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ABSTRACT 

Solar steam generation is widely regarded as one of the potential green approaches for 

freshwater regeneration by utilizing solar energy. Herein, the MXene/MnO2 

nanocomposite-coated biodegradable luffa sponge (Ti3C2-MnO2@LS) is proposed as an 

efficient solar evaporator for solar steam generation. The thin layer of Ti3C2-MnO2 coated 

on the surface of the luffa sponge (LS) serves as the solar absorber and enhances the 

hydrophilicity of the LS, while the thermally insulating LS layer with microporous structure 

endows sufficient water transportation and localizes heat for interfacial water evaporation. 

Combining MXene with MnO2 can increase the surface area as well as the stability.  The 

Ti3C2-MnO2@LS delivers a solar evaporation rate as high as 1.36 kg m–2 h–1, with a solar 

steam conversion efficiency of 85.28% under one sun irradiation. Furthermore, this Ti3C2-

MnO2@LS exhibits superior salt-rejecting properties even under highly concentrated 

saltwater desalination and excellent wastewater purification performance. This work 

demonstrates the prospects of combining novel 2D materials with biomass-based 

materials for practical solar steam generation. 
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1. INTRODUCTION 

With the rapid progress of modern industry and highly increased population, water 

shortage has become a severe issue.[1] Intensive research have been devoted to 

exploring efficient, renewable, and economic water treatment strategies for fresh and 

clean water regeneration. Traditional desalination and wastewater treatment 

technologies, such as reverse osmosis, electrodialysis, thermal desalination and multi-

effect distillation, still face complex equipment, high cost, high energy consumption and 

secondary pollution problems. Solar energy, as the most promising, and sustainable 

energy source, has attracted high attention to be utilized for water treatment [2,3]. 

However, the traditional solar steam generation system has a poor efficiency, which 

involves high heat loss [4,5]. Over the past decades, solar-driven interfacial steam 

generation has become an important research branch for seawater desalination and 

wastewater treatment because of its sustainability, environmental friendliness, and low 

cost [6–9]. 

For an efficient solar steam generation system, the light absorption ability, photothermal 

conversion efficiency, water transportability, and durability of the solar evaporator 

determine the solar water evaporation efficiency [10]. Various photothermal materials 

have been developed, including carbon materials [11,12], metal nanoparticles [13,14], 

semiconductor materials [15,16], and organic photothermal materials [17,18]. Among 

them, biomass-based materials, generally possessing natural porous structure, low 

thermal conductivity, and low cost, have drawn tremendous interest. For instance, a series 

of wood-based materials have been reported as solar evaporators for efficient solar steam 

generation [19–22]. Besides, carbonized bamboo, which possesses excellent water 
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transport channels, good mechanical strength, and effective heat localization effect, has 

also been explored [23–29]. Liao et al. prepared carbonized lotus seedpods with a 

hierarchical porous structure and good light absorption, achieving a photothermal 

evaporation rate and efficiency of 1.30 kg m-2 h-1 and 86.5%, respectively [30]. Beyond 

these, many vegetable or fruit-based materials were investigated, such as mushroom 

[31], sunflower heads [32], potato [33], coconut husk [34], corncob [35], daikon [36], carrot 

[37], and eggplant [38]. Recently, loofah, which is a vigorous, productive, and widely 

distributed reticulated fibrous plant, has been investigated as good solar evaporator 

[39,40].  The outstanding mechanical strength and microporous structure present 

promising potential for continuous solar driven water transpiration.  

However, for most biomass-based materials, the pristine solar absorption property is poor. 

Surface treatment like coating with photothermal materials can be a feasible way to 

enhance solar absorption. MXene, as a new family of multifunctional 2D material, has 

been widely applied in a variety of fields, including supercapacitor [41], microwave 

absorption [42], catalysis [43],  and dye separation [44], etc.  Wang et al. [45] reported 

that the Ti3C2 MXene shows an internal light-to-heat conversion efficiency of 100% 

measured by a designed droplet-based light absorption and heating system, indicating 

the great potential of MXene as photothermal materials for solar steam generation. 

Because of the semi-metal character of Ti3C2 nanosheets, the photothermal conversion 

mechanism of MXene is considered to be localized surface plasmon resonance effect. 

However, due to the commonly presented smooth surface of the Ti3C2 nanosheets, the 

light absorption is weak with strong light reflection [46]. Nevertheless, the 2D Ti3C2 

nanosheets often restack spontaneously, which could hinder the water transport and 
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vapor escaping process. Thus, it is necessary to further modify the Ti3C2 for efficient solar 

steam generation. Introducing the interlayer barrier can effectively avoid spontaneous 

stacking as well as increase surface area. Materials like CNTs [47], metal oxides [48], and 

polymers [49] have been investigated to prevent the restack of MXene nanosheets. 

Among them, manganese dioxide (MnO2) has drawn more attention due to its low cost 

and environmental friendliness. Wang et al. [50] demonstrated the MnO2/MXene 

composite as film electrodes for electronics, in which the combination of MnO2 and 

MXene effectively increased the surface area and reduced the spontaneous stacking of 

the MXene nanosheets. Moreover, MnO2 is also a promising photothermal material for 

solar steam generation [51–53]. 

While significant advancements have been made for photothermal materials, 

considerable hurdles remain, particularly in regard to the problem of severe salt 

accumulation, which is seen as one of the largest impediments preventing their actual 

solar desalination applications. Water molecules undergo a phase transition from liquid 

to gas during solar evaporation, migrating through the porous channels of the 

photothermal material where salt may readily precipitate and clog the channels. The 

deposition of salt on the surface of photothermal materials may reduce their performance 

as a heat generator when exposed to light. The researchers exhibited two types of salt 

rejection mechanisms to solve these difficulties. A double-layered Janus structure on the 

photothermal material's surface hinders salt crystallization and emigration [54–56]. The 

simplest method is to construct aligned channels with large diameters to allow crystallized 

salts to dissolve quickly and be transferred back into the bulk water [57,58]. 

Herein, we utilized the low-cost biodegradable luffa sponge (LS), which has a 3D 
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microporous structure, as the solar evaporator via surface coated with Ti3C2-MnO2 

nanocomposite. The hydrophilicity and solar absorption properties of LS have been highly 

enhanced by surface coating of Ti3C2-MnO2 nanocomposite. The water evaporation and 

seawater desalination performance enabled by the Ti3C2-MnO2@LS are investigated and 

discussed. The obtained solar evaporator presents a high evaporation efficiency and 

long-term stability for solar water evaporation under one sun irradiation. In addition, the 

Ti3C2-MnO2@LS shows excellent salt-rejecting performance owing to large diameters 

porous structure of LS which helps to dissolve crystallized salts and transferred back into 

the bulk water as known as salt ion diffusion backflow mechanism. Therefore, it can be 

used for highly concentrated saline desalination. The wastewater treatment performance 

has also been evaluated, in which dye contaminants can be completely removed. All of 

these allow the synthesized Ti3C2-MnO2@LS for practical solar water treatment. 

 

2. EXPERIMENTAL SECTION 
 

2.1 Synthesis of MXene (Ti3C2) 

MAX phase material (Ti3AlC2), NH4HF2 (95% reagent grade), and NaOH (97% purity, 

pellets) were purchased from Y-Carbon limited and Sigma Aldrich, USA for MXene 

(Ti3C2Tx) synthesis. The purchased chemicals were used without being purified further. 

20 ml of a 2 M solution of NH4HF2 were prepared, followed by 1 hour of magnetic stirring 

at 300 rpm and 30 °C. Slowly 1 g of Ti3AlC2 was added to a 2 M NH4HF2 solution, which 

was magnetically stirred for 48 hours at 300 rpm and 30 ° C. Throughout the stirring 

procedure, Al was etched from the MAX phase material (Ti3AlC2). Continuous pH 

monitoring and the addition of diluted NaOH solution allowed for the solution's pH to be 
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maintained at 6. After the etching procedure was complete, the solution was filtered and 

repeatedly washed with DI water. 4 repetitions of ultrahigh centrifugation were performed 

at 3500 rpm (10 mins for each cycle). The resultant multilayered Ti2C2Tx solution was 

sonicated for 1 hour with an ultrasonic probe to produce delaminated MXene (d- Ti2C2Tx). 

Finally, the delaminated flakes of synthesized MXene were dried in a vacuum oven 

overnight. 

 

2.2 Material Characterizations 

The microstructures of the Ti3C2-MnO2@LS were investigated using a scanning electron 

microscope (SEM, TESCAN, VEGA3, 20 kV). Energy dispersive X-ray (EDS) images 

were acquired using X-ray spectroscopy (INCA X-Act, Oxford) in conjunction with SEM 

equipment. A UV-Vis-NIR spectrometer was used to measure the absorption spectra 

(PerkinElmer Lambda 1050). X-ray diffraction (XRD) patterns of the materials were 

obtained using a Cu-Kα radiation X-ray diffractometer (Smart Lab, Rigaku, 40 kV, 100 

mA). X-ray photoelectron spectroscopy (XPS) measurements were performed using Al-

Kα radiation on a Thermo Fisher Nexsa G2 XPS instrument. The Raman spectroscopy 

was conducted using WITEC Confocal Raman system with 532 nm laser. The 

hydrophilicity of the surface was decided through the water contact angle measurement 

(WCA, KINO SL 200 KB). Transients hot-wire approach with computer-controlled 

equipment was used to measure thermal conductivity (Thermtest Instruments, THW L2). 

Using a linear heat source implanted in the material being tested, the hot-wire method is 

a transient dynamic approach that measures the temperature increase in a predetermined 

distance. The rate of temperature rises or fall over a certain time period is a direct 

measure of thermal conductivity [59]. 
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2.3 Preparation of Ti3C2-MnO2@LS photothermal absorber 

The cylindrical form of luffa sponge extracted from the ripe fruit of Luffa cylindrica was 

washed and cleaned before being tailored into a circular shape with a 20 mm radius and 

a 12 mm thickness. The prepared sample was ultrasonically cleaned with deionized (DI) 

water and dried in a 50 °C oven. Ti3C2 MXene synthesized in a laboratory and 

purchased MnO2 powder were both dissolved in Isopropyl alcohol (IPA). 6 different 

concentrations of Ti3C2 and MnO2 were prepared, and their corresponding average 

absorbance were measured. As the major objective of this solution was to improve the 

absorption of luffa sponge in the AM 1.5 solar spectrum, each of the produced solutions 

was tested in a separate cuvette for its absorption spectrum. The supporting information 

note S3 contains the detail description of the preparation and table S1 (supporting 

information) shows the various concentration of Ti3C2 and MnO2 and their average 

absorbance as measured by UV-Vis-NIR spectroscopy. Based on the average 

absorbance, Ti3C2-MnO2 (2 – 5) sample provided highest average absorbance (table S1, 

supporting information). Therefore, it was chosen as the optimum concentration for 

fabricating the Ti3C2-MnO2@LS.  Ti3C2 and MnO2 with a concentration of 2 mg ml-1 and 5 

mg ml-1, respectively are dissolved in IPA. The prepared solutions were ultrasonically 

treated for 4 hours. After that, 60 ml of Ti3C2 and 40 ml of MnO2 solutions were mixed in 

a beaker, and the mixture was magnetically stirred at 600 rpm for 2 hours. Afterward, the 

prepared luffa sponge (LS) sample was dip coated several times into the Ti3C2-MnO2 

solution. The sample was then dried in a 65 °C oven for 6 hours. The preparation method 

is illustrated in Fig. 1a. To perform sun evaporation experiments, the as-prepared Ti3C2-

MnO2@LS was placed on top of a beaker containing water, as shown in Fig. 1b. 
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Fig. 1 (a) Schematic representation of Ti3C2-MnO2@LS preparation process; (b) 
Illustration of solar steam generation by Ti3C2-MnO2@LS. 
 
 
 
2.4 Solar-driven desalination experiment 

The solar desalination experiments were conducted in a laboratory environment where 

the solar irradiance was provided by a xenon lamp (300 W, PLS-SXE300, Beijing Perfect 

Light Technology Co., Ltd). The intensity of the incident solar irradiance was measured 

by a power meter (THORLABS, S314C). The setup was placed on an electronic 

microbalance (Ohaus Corporation, C213, deviation ~0.1 mg) to measure the mass loss. 

