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a b s t r a c t
For the practical application of green and sustainable Solar Steam Generation Technology, improv-
ing solar energy conversion efficiency and salt resistance is particularly important. In this study, 
the MXene/mixed-dimensional clay/polyvinyl alcohol (MXene/MD-clay/PVA) film was prepared 
by “salt-assisted” freeze-drying method using (3-aminopropyl)triethoxysilane (KH550) modified 
mixed-dimensional clay (MD-clay) as the raw material, self-assembled MD-clay and MXene mate-
rial, and polyvinyl alcohol (PVA) as base film. The film can effectively convert light energy into 
heat energy under solar irradiation, and has excellent properties such as high photothermal conver-
sion efficiency, super hydrophilicity, and low thermal conductivity. The MXene/MD-clay/PVA film 
has a low thermal conductivity (0.24056 W·m–1·K–1); a strain at break of 7.8% at a tensile strength of 
0.7  kPa; a light absorption of about 91%; and a complete infiltration of water droplets on the sur-
face of the rGO/MD-clay/PVA film in only 0.133 s. The prepared MXene/MD-clay/PVA can be used 
in a wide range of applications at 1 kW·m–2. The evaporation rate of the prepared MXene/MD-clay/
PVA evaporator was 1.6026  kg·m–2·h–1 at 1  kW·m–2, with an energy conversion efficiency of 91.7%. 
The evaporation rate in a 15% NaCl solution was 1.4904 kg·m–2·h–1, while the MXene/MD-clay/PVA 
evaporator provided good purification performance for the organic dye Methylene blue solution.
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1. Introduction

In recent years, population growth and industrialization 
have led to the scarcity and pollution of freshwater resources 
in many areas [1–3]. The use of thin film technology for sea-
water desalination has been one of the ways in which the 
pressure on freshwater resources has been alleviated [4,5]. 
Conventional thin-film technologies generally require high 
pressure to drive them, and thin-film desalination technolo-
gies such as reverse osmosis [6], electro-dialysis [7] and con-
ventional thin-film distillers [8,9] use high levels of power. 
Solar energy is an environmentally friendly, efficient, and 

renewable energy that can be used to purify seawater and 
solve the freshwater crisis [10,11]. In the past few years, 
scientists have developed the concept of interfacial evapora-
tion, where water is evaporated by heating at the “gas–liq-
uid” interface, greatly improving energy efficiency [12,13].

In recent years, various photothermal materials have 
been used in photothermal conversion thin film materials, 
such as carbon-based materials [2,14–16], semiconductors 
[17,18], polymers [19,20] and gels [21,22], etc. Although 
the raw material cost of carbon-based materials is low, 
many carbon-based materials are subjected to carbon-
ization, which is relatively energy intensive and does not 
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result in energy savings [23,24]. Materials based on semi-
conductors are often expensive and difficult to produce on 
a large scale [25]. The preparation of polymers and gels is 
complex and their disposal and biodegradability still need 
further improvement to avoid secondary contamination 
[26,27]. MXene materials are a new type of two-dimensional 
(2D) material that have been used in various fields such as 
photothermal composites, sensors, batteries, and medical 
devices in recent years and Ti3C2 is one of the MXene mate-
rial families that is widely used in photothermal conver-
sion materials [28,29]. The Al layer in titanium aluminium 
carbide (Ti3AlC2) is etched away using hydrofluoric acid 
(HF) to form a 2D layered Ti3C2, which has a similar mor-
phology to graphene, as both being layered [30]. Examples, 
Li et al. [31] prepared a SiO2/MXene/HPTFE Janus film by 
coating highly efficient photothermal conversion mate-
rial MXene nanosheets and low thermal conductivity SiO2 
on the hydrophilic polytetrafluoroethylene (HPTFE) film 
through a commercial continuous spraying system, which 
had water treatment with a photothermal evaporation rate 
of 1.53 kg·m–2·h–1, achieving a uniform and effective 85.6% 
solar thermal conversion efficiency.

