photodegradation of organic contaminants

The in situ photocatalytic removal of organic contaminants
during photothermal evaporation was carried out using a labo-
ratory-made device (Fig. S2†), in which phenol was used as
a model VOC contaminant. The evaporator in the device was the
same as that described in Section 2.4 except that a phenol
solution (10 mg L−1) was used instead of pure water, a conden-
sate collection device was built using a Petri dish and an
inverted beaker, and the connection between the two was tightly
attached with paralm to ensure the tightness of the device. The
phenol concentration in the condensate was detected at l =

270 nm using a dual-beam UV/vis spectrophotometer (TU-1901,
general analysis). In addition, to evaluate the possible
J. Mater. Chem. A, 2024, 12, 10991–11003 | 10993
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application of MCHs, the antibiotic metronidazole (MNZ) was
also selected as a target organic contaminant in the experiment
to study the removal efficiency of regular contaminants in
wastewater under the same experimental conditions.
3 Results and discussion
3.1 Characterization

Under the combined reaction of LiF and HCl (Fig. 1), the
accordion-like multilayer MXene can be obtained by selectively
etching the Al layer in Ti3AlC2. Compared with the dense blocky
structure of Ti3AlC2, the layered structure of Ti3C2 MXene was
clear and loosely stacked, forming an open interlayer nanoscale
gap (Fig. 2a and b), which is similar to the structural change
described previously.33,34 Themorphology andmicrostructure of
Ti3C2 MXene were further analyzed by TEM and HRTEM. As can
be observed from Fig. S3c,† MXene shows a nanosheet-like
structure, with dark areas mainly formed by the orderly stack-
ing of multiple nanosheets. In addition, a lattice fringe with
Fig. 2 SEM images of (a) Ti3AlC2 and (b) Ti3C2 MXene. (c) XRD spectra o

10994 | J. Mater. Chem. A, 2024, 12, 10991–11003
a plane spacing of 0.155 nm can also be indexed, as shown in
Fig. S3d,† which belongs to the (100) plane of MXene. The
crystal structure characteristics of Ti3C2 MXene, CdS, and MC
composites were further analyzed by XRD. As shown in Fig. 2c,
the typical (104) crystal plane corresponding to the diffraction
peak signals (2q = 39.0°) in the Ti3AlC2 diffraction pattern
(JCPDS #2-0875), as well as the characteristic peak signals of
34.0° and 41.8°, disappeared signicantly in the Ti3C2 spec-
trum. The reason can be ascribed to that the Ti–Al weak metal
bond in Ti3AlC2 was broken by the acid etching and the Al
element was removed, in which Ti3AlC2 was successfully con-
verted to Ti3C2.35,36 Compared with the diffraction peaks of
Ti3AlC2, those of pure Ti3C2 are shied to smaller angles, in
which the characteristic diffraction peaks shi from 9.5° and
19.1° to 8.9° and 18.0°, corresponding to (002) and (004) crystal
planes, respectively. In addition, the diffraction peaks of Ti3C2

appeared more widen (Fig. S3a†), which means that the layer
spacing of MXene nanosheets was expanded and multilayer
structures were formed.36,37 The inferred results are in
f Ti3C2 and MC-2. (d) DRS spectra of Ti3C2, CdS, and MC composites.

This journal is © The Royal Society of Chemistry 2024
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accordance with the observations from the SEM images. The
diffraction peaks at 27.3° and 60.5° are related to the crystal
planes of (006) and (110),20,27 respectively, indicating that the as-
prepared Ti3C2 has good crystallinity. While, some diffraction
peaks can be hardly observed, which may be the presence of
some MAX phase impurities. Similar phenomena have also
been indicated in the previous studies.36

For CdS, the diffraction peaks at 24.8°, 26.5°, 28.2°, 36.6°,
43.7°, 47.9°, and 51.8° closely match the crystal planes (100),
(002), (101), (102), (110), (103), and (112) of the standard spec-
trum (JCPDS #41-1049)21,27 (Fig. 2c and S3b†), respectively. For
the diffraction pattern of MC composites, both characteristic
peaks of Ti3C2 and CdS appeared. As indicated in Fig. S3b,†with
the increase of CdS content, the diffraction intensity of CdS
increased, but the position of the peaks did not change signif-
icantly, indicating that CdS and Ti3C2 were effectively coupled
and did not affect the crystal structure.21,27,36 It is worthwhile to
mention that the above results may indicate that the photo-
catalytic activity (see below) of MC composites is mainly related
to the catalytic effect of CdS in the samples, rather than the
crystal structure change of Ti3C2.

