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A B S T R A C T

Solar-driven interfacial evaporation has emerged as one of the most promising solutions to address the shortage 
of freshwater resources. Graphene aerogels (GAs) exhibit immense potential in solar-driven interfacial evapo
ration due to their excellent photothermal conversion efficiency. However, the complex fabrication and inherent 
fragility of conventional GAs limit their application in desalination. To address these challenges, this study in
corporates natural latex (NL) into GA to prepare a novel elastic GA/NL. It uses a gas bubbles and ice crystals 
templating method followed by atmospheric-pressure drying. The prepared GA/NL achieves a compressive 
strength of 66.9 kPa at 90 % strain. Its three-dimensional interconnected porous network structure contributes to 
high porosity (~ 97 %) and an average light absorbance of 93.3 %. Experimental determination exhibits an 
outstanding evaporation rate of about 2.68 kg m− 2 h− 1 and a solar-vapor conversion efficiency of 94.54 % under 
1 sun irradiation (1 kW m− 2). Critically, GA/NL exhibits excellent stability of structure, salt resistance, and high 
desalination performance after ten evaporation cycles. These results indicate excellent mechanical properties for 
long-term desalination application, highlighting its exceptional potential as an efficient, durable interfacial solar 
steam generator.

1. Introduction

The rapid growth of the global population intensifies the demand for 
sustainable freshwater resources. Freshwater scarcity has escalated into 
a critical global challenge. Desalination technology provides a feasible 
solution to alleviate this water scarcity by converting abundant seawater 
into freshwater [1–4]. Conventional desalination technologies, such as 
reverse osmosis (RO) [5], vapor compression distillation (VCD) [6], and 
multi-effect distillation (MED) [7], can alleviate the pressure of fresh
water scarcity. However, these technologies still face inevitable chal
lenges, including complex operation, high cost, extensive fossil energy 
consumption, and environmental pollution. Recently, solar-driven 
interfacial evaporation technology based on the concept of thermal 
localization has been widely reported. Solar-driven interfacial evapo
ration technology utilizes interfacial solar steam generators (ISSGs) that 
float at the air-water interface to absorb solar radiation energy and 
convert it into thermal energy, thereby evaporating water to produce 
freshwater from seawater [8–12]. This technology is considered one of 
the most promising desalination technologies because of its high effi
ciency, low energy consumption, and sustainability [13–16].

The interfacial evaporation materials, as the key component of 
ISSGs, should exhibit high photothermal conversion efficiency and 
broad spectral absorption within solar irradiation band [17,18]. Pho
tothermal conversion materials serve as the cornerstone of solar-driven 
interfacial evaporation systems. Currently prevalent photothermal ma
terials encompass metal nanomaterials [19–24], semiconductors [25,
26], carbon-based materials [27–29], and organic polymers [30,31]. 
Carbon-based materials such as carbon black [32,33], carbon nanotubes 
[34–37], carbon fibers [38–40], and graphene [41–43] are the most 
commonly utilized photothermal conversion media due to their high 
conversion efficiency and stable chemical structures [44]. Notably, the 
lower-density GAs fabricated based on the graphene enable to 
self-floating on water, demonstrating significant potential as ISSGs [45,
46]. At present, most GAs are synthesized from graphene oxide (GO) 
nanosheets via hydrothermal reduction or self-assembly through 
chemical reduction [47]. For instance, Liu et al. [48] prepared molyb
denum sulfide-graphene oxide aerogels (MGA) using a hydrothermal 
method and freeze-drying approach. The MGA achieved an evaporation 
rate of 1.72 kg m− 2 h− 1 and a photothermal conversion efficiency of 
86.5 % under 1 sun (kW m− 2). During the GA reduction process, the 
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decrease in oxygen-containing functional groups facilitates the recovery 
of the sp2 structure. This restoration strengthens π-π conjugation be
tween partial reduced graphene oxide (rGO) sheets, resulting in aggre
gation and stacking of rGO [49–51]. Consequently, this structural 
instability causes collapse of the GA framework, significantly compro
mising its practical applications. Furthermore, these conventional 
fabrication methods heavily depend on complex freeze-drying pro
cesses, which bring severe restrictions to large-scale production.

As a porous material, the performance of aerogel is highly dependent 
on a stable pore structure. The mechanical properties of aerogels are 
found to be closely related to interactions between rGO sheets. Thus, 
various cross-linking agents have been incorporated into GAs to 
strengthen their interactions [52]. Guo et al. [53] prepared a graphe
ne/carbon nanotube hybrid aerogel (rGCA) through chemical reduction. 
The enhanced mechanical properties and elasticity were attributed to 
the incorporation of crosslinked natural rubber (NR) chains into the 
aerogel structure. The rGCA exhibited superior strength, enabling it to 
load a 500 g weight without structural failure. In addition to adding 
cross-linking agents, constructing ordered porous structures is another 
effective method to improve the mechanical properties of GAs. For 
example, Ding et al. [54] fabricated a clay/graphene aerogel (CGA) by 
using commercial foams as sacrificial backbones. The CGA possessed 
super-elasticity under compressive strain of 95.0 % and compressive 
stress of 0.09–0.23 MPa. It exhibited an extremely high evaporation rate 
of 4.11 kg m− 2 h− 1 under 1 sun. Conventional sacrificial template 
methods typically involve template removal through dissolution or py
rolysis. This method requires complex procedures and carries risks of 
residual template contamination. In contrast, the bubble templating 
method is an emerging technology to construct aerogels by directly 
engineering pore networks using gas bubbles, thereby eliminating 
energy-intensive processes like supercritical drying or complex chemical 
crosslinking.

It can be physically eliminated without requiring chemical treat
ments, thereby mitigating potential structural damage. Kong et al. [55] 
synthesized an ultralight and porous corn stover/graphene aerogel via a 
bubble templating method. It exhibited excellent mechanical properties 
(compressive strength of up to 11.4 kPa at 70 % strain), a high evapo
ration rate of 2.71 kg m− 2 h− 1, and an evaporation efficiency of 95.0 %. 
The pore structure and size inside aerogels are key parameters for solar 
steam generation performance [56]. Pore size directly affects capillary 
forces. Lower nano-scale pores generate stronger capillary forces, 
driving water to rise rapidly along the vertical direction. Larger 
micrometer-scale pores facilitate the smooth escape of steam by 
reducing flow resistance and preventing pore blockage. Additionally, 
higher porosity provides a larger water/steam interface area, which 
forms the physical foundation for efficient evaporation [57,58].

Based on the above analysis, current GAs face critical challenges 
including poor mechanical properties and complex fabrication pro
cesses, when utilized as interfacial solar steam generators. To address 
issues, this work fabricates graphene/natural latex aerogel (GA/NL) 
with a three-dimensional interconnected network structure via ambient- 
pressure drying, using mechanically stirred bubbles as templates. 
Incorporating NL into the graphene matrix theoretically enhances the 
mechanical properties of composites, which is beneficial for long-term 
desalination. The porous GA/NL exhibits excellent light absorption 
properties. Adjusting the pore size appropriately can achieve efficient 
water transport through a strong capillary effect within the inter
connected macropores. The novel GA/NL maintains stable evaporation 
performance and robust mechanical properties over multiple long-term 
cycles, significantly advancing the development of solar-driven inter
facial evaporation.

2. Experimental

2.1. Materials

Graphene oxide (GO, monolayer content 99 %, monolayer sheet size 
0.2–10 μm) was purchased from Shenzhen Suiheng Science and Tech
nology Co. Ltd. and natural latex (Natural Latex, H0101, dry gel content 
60.2 %, ammonia content 0.72 %, PH = 10–11) was purchased from 
Shenzhen Jitian Chemical Co., Ltd. Deionized water, sodium dodecyl 
sulphate (SDS, AR, 92.5–100.5 %) and L-ascorbic acid (L-AA, C6H8O6, 
AR) were purchased from Chengdu Chron Chemical Reagent Co., Ltd.

2.2. Preparation of GA

The 0.25 mL of SDS (50 mg mL− 1) and 70 mg L-AA were added into 5 
mL of GO dispersion (7 mg mL− 1). The mixture was stirred at 6000 rpm 
for 20 min using a high-speed shear emulsifier. Next, the mixture was 
poured into a 3 cm diameter glass bottle, heated at 70 ◦C for 1 h, and 
then placed in the refrigerator to freeze for 6 h. After being thawed at 
room temperature, the mixture was continued to heat for 6 h at 85 ◦C. 
The GA was dialyzed with ethanol remove residual impurities and dried 
in a 55 ◦C air-blast oven to obtain the final aerogel.

2.3. Preparation of GA/NL

Fig. 1 describes the synthesis process of GA/NL. Firstly, 0.25 mL of 
SDS (50 mg mL− 1) was added to 5 mL of GO dispersion (7 mg mL− 1). The 
mixture was stirred at 6000 rpm for 10 min using a high-speed shear 
emulsifier, generating copious bubbles due to the emulsion of SDS. Then 
the natural latex/SDS solution (containing 0.175 mL natural latex so
lution (100 mg mL− 1) and 0.25 mL SDS solution (50 mg mL− 1)) and 70 
mg L-AA were dissolved into the above GO/SDS solution. Adding SDS to 
the GO dispersion solution before mixing it with natural latex solution 
can effectively avoid GO sedimentation caused by the electrostatic ef
fect. The mixture was fully emulsified at 6000 rpm for 10 min. Next, the 
mixture was poured into 3 cm diameter glass bottle, heated at 70 ◦C for 
1 h, and then placed in the refrigerator to freeze for 6 h. The mixture 
thawed at room temperature was heated for 6 h at 85 ◦C. Finally, the 
GA/NL aerogel was formed by dialysis with ethanol and drying in a 
55 ◦C air-blast oven. The samples obtained were sequentially named 
GA/NL-x according to the rotational speeds, where x represents the 
rotational speed. (for instance, GA/NL-6 denotes simply prepared at 
6000 rpm).