Although MXene materials have excellent photothermal 
conversion properties, MXene materials have many com-
plex functional groups on their surface (–O, –OH, –F, etc.) 
and are susceptible to oxidative denaturation [32,33]. Mixed-
dimensional (MD) natural clays consist of Pal rods, Mt 
flakes, and mica, which are produced in Gansu, and are 
difficult and uneconomical to isolate on a large scale [34]. 
The interaction between the mixed-dimensional clay modi-
fied by a silane coupling agent and MXene material not only 
prevented the oxidative denaturation of MXene material, 
but also the addition of MXene material greatly improved 
the photothermal conversion performance of the prepared 
composite film [35]. In this chapter, MXene/mixed-dimen-
sional clay/polyvinyl alcohol (MXene/MD-clay/PVA) film 
was prepared by self-assembling the modified MD-clay and 
MXene into a 5% polyvinyl alcohol (PVA) solution using 
(3-aminopropyl)triethoxysilane (KH550) modified MD-clay 
as raw material.

2. Experimental set-up

2.1. Materials

MD-clay from non-metallic mines of Gansu Linze of 
China. Sodium hexametaphosphate ((NaPO3)6) was pur-
chased from Tianjin Guangfu Fine Chemical Research Institute 
(Tianjin, China). Hydrochloric acid (HCl) was purchased 
from Tianjin Basifu Co., Ltd., China. Ti3AlC2 was purchased 
from Beike 2D Materials Co., Ltd., (China). (3-aminopropyl)
triethoxysilane (KH550) was purchased from Shandong Xiya 
Chemical Co., China. PVA was purchased from Aladdin 
Chemical Reagent Co., Ltd., China. Glutaraldehyde (50%) 
was supplied from Shanghai Zhongqin Chemical Reagent 
Co., Ltd., (China). All other chemical reagents were of 
analytical grade and do not require further purification.

2.2. Pretreatment of MD-clay

10 g of MD-clay was added to 200 mL of deionized water 
and stirred at room temperature for 1  h. 0.5  g of sodium 

hexametaphosphate ((NaPO3)6) was then added and stirred 
for a further 12  h. After standing overnight, the sediment 
at the bottom was removed. The upper suspension was 
taken, 5  mL of HCl was added to the suspension (to fur-
ther remove impurities and increase the specific surface 
area) and stirring was continued at room temperature for 
12 h. The solvent was then removed by centrifugation and 
washed with deionized water to pH = 7. The resulting solid 
was dried at 75°C. The solid obtained was crushed in a 
mortar and then passed through a 200-mesh sieve to obtain 
the acidified MD-clay.

2.3. Preparation of Ti3C2

2.5 mL of deionized water and 7.5 mL of HCl were mea-
sured and mixed well in a centrifuge tube and placed on 
a thermostatic magnetic stirrer for stirring. Then, 0.5  g of 
lithium fluoride was added and slowly added to the cen-
trifuge tube and the temperature of the thermostat stirrer 
was adjusted to 41°C. Transferred 0.5 g of Ti3AlC2 slowly in 
batches into a centrifuge tube (taking care not to spill it on 
the wall), then sealed the tube with cling film and punched 
a few holes in the cling film and react for 48 h. At the end of 
the reaction, centrifuged at 10,000 rpm for 5 min each time 
and kept washing by centrifugation with deionized water 
until the supernatant had pH  =  7. After washing, the solid 
product was mixed with deionized water and sonicated for 
1 h in an ice bath to exfoliate the multi-layered MXene into 
fewer or single-layered nanosheets. The sonicated MXene 
solution was centrifuged at 3,500  rpm for 8  min and the 
upper layer was freeze-dried to give the final Ti3C2 powder.

2.4. Preparation of MXene/MD-clay/PVA film

0.128 g Ti3C2 powder and 0.128 g MD-clay were added 
to a 100 mL beaker with 40 mL deionized water and stirred 
in a magnetic stirrer. 0.112  g APS and 100  µL KH550 were 
added slowly to the beaker, respectively and stirred at room 
temperature for 4  h. After the reaction, the solid powder 
was washed continuously by centrifugation with deionized 
water until the pH  =  7 of the supernatant, centrifuged at 
3,500 rpm for 5 min and then dried.

2  g of PVA and 50  mL of deionized water were added 
to a round bottom flask and transferred to an oil bath, con-
densed and refluxed with constant stirring. The solid pow-
der was transferred to a round bottom flask and the reaction 
was carried out at 90°C for 2 h. At the end of the reaction, 
a viscous colloidal film casting solution was obtained.

The film was prepared using a “salt-assisted” process, 
where the film casting solution was uniformly dripped onto 
the salt flakes and then freeze-dried. The prepared films were 
cross-linked with 2.5% glutaraldehyde steam for 2  h, then 
placed in water to remove the salt and dried at room tem-
perature. The final film was named MXene/MD-clay/PVA film.

