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A B S T R A C T

Solar-driven evaporation is a promising approach for seawater desalination, but challenges such as salt accu
mulation and limited evaporation efficiency persist. This study presents a 3D-printed flash graphene (FG) 
composite nano-cellulose aerogel for solar evaporators. FG, a small-sized, turbostratic graphene nanoflake pro
duced via Flash Joule Heating (FJH), is integrated into cellulose-based printable inks to enhance photothermal 
performance without compromising ink stability or the aerogel's porous structure. The resulting Janus-structured 
aerogel features a localized FG photothermal layer placed on a hierarchical, interconnected porous scaffold, 
created through multi-material 3D printing. This design minimizes heat loss by isolating the photothermal layer 
from the water source, ensuring efficient thermal conversion. The scaffold's inherent porosity and wicking 
channels facilitate rapid water transport, while also promoting effective salt circulation and preventing crys
tallization on the evaporative surface. The composite aerogel demonstrates high evaporation efficiency and 
superior salt resistance, positioning it as a promising material for sustainable solar desalination applications. This 
work provides an effective approach for developing advanced, high-performance solar evaporators with 
enhanced longevity.

1. Introduction

The scarcity of freshwater resources is a critical challenge facing the 
global community, driving an urgent demand for sustainable solutions 
to seawater desalination [1]. Solar-driven evaporation technologies 
represent a promising approach for converting seawater into potable 
water using clean, renewable energy [2]. Solar-driven evaporators 
harness sunlight to heat seawater and facilitate water evaporation while 
leaving salts and other impurities behind [3]. These evaporators are 
typically composed of photothermal materials embedded within a hy
drophilic scaffold [4,5]. Photothermal materials, such as graphene 
[6,7], liquid metals [8], metal oxides [9], and compounds like MoS2 
[10], play a pivotal role by converting absorbed light into thermal en
ergy, thus promoting efficient water evaporation. Meanwhile, hydro
philic scaffolds act as capillary pumps, drawing water from the bulk 
reservoir to the photothermal surface, where evaporation occurs.

To enhance solar evaporation rates, hydrophilic materials such as 
hydrogels and aerogels have been developed as scaffolds, leveraging 

their porous polymeric networks to facilitate water transport. Hydrogels 
and aerogels composed of synthetic polymers like PVA [11], PAAc [12], 
PAAm [13], or natural biopolymers such as cellulose [14], alginate [15], 
and starch [16], are particularly effective. These scaffolds alter the 
interaction between their hydrophilic networks and water molecules, 
enabling a reduction in the vaporization enthalpy of water. This design 
allows solar evaporators to achieve high evaporation efficiencies, even 
under diffuse sunlight, by efficiently utilizing low-intensity solar energy 
[17]. However, high evaporation rates alone are insufficient for prac
tical desalination applications, as effective salt resistance is equally 
essential. Rapid evaporation can lead to salt accumulation on the 
evaporative surface, causing crystallization that reduces both the effi
ciency and longevity of the device [18,19]. An effective strategy to 
mitigate salt buildup is to enhance the salt circulation within the scaf
fold, promoting an equilibrium between water evaporation and salt 
diffusion [20]. The introduction of 3D printing technology offers a 
means to optimize the design of evaporator scaffolds for both rapid 
water supply and effective salt circulation. By incorporating 
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interconnected wicking channels through 3D printing, evaporators can 
improve water delivery to the photothermal surface while maintaining 
continuous salt circulation [21]. Moreover, the channel geometry 
created by 3D printing induces multiple internal light reflections, 
boosting overall light absorption and photothermal efficiency [22].

