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Abstract

Seawater desalination with solar-driven interfacial evaporators has emerged as a
promising solution to alleviate global water scarcity. However, conventional two-
dimensional (2D) planar evaporators have high reflectivity, which poses a challenge
in achieving efficient light absorption. Herein, a sandwich-structured solar-driven
interfacial evaporator (SSIE) assembled with three-dimensional (3D) cellulose aerogel
membranes (modified with TiN nanoparticles) and an air-laid paper was proposed,
which is significantly different from the previously reported 2D membrane-based
evaporators. Cellulose aerogel membranes have excellent integrated properties,
including extremely high flexibility, allowing for multiple folds, and a 3D porous
structure that enables multiple light absorptions. Benefiting from special structural
design, SSIE achieves an outstanding evaporation rate of 2.20 kg m?2 h? and an
energy efficiency of 83.30%. Moreover, SSIE maintains a stable evaporation rate
throughout a 10 h saltwater evaporation process. It also demonstrates excellent
performance in seawater and simulated wastewater purification. Furthermore, SSIE
exhibits a significant purification effect for dye wastewater, such as Rhodamine B
(RhB). This study provides valuable insights into rational structural design for solar
evaporators, as well as holding tremendous potential for carrying out seawater
desalination in limited spaces.

Keywords: 3D aerogel membrane, Sandwich-structured, TiN nanoparticles, Water
supply, Solar-driven interfacial evaporator



1. Introduction

Freshwater resources on the earth are extremely limited, and the threat posed to
humanity by water scarcity is exacerbated by the rapid growth of global industry,
economy and population [1-4]. It is well-known that the earth has abundant seawater
reserves, accounting for approximately 97.5% of the total water resources [5].
Therefore, seawater desalination is an effective technique for producing clean
freshwater [6]. Various desalination techniques such as reverse osmosis, multi-effect
distillation and multi-stage flash have been developed [7-9]. However, these
techniques are relatively complex and costly and can lead to secondary pollution,
contradicting the principles of green and sustainable development [10]. Therefore,
there is an urgent need to develop clean and green energy approaches to tackle
freshwater scarcity [11].

As the most abundant renewable energy resource in nature [12], solar energy has
the characteristics of low energy, high efficiency and environmental friendliness,
which has been widely utilized in various fields including electricity generation,
seawater desalination and sewage treatment [13]. Thus, utilizing solar steam
generation technology to produce clean freshwater holds promising prospects [14-16].
This technology uses photothermal materials to absorb sunlight and convert it into
heat, enhancing vapor production [17]. The vapor subsequently gradually condenses
and is collected to produce freshwater [14]. Traditional methods involve thermally
energizing the entire volume of water by dispersing the photothermal materials in
water [18]. However, the traditional approach leads to substantial loss of heat to the
bulk water, giving rise to a lower efficiency of water evaporation and hindering its
large-scale practical applications [19]. In recent years, researchers have proposed an
efficient and low-cost approach for desalination by applying photothermal evaporators
with localized interfacial heating, which involves an interface between air and water,
to solar steam generation [20, 21]. These floating photothermal evaporators
concentrate the absorbed solar energy for conversion and steam generation at the
water-air interface [22]. In this way, only the interfacial water is locally heated, while
the volume of water remains closer to the ambient temperature, thus increasing the
conversion efficiency of photothermal energy and minimizing heat loss [23]. Solar-
driven interfacial evaporators typically consist of photothermal materials and porous
substrates [24]. An ideal solar interfacial evaporator needs to meet three criteria
simultaneously: (i) high light absorption within the solar wavelength range to



maximize the conversion of solar energy to heat; (ii) efficient thermal management to
minimize heat loss; and (iii) rational water transport to ensure continuous water
supply to the evaporative surface [25, 26].