A comparative experimental sample without MD-clay 
was prepared in the same way and named MXene/poly-
vinyl alcohol (MXene/PVA) film.

3. Results and discussion

The process of preparing MXene/MD-clay/PVA film 
is shown in Fig. 1. MD-clay was firstly used to remove 
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impurities with acid treatment resting method and MXene 
material was etched by hydrofluoric acid to remove the 
Al layer from Ti3AlC2. Then a single layer of 2D Ti3C2 
nanosheets was prepared by ultrasonic peeling method. 
The mixed-dimensional clay and Ti3C2 nanosheets were 
modified by KH550 to have good compatibility, and then 
the complex was added to the PVA solution to form a well-
mixed cast film solution. After defoaming by standing, 
the cast film solution was uniformly dropped onto the salt 
flakes and then freeze-dried. The dried film is cross-linked 
in glutaraldehyde vapor. To remove excess salt, the film was 
soaked in deionized water and dried at room temperature to 
prepare MXene/MD-clay/PVA film. the film obtained with 
the addition of MXene material, exhibits a black surface for 
absorbing more sunlight for interfacial evaporation of solar 
energy, which makes it a good candidate.

3.1. Conformational characterisation of MXene materials and 
MXene/MD-clay/PVA film

The microscopic morphology of the MXene material, 
MXene/PVA film and MXene/MD-clay/PVA film were charac-
terised by scanning electron microscopy. Fig. 2a and b show a 
comparison of the morphology of the MXene material, Ti3C2 
nanosheets, before and after etching, respectively. As shown 
in Fig. 2a, before etching Ti3AlC2 was a stacked multilayer 
structure with fine gaps between layers. When the Al layer 
was etched off by adding HF acid and ultrasonically exfoli-
ated, a Ti3C2 nanosheet with few or single layers was formed, 
as shown in Fig. 2a. The microscopic morphology shows 
that the surface of the prepared Ti3C2 nanosheets is smooth 
and free from other impurities, indicating that the product 
has been successfully etched and of high purity. The mor-
phology of the MXene/PVA film and MXene/MD-clay/PVA 
film prepared by the freeze-drying method is shown in 
Fig. 2c–f. Fig. 2c and f at different magnifications show 

that the MXene material and PVA composite freeze-dried 
formed a multi-hollow network-like structure with variable 
pore size, which was difficult to regulate and had severe 
agglomeration. As shown in Fig. 2D and e when mixed-di-
mensional clay is added to the MXene/PVA film system, the 
prepared film has a larger pore structure, and the mixed-di-
mensional clay and MXene material are connected in chains 
by PVA macromolecular chains, forming an intricate chain-
like structure. The formation of this chain-like structure 
facilitates the escape of water molecules in solar interfacial 
evaporation. As Fig. 2g–i represent the energy-dispersive 
X-ray spectroscopy image of the MXene/MD-clay/PVA film, 
it can be seen that the elements C, Si, and Ti are uniformly 
distributed on the surface of the MXene/MD-clay/PVA film.

3.2. Chemical structure of MXene/MD-clay/PVA film

The crystal structures of MXene material and MXene/
PVA film and MXene/MD-clay/PVA film before and after 
etching were characterised using X-ray diffraction (XRD). 
As shown in Fig. 3a, the 2θ = 9.5°, 19.2°, 39.0° and 41.8° dif-
fraction peaks correspond to the (002), (004), (104) and (105) 
crystalline peaks of Ti3AlC2, which show that the raw mate-
rial Ti3AlC2 powder used is characterised by high purity and 
good crystallinity [28]. After the raw Ti3AlC2 powder was 
etched by HF for a long time, the Al layer was etched cleanly 
and the characteristic diffraction peaks of Ti3AlC2 basically 
disappeared, replaced by the characteristic peaks of typ-
ical MXene material at 2θ  =  5.92°, indicating that 2D Ti3C2 
nanosheets were synthesized. As shown in Fig. 3b, in the 
MXene/PVA film, a typical PVA diffraction peak appeared at 
2θ = 20°, while no diffraction peak of MXene material was 
detected. The main reason for this is that the intensity of the 
diffraction peak of MXene material was weaker after the two 
materials were compounded, and thus did not show up in 
the XRD pattern. However, when the mixed-dimensional 

Fig. 1. Schematic diagram of the MXene/MD-clay/PVA film preparation process.
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clay was added to the MXene/PVA film, the characteristic 
diffraction peaks of the mixed-dimensional clay appeared 
at 2θ = 5.8°, 9.2° and 21.1°, indicating that the mixed-dimen-
sional clay was fully combined with the MXene/PVA film [36].