Despite the advantages of structured 3D-printed scaffolds, devel
oping an optimal ink composition for 3D printing remains a complex 
challenge. Achieving printability, ink stability, and appropriate pore- 
forming properties require careful consideration, often involving itera
tive adjustments. In certain cases, machine learning algorithms are 
employed to streamline the formulation process [23,24]. To achieve 
effective solar evaporation, photothermal materials must be incorpo
rated into the printable ink, which introduces additional design com
plexities. For instance, some photothermal agents, such as liquid metals, 
tend to deposit unevenly, resulting in inhomogeneous final structures 
[25]. Large size photothermal materials, like graphene and MXene, can 
compromise the porous architecture of the printed scaffold [26]. 
Furthermore, many photothermal materials are inherently hydrophobic 
and require chemical modifications to disperse well within aqueous 
inks. For instance, the hydrophobic nature of pristine graphene hinders 
its uniform dispersion in water, while the use of reduced graphene oxide 
introduces additional oxidation-reduction steps, complicating the pro
cess [26]. In addition, multi-material printing techniques are often 
required to produce Janus-structured evaporators, where one side of the 
structure contains photothermal agents while the other does not. Such 
designs help localize heat generation and minimize heat loss by reducing 
direct contact between the photothermal layer and the water source 
[27,28]. However, achieving a well-defined Janus structure requires 
that the addition of photothermal agents minimally impact the ink's 
printability and structural properties. Ideally, a photothermal agent 
should impart high photothermal efficiency to the ink without 
compromising its stability, printability, or porous network 
characteristics.

In this study, a novel photothermal agent, Flash Graphene (FG), is 
introduced to address these challenges. FG is fabricated via an envi
ronmentally friendly and cost-effective Flash Joule Heating (FJH) 
technique, which produces a unique, small-sized turbostratic graphene 
nanoflake [29–31].

FG demonstrates exceptional photothermal properties, enabling 
significant enhancement of the cellulose aerogel's photothermal per
formance with the addition of just 0.08 wt%. Owing to its turbostratic 
structure and small size, FG disperses readily in aqueous solutions and is 
well-suited for inclusion in cellulose-based printable inks. Notably, the 
addition of FG does not compromise the ink's printability or alter the 
porous structure of the resultant cellulose aerogel. By employing multi- 
material 3D printing, a Janus-structured FG/cellulose aerogel is fabri
cated, incorporating a localized photothermal layer within a hierarchi
cal porous scaffold. This Janus design effectively prevents direct contact 
between the photothermal layer and the water source, minimizing heat 
loss through diffusion and improving overall thermal efficiency. The 
hierarchical structure comprises the inherent porosity of the cellulose 
scaffold as well as interconnected wick channels formed during 3D 
printing. These structural features facilitate rapid water transport, 
effective thermal isolation, and efficient diffusion and convection of salt 
ions, resulting in a solar evaporator with both high evaporation effi
ciency and enhanced salt resistance.

2. Experimental section

2.1. Materials

Cellulose nanofibers (CNF, 4.5 wt%, solid content) were purchased 
from Zhongshan Nanofiber New Materials Co., Ltd. Sodium carbox
ymethyl cellulose (CMC) and citric acid monohydrate (CA) was pur
chased from Shanghai Sinopharm group. Carbon black was offered by 
Tianjin Huayuan Chemical Technology Co., Ltd. Deionized (DI) water 

was came from Laboratory of China University of Geosciences (Wuhan).