To enhance the photothermal conversion efficiency, various types of materials
have been explored for solar-driven interfacial evaporation, including metallic
materials [14, 27], carbon-based materials [13, 28], semiconductors [29], plasmonic
nanomaterials [30], and polymer materials [8, 25], among others. Transition metal
nitrides have demonstrated significant potential in solar-driven interfacial evaporation
techniques due to their strong ability to absorb solar energy [31]. Titanium nitride
(TiN), as a transition metal nitride, exhibits strong surface plasmonics photothermal
effects similar to metallic nanoparticles, efficiently converting light into heat [32].
This makes TiN a promising candidate material for developing photothermal
structures. Various structural designs of solar-driven interfacial evaporators based on
TiN have been developed, such as 2D thin film materials [32], 3D aerogels and
hydrogels [2, 33]. However, 2D planar structures often suffer from high light
reflection and thermal radiation losses, resulting in decreased evaporation rates [34].
3D structures benefit from increased evaporation surface area, allowing more energy
to be collected from the surrounding environment and bulk water, leading to higher
evaporation rates and energy efficiency [28]. As a result, the study of 3D evaporators
is gaining popularity [35]. Cellulose aerogels are known for their porous structure,
which facilitates multiple reflections of light within the pores and minimizes energy
losses [36]. In addition, cellulose aerogels offer a large specific surface area, stable
mechanical properties and rich hydroxyl groups on the surface, making them easily
modifiable [37]. Therefore, cellulose aerogels are an excellent choice for the
construction of 3D solar evaporators.

Rational water transport is another crucial factor in the construction of solar
evaporators [38]. Cellulose aerogels, due to excellent hydrophilicity, are typically in
direct contact with bulk water to ensure a timely water supply. However, the rapid
water supply results in a significant amount of unevaporated water within the aerogel,
leading to overall heating similar to traditional solar evaporation. This wastes the
absorbed energy from the photothermal material, increases the thermal conductivity of
the aerogel, weakens the localized heating effect and reduces the evaporation rate [39].
On the other hand, inadequate water supply causes local drying and salt accumulation,
reducing the effective evaporation area [40]. Researchers have made efforts to achieve



reasonable water transport. For instance, Zou et al. [40] designed an arched structure
with grooves and microcavities on the surface, allowing for the formation of a 3D
continuous water film and a confined liquid layer underneath, thus maintaining the
continuity of the water film and ensuring sufficient liquid replenishment. Zhang et al.
[41] used the method of free-water evaporation to manufacture adjustable water
transport channels, which regulate the water supply capability of the material.
Nonetheless, efficient design strategies that involve accurate control of moisture
content within the material and specialized surface structures exposed at the heating
interface face significant challenges such as complicated manipulation, high cost and
bad material stability [39]. Therefore, the development of efficient design strategies
still presents considerable obstacles in terms of moisture content control and the
creation of stable surface structures exposed to heated interfaces.

Here, we presented a novel self-floating sandwich-structured evaporator using
freeze-drying. A hydrophobic cellulose/TiN aerogel membrane (HCTAM) was used as
the top layer for photothermal conversion. An air-laid paper (AP) was employed as an
intermediate water transport layer with two channels for water transfer. The bottom
layer consisted of a hydrophobic pure cellulose aerogel membrane (HCAM) serving
as an insulating layer. The evaporator proposed by this work is made of cellulose
aerogel membranes, which not only retain the advantages of traditional membrane
materials such as portability and flexibility, but also address the limitation of high
light reflection in 2D structures, enabling efficient sunlight absorption and minimizing
energy loss. Benefiting from remarkable insulation, efficient water transport channels,
and reliable light absorption capacity, SSIE achieves a high evaporation rate of about
2.20 kg m2h* and an impressive energy efficiency of around 83.30% under 1 sun
irradiation. Furthermore, it demonstrates a stable performance in seawater
desalination within a 10 h cycle, maintaining a stable evaporation rate. The material
cost of SSIE is approximately $6.37 m, which is lower than most of the evaporators
that have been reported. In conclusion, the developed sandwich-structured evaporator
holds significant potential for clean water production and provides insights into the
efficient structural design of solar evaporators.