3.3. MXene/MD-clay/PVA film thermal conductivity and tensile 
properties

Thermal conductivity is an important indicator to eval-
uate whether an evaporator is insulated or not. The ther-
mal conductivity of the prepared films was determined by 
measuring the thermal conductivity of MXene/PVA films, 

MXene/MD-clay/PVA films and pure water in the wet state. 
MXene material is a typical thermally conductive material, 
but when MXene material is laminated with PVA, its ther-
mal conductivity decreases rapidly. When the MXene/PVA 
film is added to a mixed-dimensional clay with good ther-
mal insulation properties, its thermal conductivity becomes 
even lower. As shown in Fig. 4a, the thermal conductiv-
ity of MXene/MD-clay/PVA film and MXene/PVA film are 
0.24056 and 0.307975  W·m–1·K–1, respectively lower than 
that of pure water (0.59 W·m–1·K–1). Therefore, the prepared 
composite film has good thermal insulation properties, 
which helps to keep heat on the surface of the film, greatly 

Fig. 2. Scanning electron microscopy images of (a) Ti3AlC2, (b) Ti3C2 nanosheets, (c,f) MXene/PVA film, (d,e) MXene/MD-clay/PVA 
film. Energy-dispersive X-ray spectroscopy images of (g–j) MXene/MD-clay/PVA film.

Fig. 3. X-ray diffraction patterns of (a) Ti3AlC2 nanosheets and etched Ti3C2 nanosheets and (b) MXene/PVA film and MXene/
MD-clay/PVA film.
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reducing heat loss and making it a good thermal insulation  
material.

The mechanical properties of the prepared material are 
an important factor in assessing the suitability of the film 
in various environments. The tensile properties of the pre-
pared MXene/PVA film and MXene/MD-clay/PVA film in 
the wetted condition were compared by a universal test-
ing machine. As shown in Fig. 4b, the strain at break was 
7.5% for MXene/PVA film at a pressure of 0.6 kPa and 7.8% 
for MXene/MD-clay/PVA film at a pressure of 0.7 kPa. At a 
strain of around 6%, inflection occurs in the tensile curves 
of both MXene/PVA film and MXene/MD-clay/PVA film, 
which may be caused by the elasticity of the prepared film 
in its wet state. The experimental results show that when 
mixed-dimensional clay is added to the MXene/PVA film, 
the mixed-dimensional clay will interact with the MXene 
material and PVA to form hydrogen bonds to enhance the 
mechanical properties of the film.

3.4. MXene/MD-clay/PVA film surface wettability

In addition, a two-dimensional water exchange evapo-
rator is also designed, as shown in Fig. S1. Polypropylene 
foam (PP) was used as thermal insulation material, and 
a layer of gauze was wrapped on the surface of PP for 
two-dimensional water transfer. The gauze is hydrophilic, 
which is convenient for water transfer and is not easy to 
break during water evaporation. By keeping the film and 
the insulating layer wet, the water molecules on the sur-
face of the film and the evaporator are bonded together by 
intermolecular forces. The hydrophobic properties of the 
material surface are critical in determining whether water 
from the lower layer can be delivered to the material sur-
face in a timely manner. The surface wetting properties of 
the prepared MXene/PVA film and MXene/MD-clay/PVA 
film were measured using a contact angle tester. As shown 
in Fig. 5, the water droplets were completely wetted on the 
surface of the MXene/PVA film after 1.976  s, while it only 
took 0.133  s for the surface of the MXene/MD-clay/PVA 
film to be completely wetted, and the MXene/MD-clay/PVA 
film showed good hydrophilic properties. The hydrophilic 
properties of the MXene/MD-clay/PVA film are greatly 

improved when a hydrophilic MD-clay is added to the 
MXene/PVA film, resulting in a super hydrophilic film.

3.5. MXene/MD-clay/PVA film pore properties

The pore properties of the MXene/MD-clay/PVA film 
were measured by mercury pressure and data on the poros-
ity and pore size distribution of the MXene/MD-clay/PVA 
film were obtained. The results showed that the pore vol-
ume of the MXene/MD-clay/PVA film was approximately 
0.4765  mL·g–1 with an average diameter of 180.3  nm. As 
shown in Fig. 6a, the immersion and extrusion curves 
of mercury did not match perfectly, indicating that the 
pore connectivity obtained by freeze-drying was poor. 
Furthermore, it can be seen from Fig. 6b that the prepared 
films have the presence of large pores with a wide distri-
bution. The presence of pore channels facilitates the escape 
of water molecules and the diffusion of salt ions during 
the interfacial evaporation process.