2.4. Characterization and measurements

The micromorphology of the samples was observed by scanning 
electron microscopy (SEM, Thermo Fisher FEI Inspect F, USA). The pore 
size distribution of the aerogels was determined by a mercury intrusion 
porosimeter (AutoPore IV 9500, Micromeritics, USA).

Elemental analysis of the samples was performed by X-ray photo
electron spectroscopy (XPS, Thermo Scientific K-Alpha, USA). The 
chemical structures were characterized by a Fourier transform infrared 
spectrometer (FT-IR, Nicolet iS50 Thermo Scientific Co., Ltd., USA) in 
the wavenumber range of 4000 to 400 cm− 1. Raman spectroscopy was 
recorded using a LabRAM HR spectrometer (HORIBA Scientific, France) 
at an excitation wavelength of 532 nm. The crystal structures and 
crystallization behaviors of the samples were investigated using an X-ray 
diffractometer (XRD, Malvern Panalytical, UK). UV–Vis–NIR spectro
photometer (Shimadzu UV-3600, Japan) was employed to determine the 
absorbance of samples in the range of 200–2500 nm. Thermal conduc
tivity is measured by the thermal conductivity meter (XIATECH, Xi’an 
Xiaxi Electronic Technology Co., Ltd., China).

Differential scanning calorimetry (DSC, TA Instruments Co., Ltd., 
USA) was used to calculate the evaporation enthalpy of water in the 
sample. The sample was placed in an aluminum pan with a pierced lid 
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and heated up from 20 ◦C to 140 ◦C with a linear heating rate of 5 ◦C 
min− 1. In addition, the thermal stability of the sample was determined 
on a TGA/DSC3+ (METTLER TOLEDO Co., Ltd., Switzerland) in the 
temperature range of 30–600 ◦C at heating rate of 10 ◦C min− 1 under a 

nitrogen atmosphere. The hydrophilicity of the aerogel was determined 
using an automatic goniometer (SDC-100H, Dongguan SINDIN Precision 
Instrument Co., Ltd) with 25 μL of water droplets. The compressive 
performance of aerogels was measured using a universal testing machine 

Fig. 1. Schematic diagram of GA/NL preparation.

Fig. 2. (a) Images of GA and GA/NL-6 after 30 min of ultrasound treatment. (b) Schematic illustration of the bending of GA and GA/NL-6. (c) Schematic of axial and 
radial compression of GA/NL-6. (d) Stress-strain curves of GA/NL-6 under different strain levels. (e) Schematic showing the changes in the pore structure of GA/NL 
during compression.
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(Instron 5967, USA). The absorbance of the dye wastewater before and 
after purification was characterized by UV–Vis spectrophotometer 
(Shimadzu UV-2600, Japan) where the wavelength range was 300–800 
nm. Ion concentration in water was measured by inductively coupled 
plasma optical emission spectroscopy (ICP-OES, Agilent 5110, USA).

2.5. Steam generation experiments

The steam generation experiments employed a xenon lamp (CEL- 
S500, CEAULIGHT, China) to simulate sunlight. The light intensity was 
calibrated by a photo radiometer (VLP-2000, China), and it was main
tained at 1 kW m− 2. The samples were placed in a beaker containing 
200 mL of test liquid (pure water, brine, or seawater), and expanded 
polystyrene (EPS) was used to fill the remaining exposed water to pre
vent natural evaporation caused by light exposure. The real steam 
generation experimental set-up is shown in Fig. S1. Mass change was 
recorded in real-time via a precision electronic balance (Lucky 
YT10003C, precision: 0.001 g) connected to a computer. Surface tem
perature distribution was monitored using an infrared camera (Testo 
890, Germany).

3. Results and discussion

3.1. Mechanical properties

Solar steam generation involves the filtration and treatment of large 
quantities of seawater, and structural damage to the aerogel will 
adversely affect its evaporation performance. To evaluate the stability of 
the aerogel under harsh conditions, GA and GA/NL-6 were subjected to 
sonication in an aqueous solution. As shown in Fig. 2a, the GA exhibits 
graphene sheet delamination after 30-min sonication, whereas GA/NL-6 

maintains its original morphology under identical conditions. This 
remarkable mechanical stability is attributed to the hydrogen bonding 
interaction between the remaining oxygen functional groups of rGO 
sheets and protein molecules on the NL surface.

To investigate the effect of natural latex on aerogel flexibility, 
bending tests were conducted on GA and GA/NL-6 (Fig. 2b). The GA 
developed obvious surface cracks after bending. This indicates inherent 
structural fragility. In contrast, GA/NL-6 maintained an intact surface 
structure. This flexibility arises from NL particles cross-linking rGO 
layers. As shown in Fig. 2c, GA/NL-6 (initial height: axial 1.3 cm, radial 
2.4 cm) is compressed to 0.2 cm (~85 % axial strain) and 0.4 cm (~ 83 
% radial strain) under a 200 g weight. Crucially, upon load removal, GA/ 
NL-6 exhibits full and rapid recovery to its original dimensions. This 
superior elasticity is consistent across other GA/NL (Fig. S2). Further 
mechanical testing used GA/NL-6 as an example. Fig. 2d shows the 
stress-strain curves of the GA/NL-6 under 40–90 % compressive strain. 
All the curves could return to the origin, similar to the curves of previ
ously reported elasticity porous materials [59,60]. The GA/NL-6 can 
withstand up to 90 % of strain without cracking and demonstrates a 
maximum stress of 66.9 kPa. This exceptional performance is attributed 
to two primary factors: the elastic bonding between NL particles and 
rGO building block layers, which forms a resilient network, and the 
unique 3D porous structure of the GA/NL [61–64]. This structure dis
perses pressure and prevents stress concentration, resulting in more 
uniform stress distribution (Fig. 2e).

Based on these tests, GA/NL demonstrates superior structural sta
bility, flexibility, compressibility, and elastic recovery. Compared to the 
GA, the GA/NL displays greater suitability for interfacial solar steam 
generators.

Fig. 3. SEM images of the (a) GA/NL-3, (b) GA/NL-4, (c) GA/NL-5, (d) GA/NL-6, (e) GA/NL-7, and (f) GA/NL-8. (g) Appearance of GA/NL-6. (h) Pore size dis
tribution curves of GA/NL aerogels prepared at different rotational speeds. (i) Digital images showing ultralight nature.
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3.2. Morphologies properties

The microscopic morphologies of the synthesized GA/NL were 
observed by SEM. As shown in Fig. 3(a–f), it is evident that the aerogel 
possesses a rich pore structure accompanied by a rough surface (Fig. 3g). 
Their pore size distribution curves are displayed in Fig. 3h, with average 
pore sizes and porosity summarized in Table 1. Average pore size and 
porosity of GA/NL prepared at different rotational speeds. Notably, all 
samples maintain a consistent porosity level (~ 97 %), showing no 
significant dependence on stirring speed. This high porosity is extremely 
beneficial for moisture transport. As the stirring speed increases, the 
number of macropores within the GA/NL also increases. Their average 
pore diameters are 3.26, 5.21, 10.61, 11.74, 12.60, and 14.38 μm for 
GA/NL-3 to GA/NL-8, respectively. The GA/NL-8 displays larger and 
more open pores compared to GA/NL-3. This occurs because increasing 
the stirring speed increases the shear force in the liquid. This results in a 
more pronounced bubble formation process and a corresponding in
crease in the volume expansion of GO foam (Fig. S3). However, exces
sively high stirring speed will cause bubbles to burst. During subsequent 
drying at atmospheric pressure, capillary pressure-induced stresses 
cause the porous structure to collapse (Fig. S4). Therefore, the maximum 
stirring speed in this study was set at 8000 rpm. The density of GA/NL-8 
is as low as 7.82 mg cm− 3 (Fig. S5). It showed no visible deformation 
when placed on a leaf blade (Fig. 3i).

3.3. Chemical properties and hydrophilicity

X-ray photoelectron spectroscopy (XPS) and Fourier transform 
infrared (FTIR) spectroscopy were employed to analyze the elemental 
compositions and functional groups of the aerogels. As shown in Fig. 4a, 
the GA/NL aerogel primarily consists of carbon (C 1s peak at 284.08 eV) 
and oxygen (O 1s peak at 532.08 eV). The O 1s spectrum (Fig. 4b) re
solves three components at 531.48 eV (COO− ), 532.48 eV (C=O), and 
533.13 eV (C-O-C). The C 1s spectrum (Fig. 4c) shows peaks at 284.6 eV 
(C-C) and 286.1 eV (C-O). The FTIR spectrum of GO is shown in Fig. 4d, 
with characteristic peaks at 3402, 1729, 1623, and 1053 cm− 1, which 
correspond to the presence of -OH, C-O in the carboxyl group, the C=C 
stretching vibration in sp2, and the stretching vibration of C-O in alco
hols. These characteristic peaks indicate that the GO structure is rich in 
oxygen-containing functional groups. In the spectrum of NL, the peak at 
3434 cm− 1 corresponds to the stretching vibration of -OH, and the peaks 
at 2960 and 1448 cm− 1 are usually attributed to the stretching vibration 
of the C-H bond. The GA exhibits the same characteristic peaks as GO, 
except for a significant decrease in intensity. In the FTIR spectrum of 
GA/NL the absorption bands appear at 2920, 1639, and 1460 cm− 1, 
which correspond to the characteristic peaks of GO and NL, respectively. 
This indicates that natural latex is successfully doped into graphene 
aerogel. The characteristic peaks for the in-plane bending vibration of 
hydrophilic hydroxyl groups (-OH) at 3404 cm− 1 and the C-O stretching 
vibration at 1053 cm− 1 remain clearly visible.