2. Experimental

2.1. Materials



Quantitative filter paper was purchased from Hangzhou Special Paper Industry
Co., Ltd. Air-laid paper was purchased from Taobao. Urea (=99.0%) was supplied by
Sinopharm Chemical Reagent Co., Ltd. Sodium hydroxide (NaOH, =96.0%) was
obtained from Tianli Chemical Reagent Co., Ltd. Titanium nitride (TiN NPs; average
particle size~20 nm; >99.9%) and Methyltrichlorosilane (MTCS, 99.0%) were bought
from Macklin Biochemical Technology Co., Ltd. Rhodamine B (RhB) and N'N-
Methylenebisacrylamide (MBA, =99,0%) were bought from Comeo Reagents Co.,
Ltd. Deionized water is prepared in the laboratory. These chemicals required no
pretreatment before use.

2.2 Preparation of HCTAM

HCTAM-30% was prepared using a simple solution casting and vacuum freeze-
drying method. Firstly, 0.61 g of shredded filter paper was dissolved in 13.5 ml of pre-
cooled alkaline solution (NaOH: urea: DI = 7:12:81). The mixture was stirred by
magnetic stirring for 2 h in an ice bath. Subsequently, 0.183 g of TiN nanoparticles
(constituting 30% of the cellulose mass) were added to a cellulose solution and stirred
for 1 h to form a black cellulose/TiN solution. The mixture was then sonicated for 15
minutes to achieve a uniform dispersion. The cellulose/TiN solution was stored in a
refrigerator for later use. Next, 0.183 g of MBA (crosslinking agent) was added to the
cellulose/TiN solution and magnetically stirred for 1 h. The resulting mixture was
poured into a culture dish, and the bubbles were removed in a vacuum drying chamber
for 15 min. It was left to age for 24 h to form a hydrogel membrane. The hydrogel
membrane was repeatedly rinsed with deionized water until pH reached neutrality.
Finally, the hydrogel membrane was vacuum freeze-dried for 72 h to obtain a
hydrophilic cellulose/TiN aerogel membrane.

Hydrophobic modification of cellulose/TiN aerogel membranes was performed
using chemical vapor deposition. In detail, 1 ml of MTCS was placed in a sealed
container together with an aerogel membrane. The sealed container was then placed in
a vacuum drying oven at 55°Cfor 12 h. After the reaction was completed, hydrophobic
cellulose/TiN aerogel membrane was obtained. The same method was used to prepare
a hydrophobic pure cellulose aerogel membrane.

The cellulose/TiN aerogel membranes were prepared using the same method,
with TiN nanoparticles occupying 10% and 50% of the cellulose mass, respectively.
They were named HCTAM-10% and HCTAM-50%. The thicknesses of HCTAM-30%
and HCAM used in this study were 1 mm, and the details are discussed in the



supporting information.

2.3. Preparation of SSIE

The SSIE was prepared using a facile physical assembly method. In detail, the
air-laid paper was cut to the same size as the prepared aerogel membrane, while
retaining two water supply channels of width 1cm. Then, the air-laid paper was placed
between two layers of aerogel membranes (the upper layer being HCTAM-30% and
the lower layer being HCAM), with the two water supply channels placed in water to

transfer water to the heating interface.

2.4. Characterizations

The morphology and elemental composition of the aerogel membrane and air-
laid paper were obtained employing a field emission scanning electron microscope
(SEM, FEI Apreo S). The crystal structures of aerogel membranes were investigated
using an X-ray diffractometer (XRD, Bruker D8 ADVANCE). Fourier-transform
infrared spectroscopy (FTIR, Bruker Optics Tensor 27) was employed to record the
spectra in the range of 500-4000 nm. XPS spectra were observed utilizing X-ray
photoelectron spectroscopy (XPS, PHI5000 Versa Probe I11). A contact angle analyzer
(DSA25) was utilized to measure the water contact angles of aerogel membranes. The
transmission and reflectance spectra of the samples were taken using a UV-vis-NIR
spectrophotometer (UV-vis-NIR , PerkinElmer Lambda 950). The thermal
conductivities of the aerogel membrane were measured within the temperature range
of 20-100°C using a laser flash analyzer (LFA 467, NETZSCH). An inductively
coupled plasma emission spectrometer (ICP, Optima 2100DV) was used to detect the
concentration of metal ions in seawater, wastewater, and collected water samples.