3.6. MXene/MD-clay/PVA film light absorption properties

The light absorption properties of MXene/PVA film and 
MXene/MD-clay/PVA film in the wet state were measured 
using UV-Vis-NIR spectroscopy and the results are shown 
in Fig. 7. MXene material has a high light absorption capac-
ity, so adding MXene material to the film can effectively 
improve the light absorption rate. The light absorption rate 
of MXene/PVA film (about 91%) than the MXene/MD-clay/
PVA film (about 82%) due to the brick-red colour of the Linze 
mixed-dimensional clay, which was added to the MXene/
PVA system to produce a film with a dark brown surface. 
Overall, the two films prepared have high light absorp-
tion properties and can effectively convert light energy 
into heat energy and facilitate the evaporation of water  
vapour.

3.7. MXene/MD-clay/PVA film interfacial evaporation 
performance

The interfacial evaporation performance of the pre-
pared films under simulated indoor lighting was measured 

Fig. 4. (a) Thermal conductivity of MXene/PVA film, MXene/MD-clay/PVA film and pure water in the wetted condition. (b) The 
tensile curves of MXene/PVA film and MXene/MD-clay/PVA film in the wetted condition.
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on a home-made solar interfacial evaporation system in 
the laboratory, as shown in Fig. 8. The performance of the 
evaporators was assessed by comparing the evaporated 
mass of water with time for pure water (no evaporator), 
MXene/PVA evaporator and MXene/MD-clay/PVA evap-
orator at 1  kW·m–2. As shown in Fig. 8a, the water evapo-
ration masses for the pure water, MXene/PVA evaporator 
and MXene/MD-clay/PVA evaporator were 0.7062, 1.5402 
and 1.6026 kg·m–2, respectively, within 1 h. From the graph 
it can be seen that in the same time the MXene/MD-clay/
PVA evaporator is higher than the water evaporation of 
pure water and MXene/PVA evaporator, which shows that 
the prepared MXene/MD-clay/PVA evaporator has the best 
performance. As shown in Fig. 8b, the evaporation rates and 
evaporation efficiencies were calculated to be 0.7062 kg·m–

2·h–1, 1.5402  kg·m–2·h–1, 1.6026  kg·m–2·h–1 and 40.3%, 87.4% 
and 91.7% for the pure water, MXene/PVA evaporator and 
MXene/MD-clay/PVA evaporator, respectively. The pho-
tothermal conversion efficiency of MXene/MD-clay/PVA 

Fig. 5. Variation of water contact angle of (a) MXene/PVA film in 1.967 s and (b–f) MXene/MD-clay/PVA film in 0.133 s.

Fig. 6. (a) Mercury intrusion/extrusion curves of MXene/MD-clay/PVA film and (b) pore-size distribution of MXene/MD-clay/
PVA film.

Fig. 7. Light absorption curves of MXene/PVA film and MXene/
MD-clay/PVA film.
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evaporator is as high as 91.7%. The value is much higher 
than that of previously reported evaporators (Table S1).

To further investigate the stability of the evapora-
tion performance of the MXene/MD-clay/PVA evaporator. 
10  cycles of experiments were tested on the same sample 
for 1  h per cycle and the results are shown in Fig. 8c. The 
experimental results show that the same sample maintained 
an energy conversion efficiency of more than 80% in all 
10 cycles, indicating that the MXene/MD-clay/PVA evapora-
tor maintained a high evaporation rate and energy conver-
sion efficiency over a long period of operation.

During the evaporation of the water, the temperature 
changes on the surface of the MXene/MD-clay/PVA evap-
orator were recorded using an infrared camera and the 
results are shown in Fig. 8d. Within the first 300  s, the 
surface temperatures of pure water, MXene/PVA evapora-
tor and MXene/MD-clay/PVA evaporator increased from 
25.9°C, 25.2°C and 25.9°C to 27.5°C, 40.5°C and 39.5°C, 
respectively. The surface temperatures of MXene/PVA 
evaporator and MXene/MD-clay/PVA evaporator increased 
rapidly. The surface temperatures of the MXene/PVA evap-
orator and MXene/MD-clay/PVA evaporator were much 
higher than the surface temperature of pure water (with-
out evaporator), however, the surface temperature of the 
MXene/PVA evaporator was slightly higher than the sur-
face temperature of the MXene/MD-clay/PVA evapora-
tor. This is probably mainly due to the lighter color of the 
MXene/MD-clay/PVA film surface after the addition of 