The graphitization processes of GO and GA were elucidated by 
Raman spectroscopy. Fig. 4e displays the Raman spectra of GO and GA/ 
NL. Two characteristic peaks at 1350 cm− 1 (D-band) and 1590 cm− 1 (G- 
band) correspond to graphite band (G-band) and defect band (D-band), 
respectively. The ID/IG ratio is conventionally employed to evaluate the 
defect density and structural disorder in graphene materials [65]. The 
Raman spectra reveal that the ID/IG ratio of GO (0.94) increases to 1.34, 

suggesting the reduction of GO. With the addition of NL, the ID/IG of 
GA/NL decrease to 1.1, demonstrating the weaker reduction of GO. This 
is because when the more alkaline NL suspension was added. It 
consumed a portion of the reduction agent ascorbic acid leading to more 
residual oxygen-containing groups on the rGO sheets.

As shown in Fig. 4f, the XRD pattern of GO exhibits a sharp peak at 
2θ = 9.3◦, which corresponds to the (001) crystal plane [66]. A broad 
peak at 18.4◦ is observed for NL, indicating its amorphous structure 
origination from short-range ordering of cis-polyisoprene [67]. When 
L-Ascorbic acid was acted as a mild reducing agent, it removed a sig
nificant portion of oxygen-containing functional groups from GO, 
resulting in GA with a broad diffraction peak at 2θ = 23.1◦. This suggests 
an increase in structural disorder and the introduction of lattice defects 
during reduction [68]. For the GA/NL, the diffraction peak shifts to 
22.9◦, indicating an expansion of the interlayer spacing from 0.38 nm to 
0.39 nm. This shift can be attributed to the consumption of ascorbic acid 
by alkaline NL, which leaves residual carboxyl groups that promote 
interlayer expansion through electrostatic repulsion.

The thermal stability of samples was evaluated by using thermog
ravimetric analysis (TGA). As shown in Fig. 4g, the GA/NL exhibits two 
main stages of weight loss stages. The first stage, commencing at 180 ◦C, 
is attributed to the further reduction of rGO. The second stage, starting 
at approximately 300 ◦C, corresponds to the thermal decomposition of 
NL. The observed further reduction during the heating indicates the 
presence of residual oxygen-containing groups on the rGO sheets. These 
remaining oxygen-containing groups are likely to enhance the hydro
philicity of materials.

The hydrophilicity of ISSGs ensures a sufficient supply of water 
during the steam generation process, which is necessary for high- 
performance solar evaporation [69]. Fig. 4h displays the water contact 
measurement process for the GA/NL-6. A water droplet upon contact 
with the sample surface is completely absorbed by the material within 7 
s, demonstrating good hydrophilicity.

3.4. Light absorption and photothermal conversion performance

It is well-known that outstanding broadband sunlight absorption is 
essential prerequisite for ideal ISSGs. To evaluate the optical properties, 
the UV–Vis–NIR spectrophotometer was used to measure the light 
transmittance (~ 0 %) and reflection spectrum of samples. The solar 
absorption spectra and reflection spectra of the representative samples 
GA/NL-3, GA/NL-6, and GA/NL-8 (fabricated at low, medium, and high 
shear speeds) are shown in Fig. 5(a and b). It is clearly that all samples 
exhibit excellent solar absorption and low reflectance (~ 7 %). The 
average solar absorbance of GA/NL-3, GA/NL-6, and GA/NL-8 are 92.8 
%, 93.2 % and 93.3 %, respectively. This low reflectance spectrum and 
high absorption spectrum lay the foundation for achieving high solar-to- 
steam conversion efficiency.

Generally, the strong photo-absorption of the materials suggests 
promising for photothermal conversion performance. To investigate 
their photothermal properties, the surface temperatures of dry GA/NLs 
were recorded by an infrared thermal imaging camera under 1sun 
irradiation. As shown in Fig. 5(c, d), the dry GA/NL samples exhibit a 
rapid temperature increase within the first 3 min and reach a thermal 
equilibrium within 10 min. For example, GA/NL-6 heats rapidly from 
25.2 to 53.9 ◦C within 3 min and stabilizes at approximately 69.8 ◦C 
after 10 min.

During the seawater evaporation process, the photothermal mate
rials remain continuously wetted. Therefore, the surface temperatures of 
the wet GA/NL samples were also recorded in Fig. 5(e, f). Evidently, the 
wet samples show a rapid temperature rise, reaching equilibrium within 
30 min. For example, GA/NL-6 increase from 21.3 to 41.3 ◦C within the 
first 3 min and eventually stabilizes at around 46.1 ◦C after 30 min. As 
for ISSGs used in seawater desalination, low thermal conductivity is 
helpful to heat confinement. As shown in Fig. S6, the GA/NL composites 
exhibit very low thermal conductivity. Specifically, GA/NL-8 has a 

Table 1 
Average pore size and porosity of GA/NL prepared at different rotational speeds.

GA/ 
NL-3

GA/ 
NL-4

GA/ 
NL-5

GA/ 
NL-6

GA/ 
NL-7

GA/ 
NL-8

Average pore 
diameter (μm)

3.26 5.21 10.61 11.74 12.60 14.38

Porosity (%) 96.53 96.94 96.89 97.58 96.68 97.39
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thermal conductivity of only 0.038 W m− 1 K− 1.
These results demonstrate that GA/NL possesses outstanding pho

tothermal conversion performance, providing a solid basis for efficient 
solar-driven evaporation. Their outstanding performance stems from a 
dual synergistic mechanism. Firstly, the sp2 hybridized carbon frame
work in graphene forms an extensive π-conjugated system. Under sun
light, π-π* electron transitions efficiently convert photon energy into 
thermal energy via lattice vibrational. Secondly, the high porosity and 
rough surface of aerogel form multiple reflective cavities. This structure 
enables efficient light utilization via multiple reflections within the 
concave cavities [69]. At the same time, the exceptionally low thermal 
conductivity minimizes downward heat loss, thereby improving heat 
localization at the surface.

3.5. Steam evaporation performance

The evaporation performance of GA/NL was assessed via steam 
generation experiments. As shown in Fig. 6a, when sunlight irradiates 
the surface of the aerogel, the light is reflected internally several times 
between the pores within interconnected cavities. This reflection 
mechanism increases the path length of the light inside the material, 
thereby improving light absorption. The three-dimensionally inter
connected pore network generates strong capillary forces that absorb 
water from the surroundings.

Evaporation rate and evaporation efficiency are important indicators 
for judging the evaporation performance. The evaporation rate m in the 

material can be calculated from the mass change of the material under 
illumination. The formula is as follows [70]: 

m = Δm/A (1) 

where m (kg m− 2 h− 1) is the evaporation rate, Δm (kg h− 1) is the change 
in water mass per hour during evaporation, and A (m2) is the illuminated 
evaporation area.

The solar-vapor conversion efficiency (evaporation efficiency) can 
be calculated by the following formula [70,71]: 

η = (mvΔHv)/q (2) 

where mv (kg m− 2 h− 1) is the net evaporation rate of the material (mv =

m − mdark), q (kW m− 2) is the incident solar power density; ΔHv (kJ 
kg− 1) is the enthalpy of evaporation of water from the material, which 
can be calculated by the following equation [72]: 

ΔH0mwater = ΔHvmdark (3) 

where ΔH0 is the theoretical evaporation enthalpy of pure water, mwater 
(kg m− 2 h− 1) is the evaporation rate of pure water under dark condi
tions, and mdark (kg m− 2 h− 1) is the evaporation rate of the material 
under dark condition.

Fig. 6b shows the water mass change curves over time for each 
sample under 1 sun. Clearly, the evaporation rate of GA/NL increases 
with higher stirring speeds. The average evaporation rates for GA/NL-3, 
GA/NL-4, GA/NL-5, GA/NL-6, GA/NL-7, and GA/NL-8 are 1.63, 1.74, 

Fig. 4. (a) XPS spectrum of GA/NL. (b) O 1s XPS spectrum of GA/NL. (c) C 1s XPS spectrum of GA/NL. (d) FTIR analysis of GO, GA, and GA/NL. (e) Raman spectra of 
GO, GA, and GA/NL. (f) XRD and (g) TGA of NL, GO, GA, GA/NL. (h) Water contact measurement process for GA/NL-6.
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2.06, 2.25, 2.49, and 2.68 kg m− 2 h− 1, respectively. The GA/NL-3 and 
GA/NL-4 show lower evaporation rates. This is due to smaller internal 
pores and some closed pores within the aerogel. These features limit 
rapid internal water transport, causing insufficient water supply at the 
evaporation surface. The evaporation rates of GA and GA/NL-6 prepared 
at the same stirring speed are different. The average evaporation rate of 
GA is lower than that of GA/NL-6. This is attributed to the incorporation 
of NL-derived hydrophilic groups, which enhance water transport ki
netics and diminish hydrogen bonding interactions between water 
molecules. These effects collectively reduce the energy barrier required 
for evaporation.