2.2. Preparation of 3D printing ink

CNF-based composite ink for 3D printing was prepared according to 
the following steps. A total of 1.2 g of CMC was slowly added to CA 
solutions prepared at different concentrations (0.1, 0.2, and 0.4 g/g), 
with continuous stirring to ensure full dissolution. Subsequently, 6.65 g 
of CNF was introduced into the mixture under vigorous agitation. (4.5 
wt%, solid content). The solution was evenly stirred with an iron spoon 
until no more CNF fibers are visible. Then the ink was covered with 
aluminum foil and was stored in a refrigerator at 2–8 ◦C for further use. 
FG/CNF printing ink was prepared using the same method. Firstly, FG 
solutions of varying concentrations were prepared (the synthesis pro
cedure of FG follows the method reported in our earlier publication 
[32]). FG solutions at concentrations of 1, 2, 3, and 4 mg/mL were 
prepared by dispersing 5, 10, 15, and 20 mg of FG in 5 mL of deionized 
water containing 5 mg of polyether F-188 (A nonionic amphiphilic 
surfactant, stabilizes the dispersion by its hydrophobic PPO segments 
interacting with FG surfaces and hydrophilic PEO chains ensuring 
compatibility with the aqueous phase [31]). Then, the solution was 
dispersed evenly using ultrasound with ultrasonic processor (FS-1200 N, 
SXSONIC, 1200 w), and the FG solution was added to the aforemen
tioned ink formula to ensure that the solid content of the ink matched 
that of pure CNF ink.

2.3. Preparation of the Janus FG/CNF aerogel

Before printing, the ink was equilibrated to room temperature to 
ensure consistent rheological behavior. Subsequently, it was printed 
using a 3D printing system (Adventure 3D-LB-Printer-0100). Pure CNF 
ink and FG/CNF ink were loaded into plastic syringes for dual-nozzle 
printing, with a needle diameter of 260 μm. An acrylic plate was used 
as the printing substrate, and the Y-offset was set to − 0.5 mm, X-offset to 
64 mm, the height of each printed layer was set to 200 μm, and printing 
speed to 6 mm/s. AutoCAD was utilized to design and export DXF files 
for integration into the printing system. Twenty layers of CNF were 
initially printed, upon which ten layers of FG/CNF composite were 
subsequently deposited. The thickness ratio between the FG/CNF pho
tothermal layer and the CNF supporting layer is 1:2 (Fig. S1). All printed 
samples were frozen in a refrigerator at − 25 ◦C for 12 h, then freeze- 
dried for 10 h. The samples were then placed in a glass container, 
completely covered with aluminum foil, and stored in a vacuum oven 
(120 ◦C) for 24 h. Chemical crosslinking was achieved through dehy
drogenation heat treatment (DHT) to obtain the Janus FG/CNF aerogel. 
The CNF scaffolds and FG/CNF scaffolds were also prepared using the 
same method. The sample used for measuring the contact angle was 
prepared using the mold method, further drying and cross-linking will 
be carried out (Fig. S2).

2.4. Characterization and measurement

Transmission Electron Microscope (TEM, Philips company, Holland) 
was utilized to observe the morphology of CNF, while Field Emission 
Scanning Electron Microscope (FESEM, Hitachi SU8010) was employed 
to examine the microstructure of aerogel. A Rotational Rheometer was 
used to characterize the rheological properties of 3D printing ink. 
UV–Vis-NIR Spectrophotometer (Shimadzu-UV300) was utilized to 
measure the absorption spectrum of materials. The contact angle was 
determined using a Contact Angle Meter (OCA, JC2000D1).

2.5. Measurement of mechanical properties of aerogel

A sample with a thickness of 0.6 mm was prepared and its 
compression performance was tested using a universal testing machine, 
ensuring a compression strain of 50%.
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2.6. Solar-driven water evaporation test

A xenon lamp with model PLS-SXE 300+ equipped with a standard 
AM 1.5G filter was used to simulate the solar light source for the 
seawater desalination experiment. The intensity of the xenon lamp light 
source was detected using an optical power meter with model CEL- 
NP2000, and the light intensity was adjusted to 100 mW/cm2. The 
size of the aerogel sample was 2 cm × 2 cm × 0.6 cm. Polyurethane foam 
was selected as the thermal insulation layer and placed in a glass dish 
filled with water, leaving a 2 cm × 2 cm hole in the middle to accom
modate melamine foam as the water supply layer. FG/CNF aerogel was 
placed on the melamine foam for the experiment. The sample surface 
was preheated for 1 h before measuring the water evaporation rate. 
Prior to the evaporation rate measurement, the sample surface was 
preheated under simulated solar illumination for 1 h to ensure thermal 
equilibrium and stabilize the water transport within the scaffold. An 
electronic analytical scale (accurate to 0.1 mg) was used to monitor 
changes in water quality and record them in real-time. An infrared 
thermal imager (FLIR E3) was used to capture surface temperature and 
real-time images. The water evaporation rate was calculated according 
to the following formula: 