The optical absorption properties of Ti3C2 MXene, CdS, and
MC composites were measured by UV-vis-NIR DRS spectroscopy.
As shown in Fig. 2d, CdS exhibits good absorption in visible light,
while Ti3C2 MXene, due to its inherent metallic properties,
exhibits a full range of light absorption without obvious
absorption band edges.20,36 As a result, the light absorption ofMC
composites is not as good as that of Ti3C2 MXene, but with the
decreased ratio of yellow CdS to black Ti3C2 MXene in the
composites, the absorption edge of the composites is redshied,
and the light absorption at 500 ∼ 800 nm is enhanced. It can be
explained that the LSPR effect of Ti3C2 accelerates the oscillation
and transition of the excited thermal electrons under sunlight
irradiation, and more energy is generated by photothermal
conversion26,38 which can be indicated in the following photo-
thermal evaporation performance study. However, too much
Ti3C2 could easily obscure the catalytic effect of CdS,20,21,39,40

which agrees with the fact that CdS in the samples is responsible
for the photocatalytic activity of MC composites.

SEM images in Fig. 3 show the microscopic morphology of
the hydrogels, and it can be seen clearly that the hydrogels
present a 3D porous structure, which could provide abundant
water transport channels.41 The specic porous structure of
hydrogels could also extend the refractive path of the incident
light, which is conducive to the aggregation and absorption of
light and creates good conditions for evaporation.30,31 Moreover,
the high surface areas of the porous structure enhance the
inclusion of organic contaminants in the hydrogels, which
usually is required for the improved photocatalytic performance
of the MC composite hydrogels. Compared with the smooth
surface of the blank hydrogel (Fig. 3a), the embedding of the
MC agent further increases the surface areas of the composite
hydrogels, which is indicated by the rough surface of MC
hydrogels (Fig. 3 and S4†). It is worthwhile to mention that the
introduction of MC nanomaterials does not affect the 3D
porous backbone of the hydrogels (Fig. 3d–f and S4†). The
inclusion of multiple layers of MXene in the gel can be observed
This journal is © The Royal Society of Chemistry 2024
clearly from the surface, implying the successful incorporation
of MXene photothermal materials. The uniform distribution of
CdS nanoparticles as well as MXene can be seen in the surface
of hydrogel also indicating the successful incorporation of CdS
photocatalysts from MCHs. The chemical compositions of
MCHs were further characterized by EDS element mapping
spectra, and it can be seen from Fig. 3g that the Ti, Cd, S, O, and
C elements are homogeneously distributed in the MCHs, which
indicates the successful incorporation of the MC composites
into the hydrogels backbone.

In addition, FTIR, Raman, and XPS spectroscopy were used
to study the interactions and chemical compositions of MC
hydrogels. As shown in Fig. 4a, for FTIR, the main band signals
in the spectrum are related to the characteristic absorption
peaks of polyacrylamide (PAM). Specically, the wide band of
3175–3447 cm−1 is mainly attributed to the strong vibration of
the O–H group (water molecules absorbed by amides) and the –
NH2 group. The strong vibration assigned to the C]O group by
the absorption peak can be observed at 1637 cm−1. The char-
acteristic peak at 1401 cm−1 exhibits C–N bond stretching.29–32

These abundant functional groups assure hydrogels with good
hydrophilicity, which might form many hydrogen bonds
between the PAM hydrogel and MC, promoting the trans-
portation of water in the MC hydrogels. Raman spectra of
MXene, CdS, and MC composites are shown in Fig. 4b, and the
peaks at 411 cm−1 and 627 cm−1 correspond to the Eg group
vibrations of Ti, C, and surface functional group atoms.28,42,43

The Raman peak of the MC-2 composite is observed to shi
towards a lower wavenumber, indicating the interaction
between MXene and CdS in MC-2.44