To investigate the effect of natural latex addition on the enthalpy of 
evaporation of the sample. DSC was used to measure the enthalpy of 
water evaporation in pure water, GA and GA/NL-6. The measured 
evaporation enthalpy of pure water is 2422 kJ kg− 1 (Fig. S7a). The 
enthalpy of GA/NL-6 is 2204 kJ kg− 1, lower than that of GA (1952 kJ 
kg− 1). DSC fails to precisely measure the heat dynamics during actual 
evaporation because it only measures the water stored in GA/NL-6, 
whereas GA/NL-6 continuously supplies water through its unique 
structure in the actual evaporation process. To more accurately estimate 
the evaporation enthalpy of the samples, dark evaporation experiments 
were conducted. After obtaining the dark evaporation rates (Fig. S7b), 
the equivalent evaporation enthalpy of GA/NL-6 was calculated using 

Equation (3). The result was 1577 kJ kg− 1, significantly lower than the 
measured value. The evaporation enthalpy values of other samples 
measured by the dark evaporation method are summarized in Table S1. 
The evaporation enthalpy of NL-incorporated samples is significantly 
lower than that of pure water. This reduction effectively facilitates water 
evaporation by diminishing the energy barrier that water molecules 
must overcome for the liquid-to-vapor phase transition.

The average evaporation efficiency of GA/NL is shown in Fig. 6c. 
GA/NL-3 has the lowest efficiency of 67.84 %. GA/NL-6 showed an ef
ficiency of 83.40 %, while GA/NL-8 achieved the highest efficiency of 
94.54 %. This is attributed to the larger internal pore size of GA/NL-8, 
which facilitates continuous and stable evaporation. The inter
connected porous network and capillary action effectively ensure the 
upward transport of water, enhancing water delivery capacity. Fig. 6 (d, 
e) show the water evaporation rates of the GA/NL-8 under different ir
radiations. The evaporation rates under 0.5, 1, 1.5, and 2 sun are 1.30, 
1.58, 3.75 and 4.53 kg m− 2 h− 1, respectively. It is evident that the 
evaporation rate increases with the increase in solar intensity, demon
strating stability across a range of irradiance levels and exhibiting good 
environmental adaptability.

Comparing the evaporation performance of the GA/NL-8 with pre
viously reported ISSGs using graphene as a photothermal conversion 
material. It is found that the evaporation performance of GA/NL-8 is 

Fig. 5. (a) Absorbance and (b) reflectance of GA/NL-3, GA/NL-6 and GA/NL-8 across the wavelength ranges of 250 − 2500 nm. (c) Infrared images and (d) 
temperature change curves for the dry samples under one sun irradiation. (e) Infrared images and (f) temperature change curves for the wet samples under 1 sun 
irradiation.
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higher than most reported ISSGs (Fig. 6f). More detailed data is in 
Table S1. This is mainly attributed to: (i) efficient light absorption of 
GA/NL across the solar spectrum; (ii) a rough and porous surface, which 
increases the effective area for interfacial evaporation and facilitates the 
rapid escape of water vapor; (iii) the capillary action and hydrophilic 
properties of the pore structure within the loosely packed porous 
network of the aerogel, which accelerate the transport of water to 
evaporation interface.

3.6. Salt resistance and durability performance

The long-term stability of ISSGs during seawater desalination and the 
precipitation of salt crystals have always been problems that limit 
practical applications. To evaluate salt resistance, GA/NL-8 was selected 
for evaporation tests lasting 6h in brines of varying concentrations. As 
shown in Fig. 7a, GA/NL-8 exhibits good evaporation performance in 
different brine concentrations. In 3.5 wt% brine, it achieved an evapo
ration rate of 2.52 kg m− 2 h− 1 (only 0.05 % lower than in water). Even in 
20 wt% brine, GA/NL-8 maintained an evaporation rate of 1.72 kg m− 2 

Fig. 6. (a) Schematic diagrams for highly efficient steam generation from GA/NL. (b) Water mass change curves over time for each sample under 1 sun. (c) Water 
average evaporation rates and efficiency for samples. (d) Water mass change curves over time and (e) average evaporation for GA/NL-8 under different irradiation. 
(h) Comparison of the evaporation performance of GA/NL-8 with other graphene-based aerogels.

Fig. 7. (a) Mass change of and GA/NL-8 in different concentrations of brine. (b) Images of GA/NL-8 after 6 h in 20 wt% brine. (c) Dissolution of 0.5 g NaCl on the 
surface of GA/NL-8. (d) Mass change and evaporation efficiency of GA/NL-8 during 10 cycles in 10 wt% brine. (e) Salt precipitation on the surface of GA/NL-8 after 
10 cycles.
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h− 1 with merely traces of salt accumulation on its surface (Fig. 7b). Salt 
dissolution experiments were conducted by placing 0.5 g NaCl on GA/ 
NL-8 (diameter: 2.3 cm) in dark conditions, then immersing it in 3.5 
wt% brine (Fig. 7c). After 120 min, surface salt particles gradually dis
solved, demonstrating good self-cleaning capability.

Furthermore, cycling desalination tests were performed using GA/ 
NL-8 to evaluate. As shown in Fig. 7d, each cycle consisted of desali
nation in 10 wt% brine under 1 sun for 6h, followed by turn off the light 
for 6h, which was recorded as one cycle. It can be seen that the mass 
change trend in each cycle was the same, and the evaporation rate was 
maintained at about 2.10 kg m− 2 h− 1. This demonstrates that the aerogel 
can be used for high-efficiency desalination during the day, and rapid 
self-desalting during night time. After 9 cycles, no significant salt crys
tallization was observed. By the 10th cycle, only minimal salt crystal
lization appeared (Fig. 7e). This demonstrates that GA/NL-8 exhibits 
excellent reusability, evidenced by sustained performance stability 
across multiple long-term cycles.

The excellent salt resistance of the material originates from two 
synergistic mechanisms. Firstly, the rich porous structure within the 
material provides rapid water transport pathways and salt ion diffusion 
channels. During evaporation, a concentration gradient is established 
from the surface to the interior. This gradient drives the reverse diffusion 
of high-concentration salts back into the bulk solution [73]. Secondly, 
Hydroxyl (-OH) and carboxyl (-COOH) groups in the sample surround 
Na+/Cl− ions through hydration.This hydration weakens the electro
static attraction between ions, accelerating the dissolution kinetics of 
salt particles. Under dark conditions, this effect increases salt dissolution 
rates by over 40 % [74].

As an interfacial solar steam generator, the structural stability of the 
material is critical for practical desalination applications. To validate its 
structural stability, the GA/NL-8 was dried after cyclic evaporation and 
characterized. As shown in Fig. 8a, FTIR shows retained functional 
groups: broad peak at 3396 cm− 1 (-OH stretching), and 1640 cm− 1 (C=C 
vibration), confirming hydrogen-bond crosslinking between NL proteins 
and rGO remains intact after cycles. The characteristic peak at 25.3◦

(graphite layer stacking) is still retained in the XRD spectrum (Fig. 8b), 
indicating that the crystal structure has not degraded. As shown in the 
TGA curves (Fig. 8c), GA/NL-8 still exhibits two weight loss stages. One 
is associated with the further reduction of rGO, and the other is related 
to the thermal decomposition of NL. It also demonstrates high thermal 
stability, with mass loss <5 % below 200 ◦C confirming the stability of 
the matrix at operating temperatures.

Additionally, mechanical property testing was conducted on the GA/ 
NL-8 after use. The GA/NL-8 was dried after the cyclic evaporation and 
then tested for mechanical properties. As shown in Fig. 9a, GA/NL-8 
remained structurally sound after bending. The stress-strain curve at 
60 % strain returned to the origin, with a maximum stress reaching 3.04 
kPa (Fig. 9b). This indicates that the GA/NL retains good elasticity after 
prolonged use. The elasticity of GA/NL-8 was characterized macro
scopically by placing 200 g weights. The aerogel shows the same elastic 

properties as the unused GA/NL-8, which was compressed by ~15 % of 
the initial height in both axial and radial directions (Fig. 9c). Once the 
pressure is removed, the aerogel rapidly restores to its initial diameter. 
This behavior indicates the presence of cross-linking between the latex 
particles and the rGO sheets. The GA/NL-8 demonstrates stable chemical 
properties, maintains pore integrity, and exhibits exceptional mechan
ical performance, enables long-term efficient operation in marine 
environments.

During solar-driven seawater desalination, the GA/NL-8 evaporator 
utilizes abundant micropores and larger pores to accommodate salt 
deposition, preventing internal channel blockage. Larger pores inhibit 
salt ion accumulation on the evaporator surface and enable downward 
diffusion along the concentration gradient. Simultaneously, the rich 
porosity ensures efficient water transport. Under darkness, salt disso
lution dominates. The concentration gradient drives dissolved salt ions 
into bulk water, allowing repeatable evaporator usage. Moreover, it 
retains robust mechanical properties after multiple uses. Thus, GA/NL-8 
demonstrates superior Salt resistance and durability performance.

3.7. Solar desalination and dye water performance

To evaluate the practical application potential of the evaporator, 
outdoor water evaporation was carried out for GA/NL-8. The steam 
generated by sun irradiance was collected by a custom-built set up 
where the released steam rapidly condensed on the inclined transparent 
cover and flowed into the freshwater collection tank (Fig. 10a). In 
addition, the solar desalination performance was evaluated by analyzing 
the concentration changes of four major seawater ions from the Bohai 
Sea before and after treatment. Solar desalination experiments were 
conducted from 10:00 a.m. to 6:00 p.m. in Chengdu, China. Outdoor 
temperature, humidity, and solar intensity, and mass changed with time 
were recorded in Fig. 10b. The calculated evaporation rate was 1.78 kg 
m− 2 h− 1. This evaporation rate is lower than the laboratory rate of 2.66 
kg m− 2 h− 1 under 1 sun, primarily due to lower average outdoor irra
diance. The concentrations of Na+, K+, Ca2+, and Mg2+ in the seawater 
before evaporation were 11,357, 421, 429, and 1305 mg L− 1. After 
treatment by the GA/NL-8, the concentrations of the four ions in the 
condensate were reduced to 17.5, 1.89, 2.21, and 0.43 mg L− 1 (Fig. 10c), 
achieving removal efficiencies exceeding 99 % for all ions. These values 
represent reductions of two to three orders of magnitude compared to 
untreated seawater and are significantly below the drinking water 
standards established by the World Health Organization (WHO) [75]. 
The total organic carbon (TOC) value of seawater was measured at 1.62 
mg L− 1. After purification, the TOC value reduced to 1.53 mg L− 1. Both 
values fall below the WHO standards (Fig. 10f).