2.5. Solar steam generation performance test

The experiment was conducted by a solar light simulator (PL-X300DF) with a
filter. The energy intensity of sunlight was examined by a photometer (CEL-NP 2000
Full spectrum Strong light power meter). During the illumination process, the mass
change of water was recorded using an electronic balance (BSA224S, Sartorius,
accuracy 0.1 mg). The infrared camera (FLIR-T5590) was utilized to take infrared
images and surface temperatures of the samples. The ambient temperature and
humidity were maintained at 25 +2°C and 45 % 5%, respectively. The water
evaporation efficiency was obtained using the following equations:



Nevp = (VeEequ)/Qsolar (1)

Where ve (kg m™2 h™) represents the evaporation rate, E.q, (kJ kg™) is the actual
evaporation enthalpy (the detailed method is provided in the Supporting Information),
and Qsolar (kJ M2 h™) is the energy intensity irradiated on the evaporator.

3. Results and discussion

3.1. Structure design of SSIE

A sandwich-structured solar-driven interfacial evaporator based on cellulose
aerogel membranes was fabricated using freeze-drying and layer-by-layer assembly
techniques, as illustrated in Fig. 1 (see Experimental section for details). SSIE consists
of three parts. The topmost layer is composed of HCTAM-30%. TiN nanoparticles are
superior light-absorbing materials with stable properties. The vertical vessels in the
cellulose aerogel membrane act as perfect light traps. The sunlight can be reflected
many times before being finally absorbed by the HCTAM-30%. Therefore, HCTAM-
30% acts as a light-absorbing layer. The middle layer is formed by AP, which retains
two water supply channels for continuous water transfer. The bottom layer utilizes
HCAM as a thermal insulating layer to prevent heat loss to the bulk water. Moreover,
HCAM provides mechanical support to ensure the entire evaporator floats on the
surface of the water.
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Fig. 1. The preparation process of SSIE.

3.2. Morphology and characterization of SSIE

The morphology and internal structure of the SSIE are shown in Fig. 2. Figs. 2a
and 2d represent the morphological characteristics of HCAM, which exhibits an open
interconnected porous structure and pore diameter is between 200 and 300 um
approximately. The side view reveals vertically arranged vessels that effectively
organize air convection, minimize thermal radiation and conduction and possess
excellent heat-insulating properties. Fig. 2b displays the surface morphology of AP,
which is porous and features disordered arranged fibers. HCTAM-30% appears black
and has vertically aligned micro-pores that serve as optical traps to enhance the
photothermal effect of TiN nanoparticles (Figs. 2c and 2e). Moreover, the micro-pores
facilitate the release of steam. The elemental composition of the HCAM and
HCTAM-30% surfaces are depicted in Figs. Sla and S1b, respectively. Furthermore,
The TEM image is shown in Fig. 2f, the grain sizes of TiN nanoparticles attached to
the cellulose surface range from 20 to 30 nm. The elemental mapping clearly shows
the distribution of C, O, Si, Ti, and N elements in HCTAM-30%, which confirmed the
successful combination of TiN nanoparticles and cellulose. According to Fig. 2g, the
cellulose aerogel membrane demonstrates outstanding flexibility, allowing for
multiple folds without compromising its integrity. Even after being bent and folded
numerous times, the membrane quickly regained its original shape with only a few
creases on the surface, thus highlighting its exceptional flexibility.
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Fig. 2. (a-c) HCAM, AP and HCTAM-30% images and SEM images. (d) HCAM cross-section
morphology. (e) HCTAM-30% cross-section morphology. (f) TEM image of TiN NPs in cellulose
surface and elemental mapping images. (g) The images of HCTAM-30% undergoing bending and
folding.

The crystalline structures of CAM and CTAM are illustrated in Fig. 3a. Cellulose
displays sharp diffraction peaks at 15.2°, 17.1°, 22.9°, and 34.7°, corresponding to the
(101), (10-1), (200) and (004) crystal planes. Apart from these characteristic cellulose
diffraction peaks, CTAM exhibited distinct diffraction peaks of TiN at 36.8°, 42.8°,
62.0°, 74.3°, and 78.2°, representing the (111), (200), (220), (311) and (222) crystal
planes, indicating successful integration of cellulose and TiN.