XPS analysis of MCHs is shown in Fig. 4c, and only O 1s, C 1s,
and N 1s characteristic peaks can be detected in the BH sample.
For the MXene hydrogel, Ti 2p as well as additional weak F 1s
characteristic peak can be observed due to the introduction of
Ti3C2. For the MCH samples, due to the incorporation of CdS
nanoparticles in the hydrogels, Cd 3d and S 1s characteristic
peaks can also be detected in MCHs. While, compared to BH,
the peak intensity of the C, O, and N elements of MH andMCHs
varied, which may be explained by the way that the addition of
MXene and MC masks the surface groups of BH, weakening its
signal intensity, or forming new chemical bonds, which reduce
the signal intensity of the BH surface groups.45 To further gain
insight into the interaction between Ti3C2 MXene and CdS,
high-resolution XPS spectra analyses were conducted on the
chemical element compositions and corresponding bond states
in MC composites (Fig. S5†). Fig. S5a† shows the high-
resolution XPS spectrum of Ti 2p, and the binding energies of
455.48 and 460.58 eV are deconvoluted into Ti 2p3/2 and Ti 2p1/2
double states, which are related to the formation of Ti–C bonds
in composites.21,36 The three peaks in the Ti 2p spectrum at
456.63, 458.33, and 463.49 eV are attributed to TixOy 2p3/2, Ti–O
2p3/2, and Ti–O 2p1/2, respectively, due to the abundant oxygen-
containing functional groups attached to the catalyst surface or
possibly slight oxidation of Ti3C2.21,27,36,39 The tting peak cor-
responding to Ti 2p3/2 at 455.48 eV is concerned with F ions
adsorbed on the surface of Ti3C2.36 Five distinct characteristic
peaks (284.04, 284.78, 285.69, 286.36, and 287.82 eV) were
J. Mater. Chem. A, 2024, 12, 10991–11003 | 10995
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Fig. 3 SEM images of (a) BH, (b and c) MH, and (d–f) MCH-2. (g) EDS elemental mapping diagrams corresponding to Ti, C, O, Cd, and S in MCH-2.
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observed in the C1s spectrum (Fig. S5b†), representing C–Ti, C–
C, C–O–C, C–O, C–O, and C–F bonds, respectively, which also
reected the existence of –O and –F terminal groups.27,40,46

Among them, the formation of C–O–C bonds is attributed to the
slight oxidation of the materials in a hydrothermal reaction.36

From the above Ti 2p and C 1s high-resolution XPS spectros-
copy, it can be seen that the MC composites can provide effec-
tive active sites for the removal of organic contaminants.39 The
10996 | J. Mater. Chem. A, 2024, 12, 10991–11003
XPS spectra of Cd 3d are shown in Fig. S5c,† and the double
typical spin–orbit diffraction peaks at 405.03 and 411.68 eV are
ascribed to Cd 3d3/2 and Cd 3d5/2, respectively, which match
greatly with Cd2+ in CdS.39,46 The double characteristic peaks of
the S 2p spectrum at 161.38 and 162.63 eV binding energies are
related to S 2p3/2 and S 2p1/2 of S2− in CdS (Fig. S5d†).20 The
above results fully illustrate the successful combination of Ti3C2

MXene and CdS.
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) FTIR spectra of BH, CH, MH, and MCH-2. (b) Raman spectroscopy of Ti3C2, MC-2, and CdS. (c) XPS spectra of BH, MH, and MCH-2. (d)
UV/vis-NIR absorption spectra of hydrogels. (e) Surface contact angle of MCH-2.
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The optical absorption performance of the serial hydrogels
was measured using UV/vis-NIR spectroscopy. It can be seen
from Fig. 4d and S6† that compared with BH, the light
absorption rates of MCHs are signicantly enhanced, and the
light absorption rates of MH, MCH-1, MCH-2, and MCH-3 are
about 95.3%, 95.1%, 93.1%, and 88.2%, respectively. In
This journal is © The Royal Society of Chemistry 2024
addition, the hydrophilicity of hydrogels was studied using
a contact angle measuring instrument to conrm their potential
application in interfacial water evaporation. As shown in Fig. 4e
and S7,† the high-speed camera recorded that the spherical
water droplets can quickly diffuse to the hydrogels surface and
be fully absorbed between 30 ∼ 60 milliseconds (ms). Fig. S8†
J. Mater. Chem. A, 2024, 12, 10991–11003 | 10997
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shows the distribution of water absorbed by MCHs indicated on
the cellulose paper,47 which can be transported from the lower
interface of theMCHs to the upper interface in less than 5 s, and
then rapidly spread around the cellulose paper. Based on the
time it takes for water to arrive at the surface of the materials, its
transport speed is approximately 2.2 mm s−1, which is superior
to the data in the literature, such as on attapulgite-based
aligned aerogels (0.083 mm s−1),48 carbon ber-cotton-based
evaporator (0.78 mm s−1).8 These results indicate that MCHs
have excellent water transport ability, which means that water
and contaminants in the original solution can quickly migrate
to the evaporation interface and catalytic activity area during
evaporation, enhancing the solar-driven water production
performance and photocatalytic oxidation capacity of
MCHs.49,50