The temperature of the solar evaporator surface and underneath bulk water was recorded 

using an infrared camera (FLIR-E64501, Tallinn, Estonia, error range of ± 2 °C). The 

Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in 

order to make it float and reduce the heat loss. Then, it was placed in a beaker containing 

seawater to conduct the solar evaporation experiments. A separate experiment was 

conducted without EPE foam to understand the improvement in solar evaporation rate 

and efficiency and the corresponding results are provided in Fig. S2, supporting 

information. At first, the thickness of the LS was varied from 6 mm to 18 mm and the 
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corresponding evaporation efficiency were measured under 1 sun illumination. The 

maximum evaporation efficiency of 85.28% has been achieved at 14 mm thickness of LS. 

Therefore, rest of the experiments were conducted using 14 mm thickness. The solar 

irradiance was varied from 1 to 5 kW/m2 and the corresponding mass losses were 

recorded.  To measure the mass loss due to the solar irradiance, the Ti3C2-MnO2@LS 

was put on top of a beaker holding 150 ml of seawater. The beaker was then placed within 

a custom-made glass structure, as shown in Fig. S1, supporting information. The 

evaporated steam is collected through an output channel on the structure's upper side. 

The outflow channel is linked to a pipe, with the other end connected to a container to 

collect the condensed water droplet. The majority of the evaporated steam flows via the 

output route at the top of the pipe to the water droplet collecting container. The steam 

gradually releases heat and condenses into water droplets as it travels along this path. 

However, some steam condenses inside the custom-made structure and condenses into 

a water droplet, which is deposited at the bottom. As a consequence, at the end of the 

experiment, the water deposited at the bottom of the custom-made structure was also 

collected. The evaporation rate and efficiency were calculated from the measured 

evaporated mass loss under various solar irradiance.  

 

3. RESULTS AND DISCUSSION 

 
3.1 Material Structure and Morphology 

Due to the low solar absorption of natural LS, Ti3C2-MnO2 nanocomposite with excellent 

light absorption was utilized to coat the surface of natural LS. The surface morphology of 

the Ti3C2-MnO2@LS was characterized by SEM, as shown in Fig. 2a-d. The natural LS 
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possesses a fiber-shaped porous structure, which is feasible for water transport from the 

underneath bulk water. After coating with Ti3C2-MnO2, the fiber surface of the LS is entirely 

covered by a large number of nanoparticles. Compared with the pristine surface (inset of 

Fig. 2d), it becomes rougher, which can be beneficial to reduce light reflection. The LS 

has a fibrous porous structure that is advantageous to soak the Ti3C2-MnO2 

nanocomposite during the dip coating process.  

 

Fig. 2 (a-d) SEM images of Ti3C2-MnO2@LS in different magnitude. Inset of (d) is pristine 
LS; (e) EDS elemental mapping; (f) EDS spectrum with the elemental composition 
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analysis. 
 

Fig. 2e shows the corresponding elemental distribution information by EDX elemental 

mapping. It is clear that the Ti, Mn, C, and O elements are homogeneously and 

continuously distributed throughout the LS surface, with the ratio of 25.03%, 20.12%, 

16.29%, and 38.56%, respectively. The coexistence of Ti3C2 and MnO2 is also indicated 

by the EDS spectrum in Fig. 2f. 

The structural features of Ti3C2-MnO2 nanocomposite have been investigated by the 

Raman measurement as shown in Fig. 3a. As for the Raman spectrum of MnO2, the two 

Raman bands at 486.52 and 652.81 cm-1 are observed, corresponding to the symmetrical 

vibrations of MnO2.[53,60] Generally, the two Raman bands at around 159.52 and 409.21 

cm-1 correspond to the vibrations from Ti-C bonds for Ti3C2, and the two bands at around 

1386 and 1576.92 cm-1 are attributed to the D band and G band of graphitic 

carbon.[61,62] The ratio of intensity between ID and IG of the Ti3C2 is 1.048, suggesting a 

high graphitization degree. The Raman spectrum of Ti3C2-MnO2 shows both the typical 

characteristic bands of MnO2 and Ti3C2, indicating the hybrid structure of Ti3C2-MnO2 

nanocomposite. 

In order to further confirm the crystalline structure of Ti3C2-MnO2@LS, XRD spectra of 

MnO2, Ti3C2, and Ti3C2-MnO2 nanocomposite were recorded, as presented in Fig. 2b. 

The diffraction peaks of the MnO2 at the angles of 29.29, 37.45, 43.07, 56.59, 72.91 are 

assigned to the (100), (110), (111), (211) and (301) planes, respectively. While the peaks 

at angles of 4.388, 14.52, 24.81, 34.89, 60.76 are assigned to the (002), (006), (008), 

(103) and (110) planes of Ti3C2, respectively. Coexisting phases of MnO2 and Ti3C2 can 

be observed in Ti3C2-MnO2 nanocomposite. 
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The elemental compositions of Ti, Mn, C and O species in the Ti3C2-MnO2 hybrid are 

investigated by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 3c, the peaks 

at a binding energy of 665.04, 658.67 and 453.81 eV in the Ti3C2-MnO2 hybrid are 

assigned to Mn 2p1/2, Mn 2p3/2 and Ti 2p, respectively. The XPS spectra indicate that the 

Ti3C2-MnO2@LS is composed of Ti, Mn, C and O, indicating the introduction of Ti3C2-

MnO2 hybrid into the LS. The water contact angles of the LS before and after surface 

coating with Ti3C2-MnO2 nanocomposite were measured and shown in Fig. 3d. The 

results that the contact angle decreases from 78.56° to 45.21° after coating (standard 

deviation ± 0.05°), indicates that the coating can improve the hydrophilicity, which can 

contribute to a fast and efficient water supply from the bottom bulk water to the 

evaporating surface. The higher affinity for water of the Ti3C2-MnO2 coating in comparison 

to the pristine luffa sponge causes the water droplets to disperse and the water contact 

angle to be maximized. Fig. 3e shows the absorption properties of the Ti3C2-MnO2@LS 

and uncoated LS. The solar absorption of the LS has been greatly enhanced after being 

coated with Ti3C2-MnO2, which should be attributed to the excellent light absorption 

property of Ti3C2-MnO2 and the rougher surface with reduced reflection. The absorption 

covers the entire UV-Vis-NIR region and matches well with the AM 1.5 solar spectrum, 

which is beneficial to efficient photothermal conversion. All the above results suggest the 

successful synthesis of Ti3C2-MnO2@LS and the great potential for application in solar 

steam generation. 
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Fig. 3 (a) Raman spectra of Ti3C2-MnO2, Ti3C2, and MnO2; (b) XRD patterns of Ti3C2-
MnO2, Ti3C2, and MnO2; (c) XPS spectra of Ti3C2-MnO2, Ti3C2, and MnO2; (d) Water 
contact angle of pristine LS and Ti3C2-MnO2@LS; (e) UV-Vis-NIR absorption spectra of 
pristine LS and Ti3C2-MnO2@LS. 
 
 

3.2 Evaluation of the solar evaporation by Ti3C2-MnO2@LS 

The water evaporation performance of the synthesized Ti3C2-MnO2@LS was 

investigated. Fig. 4a displays the time-dependent mass changes of water only, pristine 

LS and Ti3C2-MnO2@LS under simulated solar irradiation of 1 kW m-2. The corresponding 

spontaneous evaporations under dark have been subtracted. It can be observed that the 

water evaporation rate has been greatly enhanced in the presence of Ti3C2-MnO2@LS 

compared to that of pristine LS. The evaporation rate of the system with Ti3C2-MnO2@LS 

reaches to 1.36 kg m-2 h-1, which is more than 3.5 times higher than that of pristine LS 

(0.39 kg m-2 h-1) and 6.8 times higher than that of water only (0.20 kg m-2 h-1). The 

evaporation efficiency and rate attained are comparatively higher than several 
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biodegradable solar evaporators shown in the literature (table S2, supporting 

information). Fig. 4b shows the water mass change of Ti3C2-MnO2@LS under various 

light densities ranging from 1 kW m-2 to 5 kW m-2. The evaporation rate increases almost 

linearly with the light density. The evaporation rate reaches up to 6.65 kg m-2 h-1 when the 

irradiation intensity scaled to 5 kW m-2.  

The solar evaporation efficiency (ηth) of the samples can be calculated by the following 

equation (1).   

𝜂th =
�̇�ℎ𝐿𝑉

𝑞𝑠𝑜𝑙𝑎𝑟
 (1) 

Where �̇� is the steady-state water evaporation rate (kg m-2 h-1) excluding the evaporation 

rate under the dark field, ℎ𝐿𝑉 is the total phase change enthalpy of water (2260 J/g) 

including the sensible heat and latent heat, 𝑞𝑠𝑜𝑙𝑎𝑟 is the power density of solar irradiation 

(W/m2). 

The evaporation rate, 𝑚𝑒 can be calculated by following equation: 

𝑚𝑒𝑣  =
𝑚ℎ

𝐴
            (2) 

Where, 𝑚ℎ is mass loss of water per hour (kg/h) due to evaporation and 𝐴 is the area 

(m2) of evaporation surface. As shown in Fig. 4c, the solar evaporation efficiency of Ti3C2-

MnO2@LS can reach 85.28% under 1 sun irradiation and 83.48% under 5 sun irradiation. 

The slight decrease in the efficiency may be due to the increased heat loss along with 

higher light intensity. Another set of experiments has been carried out in order to better 

understand the influence of EPE sponge on solar evaporation efficiency. The evaporation 

efficiency has increased from 80.12% to 85.28% and 78.37% to 83.97% after surrounding 

the Ti3C2-MnO2@LS solar evaporator with EPE sponge under 1 sun and 2 sun 
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illumination, respectively. The corresponding results are provided in Fig. S2, supporting 

information. This improvement in evaporation efficiency is attributed to the EPE sponge's 

heat insulation property, which limits the amount of photothermal induced heat that is 

radiated into the environment, hence aiding in heat localization. The cycling stability of 

the Ti3C2-MnO2@LS for solar evaporation was measured by repeating the same 

evaporation experiment for 25 cycles under 1 sun irradiation. The results are presented 

in Fig. 4d, in which the water evaporation rates are quite stable with ignorable fluctuation. 

It demonstrates that the as-prepared Ti3C2-MnO2@LS has a very stable solar evaporation 

ability.  

Besides, the solar water evaporation performances of Ti3C2-MnO2@LS with different 

thicknesses of LS under 1 sun were investigated to find out the most efficient thickness. 

As shown in Fig. 4e, the evaporation efficiency increases from 50% to 85.28% as the 

thickness increases from 6 mm to 12 mm and reaches the highest at a thickness of 14 

mm. After that, the efficiency drops as the thickness continues to increase. Similarly, the 

evaporation rate at 6 mm of luffa sponge thickness is just 0.79 kg m-2 h-1. At 14 mm 

thickness, the evaporation rate reaches its maximum value of 1.36 kg m-2 h-1. The rate of 

evaporation then reduces with increasing thickness, reaching 1.15 kg m-2 h-1 at 18 mm 

thickness. When the thickness of LS is small, more heat loss occurs to the underlying 

bulk water. Whereas when the thickness increases to be too thick, water may not be 

sufficiently transported to the evaporation surface due to the long transfer path, leading 

to the lower evaporation efficiency. Fig. 4f shows that the thermal conductivity of the LS 

is extremely low, which is 0.18 W m-1 K-1 in dry state and 0.35 W m-1 K-1 in wet state with 
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a standard deviation of ± 0.007 W m-1 K-1, indicating the good heat confinement effect of 

LS.  

 
 

Fig. 4 The solar water evaporation mass change over time of the system with water only, 
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pristine LS, and Ti3C2-MnO2@LS under one sun irradiation; (b) Solar evaporation 
performance of Ti3C2-MnO2@LS under various light intensity irradiation; (c) 
Corresponding evaporation rate (line) and evaporation efficiency(bars) under various 
solar irradiance with error bars; (d) The cyclic performance of the Ti3C2-MnO2@LS for 
water evaporation for 1h over 25 cycles. (e) Evaporation efficiency and rate at different 
thickness; (f) Thermal conductivity of Ti3C2-MnO2@LS at dry and wet state. 
 