The surface element composition and chemical state of CTAM were further
investigated. Fig. 3b displays the full spectrum of CAM and CTAM, revealing the
presence of N peaks (399.0 eV). These peaks suggest the successful combination of
TiN and cellulose. For the C 1s spectrum of CTAM (Fig. 3c), it is located at the peaks
of 284.3 eV, =286.1 eV, and ~287.6 eV, corresponding to the C-C, C-O, and C=0
bonds, respectively. The two sub-peaks of O 1s (Fig. 3d) are =531.1 eV (C=0) and
~532.2 ¢V (C-0). In the Ti 2p spectrum (Fig. 3¢), the deconvolution peaks ~463.1 eV
and =456.7 eV, =458.8 eV and =455.1 eV, and =457.8 eV and =453.7 eV correspond
to the Ti-Oy, intermediate TiOxNy and Ti-N in TiN nanoparticles, respectively [1].

Furthermore, hydrophobic modifications on CAM and CTAM were performed.
As shown in Fig. 3f, the chemical structural characteristics of the samples were
investigated by Fourier transform infrared spectroscopy (FTIR). Both HCAM and



HCTAM-30% exhibit stretching vibrations of O-H at around 3342 cm™. Additionally,
the stretching vibrations at 1058 cm™ and 1645 cm™ corresponded to C=0, C=C, and
C-O-C bonds. Moreover, vibrations of Si-CHs and Si-O-Si were observed at 1272 cm”
L and 780 cm, indicating the formation of a silicon-oxygen network. This observation
was further confirmed by the surface elemental composition (Fig. S1) and water
contact angle measurements (Fig. 4a, b).
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Fig. 3. (@) XRD images of CAM and CTAM. (b) XPS full spectrum of CAM and CTAM. (c) C 1s
spectrum of CTAM. (d) O 1s spectrum of CTAM. (e) Ti 2p spectrum of CTAM. (f) FTIR spectra
of HCAM and HCTAM-30%.

3.3. Water transfer mechanism of SSIE

Rational water transport plays a crucial role in achieving efficient solar water
evaporation. Excessive water supply leads to excessive heat loss and reduces the
evaporation rate, whereas insufficient water supply leads to localized dryness or salt
accumulation, thereby diminishing the effective evaporation area. In this study, a
sandwich-structured evaporator based on the different wetting properties was
constructed. The HCTAM-30% layer served as the solar absorber, and the AP acted as
the water transport layer (Fig. 4a, b, ¢ demonstrate the water contact angle). Here we
delve into water evaporation by analyzing the water transport process. During the
transmission process, water is primarily influenced by two forces: hydrostatic pressure
(Pw) and Laplace pressure (PL):



Py = pgh (5)

P == (6)

Where p is the density of water, g represents the acceleration of gravity, h is the height
of the droplet, v is the surface tension of water, and R; is the curvature radius of the
solid-liquid interface. In Fig. 4d, for the HCTAM-30% layer, water molecules are
hindered from passing through due to the P_ acting in the opposite direction to the
hydrostatic pressure. For fully hydrophilic air-laid paper, water molecules can
spontaneously migrate upward along the water supply route through capillary forces
and diffuse along the surface of the air-laid paper (as shown in Fig. 4e and Fig. S4).
However, for the fully air-laid paper, excessive water supply may occur, leading to
unnecessary heat loss. Due to the close contact between the hydrophilic and
hydrophobic layers, when water molecules reach the surface of the air-laid paper and
come into contact with the hydrophobic layer, two competing forces are generated: P
and Py (Fig. 4f). The total pressure of water in the evaporator can be calculated as
follows:

AP:PH—PL=P9h—% @)
When Py > P,, water molecules can flow through and fill the hydrophobic layer.
Upon contact with the hydrophobic layer, the Laplace pressure P_ controls the
movement of water molecules and suppresses rapid water transport, providing an
adequate water supply.