3.2 Interfacial water evaporation properties of MCHs

The solar-driven interface water evaporation performance of
hydrogels was evaluated by recording water loss mass under 1.0
solar irradiation in real time. As shown in Fig. 5b, pure water
exhibited the lowest evaporation rate (0.77 kg m−2 h−1).
However, under the same experimental conditions, the pres-
ence of hydrogels signicantly increased the mass loss of water.
Fig. 5 (a) Mass changes of water over 180minutes under 1.0 sun irradiatio
irradiation. (c) Mass loss of water andMCH-2 under 1.0–2.5 sun exposure.
(e) Surface temperature of BH, CH, MH, and MCHs within 60 minutes und
1.0 sun irradiation. (g) Equivalent evaporation enthalpy of water in BH, C
images of MCH-2 at different time points under different sunlight.

10998 | J. Mater. Chem. A, 2024, 12, 10991–11003
Moreover, the water evaporation amounts of CH, MCH-1, MCH-
2, MCH-3, and MH were 4.12, 5.74, 5.39, 4.98, and 6.65 kg m−2

in 180 min (Fig. 5a) and the corresponding evaporation rates
were 1.37, 1.91, 1.80, 1.66 and 2.21 kg m−2 h−1, respectively.
Therefore, the solar evaporation efficiencies of different MCHs
reached 72.09%, 86.77%, 82.80%, 80.44%, and 98.27%,
respectively (Fig. 5b). The as-prepared hydrogels exhibited
a superior water evaporation rate than those related to other
MXene-based photothermal evaporation materials reported in
recent literature (Table S1†). In addition, as shown in Fig. 5c
and d, it was found that the amount of water loss increases with
the increase of light intensity, and the corresponding evapora-
tion rate also increases. At 2.5 sun irradiation, the evaporation
rate of MCH-2 is 3.629 kg m−2 h−1, while the photothermal
efficiency gradually decreases. This is largely due to the fact that
an increase in light intensity will aggravate the heat loss of the
evaporation system, thereby affecting the photothermal
efficiency.45

The surface temperature of photothermal MCHs was moni-
tored using an infrared thermal imaging system. As shown in
Fig. 5e, the surface temperature of MCHs increases signicantly
in a short time, and nally reaches a relatively stable value, in
which the equilibrium temperature of MCH-2 is about 34.3 °C,
n. (b) Evaporation rate and efficiency of different systems under 1.0 sun
(d) Evaporation rate and efficiency of MCH-2 at 1.0–2.5 solar exposure.
er 1.0 sun irradiation. (f) Water evaporation cycle test of MCH-2 under
H, MH, MCHs, and pure water. (h–l) Surface temperature and infrared

This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ta00038b


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
6 

m
ar

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
.3

.2
02

6.
 2

3.
17

.1
2.