△V =
m
ST 

In the formula, ΔV represents the evaporation rate of water, m rep
resents the mass change of water, S represents the area of light vertically 
irradiated on the sample, which corresponds to the full top surface of the 
Janus FG/CNF structure, including both solid and porous regions, as all 
areas are exposed to air and contribute to evaporation [33,34]. And T 
represents the illumination time.

2.7. Salt resistance performance test

A total of 0.5 g of NaCl was weighed and uniformly spread over the 
surface of the FG/CNF composite. The sample was then placed in a 
seawater desalination device, where the changes in surface NaCl were 
continuously monitored and recorded at regular intervals. FG/CNF was 
placed in an environment with a 15% concentration of NaCl under 
illumination, and whether salt crystals precipitate on its surface after 12 
h was observed. Furthermore, NaCl solutions with concentrations of 5%, 
10%, and 20% was prepared, and the change in evaporation rate of FG/ 
CNF as the salt concentration increases was tested.

2.8. Water purification capability test

An acrylic-sealed device was used to capture the water vapor, and 
the FG/CNF composite's purification efficiency was evaluated in 
seawater, dye-contaminated solutions, and acidic and basic media. 
Subsequently, the concentrations of four main ions (Na+, K+, Mg2+, 
Ca2+) in water were measured using inductively coupled plasma optical 
emission spectrometry (ICP-OES). The ICP-OES has a detection range of 
0–40 mg/L. For samples with concentrations exceeding this range, 
appropriate dilutions were performed to ensure measurement accuracy. 
Each sample was tested in triplicate, and the average values with stan
dard deviations were reported. The absorbance of methylene blue and 
rhodamine B at 665 nm and 554 nm was measured using a UV–visible 
spectrophotometer (TU-1901). The pH change of the solution was 
measured using acid-base pH test strips.

2.9. Outdoor seawater desalination effect test

Nine FG/CNF arrays, each measuring 2 cm × 2 cm × 0.6 cm, were 
fabricated for outdoor experiments. An electronic balance was used to 
track mass changes, a humidity meter recorded the ambient humidity, 
an optical density meter measured light intensity, and an acrylic sealed 
box was employed to collect condensed water. The water evaporation 

rate of the samples was measured hourly from 9:20 to 17:20.