The heat confinement performance was further investigated by measuring the cross-

sectional temperature distribution of the beaker with and without Ti3C2-MnO2@LS floating 

on the air-water interface under 1 sun irradiation via the IR camera. As shown in Fig. 5a, 

after 30 mins illumination, the beaker with water only presents a homogeneously 

increased temperature distribution. In contrast, from the cross-sectional IR image of the 

system with Ti3C2-MnO2@LS, an obvious temperature gradient can be observed between 

the top layer and underlying bulk water. A temperature of as high as 63.9 ℃ can be 

achieved at the top surface, whereas the temperature of underlying bulk water was only 

slightly higher than room temperature (~ 27.3 ℃). 

3.3 Desalination and salt rejecting performance evaluation  

To evaluate the desalination performance of the prepared Ti3C2-MnO2@LS, seawater 

collected from Whampoa Harbor, Hong Kong and high concentration NaCl solutions 

including 10, 20, and 30 wt% were prepared for solar evaporation under simulated 1 sun 

irradiation. As shown in Fig. 5b, the evaporation rate drops with the increasing saline 

concentration owing to the fact that the vapor pressure of water decreases with the 

increased salinity.[63] Nonetheless, the evaporation rate of seawater keeps above 1.3 kg 

m-2 h-1 and even for 30 wt% NaCl solution, the evaporation rate is still larger than 1.1 kg 

m-2 h-1, indicating the excellent desalination performance of Ti3C2-MnO2@LS. 

Furthermore, the salt-resistant performance of the Ti3C2-MnO2@LS has also been 

evaluated.  
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Fig. 5 (a) IR images of the side view temperature distribution of the system with water 
only and Ti3C2-MnO2@LS after 30 min irradiation; (b) Solar evaporation rate of Ti3C2-
MnO2@LS under different salinity (seawater, 10, 20, 30 wt%); (c) Progression of salt-
resistance under 1 sun irradiation; (d) Image of the homemade setup for seawater 
desalination; (e) Schematic illustration of the possible salt rejection mechanism of the 
Ti3C2-MnO2@LS. 
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As illustrated in Fig. 5c, 5 g NaCl salt crystals were directly placed on the top surface of 

Ti3C2-MnO2@LS, irradiating the surface with 1 sun solar illumination. The solid NaCl is 

gradually dissolved within 12 min, confirming the remarkable salt ion diffusion backflow 

property of Ti3C2-MnO2@LS. Supporting movie demonstrates the salt rejection and ion 

back flow of the proposed the Ti3C2-MnO2@LS. The salt rejection property of the 

evaporator of the interfacial solar desalination is of great importance. Salt accumulation 

will block the water transportation channels as well as hinder solar absorption, resulting 

in a lower evaporation efficiency. The mechanism of salt ion diffusion backflow may be 

described as follows. First, luffa sponge's porous structure provides linked channels for 

rapid water transport and vapor escape. The hydrophilic characteristic of the luffa sponge 

keeps it moist, allowing for adequate water flow through capillary action and rapid steam 

production. 

The salt particles formed on the surface of the Ti3C2-MnO2@LS solar evaporator dissolve 

rapidly and create a high salt region at the interface between the solar evaporator and 

bulk water. The difference in salt concentration between the high salt region and the bulk 

water induces diffusion and convection, therefore reducing salt concentration in the solar 

evaporator and preventing salt deposition. Fig. 5e illustrates that due to the natural 

microporous structure of LS, efficient salt ion diffusion backflow mechanism can be 

achieved. Thus, the Ti3C2-MnO2@LS can effectively prevent salt deposition during the 

desalination process. To demonstrate the potential applicability for seawater and 

wastewater purification, the solar desalination experiment was conducted on a 

homemade setup with natural seawater and simulated wastewater, as shown in Fig. 5d. 

The vapor will condense in the chamber and be collected for further analysis.  
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To evaluate the quality of purified water (i.e., desalinated water), the potential of hydrogen 

(pH), salinity, total dissolved solids (TDS), and conductivity of actual seawater, 

desalinated water, and DI water were measured. As shown in Fig. 6a, the pH of three 

water samples is kept neutral, while the salinity of desalinated water is very close to zero. 

Fig. 6b shows that the TDS and conductivity of desalinated water are both reduced by 

more than 2 orders of magnitude compared to the actual seawater, indicating a greatly 

improvement in water quality. The ion (Na+, K+, Ca2+, Mg2+) concentrations of actual 

seawater before and after desalination were measured by inductive-coupled plasma 

mass spectrometry. As presented in Fig. 6c, the ion concentration of desalinated water 

treated by Ti3C2-MnO2@LS is nearly 3-4 orders of magnitude significantly reduced 

compared to the actual seawater, which is far below the salinity levels for drinkable water 

defined by the World Health Organization (WHO). Moreover, wastewater treatment 

experiment was further conducted to evaluate the wastewater treatment performance of 

Ti3C2-MnO2@LS. Methylene blue (MB) solution was chosen to simulate wastewater. As 

shown in Fig. 6d, the absorbance of purified water is similar to that of DI water without 

the characteristic peaks of MB shown, indicating that the MB should be completely 

removed from the purified water. All the above results indicate that the Ti3C2-MnO2@LS 

has great prospects to be applied in practical solar water treatment to address the issues 

of freshwater shortage. 
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Fig. 6 (a) pH and salinity of seawater, desalted water, and DI water; (b) TDS and 
conductivity of seawater, desalted water, and DI water; (c) Concentration of four main salt 
ions of actual seawater before and after desalination. (d) The UV-Vis spectra of methylene 
blue before and after solar thermal purification with Ti3C2-MnO2@LS under one sun 
irradiation. 
 
 
4. Conclusion 

In summary, highly effective Ti3C2-MnO2 nanocomposite coated LS has been developed 

for interfacial solar steam generation. The Ti3C2-MnO2@LS was synthesized by a facial 

dip-drying method to improve the solar absorption and hydrophilicity of pristine 

biodegradable LS. The as-prepared evaporator achieves a superb water evaporation rate 

of 1.36 kg m-2 h-1 and photothermal conversion efficiency of 85.28% under one sun 

irradiation. Excellent desalination performance has also been achieved, in which an 



Page 23 of 31 
 

evaporation rate of above 1.1 kg m-2 h-1 can be realized even under 30 wt% saline 

evaporation. The outstanding performance could be attributed to the excellent 

photothermal conversion efficiency of Ti3C2 composited with MnO2 and the natural 

microporous structure and low thermal conductivity of LS. The porous structure of the 

luffa sponge provides salt ion diffusion backflow mechanism to reject the salt deposition 

on the surface of the evaporator. Moreover, the Ti3C2-MnO2@LS is also feasible for 

efficient wastewater purification. The long-term durability, outstanding evaporation rate, 

low cost, and excellent salt rejection make it possible for widespread practical solar water 

evaporation to meet the freshwater demand. 
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The manuscript has been modified by addressing the comments made by the reviewers. 

 

Response to Comments and Questions 

Comments from the reviewers: 

Reviewer 1: 

Comment 1: This study applied a new 2D material for efficient solar steam generation. The 

material synthesis/preparation is confirmed by various characterisation (SEM, EDS, XRD, 

Raman, and XPS). The prepared nanocomposite demonstrated an excellent desalination 

performance. This study fits the scopes of the journal. However, there are some major issues 

which are as follows. 

Response 1: We thank the reviewer for the positive comment. In the following, we have tried to 

address all the concerns from the reviewer.   

Question 1: The procedure of measuring the thermal conductivity should be explained in more 

detail in the material and methods. 

Answer 1: We thank the reviewer for the question. The thermal conductivity was measured using 

transient hot-wire method using a computer-controlled equipment (Thermtest Instruments, model 

no. THW L2).  The hot-wire method is a transient dynamic technique based on the measurement 

of the temperature rise in a defend distance from a linear heat source embedded in the test 

material. The thermal conductivity can be derived directly from the resulting change in the 

temperature over a known time interval. 

The procedure of measuring the thermal conductivity is now added in the revised manuscript and 

highlighted in yellow color.  

“Transients hot-wire approach with computer-controlled equipment was used to measure thermal 

conductivity (Thermtest Instruments, THW L2). Using a linear heat source implanted in the 

material being tested, the hot-wire method is a transient dynamic approach that measures the 

temperature increase in a predetermined distance. The rate of temperature rises or fall over a 

certain time period is a direct measure of thermal conductivity [57].”  

 

 

 

Response to Reviewers
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Question 2: Raman spectroscopy and water contact angle measurement should be mentioned 

in the material and methods (Section 2.2) 

Answer 2: Thank you very much for your suggestions. The Raman spectroscopy and water 

contact angle measurement are now mentioned in section 2.2 in the revised manuscript. The 

corresponding lines are highlighted in yellow color. 

“The Raman spectroscopy was conducted using WITEC Confocal Raman system with 532 nm 

laser. The hydrophilicity of the surface was decided through the water contact angle measurement 

(WCA, KINO SL 200 KB).” 

 

Question 3: What is TiTe2 QD-decorated rGO-coated facemask that is mentioned in the section 

2.2 and 2.4? 

Answer 3: Thank you very much for pointing out the mistake. We sincerely apologize for our 

typing mistake. “TiTe2 QD-decorated rGO-coated facemask” is not a part of this manuscript. 

However, in the revised manuscript the corresponding lines are corrected and highlighted in 

yellow color. 

“The microstructures of the Ti3C2-MnO2@LS were investigated using a scanning electron 

microscope (SEM, TESCAN, VEGA3, 20 kV).” 

“The Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in order 

to make it float and reduce the heat loss.” 

 

Question 4: The standard deviations of presented data (e.g., contact angle and thermal 

conductivity) need to be reported. 

Answer 4: Thank you very much for helping us to improve the quality of the manuscript. The 

standard deviations for contact angle and thermal conductivity measurement have been added in 

the revised manuscript. The updated lines are highlighted in yellow color. Also, error bars are 

added for the thermal conductivity graph at Figure 4(f). 

“The results that the contact angle decreases from 78.56° to 45.21° after coating (standard 
deviation ± 0.05°), indicates that the coating can improve the hydrophilicity, which can contribute 
to a fast and efficient water supply from the bottom bulk water to the evaporating surface.” 

“Fig. 4f shows that the thermal conductivity of the LS is extremely low, which is 0.18 W m-1 K-1 in 

dry state and 0.35 W m-1 K-1 in wet state with a standard deviation of ± 0.007 W m-1 K-1, indicating 

the good heat confinement effect of LS.” 

 

Question 5: The details of the solar system and the setup are missing. Section 2.4 should be in 

more detail. 

Answer 5: Thank you for the suggestions. The details of the solar evaporation experiment and 

setup are provided in the revised manuscript. The changes are highlighted in yellow color. 
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“The Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in order 
to make it float and reduce the heat loss. Then, it was placed in a beaker containing seawater to 
conduct the solar evaporation experiments. A separate experiment was conducted without EPE 
foam to understand the improvement in solar evaporation rate and efficiency. At first, the 
thickness of the LS was varied from 6 mm to 18 mm and the corresponding evaporation efficiency 
were measured under 1 sun illumination. The maximum evaporation efficiency of 85.28% has 
been achieved at 14 mm thickness of LS. Therefore, rest of the experiments were conducted 
using 14 mm thickness. The solar irradiance was varied from 1 to 5 kW/m2 and the corresponding 
mass losses were recorded.  To measure the mass loss due to the solar irradiance, the Ti3C2-
MnO2@LS was put on top of a beaker holding 150 ml of seawater. The beaker was then placed 
within a custom-made glass structure, as shown in Figure S1, supporting information. The 
evaporated steam is collected through an output channel on the structure's upper side. The 
outflow channel is linked to a pipe, with the other end connected to a container to collect the 
condensed water droplet. The majority of the evaporated steam flows via the output route at the 
top of the pipe to the water droplet collecting container. The steam gradually releases heat and 
condenses into water droplets as it travels along this path. However, some steam condenses 
inside the custom-made structure and condenses into a water droplet, which is deposited at the 
bottom. As a consequence, at the end of the experiment, the water deposited at the bottom of the 
custom-made structure was also collected. The evaporation rate and efficiency were calculated 
from the measured evaporated mass loss under various solar irradiance.” 

 

Question 6: In the section 2.4., EPE should be defined/ spelled out. 

Answer 6: We thank the reviewer for the suggestion. The full form of EPE foam (Expanded 

Polyethylene) is added in the revised manuscript. 