 
View Article Online
and the increase is 11.3 °C within 60 min. In contrast, BH's
surface temperature rises only 5.3 °C in a limited manner. The
infrared images of the hydrogels corresponding to different
time points are shown in Fig. S9.† This shows that MCHs are
promising photothermal materials, that could effectively
convert solar energy into heat and concentrate it on the
hydrogels surface for effective evaporation. In addition, with the
increase in sunlight intensity, the photothermal effect of the
hydrogels is more signicant. To specify, when the light inten-
sity increased from 1.0 to 2.5 sun, the surface temperature of
MCH-2 increased from 34.3 °C to 51.6 °C (Fig. 5h–l). Further-
more, the recyclability of MCH-2 was evaluated by 10 consecu-
tive evaporations. As shown in Fig. 5f, the water evaporation rate
and photothermal efficiency of MCH-2 are maintained at a good
level, indicating that MCH-2 has stable water evaporation
performance and cycling durability. The above results also
mean that MXene material exhibits good chemical stability
under prolonged cycling experiments, and has little effect on
the photothermal conversion efficiency. By calculating the
equivalent evaporation enthalpy of water in a hydrogels
(Fig. 5g), the relevant calculation formulae and values are
shown in S1 and Table S2 of the ESI.† It can be shown that the
calculated enthalpy of the MC hydrogels is much lower than
that of pure water and blank hydrogel. The reason can be that
the abundance of oxygen-containing groups in polymeric
hydrogel networks could weaken the interaction of hydrogen
bonds between many bounded water clusters in the water
molecules. Therefore, during the evaporation process, water
Fig. 6 (a) Static adsorption test of Ti3C2 MXene/CdS catalysts. (b) Photo
curves of RhB at different reaction times. (d) Removal of phenol by diffe
intensities. (f) Purification effect of different hydrogels on metronidazole

This journal is © The Royal Society of Chemistry 2024
molecules are easily driven by the least external energy to
release the constraints of these steady-state water clusters and
escape from the hydrogel skeleton into the gas.42,51,52 Under the
same energy consumption conditions, MC hydrogels can
evaporate more water, which is highly consistent with the solar
evaporation efficiency of the hydrogels.
3.3 Photocatalytic property of MC composites

Considering that wastewater contains several organic contam-
inants that are potentially harmful to human health and the
ecological environment, it is difficult to meet the actual demand
if only solar evaporation is carried out. Therefore, the intro-
duction of a photocatalytic effect in the process of photothermal
evaporation can signicantly enhance the practicality of
wastewater purication. Herein, the photocatalytic activity of
MC composites was further evaluated by using the RhB organic
dye as a target contaminant. The removal of organic contami-
nants by nanoparticle catalysts can be attributed to the
adsorption and catalytic degradation processes. Firstly, the
static adsorption of RhB by MC composites under dark condi-
tion was explored. As can be seen from Fig. 6a, the rst 30 min
was the rapid adsorption stage of RhB by MC composites, aer
which the adsorption remained relatively stable. The adsorp-
tion rate of RhB by MC-1 was the best among the composite
samples, reaching 26.8%. The reason is that the content of
Ti3C2 with the layered structure in MC-1 is higher, which
provides more adsorption active sites for the dye molecules. On
catalytic degradation of RhB by Ti3C2 MXene/CdS samples. (c) UV-vis
rent hydrogels. (e) Removal rate of phenol by MCH-2 at different light
.

J. Mater. Chem. A, 2024, 12, 10991–11003 | 10999
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the other hand, RhB is a cationic dye, and a large amount of –
OH on the surface of MXene can form a strong chemical bond
with it, which enhances the adsorption of RhB.53,54 Fig. 6b shows
the photocatalytic activity of different samples for RhB degra-
dation under the simulated sunlight irradiation. The results
show that Ti3C2 only has slight photocatalytic activity under
visible light, which is consistent with previous research
results.55 The photodegradation performance of all the MC
composites was better than that of CdS or Ti3C2, which means
that the combination of CdS and MXene can signicantly
improve the removal efficiency of RhB. When the ratio of Ti3C2

to CdS changed from 2 : 1 to 1 : 1, the degradation rate of RhB
increased and exceeded 95% aer 120 min of irradiation.
Moreover, when the ratio of Ti3C2 to CdS further changed to 1 :
2, the catalytic property of MC composites to RhB enhanced
further. This result can be attributed to the improved photo-
catalytic degradation of CdS with higher content. The UV-vis
absorption spectra of organic dyes at different irradiation
times are shown in Fig. 6c. It can be seen that with the increase
of the reaction time, the peak at the characteristic wavelength of
RhB is signicantly weakened and eventually tends to vanish,
indicating that RhB can be effectively removed by the MC
catalysts under simulated sunlight.
3.4 Efficient VOCs and organic contaminants purication