The increasing societal demand has led to the widespread use of 
industrial dyes in sectors such as papermaking, textiles, and coatings. 
The discharge of dye wastewater causes severe environmental pollution 
and resource waste, making its treatment a significant challenge [76,
77]. In this study, methylene blue (MB) and methyl orange (MO) 

Fig. 8. (a) FTIR, (b) XRD and TGA curve of GA/NL-8 after use.
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solutions (concentration: 20 ppm) were used to simulate dye wastewater 
for evaluating the purification performance of GA/NL. The results 
showed that the condensate treated by the aerogel appeared trans
parent. The characteristic absorption peaks of methylene blue (550–700 

nm) and methyl orange (350–550 nm) in the UV–vis spectra completely 
disappeared (Fig. 10(d, e), and the organic dye removal rate reached 99 
%. The TOC values of MB and MO after purification were 1.65 mg L− 1 

and 1.60 mg L− 1, which were below the limits specified by the WHO 

Fig. 9. (a) Schematic diagram of bending for GA/NL-8 after 10 cycles. (b) Stress-strain curve of GA/NL-8 under 60 % compressive strain after 10 cycles. (c) 
Schematic diagram of axial and radial compression for GA/NL-8 after 10 cycles.

Fig. 10. (a) Schematic of steam collection device. (a) Temperature, humidity, solar intensity, and mass change with time. (c) The concentration changes of four 
major ions before and after treatment. (d) UV–Vis absorption spectra of methyl blue (e) methyl orange before and after purification. (f) TOC values of the seawater, 
purified water, MB, and MO.
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standard (Fig. 10f). These results demonstrate that GA/NL-8 possesses 
excellent wastewater purification capability and can be effectively 
applied in diverse aqueous environments.

4. Conclusion

This study prepares a graphene/natural latex aerogel (GA/NL) using 
a bubble-templating approach via mechanical stirring and ambient- 
pressure drying. The three-dimensional interconnected pore structure 
within the aerogel enhances its wettability and mechanical properties. 
The aerogel demonstrates the following outstanding properties: 

(1) Exceptional mechanical properties: GA/NL-6 withstands 
compressive strains up to 90 % without fracture, achieving a peak 
stress of 66.9 kPa. GA/NL-8 reaches 3.04 kPa at 60 % strain after 
evaporation. Structural stability of the material is maintained 
after ten consecutive brine evaporation cycles.

(2) Superior photothermal conversion: The GA/NLs display a 
broadband absorption (~93 %) and lower reflectance. Besides, 
GA/NL-8 has a low thermal conductivity of approximately 0.038 
W m− 1 K− 1, which can effectively convert light energy into heat 
energy confined to the surface.

(3) Excellent evaporation performance: The GA/NL-8 achieves an 
average evaporation rate of 2.68 kg m− 2 h− 1 and an evaporation 
efficiency of 94.54 % under 1 sun. It maintains an evaporation 
rate of 1.84 kg m− 2 h− 1 in 20 wt% brine.

(4) Salt resistance: After 10 evaporation cycles in 10 wt% brine, the 
evaporation rate of GA/NL-8 shows no significant decline.

(5) Multi-pollutant remediation: The GA/NL-8 achieves removal 
rates of up to 99 % for metal ions (Na+, K+, Ca2+, Mg2+) in 
seawater and for organic dyes in dye wastewater.

Therefore, the GA/NL-8 holds great practical promise as an interfa
cial solar steam generator for desalination.

CRediT authorship contribution statement

Wenfang Zhou: Writing – original draft, Validation, Methodology, 
Investigation, Data curation. Xiaohan Li: Writing – review & editing, 
Methodology, Conceptualization. Nan Zhang: Writing – review & 
editing, Supervision, Resources. Zhaoli Zhang: Writing – review & 
editing, Validation, Supervision. Yangping Yuan: Supervision, Re
sources, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science Foundation 
of China (No. 52378111), and the Hebei Natural Science Foundation, 
China (No. E2024105026).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.solmat.2025.113933.

Data availability

Data will be made available on request.

References

[1] K. Yang, T. Pan, S. Dang, Q. Gan, Y. Han, Three-dimensional open architecture 
enabling salt-rejection solar evaporators with boosted water production efficiency, 
Nat. Commun. 13 (2022) 6653, https://doi.org/10.1038/s41467-022-34528-7.

[2] S. Guo, Y. Zhang, S.C. Tan, Device design and optimization of sorption-based 
atmospheric water harvesters, Device 1 (2023) 100099, https://doi.org/10.1016/j. 
device.2023.100099.

[3] Z. Li, R. Xu, N. Wei, X. Song, E. Yang, 3D network structure and hydrophobic Ni-G- 
WO3-x solar-driven interfacial evaporator for highly efficient steam generation, 
Sol. Energy Mater. Sol. Cell. 217 (2020) 110593, https://doi.org/10.1016/j. 
solmat.2020.110593.

[4] Q. Pan, Y. Fu, L. Xie, J. Li, X. Li, W. Song, L. Yan, In-situ pyrrole polymerized wood 
sponge for efficient solar interfacial evaporation and desalination, Sol. Energy 
Mater. Sol. Cell. 282 (2025) 113342, https://doi.org/10.1016/j. 
solmat.2024.113342.

[5] Z. Liu, H. Bai, J. Lee, D.D. Sun, A low-energy forward osmosis process to produce 
drinking water, Energy Environ. Sci. 4 (2011) 2582, https://doi.org/10.1039/ 
c1ee01186c.

[6] T. Arunkumar, R. Sathyamurthy, D. Denkenberger, S.J. Lee, Solar distillation meets 
the real world: a review of solar stills purifying real wastewater and seawater, 
Environ. Sci. Pollut. Res. 29 (2022) 22860–22884, https://doi.org/10.1007/ 
s11356-022-18720-2.

[7] A.D. Khawaji, I.K. Kutubkhanah, J.-M. Wie, Advances in seawater desalination 
technologies, Desalination 221 (2008) 47–69, https://doi.org/10.1016/j. 
desal.2007.01.067.

[8] X. Sun, X. Jia, H. Weng, J. Yang, S. Wang, Multiphase solar evaporator for localized 
salt harvesting and in-depth water purification, Sol. Energy Mater. Sol. Cell. 268 
(2024) 112752, https://doi.org/10.1016/j.solmat.2024.112752.

[9] Z. Wu, D. Liu, W. Wang, H. Xie, X. Chen, H. Yin, Carbonized wood supported 
Fe3O4 nanoparticles for efficient solar-driven interfacial evaporation, Sol. Energy 
Mater. Sol. Cell. 276 (2024) 113081, https://doi.org/10.1016/j. 
solmat.2024.113081.

[10] M. Tang, C. Qi, L. Yue, Cu-Fe3O4/sodium alginate/polyacrylamide hydrogel 
evaporator for solar seawater desalination, Sol. Energy Mater. Sol. Cell. 278 (2024) 
113168, https://doi.org/10.1016/j.solmat.2024.113168.

[11] J. Hu, Y. Sun, Z. Liu, B. Zhu, L. Zhang, N. Xu, M. Zhu, J. Zhu, Z. Chen, 
Photothermal fabrics for solar-driven seawater desalination, Prog. Mater. Sci. 150 
(2025) 101407, https://doi.org/10.1016/j.pmatsci.2024.101407.

[12] M. Wang, J. Hu, M. Li, L. Zhang, M. Majid Amidpoure, Z. Chen, Bioinspired design 
of photothermal anti-fouling fabrics for solar-driven sustainable seawater 
desalination, Nano Energy 136 (2025) 110726, https://doi.org/10.1016/j. 
nanoen.2025.110726.

[13] Y. Zheng, R.A. Caceres Gonzalez, K.B. Hatzell, M.C. Hatzell, Large-scale solar- 
thermal desalination, Joule 5 (2021) 1971–1986, https://doi.org/10.1016/j. 
joule.2021.07.005.

[14] L. Ren, Q. Zhang, G. Zhao, T. Chen, Y. Wang, X. Xiao, H. Yang, N. Xu, W. Xu, 
Interconnected porous fabric-based scalable evaporator with asymmetric wetting 
properties for high-yield and salt-rejecting solar brine treatment, Adv. Fiber Mater. 
6 (2024) 1162–1173, https://doi.org/10.1007/s42765-024-00409-5.

[15] W. Xie, J. Duan, J. Li, B. Qi, R. Liu, B. Yu, H. Wang, X. Zhuang, M. Xu, J. Zhou, 
Charge-Gradient hydrogels enable direct zero liquid discharge for hypersaline 
wastewater management, Adv. Mater. 33 (2021) 2100141, https://doi.org/ 
10.1002/adma.202100141.

[16] J. Hu, M.-M. Pazuki, R. Li, M. Salimi, H. Cai, Y. Peng, Z. Liu, T. Zhao, M. Amidpour, 
Y. Wei, Z. Chen, Biomimetic design of breathable 2D photothermal fabric with 
three-layered structure for efficient four-plane evaporation of seawater, Adv. 
Mater. 37 (2025) 2420482, https://doi.org/10.1002/adma.202420482.