“The Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in order 

to make it float and reduce the heat loss.” 
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Reviewer 2: 

Comment 1: This study investigated the performance of a MXene/MnO2 coated luffa sponge for 

solar water evaporation application. The results indicated good evaporation rate and salt rejection. 

The manuscript is generally written fine, however, the novelty of the study is not clear, and critical 

and depth analysis in the discussion is very much lacking. Besides, the experimental design 

needs to be further improved. There is only one coated sample tested and compared with pristine 

luffa. I did not see any optimisation tests, and the evaporation performance is very much average, 

thus, begging the question of how the new design is more attractive compared to cheaper and 

simpler materials that many others in literature have already tested. It can be argued that 

carbonization of the top part or using cheap black paints or materials can be used directly on the 

luffa, without the need for expensive nanomaterials. The following are my further comments to 

help improve this manuscript: 

Response 1: We thank the reviewer for valuable comments. We attempted to address all of the 

reviewer's concerns in the following section. 

 

Question 1: -Highlights: Make sure that what you claim here. There are already a number of 

studies using luffa for SWE. Besides, avoid using the term "1st demonstration.." 

Answer 1: Thank you very much for correcting us. The highlights are updated as per suggestion. 

Many studies have employed luffa sponge for SWE. However, the use of MXene/MnO2 

nanomaterials coating on top of the luffa sponge has not been explored yet. Our unique and 

previously unreported application of MXene/MnO2 coated luffa sponge for SWE has been 

proposed in this manuscript. 

 

Question 2: -Improve the graphical abstract. From the current one, it is hard to get the message 

here as it is generally presented and there are no details about what materials are those and their 

unique designs. 

Answer 2: Thank you very much for your valuable suggestion. We have updated the graphical 

abstract. We hope that the new graphical abstract will convey the message to broad readers. 

 

Question 3: -Always make a habit to put page numbers. It is very difficult to make detailed review 

if there are no page numbers. 

Answer 3: Thank you very much for correcting us. Page numbers are added in the revised 

manuscript and revised supporting information file.   

 

Question 4: -It is not clear as to what is the novelty of this current work. What is the advantage 

of having 2D material coating on a biodegradable luffa considering the cost and performance? 
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Answer 4: Thank you very much for your question. Many researchers demonstrated the use of 

biodegradable materials for solar steam generation using various 2D materials and expensive 

plasmonic nanoparticles coating. However, the demonstrated MXene/MnO2 coated luffa sponge 

has significantly higher evaporation efficiency compared to other relevant works. For instance, L. 

Hu et al. demonstrated the use of Pd and Au nanoparticles deposited on biodegradable wood 

which resulted in an evaporation efficiency of 68% under 1 sun[1], whereas the proposed 

MXene/MnO2 coated luffa sponge provides an evaporation efficiency of 85.25%. When compared 

to MXene/MnO2, the cost of Au nanoparticles is much higher. Similarly, another research group 

used graphite spray on wood for enhancing the performance of interfacial steam generation 

system and the reported evaporation efficiency under 1 sun is 80%[2]. Graphene oxide is also 

used on wood for desalination application with an evaporation efficiency of 83%[3], which is also 

less than our reported efficiency and involved complex preparation process. Researchers also 

used candle soot on luffa sponge and obtained a comparatively lower efficiency of 79.98%[4]. 

Bamboo was also used as a biodegradable material with Ag@TiO2 nanoparticle coating for solar 

steam generation and 84% of evaporation efficiency had been achieved[5] which is lower than 

the evaporation efficiency of MXene/MnO2 coated luffa sponge reported in this work. Therefore, 

the reported MXene/MnO2 coated luffa sponge has performance in terms of evaporation efficiency 

and facile fabrication process. Moreover, the use of MnO2 interlayer barrier ease the restacking 

problem of MXene which is another novelty of this work. Among the family of MXene materials, 

particularly Ti3C2 exhibited excellent photo-thermal conversion behavior with a conversion 

efficiency (‘light’ to ‘heat’) of 100%, which can completely absorb and dissipate the 

electromagnetic radiation as heat. With the aforementioned absorption behavior of MXene, it is 

potentially very beneficial for solar steam generation and evaporation. To highlight the superior 

performance of the proposed MXene/MnO2 coated luffa sponge, a performance comparison table 

is provided in the revised supporting information file (Table S1). Also, the following lines are added 

in the revised manuscript and highlighted in yellow color. 

“The evaporation efficiency and rate attained are comparatively higher than several 

biodegradable solar evaporators shown in the literature (table S2, supporting information).” 

The MXene production is still limited to laboratory scale, and it requires state of the art facilities 
for its synthesis. Therefore, the cost of MXene could limit its wide-spread application. However, 
this could be overcome through community-level procurement of MXene-loaded paint from local 
research institutes or through collaboration with local councils. Moreover, with increasing demand 
and application of this material, its price will be drastically reduced similar to graphene-based 
materials and with the exceptional thermal and physical properties of MXene, the proposed unit 
could be a game changer in the field of water evaporation.  

 
Question 5: -2.2 and 2.4: I am very confused why you are talking about "TiTe2 QD-decorated 

rGO-coated facemask"? What is this? 

Answer 5: Thank you very much for pointing to the mistake. We sincerely regret for the typing 

error. “TiTe2 QD-decorated rGO-coated facemask” is not a part of this manuscript. However, in 

the revised manuscript the corresponding lines are corrected and highlighted in yellow color. 

“The microstructures of the Ti3C2-MnO2@LS were investigated using a scanning electron 

microscope (SEM, TESCAN, VEGA3, 20 kV).” 

“The Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in order 

to make it float and reduce the heat loss.” 
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Question 6: -2.3: What are the concentrations of Ti3C2 and MnO2 in the coating mixture? Make 

a table for the preparation and their mixture concentrations. Also, the naming convention of the 

different samples. 

Answer 6: Thank you very much for helping us to improve the quality of the manuscript. Ti3C2 

and MnO2 with a concentration of 2 mg ml-1 and 5 mg ml-1, respectively were used in the coating 

mixture.  

As per suggestions, the different concentration of the Ti3C2 and MnO2 used in coating were 

presented in a Table S1 (supporting information). The following lines are added in the revised 

supporting information file. 

“Different concentrations of Ti3C2 MXene and MnO2 were utilized to formulate the coating solution 
for the cleaned luffa sponge. As Ti3C2 MXene is more expensive than MnO2 powder, we adjusted 
the concentration so that the amount of Ti3C2 MXene required was less than that of MnO2 powder. 
Both the materials were dissolved in isopropyl alcohol (IPA). The prepared solutions were 
ultrasonically treated for 4 hours. After that, 60 ml of Ti3C2 and 40 ml of MnO2 solutions were 
mixed in a beaker, and the mixture was magnetically stirred at 600 rpm for 2 hours. As the major 
purpose of this solution is to improve the absorption in the AM 1.5 solar spectrum, each of the 
produced solutions was tested in a separate cuvette for its absorption spectrum. The following 
table S1 summarizes the various concentration of Ti3C2 and MnO2 in the coating mixture and their 
average absorbance in the AM 1.5 solar spectrum.  

Table S1. Evaluating different concentration of Ti3C2 and MnO2 for preparing photothermal 
absorber 

Sample Name 
Concentration of 

Ti3C2 MXene 
Concentration 

of MnO2 
Average absorbance  

(60% MXene + 40% MnO2) 

Ti3C2-MnO2 (1 – 1) 1 mg ml-1 1 mg ml-1 62.3% 

Ti3C2-MnO2 (1 – 3) 1 mg ml-1 3 mg ml-1 64.8% 

Ti3C2-MnO2 (1 – 5) 1 mg ml-1 5 mg ml-1 66.3% 

Ti3C2-MnO2 (2 – 2) 2 mg ml-1 2 mg ml-1 63.8% 

Ti3C2-MnO2 (2 – 5) 2 mg ml-1 5 mg ml-1 78.3% 

Ti3C2-MnO2 (2 – 8) 2 mg ml-1 7 mg ml-1 74.2% 

 

From the table S1, it can be observed that the highest absorbance of 78.3% has been achieved 
for 2 mg ml-1 of Ti3C2 MXene and 5 mg ml-1 MnO2 combination. Therefore, sample Ti3C2-MnO2 (2 
– 5) has been chosen as the optimum concentration for dip coating of the cleaned luffa sponge.” 

 

Question 7: -What is the optimum concentration and how did you come up with it? 

Answer 7: Thank you for your query. The optimum concentration for the Ti3C2 and MnO2 were 2 
mg ml-1 and 5 mg ml-1, respectively.  

As the major purpose of this solution is to improve the absorption in the AM 1.5 solar spectrum, 
each of the produced solutions was tested in a separate cuvette for its absorption spectrum. From 
the table S2, it can be observed that the highest absorbance of 78.3% has been achieved for 2 
mg ml-1 of Ti3C2 MXene and 5 mg ml-1 MnO2 combination. Therefore, sample Ti3C2-MnO2 (2 – 5) 
has been chosen as the optimum concentration for dip coating of the cleaned luffa sponge.  

The following lines are added in the revised manuscript and highlighted in yellow color. 
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“6 different concentrations of Ti3C2 and MnO2 were prepared, and their corresponding average 
absorbance were measured. As the major objective of this solution was to improve the absorption 
of luffa sponge in the AM 1.5 solar spectrum, each of the produced solutions was tested in a 
separate cuvette for its absorption spectrum. The supporting information note S3 contains the 
detail description of the preparation and table S1 (supporting information) shows the various 
concentration of Ti3C2 and MnO2 and their average absorbance as measured by UV-Vis-NIR 
spectroscopy. Based on the average absorbance, Ti3C2-MnO2 (2 – 5) sample provided highest 
average absorbance (table S1, supporting information). Therefore, it was chosen as the optimum 
concentration for fabricating the Ti3C2-MnO2@LS.”   

 

Question 8: -In 2.4: Indicate the range of solar intensities you tested. Indicate how evaporation 

rate was calculated. 

Answer 8: Thank you for your question. The desalination performance and mass loss of the 
Ti3C2-MnO2@LS were tested at different range of solar intensities. As depicted in Figure 4b and 
4c, the mass loss, evaporation rate and efficiency were found with a varying solar intensity ranging 
from 1 kW m-2 to 5 kW m-2. The following line is added in the revised manuscript and highlighted 
in yellow color. 

“Fig. 4b shows the water mass change of Ti3C2-MnO2@LS under various light densities ranging 
from 1 kW m-2 to 5 kW m-2.” 

The equation for calculating the evaporation rate is now provided in equation (2) of the revised 

manuscript.  

“The evaporation rate, 𝑚𝑒 can be calculated by following equation: 

𝑚𝑒𝑣  =
𝑚ℎ

𝐴
            (2) 

Where, 𝑚ℎ is mass loss of water per hour (kg/h) due to evaporation and 𝐴 is the area (m2) of 

evaporation surface.” 

 

Question 9: -Indicate the actual concentration of the coating layers in the luffa. 

Answer 9: Thank you for your question. The actual concentration for the Ti3C2 and MnO2 were 2 
mg ml-1 and 5 mg ml-1, respectively. The following lines are added in the revised manuscript and 
highlighted in yellow color.  

“As the major objective of this solution was to improve the absorption of luffa sponge in the AM 
1.5 solar spectrum, each of the produced solutions was tested in a separate cuvette for its 
absorption spectrum. The supporting information note S3 contains the detail description of the 
preparation and table S1 (supporting information) shows the various concentration of Ti3C2 and 
MnO2 and their average absorbance as measured by UV-Vis-NIR spectroscopy. Based on the 
average absorbance, Ti3C2-MnO2 (2 – 5) sample provided highest average absorbance (table S1, 
supporting information). Therefore, it was chosen as the optimum concentration for fabricating the 
Ti3C2-MnO2@LS.”   
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Question 10: -3.1: How does the coating improve the hydrophilicity? Expound this. 

Answer 10: Thank you for the question. The pristine luffa sponge has moderate hydrophilicity 

property. However, the hydrophilicity can be further increased by material coating.[6] Water 

contact angle is the measure of the hydrophilic nature of photothermal evaporator. As shown in 

Figure 3d, the water contact angle of the pristine luffa sponge was as high as 78.56° but after the 

Ti3C2-MnO2 coating, the water contact angle reduces to 45.21° which indicates that the coating 

improves the hydrophilicity of the luffa sponge. The Ti3C2-MnO2 coating has higher affinity for 

water compared to pristine luffa sponge therefore, water droplet spreads across which maximize 

the water contact angle.  