the brick-red mixed-dimensional clay. During the period 
from 300 to 3,600 s, the surface temperature of the MXene/
MD-clay/PVA evaporator was maintained at about 41°C. 
The high surface temperature maintained the rapid evap-
oration of water molecules on the surface of the MXene/
MD-clay/PVA film, thus increasing the evaporation rate of 
the evaporator. The above results show that the prepared 
MXene/MD-clay/PVA film has excellent interfacial evapora-
tion performance, which is due to the fact that in addition 
to having high light absorption and excellent water trans-
port properties, the addition of mixed-dimensional clay 
reduces the thermal conductivity of the material, which is 
conducive to improving its thermal insulation performance.

3.8. MXene/MD-clay/PVA film water purification performance

The water purification performance is an important 
indicator to study whether the solar evaporator can be 
used in practice. In the experiments in this chapter, differ-
ent concentrations of NaCl solution, Methylene blue (MB) 
solution and simulated seawater were selected to evaluate 
the water purification capacity of the MXene/MD-clay/PVA 
evaporator and the results are shown in Fig. 9. As seen in 
Fig. 9a, the evaporation performance was measured in 0%, 
5%, 10% and 15% NaCl solutions for 1 h. A slight decrease 
in water evaporation was measured during the process 
from 0% NaCl solution (pure water) to 15% NaCl solution. 
The evaporation rate and energy conversion efficiency 

Fig. 8. (a) Water evaporation mass of pure water, MXene/PVA evaporator and MXene/MD-clay/PVA evaporator with time at 
1 kW·m–2. (b) Energy conversion efficiency and evaporation rate of pure water, MXene/PVA evaporator and MXene/MD-clay/PVA 
evaporator. (c) Energy conversion efficiency and evaporation rate of MXene/MD-clay/PVA evaporator in 10  cycles. (d) Surface 
temperatures of pure water, MXene/PVA evaporator and MXene/MD-clay/PVA evaporator vary with time at 1 kW·m–2.
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were calculated for different concentrations of NaCl solu-
tions over 1 h. The evaporation rate decreased from 1.6278 
to 1.4904  kg·m–2·h–1 and the energy conversion efficiency 
decreased from 93.6% to 84%. The main reason for the reduc-
tion in evaporation and energy conversion efficiency was 
that the salt ions in the NaCl solution were taken out during 
the evaporation of water, and the salt ions formed crystals 
on the evaporator surface, blocking the channels for water 
molecule transport. The experimental results show that the 
MXene/MD-clay/PVA evaporator has good salt resistance.

Furthermore, in order to determine the treatment capac-
ity of the MXene/MD-clay/PVA evaporator for organic dye 
wastewater, the common dye MB was selected for the study, 
as shown in Fig. 9c. The concentration of the experimentally 
selected MB solution was calculated from the measured stan-
dard curve of the MB solution to be 10.5  mg·L–1. It can be 
seen in the figure that after purification by the evaporator, 
the concentration of the MB solution was 0.29  mg·L–1 and 
the MXene/MD-clay/PVA evaporator removed up to 97% 
of the MB solution. Also, it can be seen in the inset that the 
colour of the MB solution changed from blue to clear. The 
results show that the MXene/MD-clay/PVA evaporator is 
also suitable for the treatment of organic dye wastewater, 
extending the practical application of the evaporator.

Desalination of seawater is currently the most important 
way to obtain freshwater resources. The removal capacity 
of the MXene/MD-clay/PVA evaporator was examined by 

studying the change in concentration of the main ions in 
simulated seawater before and after purification. As shown 
in Fig. 9d, the concentrations of Na+, Mg2+, K+ and Ca2+ were 
determined by inductively coupled plasma spectrometry 
after purification and the concentrations decreased from 
10,484; 6,708; 383 and 397  mg·L–1, respectively to 4.118, 
0.3998, 0.6187 and 0.9406 mg·L–1, which is much lower than 
the drinking water standard stipulated by World Health 
Organization [37]. The above experimental results show 
that the MXene/MD-clay/PVA evaporator can be efficiently 
used in high concentration brine, organic dye wastewater 
and seawater desalination.