With the increase of interface temperature, volatile and semi-
volatile organic pollutants (such as phenol) in wastewater are
easily enriched into condensed water during the photothermal
evaporation process,56 thereby affecting water quality. There-
fore, phenol as a typical VOC was selected as a simulated
contaminant to evaluate the in situ photocatalytic degradation
efficiency of MCHs on VOCs during photothermal evaporation
using a laboratory-made evaporation device. The results of
Fig. 6d show that the initial concentration of phenol in the
solution was 10 mg L−1, and in the blank control experiment
without the photothermal evaporation materials, the phenol
concentration of 11.64 mg L−1 in the evaporated water was
higher than the initial concentration, which means that VOCs
are easy to escape with steam and be enriched in the conden-
sate, which affects the water quality safety.19 When BH and MH
were present, phenol was only partly removed from the evapo-
rated water at 7.57 mg L−1 and 6.84 mg L−1, respectively.
However, when the MCH-2 was used, the phenol concentration
in the evaporated water was signicantly reduced with
1.49 mg L−1. Compared with the MH without the incorporation
of a CdS photocatalyst, the removal rate of a VOC was signi-
cantly enhanced by MCH-2. It can be explained by the following
reasons: (1) the combination of Ti3C2 MXene and CdS enhances
the light absorption performance of the composites; (2)
hydrogels provide a rich porous network structure and surface
functional groups, which promote the transport of pollutants
and make them fully in contact with the active sites of the
photocatalysts, and are degraded by the reactive oxygen species
(ROS) generated by photocatalysis57 under light irradiation; (3)
the local photothermal effect generated by the LSPR effect of
Ti3C2 MXene improves the photocatalytic reactivity.58
11000 | J. Mater. Chem. A, 2024, 12, 10991–11003
Interestingly, when the light intensity increased to 2.0 sun, the
photocatalytic degradation effect of MCH-2 on phenol was the
best, and then slightly reduced, but the degradation rate of
88.51% was still maintained at 2.5 sun (Fig. 6e). It may be that
when the light intensity is enhanced, the interface evaporation
rate is accelerated, and the contact time with the photocatalyst
during the upward escape of phenol with steam is insuffi-
cient.19,57,59 The same method was used to study the removal
ability of the MC complex hydrogels on antibiotic (MNZ)
wastewater during photothermal evaporation. From Fig. 6f, it
can be concluded that MCH-2 has a 100% purication effect on
MNZ. This shows that MC composite hydrogels can efficiently
purify organic contaminants in wastewater and produce clean
water with the help of solar-driven mass transfer and photo-
catalytic performance.
3.5 Synergistic mechanism of MCHs photothermal
evaporation/photocatalytic

To study the mechanism of the MC composite photocatalysts
more comprehensively, the active radicals generated by MC
under light irradiation were identied by electron spin reso-
nance (ESR) technology (Fig. 7). From previous studies, it can be
seen that the spin trapper 2,2,6,6-tetramethyl-1-piperidine
group (TEMPO) itself has paramagnetism, which can show
a strong ESR signal. When photogenerated electrons (e−) and
holes (h+) are generated on the surface of the catalyst, the two
will combine with the single electron of TEMPO, causing
TEMPO to lose signal, resulting in a decrease in the signal
intensity, to conrm that the electrons and holes are generated
in the reaction system.40,60 It can be concluded that MC-2
exhibits strong ESR signals of TEMPO-e− under darkness,
while the characteristic signal peaks of MC-2 are signicantly
weakened aer illumination, and nally no visible signals are
found (Fig. 7a). Compared to MC-2, the signals of CdS are more
pronounced under illumination. This indicates that the intro-
duction of Ti3C2 MXene has accelerated the generation of more
charge carriers bound to TEMPO in MC-2. In addition, super-
oxide radicals (cO2

−) and hydroxyl radicals (cOH) were further
identied by 5,5-dimethyl-1-pyrroline-N-oxide (DMPO).40,60 As
shown in Fig. 7c and d, no obvious ESR signals of DMPO-cOH
and DMPO-cO2

− additive appeared in the dark environment,
indicating that MC and CdS do not generate cOH andcO2

−. Aer
being irradiated by light, the four typical characteristic peaks of
DMPO-cOH and DMPO-cO2

− can be observed. The results indi-
cate that more abundant cOH and cO2

− are generated in the MC/
photocatalytic degradation system. Therefore, the active radical
capture test conrmed that e−, h+, cOH, and cO2

− play an
important photocatalytic oxidation role in the efficient degra-
dation of organic pollutants by MC composites.