3. Results and discussion

The fabrication process of the Janus solar evaporator is shown in 
Fig. 1 and detailed in the Methods section. Flash graphene (FG) was 
synthesized using the Flash Joule Heating (FJH) technique, with carbon 
black as the precursor material (Vid. S1). This process, as described in 
previous studies, involves rapid heating to approximately 3000 K within 
~1 ms using a custom-built FJH device. The resulting FG was then 
compounded with nano-cellulose to create a printable ink for 3D 
printing the Janus solar evaporator. Raman spectroscopy confirmed the 
successful synthesis of FG, showing D, G, and 2D characteristic peaks at 
1348, 1577, and 2694 cm− 1, respectively, with a 2D/G value of 
approximately 0.82, indicating that graphene is of high quality [35] 
(Fig. S3). X-ray diffraction (XRD) revealed a distinct (002) peak and an 
asymmetric (100) peak (Fig. 2a), which are characteristics of turbo 
graphene [36]. Transmission electron microscopy (TEM) revealed that 
FG consists of hexagonal nanosheets, and high-resolution TEM 
confirmed a lattice spacing of 0.347 nm [37], corresponding to the (002) 
plane of graphitic carbon (Fig. 2b-c). The extreme reaction conditions of 
the FJH process produce unconventional turbostratic structures, which 
lack the typical A-B stacking of graphite. This unique structure con
tributes to the high exfoliation efficiency of FG, especially when com
bined with the commercial surfactant Pluronic F-188 [38,39]. The 
surfactant facilitates the homogeneous dispersion of FG in aqueous so
lutions at concentrations as low as 0.2 wt%. To highlight the exceptional 
dispersibility of FG, its aqueous dispersion was compared to that of 
graphene oxide (GO), a widely used hydrophilic graphene derivative. As 
shown in Fig. 2d, with the addition of Pluronic F-188, the FG solution 
remained stable even after 24 h, while the GO dispersion exhibited 
noticeable sedimentation within 2 h. This enhanced stability of FG can 
be attributed to its ultrafine size, approximately 10 nm, and its unique 
turbostratic structure. Moreover, unlike GO, which achieves water dis
persibility through the introduction of oxygen-containing functional 
groups, FG retains its graphene structure without undergoing chemical 
oxidation. While GO reduction can regenerate its graphitic framework 
[40], such processes often distort the original graphene structure, 
potentially reducing photothermal efficiency. In contrast, FG combines 
high dispersibility with structural integrity, preserving its abundant sp2 

carbon network and superior photothermal properties [41]. To 
demonstrate this, a 0.2 wt% aqueous dispersion of FG was irradiated 
under 1-sun light, resulting in a stable increase in water temperature to 
approximately 42 ◦C (Fig. 2e-f). This temperature rise is sufficient to 
significantly enhance water vapor generation, highlighting FG's poten
tial as an efficient photothermal material. FG's small size, excellent 
dispersibility and stability in aqueous solutions, and high photothermal 
efficiency at low concentrations make it a promising candidate for 
incorporation into 3D printing inks.

To effectively demonstrate the suitability of FG as a photothermal 
agent for the 3D-printed solar evaporator, cellulose-based printable ink 
was used as the model material [42]. Cellulose-based inks offer several 
advantages, including the ability to form highly porous and hydrophilic 
matrices, which promote water transport and evaporation. Furthermore, 
cellulose is an abundant, renewable, and environmentally friendly 
resource with intrinsic hydrophilicity, making it ideal for applications 
that require efficient water absorption and capillary action [43]. The 
preparation of the cellulose-based ink followed established methods 
from previous studies [44]. Cellulose nanofibers (CNF) are extracted 
from coniferous wood pulp, and the separated CNF measures approxi
mately 4 nm in width (Fig. S4). CNF and carboxymethyl cellulose (CMC) 
were combined to form a printable solution, with citric acid (CA) added 
as a crosslinking agent. The ink's viscosity was adjusted by varying the 
water content to ensure optimal printability. Inks with solid contents of 
10%, 12%, and 15% were evaluated for their rheological behavior, all 
showing high viscosity and a solid-like state, as demonstrated by their 
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stability in inverted glass bottles (Fig. 3a). However, as shown in Fig. 3b, 
inks with 10% and 12% solid content exhibited poor formability, with 
blurred boundaries in the printed lines. In contrast, the ink with 15% 
solid content displayed excellent printability, enabling continuous 
extrusion through the nozzle without interruption (Fig. S5). The 
resulting printed lines were smooth, well-defined, and maintained their 

shape, forming a precise grid structure. Furthermore, with optimized 
printing settings, including printing speed (6 mm/s), layer height (0.2 
mm), nozzle diameter (260 μm), and applied pressure (0.24 MPa), the 
ink with 15% solid content successfully produced a 3D-printed pyramid 
model (Fig. 3c), demonstrating its versatility in constructing complex 
structures.

Fig. 1. Schematic diagram of a) FG preparation and b) Janus FG/CNF preparation.