The following lines are added in the revised manuscript and highlighted in yellow color.  

“The water contact angles of the LS before and after surface coating with Ti3C2-MnO2 

nanocomposite were measured and shown in Fig. 3d. The results that the contact angle 
decreases from 78.56° to 45.21° after coating (standard deviation ± 0.05°), indicates that the 
coating can improve the hydrophilicity, which can contribute to a fast and efficient water supply 
from the bottom bulk water to the evaporating surface. The higher affinity for water of the Ti3C2-
MnO2 coating in comparison to the pristine luffa sponge causes the water droplets to disperse 
and the water contact angle to be maximized.” 

 

Question 11: -In equation 1, add the values used for enthalpy. Include the units in the discussion. 

Answer 11: Thank you for the question. The value used for enthalpy and the units for other 

parameters are added in the revised manuscript. The updated lines are mentioned below for your 

convenience.  

“The solar evaporation efficiency (ηth) of the samples can be calculated by the following equation 
(1).   

𝜂𝑡ℎ =
�̇�ℎ𝐿𝑉

𝑞𝑠𝑜𝑙𝑎𝑟
 (1) 

 

Where �̇� is the steady-state water evaporation rate (kg m-2 h-1) excluding the evaporation rate 

under the dark field, ℎ𝐿𝑉 is the total phase change enthalpy of water (2260 J/g) including the 
sensible heat and latent heat, 𝑞𝑠𝑜𝑙𝑎𝑟 is the power density of solar irradiation (W/m2). 

The evaporation rate, 𝑚𝑒 can be calculated by following equation: 

𝑚𝑒𝑣  =
𝑚ℎ

𝐴
            (2) 

Where, 𝑚ℎ is mass loss of water per hour (kg/h) due to evaporation and 𝐴 is the area (m2) of 
evaporation surface.” 
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Question 12: -When you tested for various thicknesses of the luffa, what were the effect on 

evaporation rate? 

Answer 12: Thank you for the question. Figure 4e has been updated in the revised manuscript 

to present the evaporate rate with the varying thickness. The following lines are added and 

highlighted in yellow color in the revised manuscript.  

“As shown in Fig. 4e, the evaporation efficiency increases from 50% to 85.28% as the thickness 

increases from 6 mm to 12 mm and reaches the highest at a thickness of 14 mm. After that, the 

efficiency drops as the thickness continues to increase. Similarly, the evaporation rate at 6 mm of 

luffa sponge thickness is just 0.79 kg m-2 h-1. At 14 mm thickness, the evaporation rate reaches 

its maximum value of 1.36 kg m-2 h-1. The rate of evaporation then reduces with increasing 

thickness, reaching 1.15 kg m-2 h-1 at 18 mm thickness. When the thickness of LS is small, more 

heat loss occurs to the underlying bulk water. Whereas when the thickness increases to be too 

thick, water may not be sufficiently transported to the evaporation surface due to the long transfer 

path, leading to the lower evaporation efficiency.” 

 

Question 13: -In Fig 4c: The evaporation rate has drastically increased with the increase in solar 

intensity, while evap efficiency almost stay the same. Can you explain this? 

Answer 13: Thank you for the question. The equation for calculating evaporation efficiency has 

a term (qsolar) at the denominator which is the solar intensity per m2 area. For higher solar 

irradiance (2 to 5 sun), the mass loss due to evaporation increases. However, while calculating 

the evaporation efficiency, we need to divide this higher mass loss with the corresponding higher 

solar irradiance. 

For example, for 1 sun irradiance, the mass loss was 1.3585 kg/m2 in 1 hour. Therefore, the 

equation for calculating the evaporation efficiency becomes: 

𝜂1 sun =
�̇�ℎ𝐿𝑉

𝑞𝑠𝑜𝑙𝑎𝑟
=

(
1.3585
3600 ) (

𝑘𝑔
𝑚2 × 𝑠𝑒𝑐

) × 2260000(
𝐽

𝑘𝑔
)

1000 (
𝑊𝑎𝑡𝑡

𝑚2 )
= 85.28% 

Similarly, for 2 sun irradiances, the mass loss was 2.675 kg/m2 in 1 hour. Therefore, the equation 

for calculating the evaporation efficiency becomes: 

𝜂1 sun =
�̇�ℎ𝐿𝑉

𝑞𝑠𝑜𝑙𝑎𝑟
=

(
2.675
3600) (

𝑘𝑔
𝑚2 × 𝑠𝑒𝑐

) × 2260000(
𝐽

𝑘𝑔
)

2000 (
𝑊𝑎𝑡𝑡

𝑚2 )
= 83.97% 

So, it is clear that a higher solar irradiance corresponds to a higher mass loss. However, we must 

divide it by the increased solar irradiation when calculating efficiency (1000 for 1 sun and 2000 

for 2 sun). As a result, efficiency is almost unchanged. However, the denominator of the equation 

used to calculate the solar evaporation rate (equation 2, revised manuscript) does not have 

the qsolar term. As a result, we observed larger mass loss and higher evaporation rates with 

increasing sun irradiation. 
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Question 14: -The discussions lack critical analysis. It is mostly just description of the results. 

Answer 14: Thank you for your advice. The following analyses are added in various parts of the 

revised manuscript and highlighted in yellow color. 

“The surface morphology of the Ti3C2-MnO2@LS was characterized by SEM, as shown in Fig. 

2a-d. The natural LS possesses a fiber-shaped porous structure, which is feasible for water 

transport from the underneath bulk water. After coating with Ti3C2-MnO2, the fiber surface of the 

LS is entirely covered by a large number of nanoparticles. Compared with the pristine surface 

(inset of Fig. 2d), it becomes rougher, which can be beneficial to reduce light reflection. The LS 

has a fibrous porous structure that is advantageous to soak the Ti3C2-MnO2 nanocomposite during 

the dip coating process.” 

 

“The water contact angles of the LS before and after surface coating with Ti3C2-MnO2 

nanocomposite were measured and shown in Fig. 3d. The results that the contact angle 
decreases from 78.56° to 45.21° after coating (standard deviation ± 0.05°), indicates that the 
coating can improve the hydrophilicity, which can contribute to a fast and efficient water supply 
from the bottom bulk water to the evaporating surface. The higher affinity for water of the Ti3C2-
MnO2 coating in comparison to the pristine luffa sponge causes the water droplets to disperse 
and the water contact angle to be maximized.” 

 

“The solar absorption of the LS has been greatly enhanced after being coated with Ti3C2-MnO2, 
which should be attributed to the excellent light absorption property of Ti3C2-MnO2 and the rougher 
surface with reduced reflection. The absorption covers the entire UV-Vis-NIR region and matches 
well with the AM 1.5 solar spectrum, which is beneficial to efficient photothermal conversion.” 

 

“When the thickness of LS is small, more heat loss occurs to the underlying bulk water. Whereas 
when the thickness increases to be too thick, water may not be sufficiently transported to the 
evaporation surface due to the long transfer path, leading to the lower evaporation efficiency.” 

 

“The salt rejection property of the evaporator of the interfacial solar desalination is of great 
importance. Salt accumulation will block the water transportation channels as well as hinder solar 
absorption, resulting in a lower evaporation efficiency. The mechanism of salt ion diffusion 
backflow may be described as follows. First, luffa sponge's porous structure provides linked 
channels for rapid water transport and vapor escape. The hydrophilic characteristic of the luffa 
sponge keeps it moist, allowing for adequate water flow through capillary action and rapid steam 
production. The salt particles formed on the surface of the Ti3C2-MnO2@LS solar evaporator 
dissolve rapidly and create a high salt region at the interface between the solar evaporator and 
bulk water. The difference in salt concentration between the high salt region and the bulk water 
induces diffusion and convection, therefore reducing salt concentration in the solar evaporator 
and preventing salt deposition.” 
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Question 15: -The evap rate result at 1 Sun is just average, and some other biomass materials 

without nanoparticle coatings have better performance. I am not too sure what is the role of the 

nanoparticle coating here. It does not seem to drastically help in the performance, while certainly 

the salt resistance is attributed to the luffa structure mainly. 

Answer 15: Thank you for the question. However, many recent relevant works with other biomass 

materials coated with various materials has lower performance compared to our work. A 

performance comparison table (table S2, supporting information) has been added which will make 

more convincing. Also, a comparative analysis has been added in the revised supporting 

information file. 

The following table and lines are added in the revised supporting information file. 

“Table S2. Performance comparison of Ti3C2-MnO2@LS with other biodegradable photothermal 

evaporators 

Materials used 
Evaporation efficiency 

(%) under 1 Sun 
Evaporation rate (kg 
m-2 h-1) under 1 Sun 

Salt rejection 
ability 

Ref. 

Candle soot@LS 79.98 1.3 No [1] 

Pd NPs, Au NPs 
on wood 

68 1.28 No [2] 

Graphite spray 
on wood 

80 1.15 No [3] 

Wood graphene 
oxide composite 

83 1.40 No [4] 

Ag@TiO2 NP on 
bamboo 

84 0.71 No [5] 

Ti3C2-MnO2@LS 85.28% 1.36 Yes This work 

 

Many researchers demonstrated the use of biodegradable materials for solar steam generation 

using various 2D materials and expensive plasmonic nanoparticles coating. However, the 

demonstrated MXene/MnO2 coated luffa sponge has significantly higher evaporation efficiency 

compared to other relevant works. For instance, L. Hu et al. demonstrated the use of Pd and Au 

nanoparticles deposited on biodegradable wood which resulted in an evaporation efficiency of 

68% under 1 sun[2], whereas the proposed MXene/MnO2 coated luffa sponge provides an 

evaporation efficiency of 85.25%. When compared to MXene/MnO2, the cost of Au nanoparticles 

is much greater. Similarly, another research group used graphite spray on wood for enhancing 

the performance of interfacial steam generation system and the reported evaporation efficiency 

under 1 sun is 80%[3]. Graphene oxide is also used on wood for desalination application with an 

evaporation efficiency of 83%[4], which is also less than our reported efficiency and involved 

complex preparation process. Researchers also used candle soot on luffa sponge and obtained 

a comparatively lower efficiency of 79.98%[1]. Bamboo was also used as a biodegradable 
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material with Ag@TiO2 nanoparticle coating for solar steam generation and 84% of evaporation 

efficiency had been achieved[5] which is lower than the evaporation efficiency of MXene/MnO2 

coated luffa sponge reported in this work. Therefore, the reported MXene/MnO2 coated luffa 

sponge has performance in terms of evaporation efficiency and facile fabrication process. 

Moreover, the use of MnO2 interlayer barrier ease the restacking problem of MXene which is 

another novelty of this work.” 

 

Question 16: -Add a schematic of the salt rejecting mechanism and further expound. 

Answer 16: Thank you very much for helping us to improve the quality of our manuscript. The 

schematic of the salt rejecting mechanism has been added in Figure 5e. The following lines are 

added in the revised manuscript. 

“The mechanism of salt ion diffusion backflow may be described as follows. First, luffa sponge's 
porous structure provides linked channels for rapid water transport and vapor escape. The 
hydrophilic characteristic of the luffa sponge keeps it moist, allowing for adequate water flow 
through capillary action and rapid steam production. The salt particles formed on the surface of 
the Ti3C2-MnO2@LS solar evaporator dissolve rapidly and create a high salt region at the 
interface between the solar evaporator and bulk water. The difference in salt concentration 
between the high salt region and the bulk water induces diffusion and convection, therefore 
reducing salt concentration in the solar evaporator and preventing salt deposition. Fig. 5e 
illustrates that due to the natural microporous structure of LS, efficient salt ion diffusion backflow 
mechanism can be achieved. Thus, the Ti3C2-MnO2@LS can effectively prevent salt deposition 
during the desalination process.” 

 

Question 17: -How did you do the regeneration tests? 

Answer 17: Thank you very much for your question. To perform the regeneration test, we have 

conducted the solar evaporation experiments for 25 cycles under 1 sun irradiance. Before 

conducting each cycle, the Ti3C2-MnO2@LS solar evaporator was dried in an oven and it was 

made sure that the initial seawater temperature remained always same at the beginning of the 

experiment. Also, the laboratory temperature and humidity were also kept constants for all the 

experiment. The result for regeneration test is provided in Figure 4d in the revised manuscript. 