Simultaneously, as sunlight penetrates the evaporator surface, the temperature
of the surface rises, intensifying the kinetic energy of water molecules and
diminishing interfacial tension. The relationship between temperature and interfacial
tension is as follows:

Y23 = k(T, — T — 6.0) (8)

Where k is a constant, Vi represents the volume of water, and Tc denotes the critical
temperature. From the equation, it can be observed that as T approaches the critical



temperature, the surface tension tends to zero. Consequently, when water is
transported to the top layer, water vapor escapes more easily. Simultaneously, the
decrease in interfacial tension leads to a lower Laplace pressure, allowing water
molecules to be transported to the evaporation surface, thereby achieving a balance
between water supply and evaporation. As depicted in Figure S5, the highest
evaporation rate was obtained for SSIE compared to the hydrophilic photothermal
layer and a single hydrophobic photothermal layer, confirming that SSIE achieves a
balance between water supply and evaporation. Therefore, this structure with varying
wetting properties presents an advantage for implementing solar-driven seawater
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Fig. 4. Water contact angle of () HCAM, (b) HCTAM-30% and (c) AP. Mechanism of water
transport: (d) The water droplet on the HCTAM-30% was blocked arising from the Laplace

pressure; (e) The penetration behavior of water droplets from the hydrophilic AP side to the



HCTAM-30% side; (f) When water droplets reach the interface between hydrophilic and

hydrophobic, the Laplace pressure is created.

3.4. Light absorption and photothermal conversion of SSIE

The efficient absorption of solar radiation is another crucial factor in achieving
a high solar evaporation rate. To evaluate this, various key indicators of SSIE were
measured, including solar absorption and surface temperature changes. As shown in
Fig. 5a, the HCTAM-30% has a stronger light-absorbing capability compared to the
HCAM sample across a wider range of solar wavelengths (300-2500nm), resulting in
approximately 99% full-spectrum absorption (absorbance A = 1-R-T). Additionally,
HCTAM-30% also demonstrates lower transmittance (T) and reflectance (R) (Fig.
S7a-b). The excellent light-absorbing capability of HCTAM-30% can be attributed not
only to the inherent broadband absorption of TiN nanoparticles (Fig. 5a) but also to its
higher porosity (Fig. S8). Fig. 5b displays the comparative photothermal conversion
capabilities of HCTAM-30%, HCAM and pure water under 1 sun. The time-
temperature curve demonstrates that HCTAM-30% possesses superior photothermal
conversion capacity. Within just 3 min, the surface temperature rapidly increases from
25.0°C to 43.8°C, and within 20 min, it reaches equilibrium, stabilizing at 49.8
0.3°C. This temperature is approximately 15.3°C higher than that of pure water,
confirming the exceptional light-heat conversion capability of HCTAM-30%. Infrared
images confirm the temperature variation on the sample surface (Fig. 5c).
Additionally, for efficient solar energy utilization in practical applications, it is crucial
to maintain rapid water transport while minimizing heat loss. Therefore, the HCAM
was utilized as a thermal insulation layer to mitigate heat dissipation into the bulk
water. The thermal insulating capacity of HCAM is illustrated in Fig. 5d, which
exhibits a relatively low thermal conductivity coefficient of approximately 0.032 Wm"
Lk, Furthermore, Fig. S9 demonstrates the temperature variability of the bulk water
under 1 sun, highlighting the crucial role of the low thermal conductivity of HCAM in
minimizing heat dissipation into the bulk water and confining the heat within the
evaporation zone. The evaporation system diagram is shown in Fig. 5e. All these
results demonstrate that SSIE exhibits excellent photothermal conversion capability
and outstanding thermal management capacity, enabling efficient implementation of
solar-driven seawater desalination.
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conductivity of HCAM and HCTAM-30% at different temperatures. (e) The evaporation system
diagram of SSIE.