Based on the above results, a possible action mechanism for
the photocatalytic removal of organic pollutants by MC complex
hydrogels during interfacial water evaporation is proposed
(Fig. 8). CdS has a suitable band gap to absorb sunlight and
produce photocarriers, leaving holes (h+) in the valence band
(VB) when photogenerated electrons (e−) transit to the
conduction band (CB). The coupling of Ti3C2 MXene and CdS
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 ESR spectra of (a) TEMPO-e−, (b) TEMPO-h+, (c) DMPO-cOH, and (d) DMPO-cO2
− adducts.

Fig. 8 Schematic diagram of photocatalytic degradation mechanism of Ti3C2 MXene/CdS composite hydrogels.
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may form a tight interface between the two, through which
photogenerated electrons can easily quickly hop to Ti3C2 MXene
(eqn (3)).21,40,61 Therefore, Ti3C2 MXene can act as a charge
transfer medium and electron capture site, accelerating the
separation of electrons and holes and extending the lifetime of
photocarriers.62 Subsequently, electrons migrating to the
surface of Ti3C2 MXene can further induce the formation of
a range of ROS.61 First, electrons reduce the dissolved oxygen
(O2) to cO2

− free radicals (eqn (4)),61,62 while the cO2
− radicals

may also react with H+ and electrons to form H2O2 (eqn (5)).61,63

In addition, H2O2 is dissociated by electrons to form cOH
radicals (eqn (6)).61,63 At the same time, h+ on the CdS valence
band can directly oxidize water molecules or react with –OH to
generate cOH radicals (eqn (7)).62,64,65 Generally, these reactive
radicals with strong oxidizing properties can promote the
degradation and transformation of organic contaminants (eqn
(8)). In addition, the evaporation/catalytic system constructed
by MC composite hydrogels has an inherent solid–liquid–gas
triple-phase interface during operation,66 where the water at the
hydrogel-atmosphere interface is effectively evaporated under
sunlight,67 the organic contaminants migrate simultaneously to
the surface of the hydrogels under the action of water transport
and are fully in contact with the abundant reactive sites in the
hydrogels. The water and oxygen molecules at the interface are
combined with the charge carriers generated by the photoexci-
tation of the photocatalytic materials in the hydrogels and
converted into cO2

− and cOH free radicals,66 and nally, a variety
of ROS co-degrade organic pollutants. Ultimately, MC
composite hydrogels with integrated photothermal and photo-
catalytic functions can produce safe water through solar-driven
water evaporation and wastewater purication.

Ti3C2 MXene/CdS + hv / Ti3C2 MXene (e−) + CdS (h+) (3)

O2 + Ti3C2 MXene (e−) / cO2
− (4)

2H+ + cO2
− + e− / H2O2 (5)

H2O2 + e− /cOH + OH− (6)

CdS (h+) + H2O/OH− / cOH (7)

Contaminants + cO2− + cOH + h+ / oxidation products (8)

4 Conclusion

In summary, Ti3C2 MXene/CdS hydrogels (MCHs) with porous
interconnect network structures were successfully prepared in
this study. The hydrogels exhibit good hydrophilicity, light
absorption, and photothermal effect, which induce excellent
performance of solar-driven interfacial water evaporation and
photocatalytic wastewater purication. The water evaporation
rate of MCHs is 1.80 kgm−2 h−1 under one sunlight intensity. In
addition, MCHs were able to efficiently remove various organic
contaminants, such as antibiotics (metronidazole) and a typical
VOC (phenol). From this work, it can be inferred that MCHs are
the promising synergistic photothermal evaporation and
11002 | J. Mater. Chem. A, 2024, 12, 10991–11003
photocatalytic materials, providing a potential pathway for
sustainable clean water production in the solar-driven interfa-
cial water evaporation technology eld.
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