4. Conclusions

The MXene/MD-clay/PVA film was prepared by self-as-
sembling the modified hybrid clay and MXene material 
into 5% PVA solution using KH550 modified MD-clay 
as raw material. The interaction between the hybrid clay 
and MXene can effectively prevent the oxidation of Ti3C2 
nanosheets and improve the photothermal conversion and 
mechanical properties of the MXene/MD-clay/PVA film. As 
both the hybrid clay and PVA have hydrophilic properties, 
the prepared films also exhibit superhydrophilic properties, 
with water droplets completely infiltrating the film surface 
within 0.1333  s, providing excellent water transport capa-
bilities. The MXene/MD-clay/PVA film has a low thermal 

Fig. 9. (a) Mass change of water in the MXene/MD-clay/PVA evaporator in different concentrations of NaCl solution within 1 h. 
(b) Energy conversion efficiency and evaporation rate of MXene/MD-clay/PVA evaporator in different concentrations of NaCl 
solution. (c) UV-Vis absorption spectra of Methylene blue solution before and after purification. (d) Changes in the concentra-
tion of major ions before and after the purification of MXene/MD-clay/PVA evaporator in simulated seawater.
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conductivity (0.2406 W·m–1·K–1), a fracture strain of 7.8% at 
a pressure of 0.7 kPa, and a light absorption of around 91%. 
The prepared MXene/MD-clay/PVA evaporator showed an 
evaporation rate of 1.6026 kg·m–2·h–1 under 1 kW·m–2 simu-
lated light, with an energy conversion efficiency of 91.7%. 
The energy conversion efficiency remained above 80% in 
different concentrations of NaCl solution, while the MXene/
MD-clay/PVA evaporator also had excellent purification 
capability for MB solution. The experimental results show 
that the MXene/MD-clay/PVA evaporator is suitable for 
dye wastewater treatment and seawater desalination.
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Supplementary information

S1. Experimental section

S1.1. Material characterizations

The morphology of the MXene/mixed-dimensional clay/
polyvinyl alcohol (MXene/MD-clay/PVA) film was measured 
by field-emission scanning electron microscopy (MIRA3, 
TESCAN, Ltd.). The elements and contents in MXene/
MD-clay/PVA film was detected by the energy-dispersive 
X-ray spectrometer (Bruker Nano, Berlin, Germany.). The 
optical properties of the MXene/MD-clay/PVA film was 
measured by an ultraviolet-visible-near infrared spectro-
photometer equipped with an integrating sphere (Perkin 
Elmer Lambda 750 S UV/Vis/NIR). The thermal conductiv-
ity value of MXene/MD-clay/PVA film was measured by 
a multi-function rapid thermal conductivity tester (DRE-
III, China). The surface wettability of the samples was 

investigated by the contact angle meter (SZ-CAM, China). 
The ions concentration of seawater before and after desalina-
tion were measured by atomic absorption spectrometer (Jena 
ContrAA 700, Germany). The sample’s surface was illumi-
nated by a solar simulator (Scientech SF300, Canada).

S1.2. Solar steam generation testing

The polypropylene plastic foam was used as the ther-
mal insulation material, which has a thickness of 10  mm. 
The solar steam generation experiments were conducted 
at a lab-made, online, a real-time measurement system for 
60 min which consisted of (a) a solar light simulator (Xenon 
Arc Lamp, CEL-S500, Ceaulight), (b) a solar filter (AM 1.5, 
Ceaulight), (c) an analytical balance with a maximum mea-
suring range of 200 g (FA 2004), (d) a computer to record the 
real-time mass reduction for steam generation, (e) an infrared 
camera to record the surface temperature of samples (Testo 
869, Germany). Measured light intensity by a full spec-
trum optical power meter (CEL-NP2000-2A, Beijing China 
Education Au-light Co., Ltd.).

S1.3. Calculation of the energy conversion efficiency

The solar thermal conversion efficiency (η) was calcu-
lated by using the Eq. (1):

Fig. S1. Digital photographs of the evaporator.

 
Fig. S2. Standard curve of absorbance of Methylene blue 
solution and its concentration.
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where m is the mass flux of steam (the rate of water evapo-
ration under the dark condition subtracted), Copt is the opti-
cal concentration (the number of the sun), qi is the nominal 
direct solar irradiation 1  kW·m–2 under 1  sun, hLv denotes 
total enthalpy of liquid-vapor phase change (including 
sensible heat (CΔT) and phase-change enthalpy), can be 
calculated as:

h C TLv � �� � 	 (S2)

where λ is latent heat of phase change (it is related to the 
temperature of the water), C is specific heat capacity of 
water (4.2  kJ·kg–1·K–1), and ΔT denotes the temperature 
increment of the water.