Fig. 2. a) XRD pattern, b) TEM image, c) High-resolution TEM of Flash graphene. d) Images demonstrating the dispersion stability of GO and FG in aqueous sus
pensions with added Pluronic F-188. e) Heating curve and f) infrared thermogram of FG solution.
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After printing, the CNF scaffold underwent freeze-drying to create a 
porous structure, followed by dehydrogenation heat treatment (DHT) at 
120 ◦C to chemically crosslink the matrix. This solvent-free heat treat
ment promoted the formation of ester bonds between hydroxyl groups in 
CNF or CMC and carboxyl groups of citric acid (CA) [45]. Without the 
DHT treatment or the inclusion of CA, the scaffolds dissolved in water, 
confirming the importance of crosslinking for maintaining structural 
stability (Fig. S6). Following treatment, the scaffold's color changed 
from white to yellow as CA content increased (Fig. S7), likely due to CA 
dehydration and the formation of unsaturated acids. The density and 
mechanical properties of the aerogels were influenced by the CA con
centration. As shown in Fig. 3d-e, higher CA concentrations resulted in 
denser aerogels with improved compressive strength, particularly after 
50% compression strain in a wet state. However, this also reduced water 
absorption (Fig. 3f), likely due to tighter crosslinking between mono
mers that decreased porosity. For seawater desalination, a balance be
tween structural integrity and water absorption is essential. A scaffold 
with 8.5 wt% CA provided an optimal balance and was selected for 
following experiments. The optimized 3D printed CNF scaffold showed 
good structural integrity after compression tests, as the scaffold main
tained its shape and thickness (~0.6 cm) before and after 50% 
compression strain (Fig. S8). Combining the 3D printing technique with 
the freeze-drying method, the resulting CNF scaffold exhibits both 
macroscopic and microscopic structural features. As shown in Fig. 3g-h, 
the scaffold consists of 1.4 mm wick channels created through 3D 
printing and approximately 20 μm open microchannels in the aerogel, 
formed during the freeze-drying process. Due to its highly hydrophilic 
nature (Fig. 3i), the interconnected wick channels and microchannels 
enable efficient water transport (Fig. 3j). A water transportation 
experiment, depicted in Fig. S9, demonstrates this capability, where 

colored water rapidly moves from the bottom of the scaffold to dye the 
white paper on its top surface in less than one second. This rapid water 
transport will significantly enhance the timely delivery of water to the 
photothermal region and facilitates the fast diffusion of salt ions, both of 
which are essential for achieving high evaporation rates and maintain
ing long-term operational stability.

Next, we demonstrate that the addition of a small amount of FG to 
the cellulose ink imparts photothermal properties without compro
mising its printability or the properties of the resulting 3D-printed 
scaffold. The preparation of the FG/cellulose ink, along with its subse
quent printing and post-processing, followed the same procedure as the 
pure cellulose ink, with the exception of adding 0.08 wt% FG. The 
concentration was selected based on its optimal photothermal and 
evaporation performance among the tested concentrations (Fig. S10). 
The inclusion of FG did not significantly alter the ink's printability. As 
shown in Fig. 4a, the FG/cellulose ink exhibited high viscosity, main
taining a solid-like state when inverted in a beaker. It also extruded 
smoothly through the nozzle without interruptions (Fig. 4b). Using 
identical printing parameters—including printing speed, layer height, 
nozzle diameter, and applied pressure—as those used for pure cellulose 
ink, the FG/cellulose ink demonstrated excellent printability and 
versatility. Various geometric patterns, such as CUG structures, fence- 
like grids, and Taiji Bagua motifs, were successfully printed (Fig. 4c), 
highlighting the compatibility of FG incorporation with precise and 
customizable 3D printing. Following freeze-drying and dehydrogenation 
heat treatment, the resulting FG/cellulose scaffolds retained the hier
archical porous structures observed in pure cellulose scaffolds (Fig. 4d- 
e). Notably, the addition of FG further improved pore uniformity and 
openness, as the FG nanosheets may acted as spacers that reduced fibril 
aggregation and helped stabilize the 3D porous network during drying. 