[17] Y. Lu, D. Fan, Z. Shen, H. Zhang, H. Xu, X. Yang, Design and performance boost of a 
MOF-functionalized-wood solar evaporator through tuning the hydrogen-bonding 
interactions, Nano Energy 95 (2022) 107016, https://doi.org/10.1016/j. 
nanoen.2022.107016.

[18] Y. Wang, X. Wu, P. Wu, J. Zhao, X. Yang, G. Owens, H. Xu, Enhancing solar steam 
generation using a highly thermally conductive evaporator support, Sci. Bull. 66 
(2021) 2479–2488, https://doi.org/10.1016/j.scib.2021.09.018.

[19] H. Shu, H. Sang, C. Tang, K. Ma, X. Li, Sulfur vacancy-rich molybdenum disulfide 
3D evaporator enhanced photothermal conversion for seawater desalination and 
wastewater purification, Chem. Eng. J. 506 (2025) 160060, https://doi.org/ 
10.1016/j.cej.2025.160060.

[20] M. Fargharazi, M.M. Bagheri-Mohagheghi, Enhanced photothermal performance 
and water purification via silver and gold plasmonic nanoparticles in polyvinyl 
alcohol: glutaraldehyde/activated carbon hydrogel, Opt. Quant. Electron. 56 
(2024) 1102, https://doi.org/10.1007/s11082-024-07045-8.

[21] S. Xi, M. Wang, L. Wang, H. Xie, W. Yu, 3D reduced graphene oxide aerogel 
supported TiO2-x for shape-stable phase change composites with high 
photothermal efficiency and thermal conductivity, Sol. Energy Mater. Sol. Cell. 226 
(2021) 111068, https://doi.org/10.1016/j.solmat.2021.111068.

[22] X. Jiang, C. Tang, X. Li, Z. Chen, Atomically precise Ni nanoclusters supported on 
CNT confined in hydrogel for efficient solar water evaporation: understanding 
synergistic effect of Ni nanoclusters and CNT on photothermal conversion, Chem. 
Eng. J. 521 (2025) 166473, https://doi.org/10.1016/j.cej.2025.166473.

[23] S. Wu, F. Shen, F. Yang, L. Chen, M. Huang, L. Zhao, J. He, F. Shen, D. Tian, All- 
Biomass-Based solar steam generator with deep eutectic solvent lignin porous 
Carbon/Silver nanoparticle coatings for efficient water evaporation, ACS Appl. 
Nano Mater. 7 (2024) 16564–16574, https://doi.org/10.1021/acsanm.4c02563.

W. Zhou et al.                                                                                                                                                                                                                                   Solar Energy Materials and Solar Cells 294 (2026) 113933 

11 

https://doi.org/10.1016/j.solmat.2025.113933
https://doi.org/10.1016/j.solmat.2025.113933
https://doi.org/10.1038/s41467-022-34528-7
https://doi.org/10.1016/j.device.2023.100099
https://doi.org/10.1016/j.device.2023.100099
https://doi.org/10.1016/j.solmat.2020.110593
https://doi.org/10.1016/j.solmat.2020.110593
https://doi.org/10.1016/j.solmat.2024.113342
https://doi.org/10.1016/j.solmat.2024.113342
https://doi.org/10.1039/c1ee01186c
https://doi.org/10.1039/c1ee01186c
https://doi.org/10.1007/s11356-022-18720-2
https://doi.org/10.1007/s11356-022-18720-2
https://doi.org/10.1016/j.desal.2007.01.067
https://doi.org/10.1016/j.desal.2007.01.067
https://doi.org/10.1016/j.solmat.2024.112752
https://doi.org/10.1016/j.solmat.2024.113081
https://doi.org/10.1016/j.solmat.2024.113081
https://doi.org/10.1016/j.solmat.2024.113168
https://doi.org/10.1016/j.pmatsci.2024.101407
https://doi.org/10.1016/j.nanoen.2025.110726
https://doi.org/10.1016/j.nanoen.2025.110726
https://doi.org/10.1016/j.joule.2021.07.005
https://doi.org/10.1016/j.joule.2021.07.005
https://doi.org/10.1007/s42765-024-00409-5
https://doi.org/10.1002/adma.202100141
https://doi.org/10.1002/adma.202100141
https://doi.org/10.1002/adma.202420482
https://doi.org/10.1016/j.nanoen.2022.107016
https://doi.org/10.1016/j.nanoen.2022.107016
https://doi.org/10.1016/j.scib.2021.09.018
https://doi.org/10.1016/j.cej.2025.160060
https://doi.org/10.1016/j.cej.2025.160060
https://doi.org/10.1007/s11082-024-07045-8
https://doi.org/10.1016/j.solmat.2021.111068
https://doi.org/10.1016/j.cej.2025.166473
https://doi.org/10.1021/acsanm.4c02563


[24] Q. Wan, P. Xiang, C. Tang, X. Li, Z. Chen, The defected cobalt sulfide for efficient 
solar water evaporation: understanding cobalt-based material induced 
photothermal conversion, Chem. Eng. J. 515 (2025) 163551, https://doi.org/ 
10.1016/j.cej.2025.163551.

[25] P. Xiang, C. Tang, K. Ma, X. Li, Highly efficient and robust oxygen vacancy-rich 
molybdenum trioxide aerogel evaporator for photothermal conversion and clean 
water generation, Desalination 594 (2025) 118281, https://doi.org/10.1016/j. 
desal.2024.118281.

[26] M. Su, Z. Wu, T. Yan, N. Li, X. Li, T. Hou, J. Liu, C. Zhang, C. Zhu, Z. Wang, 
J. Zhang, Atomic-Thin 2D copper sulfide nanocrystals with over 94% photothermal 
conversion efficiency as superior NIR-II photoacoustic agents, Adv. Funct. Mater. 
34 (2024) 2409580, https://doi.org/10.1002/adfm.202409580.

[27] X. Yang, X. Hou, H. Wang, H. Shi, Y. Miao, Z. Bian, Preparation of porous 
biomimetic biochar-based photothermal conversion materials and development of 
air water harvesting devices, ACS Appl. Mater. Interfaces 17 (2025) 37216–37230, 
https://doi.org/10.1021/acsami.5c04333.

[28] G. Zhang, S. Ren, C. Dong, W. Dong, Q. Du, X. Chen, A. Li, Ni@graphite carbon 
synergistic reinforcement sites penetrated hierarchical porous carbon boosting 
PCMs encapsulation and solar-thermal energy storage, Compos. Sci. Technol. 268 
(2025) 111228, https://doi.org/10.1016/j.compscitech.2025.111228.

[29] H. Liang, H. Wang, P. Zhang, D. Ding, Y. Jiao, Y. Zhou, Q. Xue, Q. Song, Q. Zhang, 
Y. Chen, Phase change materials encapsulated in a novel hybrid carbon skeleton for 
high-efficiency solar-thermal conversion and energy storage, J. Energy Storage 86 
(2024) 111307, https://doi.org/10.1016/j.est.2024.111307.

[30] W. Chong, R. Meng, Z. Liu, Q. Liu, J. Hu, B. Zhu, D.K. Macharia, Z. Chen, L. Zhang, 
Superhydrophilic polydopamine-modified carbon-fiber membrane with rapid 
seawater-transferring ability for constructing efficient hanging-model evaporator, 
Adv. Fiber Mater. 5 (2023) 1063–1075, https://doi.org/10.1007/s42765-023- 
00276-6.

[31] H. Sang, C. Tang, K. Ma, X. Li, Highly salt-resistant organic-inorganic composite as 
a solar-driven interfacial evaporator for desalination and electricity generation, 
J. Water Proc. Eng. 56 (2023) 104403, https://doi.org/10.1016/j. 
jwpe.2023.104403.

[32] T. Li, W. Sun, X. Wang, Y. Li, M. Lin, Y. Chen, C. Zhang, H. Qi, Carbon black and 
polyetherimide modified ES nonwovens for low-cost and continuous seawater 
desalination, Separ. Purif. Technol. 354 (2025) 128939, https://doi.org/10.1016/ 
j.seppur.2024.128939.

[33] Y. Liu, R.S. Sutar, L. Xiang, S. kumar Balu, B. Shi, Q. Yang, S. Liu, 
A superhydrophobic photothermal carbon black-coated waste face mask for 
efficient water desalination, New J. Chem. 48 (2024) 1538–1546, https://doi.org/ 
10.1039/D3NJ04723G.

[34] Y. Jin, Y. Ma, H. Ru, S. Xiang, Polyimide/CNTs ionogel for application in photo- 
thermal-resistance response materials, J. Appl.Polymer Sci.n/a (n.d.) e57290. http 
s://doi.org/10.1002/app.57290.

[35] Z. Wang, S. Zhao, S. Xiao, S. Liu, R. Yao, Y. Li, Y. Wang, Y. Li, H. Tan, Heteropoly 
blue/carbon nanotubes nanocomposites as high-performance photothermal 
conversion materials, Chem. Eur J. 29 (2023) e202203419, https://doi.org/ 
10.1002/chem.202203419.

[36] Z. Sun, T. Shi, Y. Wang, J. Li, H. L, X. Wang, Hierarchical microencapsulation of 
phase change material with carbon-nanotubes/polydopamine/silica shell for 
synergistic enhancement of solar photothermal conversion and storage, Sol. Energy 
Mater. Sol. Cell. 236 (2022) 111539, https://doi.org/10.1016/j. 
solmat.2021.111539.