The following lines are also added and highlighted in yellow color.  

“The cycling stability of the Ti3C2-MnO2@LS for solar evaporation was measured by repeating the 
same evaporation experiment for 25 cycles under 1 sun irradiation. The results are presented in 
Fig. 4d, in which the water evaporation rates are quite stable with ignorable fluctuation. It 
demonstrates that the as-prepared Ti3C2-MnO2@LS has a very stable solar evaporation ability.”  
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Question 18: -You need to compare your results with those similar things in literature for good 

comparison. Add a table of comparison and discuss. 

Answer 18: Thank you very much for your question. A performance comparison table (table S2, 

supporting information) has been added which will make more convincing. Also, a comparative 

analysis has been added in the revised supporting information file. 

 

Question 19: -Any leakage tests? How did you ensure that MXene/MnO2 are robustly attacked 

on the luffa? What is the binding mechanism. 

Answer 19: Thank you very much for your question. The prepared luffa sponge (LS) sample was 

dip coated several times into the Ti3C2-MnO2 solution. Then, the sample was dried in an oven at 

65 °C for 6 hours. During the dip coating, the Ti3C2-MnO2 solution was soaked by the luffa sponge 

and after the drying process, the soaked Ti3C2-MnO2 solution dried inside the fiber of luffa sponge. 

The sample was immerged into water for several hours to observe any leakage. However, there 

is no visible leakage found in water after immerging the sample for 6 hours into the water. The 

corresponding images (Figure S4) for leakage test are provided in the supporting information file.  
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Reviewer 3: 

Comment 1: This manuscript presents the development of a MXene/MnO2 nanocomposite 

coated luffa sponge for solar steam generation from seawater and wastewater. I would 

recommend its publication after addressing these comments: 

Response 1: We appreciate the reviewer's favorable feedback. We attempted to address all of 

the reviewer's concerns in the following section. 

 

Question 1: In Section 2.2 and 2.4, "TiTe2 QD-decorated rGO-coated facemask" was mentioned. 

Is this a mistake, as there is no context of what this is referring to? 

Answer 1: Thank you very much for pointing to the mistake. We sincerely regret for the typing 

error. “TiTe2 QD-decorated rGO-coated facemask” is not a part of this manuscript. However, in 

the revised manuscript the corresponding lines are corrected and highlighted in yellow color. 

“The microstructures of the Ti3C2-MnO2@LS were investigated using a scanning electron 

microscope (SEM, TESCAN, VEGA3, 20 kV).” 

“The Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in order 

to make it float and reduce the heat loss.” 

 

Question 2: In Section 2.4, it was stated that the whole structure was wrapped in an EPE sponge 

to make it float. Does this have an effect on the solar absorption/evaporation efficiency? 

Answer 2: We thank the reviewer for addressing this issue. The use of EPE sponge provides two 

benefits in this research. It helps to keep the structure afloat while also reducing heat loss. A new 

set of experiments has been carried out in order to better understand the influence of EPE sponge 

on solar evaporation efficiency. The evaporation efficiency has increased from 80.12% to 85.28% 

after surrounding the Ti3C2-MnO2@LS solar evaporator with EPE sponge under 1 sun illumination. 

This improvement in evaporation efficiency is attributed to the EPE sponge's heat insulation 

property, which limits the amount of photothermal induced heat that is radiated into the 

environment, hence aiding in heat localization. The corresponding results are provided in the 

supporting information note S2.  

Following lines are added in the revised manuscript and highlighted in yellow color. 

“Another set of experiments has been carried out in order to better understand the influence of 

EPE sponge on solar evaporation efficiency. The evaporation efficiency has increased from 

80.12% to 85.28% and 78.37% to 83.97% after surrounding the Ti3C2-MnO2@LS solar evaporator 

with EPE sponge under 1 sun and 2 sun illumination, respectively. The corresponding results are 

provided in Fig. S2, supporting information. This improvement in evaporation efficiency is 

attributed to the EPE sponge's heat insulation property, which limits the amount of photothermal 

induced heat that is radiated into the environment, hence aiding in heat localization.” 
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Question 3: In Section 3.1 and Figure 2e, usually quantification of carbon using EDS is not 

reliable due to carbon contamination. 

Answer 3: We thank the reviewer for the question. Due to the high background counts in SEM-

EDS, an artificial carbon (C) peak is always visible and thus a value of more than 2% carbon is 

normally measured even though there is no carbon in the specimen. This artefact is due to the 

window in the detector. Therefore, while taking the EDS value of carbon, we subtracted 2% carbon 

value from the EDS spectrum to eliminate this artefact. The EDS spectrum is provided in the 

updated supporting information file.  

 

Question 4: Please check Figure 3e. It seems that pristine LS has higher absorption than that of 

Ti3C2-MnO2@LS? 

Answer 4: Thank you very much for correcting us. There was a mistake in figure legend. 

However, the Figure 3e has been corrected in the revised manuscript.  

 

Question 5: It would be good to include a graph or table to compare the solar evaporation rate, 

photothermal conversion efficiency and salt rejection ability of MXene/MnO2@LS with other 

materials in the literature. 

Answer 5: Thank you for the suggestions. Table S2 (supporting information) is provided to 

compare the solar evaporation rate, photothermal conversion efficiency and salt rejection ability 

of MXene/MnO2@LS with other materials.  

 

Question 6: There are some grammatical errors, like "most potential" in the abstract section and 

"will generate" in paragraph 3 of Section 3.2. 

Answer 6: Thank you for pointing out the errors. The mentioned grammatical errors have been 

corrected in the revised manuscript. Also, the whole manuscript has been revised carefully.  
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ABSTRACT 

Solar steam generation is widely regarded as one of the potential green approaches for 

freshwater regeneration by utilizing solar energy. Herein, the MXene/MnO2 

nanocomposite-coated biodegradable luffa sponge (Ti3C2-MnO2@LS) is proposed as an 

efficient solar evaporator for solar steam generation. The thin layer of Ti3C2-MnO2 coated 

on the surface of the luffa sponge (LS) serves as the solar absorber and enhances the 

hydrophilicity of the LS, while the thermally insulating LS layer with microporous structure 

endows sufficient water transportation and localizes heat for interfacial water evaporation. 

Combining MXene with MnO2 can increase the surface area as well as the stability.  The 

Ti3C2-MnO2@LS delivers a solar evaporation rate as high as 1.36 kg m–2 h–1, with a solar 

steam conversion efficiency of 85.28% under one sun irradiation. Furthermore, this Ti3C2-

MnO2@LS exhibits superior salt-rejecting properties even under highly concentrated 

saltwater desalination and excellent wastewater purification performance. This work 

demonstrates the prospects of combining novel 2D materials with biomass-based 

materials for practical solar steam generation. 

 

Keywords: Solar energy, desalination, 2D materials, MXene, biomaterials 
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1. INTRODUCTION 

With the rapid progress of modern industry and highly increased population, water 

shortage has become a severe issue.[1] Intensive research have been devoted to 

exploring efficient, renewable, and economic water treatment strategies for fresh and 

clean water regeneration. Traditional desalination and wastewater treatment 

technologies, such as reverse osmosis, electrodialysis, thermal desalination and multi-

effect distillation, still face complex equipment, high cost, high energy consumption and 

secondary pollution problems. Solar energy, as the most promising, and sustainable 

energy source, has attracted high attention to be utilized for water treatment [2,3]. 

However, the traditional solar steam generation system has a poor efficiency, which 

involves high heat loss [4,5]. Over the past decades, solar-driven interfacial steam 

generation has become an important research branch for seawater desalination and 

wastewater treatment because of its sustainability, environmental friendliness, and low 

cost [6–9]. 

For an efficient solar steam generation system, the light absorption ability, photothermal 

conversion efficiency, water transportability, and durability of the solar evaporator 

determine the solar water evaporation efficiency [10]. Various photothermal materials 

have been developed, including carbon materials [11,12], metal nanoparticles [13,14], 

semiconductor materials [15,16], and organic photothermal materials [17,18]. Among 

them, biomass-based materials, generally possessing natural porous structure, low 

thermal conductivity, and low cost, have drawn tremendous interest. For instance, a series 

of wood-based materials have been reported as solar evaporators for efficient solar steam 

generation [19–22]. Besides, carbonized bamboo, which possesses excellent water 
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transport channels, good mechanical strength, and effective heat localization effect, has 

also been explored [23–29]. Liao et al. prepared carbonized lotus seedpods with a 

hierarchical porous structure and good light absorption, achieving a photothermal 

evaporation rate and efficiency of 1.30 kg m-2 h-1 and 86.5%, respectively [30]. Beyond 

these, many vegetable or fruit-based materials were investigated, such as mushroom 

[31], sunflower heads [32], potato [33], coconut husk [34], corncob [35], daikon [36], carrot 

[37], and eggplant [38]. Recently, loofah, which is a vigorous, productive, and widely 

distributed reticulated fibrous plant, has been investigated as good solar evaporator 

[39,40].  The outstanding mechanical strength and microporous structure present 

promising potential for continuous solar driven water transpiration.  

However, for most biomass-based materials, the pristine solar absorption property is poor. 

Surface treatment like coating with photothermal materials can be a feasible way to 

enhance solar absorption. MXene, as a new family of multifunctional 2D material, has 

been widely applied in a variety of fields, including supercapacitor [41], microwave 

absorption [42], catalysis [43],  and dye separation [44], etc.  Wang et al. [45] reported 

that the Ti3C2 MXene shows an internal light-to-heat conversion efficiency of 100% 

measured by a designed droplet-based light absorption and heating system, indicating 

the great potential of MXene as photothermal materials for solar steam generation. 

Because of the semi-metal character of Ti3C2 nanosheets, the photothermal conversion 

mechanism of MXene is considered to be localized surface plasmon resonance effect. 

However, due to the commonly presented smooth surface of the Ti3C2 nanosheets, the 

light absorption is weak with strong light reflection [46]. Nevertheless, the 2D Ti3C2 

nanosheets often restack spontaneously, which could hinder the water transport and 
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vapor escaping process. Thus, it is necessary to further modify the Ti3C2 for efficient solar 

steam generation. Introducing the interlayer barrier can effectively avoid spontaneous 

stacking as well as increase surface area. Materials like CNTs [47], metal oxides [48], and 

polymers [49] have been investigated to prevent the restack of MXene nanosheets. 

Among them, manganese dioxide (MnO2) has drawn more attention due to its low cost 

and environmental friendliness. Wang et al. [50] demonstrated the MnO2/MXene 

composite as film electrodes for electronics, in which the combination of MnO2 and 

MXene effectively increased the surface area and reduced the spontaneous stacking of 

the MXene nanosheets. Moreover, MnO2 is also a promising photothermal material for 

solar steam generation [51–53]. 

While significant advancements have been made for photothermal materials, 

considerable hurdles remain, particularly in regard to the problem of severe salt 

accumulation, which is seen as one of the largest impediments preventing their actual 

solar desalination applications. Water molecules undergo a phase transition from liquid 

to gas during solar evaporation, migrating through the porous channels of the 

photothermal material where salt may readily precipitate and clog the channels. The 

deposition of salt on the surface of photothermal materials may reduce their performance 

as a heat generator when exposed to light. The researchers exhibited two types of salt 

rejection mechanisms to solve these difficulties. A double-layered Janus structure on the 

photothermal material's surface hinders salt crystallization and emigration [54–56]. The 

simplest method is to construct aligned channels with large diameters to allow crystallized 

salts to dissolve quickly and be transferred back into the bulk water [57,58]. 

Herein, we utilized the low-cost biodegradable luffa sponge (LS), which has a 3D 
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microporous structure, as the solar evaporator via surface coated with Ti3C2-MnO2 

nanocomposite. The hydrophilicity and solar absorption properties of LS have been highly 

enhanced by surface coating of Ti3C2-MnO2 nanocomposite. The water evaporation and 

seawater desalination performance enabled by the Ti3C2-MnO2@LS are investigated and 

discussed. The obtained solar evaporator presents a high evaporation efficiency and 

long-term stability for solar water evaporation under one sun irradiation. In addition, the 

Ti3C2-MnO2@LS shows excellent salt-rejecting performance owing to large diameters 

porous structure of LS which helps to dissolve crystallized salts and transferred back into 

the bulk water as known as salt ion diffusion backflow mechanism. Therefore, it can be 

used for highly concentrated saline desalination. The wastewater treatment performance 

has also been evaluated, in which dye contaminants can be completely removed. All of 

these allow the synthesized Ti3C2-MnO2@LS for practical solar water treatment. 