3.5. Solar-driven water evaporation performance of SSIE

Due to the superior photothermal properties of HCTAM, the water evaporation
performance of SSIE was investigated using the testing system depicted in Fig. S10.
The experiment was performed at a room temperature of approximately 25°C, with air
humidity ranging from 40% to 50%. To measure the change of water mass due to
vapor escape, an electronic balance was employed, while an infrared thermal imaging
camera recorded the surface temperature of the SSIE. Fig. 6a illustrates the mass
change of different TiN concentrations in the HCTAM layer (10%, 30% and 50% by
mass of cellulose) under 1 sun. Notably, it can be observed that when TiN accounts
for 30% of the cellulose mass, the highest mass change per unit time was recorded,
reaching a peak evaporation rate of 2.20 Kg m2h, which is approximately 6 times
the evaporation rate of pure water (0.36 Kg m? h?). SSIE exhibited a higher
evaporation rate than the thermodynamic evaporation limit (~1.46 kg m? h™),
probably attributed to the low evaporation enthalpy. The evaporation enthalpy of pure
water was ~2410 KJ kgL. It can be observed from Table S2 that the evaporation
enthalpy of HCTAM-30% decreased to 1363.09 KJ Kg!. This is because the



hydrophobicity of the photothermal layer reduces the evaporation work of water,
thereby lowering the evaporation enthalpy of water. On the other hand, the
hydrophilic functional groups on the hydrophilic layer weaken the hydrogen bonds
between water molecules, also contributing to the reduction of the evaporation
enthalpy. The energy efficiency of the SSIE was calculated using Equation (1) to
evaluate its energy utilization efficiency. The corresponding trend between energy
conversion efficiency and the evaporation rate is shown in Fig. 6b. The energy
conversion efficiencies of pure water, HCAM, HCTAM-10%, HCTAM-30% and
HCTAM-50% are 22.77%, 59.32%, 81.80%, 83.30% and 71.69%, respectively, under
1 sun illumination. This result highlights the advantages of SSIE in terms of energy
utilization, due to the outstanding thermal management capability of SSIE and its
efficient water transport. Moreover, the SSIE demonstrates long-lasting durability and
stability during a 10 h cyclic test, as depicted in Fig. 6¢. Further investigations were
carried out on various properties of the SSIE under different illumination conditions.
To further investigate the evaporation performance of SSIE under different weather
conditions, the evaporation rates were measured under 0.3 sun to 7 sun. As shown in
Figs. 6d and 6e, the evaporation rate of SSIE increased from 0.89 Kg m? h! to 7.83
Kg m2 h under seven different solar radiation intensities. The surface temperature
achieved a maximum of 94°C, which increased by approximately 45°C compared to 1
sun illumination alone (Fig. 6f). These results indicate that SSIE has a strong
environmental adaptability.
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Fig. 6. (a) Mass change of SSIE with different proportions of TiN under 1sun. (b) Evaporation rate

and energy efficiency of SSIE with different proportions of TiN under 1sun. (c) Mass change and



evaporation rate of the SSIE were tested in pure water for 10 h. (d) Mass change of SSIE under 0.3,
0.5, 0.7, 1,3,5,7 sun. (e) Evaporation rate of SSIE under 0.3, 0.5, 0.7, 1,3,5,7 sun. (f) The surface

temperature changes of SSIE in 1,3,5,7 sun.

For the purpose of evaluating the evaporation performance in saltwater, the SSIE
was tested in solutions containing 2%, 3.5%, 7% and 10% NaCl. The evaporation
rates in the 3.5% and 10% sodium chloride solutions could reach 2.01 Kg m?h* and
1.78 Kg m2h, respectively (Fig. 7a,b). Fig. 7c presents the results of a continuous
10-hour test, showing that the steam generation rate of SSIE remains nearly constant
in both pure water and 3.5% NaCl solution. In addition, the inset shows that there is
no salt accumulation on the SSIE surface throughout the 10-hour test (the detailed
salt-resistance mechanism is discussed in the supporting information). This indicates
the potential of using SSIE in highly saline seawater. It is worth noting that the SSIE
IS more competitive than similar materials already reported (Fig. 7d) [42-61].
Compared to single-type membrane-based evaporators and aerogel-based evaporators,
the cellulose aerogel membrane retains the original characteristics of bulk aerogel
(lightweight, porous, heat insulation).
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evaporators reported.