[37] H. Dai, J. Yuan, X. Kong, C. Zhao, Shape-memory phase change material enhanced 
by MWCNT for solar photothermal conversion, Sol. Energy Mater. Sol. Cell. 269 
(2024) 112756, https://doi.org/10.1016/j.solmat.2024.112756.

[38] X. Song, X. Li, B. Zhu, S. Sun, Z. Chen, L. Zhang, MnO2/Poly-L-lysine Co-decorated 
carbon fiber cloth with decreased evaporation enthalpy and enhanced 
Photoabsorption/Antibacterial performance for solar-enabled anti-fouling 
seawater desalination, Adv. Fiber Mater. 6 (2024) 1569–1582, https://doi.org/ 
10.1007/s42765-024-00437-1.

[39] M. Singh, M. Sing, S. Qin, K. Usman, L. Wang, D. Liu, Y. Ma, W. Lei, Transforming 
waste aramid fibers and carbon fibers into aerogels for efficient solar-driven water 
desalination, Sol. Energy Mater. Sol. Cell. 281 (2025) 113314, https://doi.org/ 
10.1016/j.solmat.2024.113314.

[40] T.-H. Chen, S.-K. Tsai, J.-Y. Chang, E. Chung, C.-H. Hou, Achieving an efficient 
redox-flow battery with high-conductivity electrospun carbon fiber for wastewater 
reclamation and seawater desalination, Desalination 558 (2023) 116616, https:// 
doi.org/10.1016/j.desal.2023.116616.

[41] H. Nikpourian, A. Allahbakhsh, Mechanisms involved in solar steam generation via 
graphene-based photothermal active materials, Chem. Eng. J. 512 (2025) 162457, 
https://doi.org/10.1016/j.cej.2025.162457.

[42] Z.-Z. Jiao, H. Zhou, X.-C. Han, D.-D. Han, Y.-L. Zhang, Photothermal responsive 
slippery surfaces based on laser-structured graphene@PVDF composites, J. Colloid 
Interface Sci. 629 (2023) 582–592, https://doi.org/10.1016/j.jcis.2022.08.153.

[43] M. Choobdari, A. Allahbakhsh, A. Bahramian, Agricultural byproduct/reduced 
graphene oxide sustainable nanocomposite aerogels as solar evaporation active 
materials, Sol. Energy Mater. Sol. Cell. 288 (2025) 113648, https://doi.org/ 
10.1016/j.solmat.2025.113648.

[44] S. Lu, F. Liu, P. Qiu, M. Qiao, Y. Li, Z. Cheng, N. Xue, X. Hou, C. Xu, Y. Xiang, 
F. Peng, Z. Guo, Photothermal-assisted photocatalytic degradation with ultrahigh 
solar utilization: towards practical application, Chem. Eng. J. 379 (2020) 122382, 
https://doi.org/10.1016/j.cej.2019.122382.

[45] B. Huo, D. Jiang, X. Cao, H. Liang, Z. Liu, C. Li, J. Liu, N-doped graphene/carbon 
hybrid aerogels for efficient solar steam generation, Carbon 142 (2019) 13–19, 
https://doi.org/10.1016/j.carbon.2018.10.008.

[46] M. Gao, L. Zhu, C.K. Peh, G.W. Ho, Solar absorber material and system designs for 
photothermal water vaporization towards clean water and energy production, 
Energy Environ. Sci. 12 (2019) 841–864, https://doi.org/10.1039/C8EE01146J.

[47] M. Zhang, F. Xu, W. Liu, Y. Hou, L. Su, X. Zhang, R. Zhang, L. Zhou, X. Yan, 
M. Wang, X. Hou, Y. Cao, Antibacterial evaporator based on reduced graphene 
oxide/polypyrrole aerogel for solar-driven desalination, Nano Res. 16 (2023) 
4219–4224, https://doi.org/10.1007/s12274-021-4041-4.

[48] X. Liu, Q. Zhu, W. Wu, Application of molybdenum sulfide-graphene aerogel for 
solar energy-driven interfacial evaporation, Separ. Purif. Technol. 354 (2025) 
128864, https://doi.org/10.1016/j.seppur.2024.128864.

[49] S. Stankovich, D.A. Dikin, R.D. Piner, K.A. Kohlhaas, A. Kleinhammes, Y. Jia, 
Y. Wu, S.T. Nguyen, R.S. Ruoff, Synthesis of graphene-based nanosheets via 
chemical reduction of exfoliated graphite oxide, Carbon 45 (2007) 1558–1565, 
https://doi.org/10.1016/j.carbon.2007.02.034.

[50] S. Eigler, A. Hirsch, Chemistry with graphene and graphene Oxide—Challenges for 
synthetic chemists, Angew. Chem. Int. Ed. 53 (2014) 7720–7738, https://doi.org/ 
10.1002/anie.201402780.

[51] H. Liu, Controllable reduction of graphene oxide and its application during the 
fabrication of high dielectric constant composites, Appl. Surf. Sci. 420 (2017) 
390–398, https://doi.org/10.1016/j.apsusc.2017.05.181.

[52] H. Liu, T. Xu, C. Cai, K. Liu, W. Liu, M. Zhang, H. Du, C. Si, K. Zhang, 
Multifunctional superelastic, superhydrophilic, and ultralight nanocellulose-based 
composite carbon aerogels for compressive supercapacitor and strain sensor, Adv. 
Funct. Mater. 32 (2022) 2113082, https://doi.org/10.1002/adfm.202113082.

[53] M.Q. Wu, S. Wu, Y.F. Cai, R.Z. Wang, T.X. Li, Form-stable phase change 
composites: preparation, performance, and applications for thermal energy 
conversion, storage and management, Energy Storage Mater. 42 (2021) 380–417, 
https://doi.org/10.1016/j.ensm.2021.07.019.

[54] M. Ding, H. Lu, Y. Sun, Y. He, J. Yu, H. Kong, C. Shao, C.-Y. Liu, C. Li, Superelastic 
3D assembled Clay/Graphene aerogels for continuous solar desalination and Oil/ 
Organic solvent absorption, Adv. Sci. 9 (2022) 2205202, https://doi.org/10.1002/ 
advs.202205202.

[55] Y. Kong, H. Dan, W. Kong, Y. Gao, Y. Shang, K. Ji, Q. Yue, B. Gao, Self-floating 
maize straw/graphene aerogel synthesis based on microbubble and ice crystal 
templates for efficient solar-driven interfacial water evaporation, J. Mater. Chem. 
A 8 (2020) 24734–24742, https://doi.org/10.1039/D0TA07576K.

[56] Q. Fan, L. Wu, Y. Liang, Z. Xu, Y. Li, J. Wang, P.D. Lund, M. Zeng, W. Wang, The 
role of micro-nano pores in interfacial solar evaporation systems – a review, Appl. 
Energy 292 (2021) 116871, https://doi.org/10.1016/j.apenergy.2021.116871.

[57] R. Zhu, D. Wang, J. Xie, Y. Liu, M. Liu, S. Fu, Salt-resistant Schiff base cross-linked 
superelastic photothermal cellulose aerogels for long-term seawater desalination, 
Chem. Eng. J. 427 (2022) 131618, https://doi.org/10.1016/j.cej.2021.131618.

[58] J. Yan, L. Yin, H. Lv, R. Qiu, X. Yang, J. Cheng, T. Han, H. Lu, H.V. Bui, 
S. Agathopoulos, Y. Zhao, L. Zhang, L. Deng, Novel efficient solar spherical 
evaporators with adjustable pores to control water supply and evaporation, 
J. Alloys Compd. 960 (2023) 170674, https://doi.org/10.1016/j. 
jallcom.2023.170674.

[59] J. Yue, M. Qin, H. Yu, Q. He, W. Feng, Superelastic graphene-based composite 
aerogel for thermal and electromagnetic protection in extreme temperature 
environments, Adv. Func. Mater. n/a (n.d.) 2508319. https://doi.org/10.1002/ad 
fm.202508319.

[60] J. Yang, X. Zhang, G. Wang, D. Xu, X. Jia, H. Song, Multifunctional all-biomass 
superelastic aerogel evaporator for efficient desalination and wastewater 
treatment, Separ. Purif. Technol. 367 (2025) 132893, https://doi.org/10.1016/j. 
seppur.2025.132893.

[61] L. Chen, W. You, J. Wang, X. Yang, D. Xiao, H. Zhu, Y. Zhang, G. Li, W. Yu, J. 
L. Sessler, F. Huang, Enhancing the toughness and strength of polymers using 
mechanically interlocked hydrogen bonds, J. Am. Chem. Soc. 146 (2024) 
1109–1121, https://doi.org/10.1021/jacs.3c12404.

[62] J. Li, X. Zhao, Z. Zhang, Y. Xian, Y. Lin, X. Ji, Y. Lu, L. Zhang, Construction of 
interconnected Al2O3 doped rGO network in natural rubber nanocomposites to 
achieve significant thermal conductivity and mechanical strength enhancement, 
Compos. Sci. Technol. 186 (2020) 107930, https://doi.org/10.1016/j. 
compscitech.2019.107930.

[63] H. Zhang, J. Li, W. Fan, The role of reduced graphene oxide in enhancing the 
mechanical and thermal properties of a rubber cover joint, Polymers 16 (2024) 
1143, https://doi.org/10.3390/polym16081143.

[64] M. Gong, L. Wang, K. Hou, K. Zhang, X. Wang, Mastering hydrogen bonding at 
hard–soft interfaces for ultrahigh damage resistance in elastomers, 
Macromolecules 58 (2025) 3241–3254, https://doi.org/10.1021/acs. 
macromol.5c00002.