S2. Analysis of heat loss

The heat loss from the absorber consists of three losses: 
(1) radiation, (2) convection and (3) conduction. The details 
of the calculation are shown below. Consequently, the 
power flux consumed by solar-driven evaporation, Pevap, 
can be described as:

P P P A T Tevap light environment solar wterAq Aq� � � � �� � ��� �� 4 4 	 (S3)

The solar-vapor evaporation efficiency, ηevap, can be 
described as:

� � � � �evap rad conv cond� � � �, , ,N N N 	 (S4)

S2.1. Radiation loss ηrad,N

It is assumed that the absorber has a maximum emis-
sivity of 0.99. For radiation loss to an ambient temperature 
of 26°C under 1  kW·m–2, the radiation loss was calculated 
by the Stefan–Boltzmann:

E A T TR � � �� ��� � 4 4 	 (S5)

wherein ER denotes heat flux, ε is the emissivity, A is the 
surface area (3.8  cm2), σ is the Stefan–Boltzmann constant 
(5.67 × 10–8 W·m–2·K–4), T is the temperature of the absorber 
(35°C), and T∞ is the ambient temperature in the exper-
iment (31°C). Due to the top surface of the absorber being 
surrounded by water and heated vapor, the temperature of 
the adjacent environment on top of the absorber is close to 
the temperature of the absorber and the vapor [S1]. A ther-
mocouple was placed near the top of the absorber surface 
in this work, and the measured temperature is approxi-
mately 31°C. Therefore, based on Eq. (S1), the radiation 

heat loss of the device was calculated to account for ~0.96% 
of all irradiation energy.

S2.2. Convection loss ηconv,N

The convection loss was calculated according to 
Newton’s law of cooling:

Q Ah T T� �� �� 	 (S6)

wherein Q denotes the heat, h is the convection heat transfer 
coefficient, and A is the surface area (3.8 cm2). The convec-
tion heat transfer coefficient is approximately 5  W·m–2·K–1. 
Therefore, based on Eq. (S2), the convection heat loss of 
the device was calculated to account for ~5.93% of all 
irradiation energy.

S2.3. Conduction loss ηcond,N

The conduction loss was calculated based on the Eq. (7):

Q Cm T� � � 	 (S7)

wherein Q denotes the heat, C is the specific heat capacity 
of water (4.2 J·g–1·°C–1), m is the water weight (1.5 g), and ΔT 
(0.5°C) is the resulting delta in water temperature within 
that arises within t seconds (3,600  s). Therefore, based on 
Eq. (S3), the conduction heat loss of the device was calcu-
lated to account for ~2.43% of all irradiation energy.

Based on the breakdown of the three sources of heat 
loss, the theoretical efficiency of solar-vapor evapora-
tion is calculated to be ~82.38% (ηevap  = α  – ηrad,N  – ηconv,N  –  
ηcond,N  =  91.7%  –  0.96%  –  5.93%  –  2.43%  =  82.38%), 
which aligns well with empirical results.

S3. Supplementary figures

Fig. S3. Water contact angle of MXene/MD-clay/PVA film.
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S4. Supplementary tables

Fig. S4. (a) Water evaporation mass of MXene/MD-clay/PVA evaporator with time at 1, 2 and 3 kW·m–2 and (b) energy conversion 
efficiency and evaporation rate of MXene/MD-clay/PVA evaporator under one sun, two suns and three suns.

Table S1
Photothermal conversion performance of evaporator under the irradiation of the sun with a standard optical power density of 
1 kW·m–2

Materials Evaporation rate 
(kg·m–2·h–1)

Photothermal conversion effi-
ciency (%)

References

MXene-based sponge 1.41 84.8 [S2]
Three-dimensional Janus structure MXene/cellulose 
nanofibers/luffa aerogels

1.40 91.2 [S3]

Ti3C2Tx MXene nanoflakes 1.43 90.14 [S4]
MXene/MnO2 nanocomposite 1.36 85.28 [S5]
Ag-PDA@wood 1.58 88.6 [S6]
CLPM-50 1.38 – [S7]
Janus MXene-based Photothermal membrane 1.34 90.81 [S8]
MXene/MD-clay/PVA 1.60 91.7 This work
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