3.6. Seawater purification performance of SSIE

To evaluate the practicality of SSIE, a water vapor collection device was used
(Fig. S12) to capture the water vapor generated by sunlight. The seawater used in the
experiment was sourced from the Bohai Sea. The contents of four main ions (Na,
Mg?*, K*, Ca?") in the water samples were determined using an Inductively Coupled
Plasma Emission Spectrometer, as shown in Fig. 8a. Following the desalination
process, the ion concentration experienced a significant decrease by three to four
magnitudes, falling well below the drinking water quality standards established by the



WHO and the EPA. Also, the purification experiment was conducted on artificially
simulated wastewater containing heavy metal ions, the results of which are shown in
Fig. 8b. After purification, the contents of heavy metal ions were lower than the WHO
standard for drinking water. Additionally, a water evaporation experiment was
performed using simulated polluted water containing RhB (9 mg/L) as the
contaminant. The strong absorption peak of RhB (553nm) in the collected condensate
almost disappeared (Fig. 8c). Furthermore, we tested the water quality of the purified
seawater and wastewater using an ohmmeter, with the resistances reflecting the water
quality (Fig. 8d). The resistances measured for seawater, simulated wastewater,
purified seawater and purified wastewater were 0.508 MQ, 0.331 MQ, 4.02 MQ and
4.70 MQ, respectively, demonstrating the effectiveness of seawater desalination.

The working performance of SSIE in strong acid and strong alkaline solutions
was further evaluated. Fig. 8e presents the evaporation performance of SSIE in
1mol/L NaOH and 1mol/L H2SOs solutions. The evaporation rates in 1mol/L NaOH
and 1mol/L H2SO4 solutions are 1.94 Kg m? h™t and 1.95 Kg m h'%, respectively. The
pH values of the collected condensate water are close to neutral (Fig. 8f). These
results indicate that SSIE exhibits excellent evaporation performance in strong acid
and strong alkali solutions.
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3.7. Outdoor evaporation experiment of SSIE

To assess the practical application of SSIE, an outdoor evaporation experiment
was conducted on the campus of Northwest University in Xi’an (2023, 10, 14). The
whole evaporation experiment was conducted from 8:30 a.m. to 6:30 p.m., and lasted
for 10 h. During the evaporation experiment, the outdoor temperature, solar radiation
intensity, and ambient humidity were obtained through the Northwest University
Geographical and Ecological Observation Network. Fig. 9a shows the schematic
diagram of the outdoor evaporation setup. The transparent glass cover is used to
collect condensed water quickly. As the internal temperature is higher than the
external temperature, water vapor condenses on the inner surface of the glass cover
and is collected. The variations of ambient temperature, relative humidity and solar
radiation intensity are shown in Fig. 9b. The real environment is different from a



controlled laboratory setting, and in outdoor experiments, solar radiation intensity and
environmental conditions have a significant impact on water evaporation performance.
Fig. 9c depicts the outdoor evaporation rate of SSIE, which can reach a maximum
evaporation rate of 1.42 Kg m? h' It indicates that SSIE exhibits excellent

evaporation performance and strong environmental adaptability.
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Fig. 9. (a) The outdoor evaporation setup of SSIE. (b) Solar radiation intensity, ambient
temperature and relative humidity at different times during the experiment. (c) The evaporation

rates of SSIE at different time intervals.

4. Conclusion

In conclusion, a sandwich-structured solar interfacial evaporator made of cellulose
aerogel membrane was prepared, which successfully achieved an impressive
evaporation efficiency of up to 83.30% and an exceptional solar steam generation rate
of 2.20 Kg m2h™. The unique sandwich structure and water supply route enable
efficient water transport and minimize heat loss, contributing to the improved
performance of the solar interfacial evaporator. Additionally, the SSIE maintains a
stable evaporation rate during a 10 h process using a 3.5% NaCl solution. Excellent
results have also been obtained in seawater and wastewater purification. Therefore,
this study provides a rational strategy for designing solar evaporators and
demonstrates great potential in practical applications for desalinating seawater.
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