[65] Z. Zhang, P. Mu, J. Han, J. He, Z. Zhu, H. Sun, W. Liang, A. Li, Superwetting and 
mechanically robust MnO2 nanowire–reduced graphene oxide monolithic aerogels 
for efficient solar vapor generation, J. Mater. Chem. A 7 (2019) 18092–18099, 
https://doi.org/10.1039/C9TA04509K.

[66] N. He, X. Zhao, Z. Li, T. Shi, Z. Li, F. Guo, W. Li, Polydopamine enhanced 
interactions of graphene nanosheets to fabricate Graphene/Polydopamine aerogels 
with effectively clear organic pollutants, Langmuir 40 (2024) 9592–9601, https:// 
doi.org/10.1021/acs.langmuir.4c00363.

[67] H.S. Tong, S.M. Kabeb, H. Abd Hamid, F.H. Zulkifli, A review of biodegradability of 
natural rubber products: physicochemical, thermal and mechanical properties, Int. 
J. Biol. Macromol. 318 (2025) 144973, https://doi.org/10.1016/j. 
ijbiomac.2025.144973.

[68] T. Taniguchi, L. Nurdiwijayanto, N. Sakai, K. Tsukagoshi, Revisiting the two- 
dimensional structure and reduction process of graphene oxide with in-plane X-ray 

W. Zhou et al.                                                                                                                                                                                                                                   Solar Energy Materials and Solar Cells 294 (2026) 113933 

12 

https://doi.org/10.1016/j.cej.2025.163551
https://doi.org/10.1016/j.cej.2025.163551
https://doi.org/10.1016/j.desal.2024.118281
https://doi.org/10.1016/j.desal.2024.118281
https://doi.org/10.1002/adfm.202409580
https://doi.org/10.1021/acsami.5c04333
https://doi.org/10.1016/j.compscitech.2025.111228
https://doi.org/10.1016/j.est.2024.111307
https://doi.org/10.1007/s42765-023-00276-6
https://doi.org/10.1007/s42765-023-00276-6
https://doi.org/10.1016/j.jwpe.2023.104403
https://doi.org/10.1016/j.jwpe.2023.104403
https://doi.org/10.1016/j.seppur.2024.128939
https://doi.org/10.1016/j.seppur.2024.128939
https://doi.org/10.1039/D3NJ04723G
https://doi.org/10.1039/D3NJ04723G
https://doi.org/10.1002/app.57290
https://doi.org/10.1002/app.57290
https://doi.org/10.1002/chem.202203419
https://doi.org/10.1002/chem.202203419
https://doi.org/10.1016/j.solmat.2021.111539
https://doi.org/10.1016/j.solmat.2021.111539
https://doi.org/10.1016/j.solmat.2024.112756
https://doi.org/10.1007/s42765-024-00437-1
https://doi.org/10.1007/s42765-024-00437-1
https://doi.org/10.1016/j.solmat.2024.113314
https://doi.org/10.1016/j.solmat.2024.113314
https://doi.org/10.1016/j.desal.2023.116616
https://doi.org/10.1016/j.desal.2023.116616
https://doi.org/10.1016/j.cej.2025.162457
https://doi.org/10.1016/j.jcis.2022.08.153
https://doi.org/10.1016/j.solmat.2025.113648
https://doi.org/10.1016/j.solmat.2025.113648
https://doi.org/10.1016/j.cej.2019.122382
https://doi.org/10.1016/j.carbon.2018.10.008
https://doi.org/10.1039/C8EE01146J
https://doi.org/10.1007/s12274-021-4041-4
https://doi.org/10.1016/j.seppur.2024.128864
https://doi.org/10.1016/j.carbon.2007.02.034
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1016/j.apsusc.2017.05.181
https://doi.org/10.1002/adfm.202113082
https://doi.org/10.1016/j.ensm.2021.07.019
https://doi.org/10.1002/advs.202205202
https://doi.org/10.1002/advs.202205202
https://doi.org/10.1039/D0TA07576K
https://doi.org/10.1016/j.apenergy.2021.116871
https://doi.org/10.1016/j.cej.2021.131618
https://doi.org/10.1016/j.jallcom.2023.170674
https://doi.org/10.1016/j.jallcom.2023.170674
https://doi.org/10.1002/adfm.202508319
https://doi.org/10.1002/adfm.202508319
https://doi.org/10.1016/j.seppur.2025.132893
https://doi.org/10.1016/j.seppur.2025.132893
https://doi.org/10.1021/jacs.3c12404
https://doi.org/10.1016/j.compscitech.2019.107930
https://doi.org/10.1016/j.compscitech.2019.107930
https://doi.org/10.3390/polym16081143
https://doi.org/10.1021/acs.macromol.5c00002
https://doi.org/10.1021/acs.macromol.5c00002
https://doi.org/10.1039/C9TA04509K
https://doi.org/10.1021/acs.langmuir.4c00363
https://doi.org/10.1021/acs.langmuir.4c00363
https://doi.org/10.1016/j.ijbiomac.2025.144973
https://doi.org/10.1016/j.ijbiomac.2025.144973


diffraction, Carbon 202 (2023) 26–35, https://doi.org/10.1016/j. 
carbon.2022.11.009.

[69] H. Jian, Y. Wang, W. Li, Y. Ma, W. Wang, D. Yu, Reduced graphene oxide aerogel 
with the dual-cross-linked framework for efficient solar steam evaporation, 
Colloids Surf. A Physicochem. Eng. Asp. 629 (2021) 127440, https://doi.org/ 
10.1016/j.colsurfa.2021.127440.

[70] H. Ma, L. Yu, Z. Li, J. Chen, J. Meng, Q. Song, Y. Liu, Y. Wang, Q. Wu, M. Miao, 
C. Zhi, A Lotus seedpods-inspired interfacial solar steam generator with 
outstanding salt tolerance and mechanical properties for efficient and stable 
seawater desalination, Small 19 (2023) 2304877, https://doi.org/10.1002/ 
smll.202304877.

[71] J. Li, Y. Jing, M. Qiao, L. Yan, Y. Long, Z. Liu, H. Sun, Z. Zhu, W. Liang, A. Li, 3D 
porous β-cyclodextrin grafted graphene oxide/sodium alginate superhydrophilic 
natural polysaccharide-based aerogel for solar steam generation, Int. J. Biol. 
Macromol. 253 (2023) 127338, https://doi.org/10.1016/j.ijbiomac.2023.127338.

[72] M. Yang, L. Zhang, D. Ye, Y. Dong, Y. Zhan, X. Jiang, Facile preparation of sodium 
alginate/poly(vinyl alcohol)/graphite hybrid porous hydrogel for efficient solar 
desalination, Chem. Eng. J. 480 (2024) 148226, https://doi.org/10.1016/j. 
cej.2023.148226.

[73] M. Wang, W. Yuan, X. Li, X. Wang, Y. Wang, Sustainable seawater desalination and 
energy management: mechanisms, strategies, and the way forward, Research 6 
(2023) 290, https://doi.org/10.34133/research.0290.

[74] H. Zou, X. Meng, X. Zhao, J. Qiu, Hofmeister effect-enhanced hydration chemistry 
of hydrogel for high-efficiency solar-driven interfacial desalination, Adv. Mater. 35 
(2023) 2207262, https://doi.org/10.1002/adma.202207262.

[75] D. Zhao, M. Ding, T. Lin, Z. Duan, R. Wei, P. Feng, J. Yu, C.-Y. Liu, C. Li, Gradient 
graphene spiral sponges for efficient solar evaporation and zero liquid discharge 
desalination with directional salt crystallization, Adv. Sci. 11 (2024) 2400310, 
https://doi.org/10.1002/advs.202400310.

[76] J. Lin, W. Ye, M. Xie, D.H. Seo, J. Luo, Y. Wan, B. Van der Bruggen, Environmental 
impacts and remediation of dye-containing wastewater, Nat. Rev. Earth Environ. 4 
(2023) 785–803, https://doi.org/10.1038/s43017-023-00489-8.

[77] N. Arora, S. Tripathi, P. Bhatnagar, P. Gururani, G.P. Philippidis, V. Kumar, 
K. Mohan Poluri, M. Nanda, Algal-based biochar and hydrochar: a holistic and 
sustainable approach to wastewater treatment, Chem. Eng. J. 496 (2024) 153953, 
https://doi.org/10.1016/j.cej.2024.153953.

W. Zhou et al.                                                                                                                                                                                                                                   Solar Energy Materials and Solar Cells 294 (2026) 113933 

13 

https://doi.org/10.1016/j.carbon.2022.11.009
https://doi.org/10.1016/j.carbon.2022.11.009
https://doi.org/10.1016/j.colsurfa.2021.127440
https://doi.org/10.1016/j.colsurfa.2021.127440
https://doi.org/10.1002/smll.202304877
https://doi.org/10.1002/smll.202304877
https://doi.org/10.1016/j.ijbiomac.2023.127338
https://doi.org/10.1016/j.cej.2023.148226
https://doi.org/10.1016/j.cej.2023.148226
https://doi.org/10.34133/research.0290
https://doi.org/10.1002/adma.202207262
https://doi.org/10.1002/advs.202400310
https://doi.org/10.1038/s43017-023-00489-8
https://doi.org/10.1016/j.cej.2024.153953

	Microbubble-based elastic graphene aerogel for efficient solar-driven interfacial evaporation
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of GA
	2.3 Preparation of GA/NL
	2.4 Characterization and measurements
	2.5 Steam generation experiments

	3 Results and discussion
	3.1 Mechanical properties
	3.2 Morphologies properties
	3.3 Chemical properties and hydrophilicity
	3.4 Light absorption and photothermal conversion performance
	3.5 Steam evaporation performance
	3.6 Salt resistance and durability performance
	3.7 Solar desalination and dye water performance

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