 

2. EXPERIMENTAL SECTION 
 

2.1 Synthesis of MXene (Ti3C2) 

MAX phase material (Ti3AlC2), NH4HF2 (95% reagent grade), and NaOH (97% purity, 

pellets) were purchased from Y-Carbon limited and Sigma Aldrich, USA for MXene 

(Ti3C2Tx) synthesis. The purchased chemicals were used without being purified further. 

20 ml of a 2 M solution of NH4HF2 were prepared, followed by 1 hour of magnetic stirring 

at 300 rpm and 30 °C. Slowly 1 g of Ti3AlC2 was added to a 2 M NH4HF2 solution, which 

was magnetically stirred for 48 hours at 300 rpm and 30 ° C. Throughout the stirring 

procedure, Al was etched from the MAX phase material (Ti3AlC2). Continuous pH 

monitoring and the addition of diluted NaOH solution allowed for the solution's pH to be 
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maintained at 6. After the etching procedure was complete, the solution was filtered and 

repeatedly washed with DI water. 4 repetitions of ultrahigh centrifugation were performed 

at 3500 rpm (10 mins for each cycle). The resultant multilayered Ti2C2Tx solution was 

sonicated for 1 hour with an ultrasonic probe to produce delaminated MXene (d- Ti2C2Tx). 

Finally, the delaminated flakes of synthesized MXene were dried in a vacuum oven 

overnight. 

 

2.2 Material Characterizations 

The microstructures of the Ti3C2-MnO2@LS were investigated using a scanning electron 

microscope (SEM, TESCAN, VEGA3, 20 kV). Energy dispersive X-ray (EDS) images 

were acquired using X-ray spectroscopy (INCA X-Act, Oxford) in conjunction with SEM 

equipment. A UV-Vis-NIR spectrometer was used to measure the absorption spectra 

(PerkinElmer Lambda 1050). X-ray diffraction (XRD) patterns of the materials were 

obtained using a Cu-Kα radiation X-ray diffractometer (Smart Lab, Rigaku, 40 kV, 100 

mA). X-ray photoelectron spectroscopy (XPS) measurements were performed using Al-

Kα radiation on a Thermo Fisher Nexsa G2 XPS instrument. The Raman spectroscopy 

was conducted using WITEC Confocal Raman system with 532 nm laser. The 

hydrophilicity of the surface was decided through the water contact angle measurement 

(WCA, KINO SL 200 KB). Transients hot-wire approach with computer-controlled 

equipment was used to measure thermal conductivity (Thermtest Instruments, THW L2). 

Using a linear heat source implanted in the material being tested, the hot-wire method is 

a transient dynamic approach that measures the temperature increase in a predetermined 

distance. The rate of temperature rises or fall over a certain time period is a direct 

measure of thermal conductivity [59]. 
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2.3 Preparation of Ti3C2-MnO2@LS photothermal absorber 

The cylindrical form of luffa sponge extracted from the ripe fruit of Luffa cylindrica was 

washed and cleaned before being tailored into a circular shape with a 20 mm radius and 

a 12 mm thickness. The prepared sample was ultrasonically cleaned with deionized (DI) 

water and dried in a 50 °C oven. Ti3C2 MXene synthesized in a laboratory and 

purchased MnO2 powder were both dissolved in Isopropyl alcohol (IPA). 6 different 

concentrations of Ti3C2 and MnO2 were prepared, and their corresponding average 

absorbance were measured. As the major objective of this solution was to improve the 

absorption of luffa sponge in the AM 1.5 solar spectrum, each of the produced solutions 

was tested in a separate cuvette for its absorption spectrum. The supporting information 

note S3 contains the detail description of the preparation and table S1 (supporting 

information) shows the various concentration of Ti3C2 and MnO2 and their average 

absorbance as measured by UV-Vis-NIR spectroscopy. Based on the average 

absorbance, Ti3C2-MnO2 (2 – 5) sample provided highest average absorbance (table S1, 

supporting information). Therefore, it was chosen as the optimum concentration for 

fabricating the Ti3C2-MnO2@LS.  Ti3C2 and MnO2 with a concentration of 2 mg ml-1 and 5 

mg ml-1, respectively are dissolved in IPA. The prepared solutions were ultrasonically 

treated for 4 hours. After that, 60 ml of Ti3C2 and 40 ml of MnO2 solutions were mixed in 

a beaker, and the mixture was magnetically stirred at 600 rpm for 2 hours. Afterward, the 

prepared luffa sponge (LS) sample was dip coated several times into the Ti3C2-MnO2 

solution. The sample was then dried in a 65 °C oven for 6 hours. The preparation method 

is illustrated in Fig. 1a. To perform sun evaporation experiments, the as-prepared Ti3C2-

MnO2@LS was placed on top of a beaker containing water, as shown in Fig. 1b. 
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Fig. 1 (a) Schematic representation of Ti3C2-MnO2@LS preparation process; (b) 
Illustration of solar steam generation by Ti3C2-MnO2@LS. 
 
 
 
2.4 Solar-driven desalination experiment 

The solar desalination experiments were conducted in a laboratory environment where 

the solar irradiance was provided by a xenon lamp (300 W, PLS-SXE300, Beijing Perfect 

Light Technology Co., Ltd). The intensity of the incident solar irradiance was measured 

by a power meter (THORLABS, S314C). The setup was placed on an electronic 

microbalance (Ohaus Corporation, C213, deviation ~0.1 mg) to measure the mass loss. 

The temperature of the solar evaporator surface and underneath bulk water was recorded 

using an infrared camera (FLIR-E64501, Tallinn, Estonia, error range of ± 2 °C). The 

Ti3C2-MnO2@LS structure was wrapped by an Expanded Polyethylene (EPE) foam in 

order to make it float and reduce the heat loss. Then, it was placed in a beaker containing 

seawater to conduct the solar evaporation experiments. A separate experiment was 

conducted without EPE foam to understand the improvement in solar evaporation rate 

and efficiency and the corresponding results are provided in Fig. S2, supporting 

information. At first, the thickness of the LS was varied from 6 mm to 18 mm and the 
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corresponding evaporation efficiency were measured under 1 sun illumination. The 

maximum evaporation efficiency of 85.28% has been achieved at 14 mm thickness of LS. 

Therefore, rest of the experiments were conducted using 14 mm thickness. The solar 

irradiance was varied from 1 to 5 kW/m2 and the corresponding mass losses were 

recorded.  To measure the mass loss due to the solar irradiance, the Ti3C2-MnO2@LS 

was put on top of a beaker holding 150 ml of seawater. The beaker was then placed within 

a custom-made glass structure, as shown in Fig. S1, supporting information. The 

evaporated steam is collected through an output channel on the structure's upper side. 

The outflow channel is linked to a pipe, with the other end connected to a container to 

collect the condensed water droplet. The majority of the evaporated steam flows via the 

output route at the top of the pipe to the water droplet collecting container. The steam 

gradually releases heat and condenses into water droplets as it travels along this path. 

However, some steam condenses inside the custom-made structure and condenses into 

a water droplet, which is deposited at the bottom. As a consequence, at the end of the 

experiment, the water deposited at the bottom of the custom-made structure was also 

collected. The evaporation rate and efficiency were calculated from the measured 

evaporated mass loss under various solar irradiance.  

 

3. RESULTS AND DISCUSSION 

 
3.1 Material Structure and Morphology 

Due to the low solar absorption of natural LS, Ti3C2-MnO2 nanocomposite with excellent 

light absorption was utilized to coat the surface of natural LS. The surface morphology of 

the Ti3C2-MnO2@LS was characterized by SEM, as shown in Fig. 2a-d. The natural LS 
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possesses a fiber-shaped porous structure, which is feasible for water transport from the 

underneath bulk water. After coating with Ti3C2-MnO2, the fiber surface of the LS is entirely 

covered by a large number of nanoparticles. Compared with the pristine surface (inset of 

Fig. 2d), it becomes rougher, which can be beneficial to reduce light reflection. The LS 

has a fibrous porous structure that is advantageous to soak the Ti3C2-MnO2 

nanocomposite during the dip coating process.  

 

Fig. 2 (a-d) SEM images of Ti3C2-MnO2@LS in different magnitude. Inset of (d) is pristine 
LS; (e) EDS elemental mapping; (f) EDS spectrum with the elemental composition 
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analysis. 
 

Fig. 2e shows the corresponding elemental distribution information by EDX elemental 

mapping. It is clear that the Ti, Mn, C, and O elements are homogeneously and 

continuously distributed throughout the LS surface, with the ratio of 25.03%, 20.12%, 

16.29%, and 38.56%, respectively. The coexistence of Ti3C2 and MnO2 is also indicated 

by the EDS spectrum in Fig. 2f. 

The structural features of Ti3C2-MnO2 nanocomposite have been investigated by the 

Raman measurement as shown in Fig. 3a. As for the Raman spectrum of MnO2, the two 

Raman bands at 486.52 and 652.81 cm-1 are observed, corresponding to the symmetrical 

vibrations of MnO2.[53,60] Generally, the two Raman bands at around 159.52 and 409.21 

cm-1 correspond to the vibrations from Ti-C bonds for Ti3C2, and the two bands at around 

1386 and 1576.92 cm-1 are attributed to the D band and G band of graphitic 

carbon.[61,62] The ratio of intensity between ID and IG of the Ti3C2 is 1.048, suggesting a 

high graphitization degree. The Raman spectrum of Ti3C2-MnO2 shows both the typical 

characteristic bands of MnO2 and Ti3C2, indicating the hybrid structure of Ti3C2-MnO2 

nanocomposite. 

In order to further confirm the crystalline structure of Ti3C2-MnO2@LS, XRD spectra of 

MnO2, Ti3C2, and Ti3C2-MnO2 nanocomposite were recorded, as presented in Fig. 2b. 

The diffraction peaks of the MnO2 at the angles of 29.29, 37.45, 43.07, 56.59, 72.91 are 

assigned to the (100), (110), (111), (211) and (301) planes, respectively. While the peaks 

at angles of 4.388, 14.52, 24.81, 34.89, 60.76 are assigned to the (002), (006), (008), 

(103) and (110) planes of Ti3C2, respectively. Coexisting phases of MnO2 and Ti3C2 can 

be observed in Ti3C2-MnO2 nanocomposite. 
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The elemental compositions of Ti, Mn, C and O species in the Ti3C2-MnO2 hybrid are 

investigated by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 3c, the peaks 

at a binding energy of 665.04, 658.67 and 453.81 eV in the Ti3C2-MnO2 hybrid are 

assigned to Mn 2p1/2, Mn 2p3/2 and Ti 2p, respectively. The XPS spectra indicate that the 

Ti3C2-MnO2@LS is composed of Ti, Mn, C and O, indicating the introduction of Ti3C2-

MnO2 hybrid into the LS. The water contact angles of the LS before and after surface 

coating with Ti3C2-MnO2 nanocomposite were measured and shown in Fig. 3d. The 

results that the contact angle decreases from 78.56° to 45.21° after coating (standard 

deviation ± 0.05°), indicates that the coating can improve the hydrophilicity, which can 

contribute to a fast and efficient water supply from the bottom bulk water to the 

evaporating surface. The higher affinity for water of the Ti3C2-MnO2 coating in comparison 

to the pristine luffa sponge causes the water droplets to disperse and the water contact 

angle to be maximized. Fig. 3e shows the absorption properties of the Ti3C2-MnO2@LS 

and uncoated LS. The solar absorption of the LS has been greatly enhanced after being 

coated with Ti3C2-MnO2, which should be attributed to the excellent light absorption 

property of Ti3C2-MnO2 and the rougher surface with reduced reflection. The absorption 

covers the entire UV-Vis-NIR region and matches well with the AM 1.5 solar spectrum, 

which is beneficial to efficient photothermal conversion. All the above results suggest the 

successful synthesis of Ti3C2-MnO2@LS and the great potential for application in solar 

steam generation. 
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Fig. 3 (a) Raman spectra of Ti3C2-MnO2, Ti3C2, and MnO2; (b) XRD patterns of Ti3C2-
MnO2, Ti3C2, and MnO2; (c) XPS spectra of Ti3C2-MnO2, Ti3C2, and MnO2; (d) Water 
contact angle of pristine LS and Ti3C2-MnO2@LS; (e) UV-Vis-NIR absorption spectra of 
pristine LS and Ti3C2-MnO2@LS. 
 
 

3.2 Evaluation of the solar evaporation by Ti3C2-MnO2@LS 

The water evaporation performance of the synthesized Ti3C2-MnO2@LS was 

investigated. Fig. 4a displays the time-dependent mass changes of water only, pristine 

LS and Ti3C2-MnO2@LS under simulated solar irradiation of 1 kW m-2. The corresponding 

spontaneous evaporations under dark have been subtracted. It can be observed that the 

water evaporation rate has been greatly enhanced in the presence of Ti3C2-MnO2@LS 

compared to that of pristine LS. The evaporation rate of the system with Ti3C2-MnO2@LS 

reaches to 1.36 kg m-2 h-1, which is more than 3.5 times higher than that of pristine LS 

(0.39 kg m-2 h-1) and 6.8 times higher than that of water only (0.20 kg m-2 h-1). The 

evaporation efficiency and rate attained are comparatively higher than several 
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biodegradable solar evaporators shown in the literature (table S2, supporting 

information). Fig. 4b shows the water mass change of Ti3C2-MnO2@LS under various 

light densities ranging from 1 kW m-2 to 5 kW m-2. The evaporation rate increases almost 

linearly with the light density. The evaporation rate reaches up to 6.65 kg m-2 h-1 when the 

irradiation intensity scaled to 5 kW m-2.  

The solar evaporation efficiency (ηth) of the samples can be calculated by the following 

equation (1).   

𝜂th =
�̇�ℎ𝐿𝑉

𝑞𝑠𝑜𝑙𝑎𝑟
 (1) 

Where �̇� is the steady-state water evaporation rate (kg m-2 h-1) excluding the evaporation 

rate under the dark field, ℎ𝐿𝑉 is the total phase change enthalpy of water (2260 J/g) 

including the sensible heat and latent heat, 𝑞𝑠𝑜𝑙𝑎𝑟 is the power density of solar irradiation 

(W/m2). 

The evaporation rate, 𝑚𝑒 can be calculated by following equation: 

𝑚𝑒𝑣  =
𝑚ℎ

𝐴
            (2) 

Where, 𝑚ℎ is mass loss of water per hour (kg/h) due to evaporation and 𝐴 is the area 

(m2) of evaporation surface. As shown in Fig. 4c, the solar evaporation efficiency of Ti3C2-

MnO2@LS can reach 85.28% under 1 sun irradiation and 83.48% under 5 sun irradiation. 

The slight decrease in the efficiency may be due to the increased heat loss along with 

higher light intensity. Another set of experiments has been carried out in order to better 

understand the influence of EPE sponge on solar evaporation efficiency. The evaporation 

efficiency has increased from 80.12% to 85.28% and 78.37% to 83.97% after surrounding 

the Ti3C2-MnO2@LS solar evaporator with EPE sponge under 1 sun and 2 sun 
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illumination, respectively. The corresponding results are provided in Fig. S2, supporting 

information. This improvement in evaporation efficiency is attributed to the EPE sponge's 

heat insulation property, which limits the amount of photothermal induced heat that is 

radiated into the environment, hence aiding in heat localization. The cycling stability of 

the Ti3C2-MnO2@LS for solar evaporation was measured by repeating the same 

evaporation experiment for 25 cycles under 1 sun irradiation. The results are presented 

in Fig. 4d, in which the water evaporation rates are quite stable with ignorable fluctuation. 

It demonstrates that the as-prepared Ti3C2-MnO2@LS has a very stable solar evaporation 

ability.  

Besides, the solar water evaporation performances of Ti3C2-MnO2@LS with different 

thicknesses of LS under 1 sun were investigated to find out the most efficient thickness. 

As shown in Fig. 4e, the evaporation efficiency increases from 50% to 85.28% as the 

thickness increases from 6 mm to 12 mm and reaches the highest at a thickness of 14 

mm. After that, the efficiency drops as the thickness continues to increase. Similarly, the 

evaporation rate at 6 mm of luffa sponge thickness is just 0.79 kg m-2 h-1. At 14 mm 

thickness, the evaporation rate reaches its maximum value of 1.36 kg m-2 h-1. The rate of 

evaporation then reduces with increasing thickness, reaching 1.15 kg m-2 h-1 at 18 mm 

thickness. When the thickness of LS is small, more heat loss occurs to the underlying 

bulk water. Whereas when the thickness increases to be too thick, water may not be 

sufficiently transported to the evaporation surface due to the long transfer path, leading 

to the lower evaporation efficiency. Fig. 4f shows that the thermal conductivity of the LS 

is extremely low, which is 0.18 W m-1 K-1 in dry state and 0.35 W m-1 K-1 in wet state with 
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a standard deviation of ± 0.007 W m-1 K-1, indicating the good heat confinement effect of 

LS.  

 
 

Fig. 4 The solar water evaporation mass change over time of the system with water only, 



Page 18 of 31 
 

pristine LS, and Ti3C2-MnO2@LS under one sun irradiation; (b) Solar evaporation 
performance of Ti3C2-MnO2@LS under various light intensity irradiation; (c) 
Corresponding evaporation rate (line) and evaporation efficiency(bars) under various 
solar irradiance with error bars; (d) The cyclic performance of the Ti3C2-MnO2@LS for 
water evaporation for 1h over 25 cycles. (e) Evaporation efficiency and rate at different 
thickness; (f) Thermal conductivity of Ti3C2-MnO2@LS at dry and wet state. 
 
The heat confinement performance was further investigated by measuring the cross-

sectional temperature distribution of the beaker with and without Ti3C2-MnO2@LS floating 

on the air-water interface under 1 sun irradiation via the IR camera. As shown in Fig. 5a, 

after 30 mins illumination, the beaker with water only presents a homogeneously 

increased temperature distribution. In contrast, from the cross-sectional IR image of the 

system with Ti3C2-MnO2@LS, an obvious temperature gradient can be observed between 

the top layer and underlying bulk water. A temperature of as high as 63.9 ℃ can be 

achieved at the top surface, whereas the temperature of underlying bulk water was only 

slightly higher than room temperature (~ 27.3 ℃). 

3.3 Desalination and salt rejecting performance evaluation  

To evaluate the desalination performance of the prepared Ti3C2-MnO2@LS, seawater 

collected from Whampoa Harbor, Hong Kong and high concentration NaCl solutions 

including 10, 20, and 30 wt% were prepared for solar evaporation under simulated 1 sun 

irradiation. As shown in Fig. 5b, the evaporation rate drops with the increasing saline 

concentration owing to the fact that the vapor pressure of water decreases with the 

increased salinity.[63] Nonetheless, the evaporation rate of seawater keeps above 1.3 kg 

m-2 h-1 and even for 30 wt% NaCl solution, the evaporation rate is still larger than 1.1 kg 

m-2 h-1, indicating the excellent desalination performance of Ti3C2-MnO2@LS. 

Furthermore, the salt-resistant performance of the Ti3C2-MnO2@LS has also been 

evaluated.  
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Fig. 5 (a) IR images of the side view temperature distribution of the system with water 
only and Ti3C2-MnO2@LS after 30 min irradiation; (b) Solar evaporation rate of Ti3C2-
MnO2@LS under different salinity (seawater, 10, 20, 30 wt%); (c) Progression of salt-
resistance under 1 sun irradiation; (d) Image of the homemade setup for seawater 
desalination; (e) Schematic illustration of the possible salt rejection mechanism of the 
Ti3C2-MnO2@LS. 
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As illustrated in Fig. 5c, 5 g NaCl salt crystals were directly placed on the top surface of 

Ti3C2-MnO2@LS, irradiating the surface with 1 sun solar illumination. The solid NaCl is 

gradually dissolved within 12 min, confirming the remarkable salt ion diffusion backflow 

property of Ti3C2-MnO2@LS. Supporting movie demonstrates the salt rejection and ion 

back flow of the proposed the Ti3C2-MnO2@LS. The salt rejection property of the 

evaporator of the interfacial solar desalination is of great importance. Salt accumulation 

will block the water transportation channels as well as hinder solar absorption, resulting 

in a lower evaporation efficiency. The mechanism of salt ion diffusion backflow may be 

described as follows. First, luffa sponge's porous structure provides linked channels for 

rapid water transport and vapor escape. The hydrophilic characteristic of the luffa sponge 

keeps it moist, allowing for adequate water flow through capillary action and rapid steam 

production. 

The salt particles formed on the surface of the Ti3C2-MnO2@LS solar evaporator dissolve 

rapidly and create a high salt region at the interface between the solar evaporator and 

bulk water. The difference in salt concentration between the high salt region and the bulk 

water induces diffusion and convection, therefore reducing salt concentration in the solar 

evaporator and preventing salt deposition. Fig. 5e illustrates that due to the natural 

microporous structure of LS, efficient salt ion diffusion backflow mechanism can be 

achieved. Thus, the Ti3C2-MnO2@LS can effectively prevent salt deposition during the 

desalination process. To demonstrate the potential applicability for seawater and 

wastewater purification, the solar desalination experiment was conducted on a 

homemade setup with natural seawater and simulated wastewater, as shown in Fig. 5d. 

The vapor will condense in the chamber and be collected for further analysis.  
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To evaluate the quality of purified water (i.e., desalinated water), the potential of hydrogen 

(pH), salinity, total dissolved solids (TDS), and conductivity of actual seawater, 

desalinated water, and DI water were measured. As shown in Fig. 6a, the pH of three 

water samples is kept neutral, while the salinity of desalinated water is very close to zero. 

Fig. 6b shows that the TDS and conductivity of desalinated water are both reduced by 

more than 2 orders of magnitude compared to the actual seawater, indicating a greatly 

improvement in water quality. The ion (Na+, K+, Ca2+, Mg2+) concentrations of actual 

seawater before and after desalination were measured by inductive-coupled plasma 

mass spectrometry. As presented in Fig. 6c, the ion concentration of desalinated water 

treated by Ti3C2-MnO2@LS is nearly 3-4 orders of magnitude significantly reduced 

compared to the actual seawater, which is far below the salinity levels for drinkable water 

defined by the World Health Organization (WHO). Moreover, wastewater treatment 

experiment was further conducted to evaluate the wastewater treatment performance of 

Ti3C2-MnO2@LS. Methylene blue (MB) solution was chosen to simulate wastewater. As 

shown in Fig. 6d, the absorbance of purified water is similar to that of DI water without 

the characteristic peaks of MB shown, indicating that the MB should be completely 

removed from the purified water. All the above results indicate that the Ti3C2-MnO2@LS 

has great prospects to be applied in practical solar water treatment to address the issues 

of freshwater shortage. 
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Fig. 6 (a) pH and salinity of seawater, desalted water, and DI water; (b) TDS and 
conductivity of seawater, desalted water, and DI water; (c) Concentration of four main salt 
ions of actual seawater before and after desalination. (d) The UV-Vis spectra of methylene 
blue before and after solar thermal purification with Ti3C2-MnO2@LS under one sun 
irradiation. 
 
 
4. Conclusion 

In summary, highly effective Ti3C2-MnO2 nanocomposite coated LS has been developed 

for interfacial solar steam generation. The Ti3C2-MnO2@LS was synthesized by a facial 

dip-drying method to improve the solar absorption and hydrophilicity of pristine 

biodegradable LS. The as-prepared evaporator achieves a superb water evaporation rate 

of 1.36 kg m-2 h-1 and photothermal conversion efficiency of 85.28% under one sun 

irradiation. Excellent desalination performance has also been achieved, in which an 
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evaporation rate of above 1.1 kg m-2 h-1 can be realized even under 30 wt% saline 

evaporation. The outstanding performance could be attributed to the excellent 

photothermal conversion efficiency of Ti3C2 composited with MnO2 and the natural 

microporous structure and low thermal conductivity of LS. The porous structure of the 

luffa sponge provides salt ion diffusion backflow mechanism to reject the salt deposition 

on the surface of the evaporator. Moreover, the Ti3C2-MnO2@LS is also feasible for 

efficient wastewater purification. The long-term durability, outstanding evaporation rate, 

low cost, and excellent salt rejection make it possible for widespread practical solar water 

evaporation to meet the freshwater demand. 
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