Fig. 3. a) Display photos of CNF ink viscosity with different solid contents. b) CNF printable schematic diagram. c) Photo of 3D printed pyramid. The d) density, e) 
compression performance (wet state), and f) water absorption of CNF scaffolds with different CA contents. g-h) SEM morphology images of the surface of CNF 
scaffolds. i) Contact angle test and j) water transport test of CNF scaffolds.
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This similarity can be attributed to the minimal concentration of FG, its 
nanoscale size (~10 nm), and its high dispersibility in aqueous solu
tions, which together minimize disruption to the microstructure and 
ensure consistency in printability. Additionally, the surface hydrophi
licity, water transportation and compression resistance properties of FG/ 
cellulose scaffolds were comparable to those of pure cellulose scaffolds 
(Fig. 4f-g, Fig. S11), maintaining their suitability for solar desalination 
applications. Despite the minimal addition of FG, the FG/cellulose 
scaffolds exhibited superior photothermal performance due to FG's 
exceptional light absorption and photothermal conversion efficiency. As 
shown in Fig. 4h, the FG/cellulose scaffold achieved a high light ab
sorption efficiency of 96.98%, significantly surpassing the performance 
of pure cellulose scaffolds. This enhancement enabled efficient photo
thermal conversion, with the FG/cellulose scaffold floating on water 
stably reaching approximately 40 ◦C after 60 min of irradiation under 
one-sun light. In contrast, the pure cellulose scaffold only achieved a 
temperature of 35 ◦C under the same conditions. This notable 
improvement in thermal performance confirms the effectiveness of FG as 
a photothermal agent (Fig. 4i-j). The enhanced photothermal properties 
of the FG/cellulose scaffold, combined with its preserved printability 
and structural integrity, highlight the potential of FG as a functional 
additive for advanced solar evaporators.

Given the similar printability of both the pure cellulose ink and the 
FG/cellulose ink, and since both inks share cellulose-based materials as 
their primary matrix, multi-material 3D printing was used to fabricate a 
Janus-structured FG/cellulose aerogel-based solar evaporator (Vid. S2). 
Notably, the resulting FG/CNF aerogel has a low density of 22.5 mg, 

comparable to previously reported aerogels [46,47], and demonstrates 
its lightness by resting intact on a flower (Fig. 5a). The Janus design 
features a photothermal layer atop a hierarchical porous scaffold, with 
strong interfacial bonding (Fig. S12) ensuring structural stability. This 
configuration optimizes heat localization while preventing direct con
tact between the photothermal layer and cooler water, thereby 
improving solar energy utilization efficiency [20,28]. As a result, the 
Janus FG/CNF evaporator exhibited a significantly improved photo
thermal effect compared to the FG/CNF evaporator. Thermal imaging 
measurements under identical experimental conditions (evaporators 
floating on water and irradiated by one-sun light) revealed that the top 
surface temperature of the Janus FG/CNF evaporator was substantially 
higher at 45 ◦C, compared to 39.8 ◦C for the FG/CNF evaporator 
(Fig. 5b-c). To further assess heat localization, side-view thermal images 
of the evaporators were captured (Fig. 5d-e). The Janus FG/CNF evap
orator demonstrated strong heat localization, with elevated tempera
tures concentrated at the top FG layer. In contrast, the FG/CNF 
evaporator exhibited a gradient heat distribution, with faster heat 
dissipation towards the water layer. These observations highlight the 
efficacy of the Janus design in minimizing heat loss and maximizing 
thermal efficiency.

Then, the solar evaporation experiments were conducted using the 
setup shown in Fig. 5f, where the evaporator samples were placed on 
melamine foam covered with thermal insulation foam. A glass dish filled 
with water was irradiated by a xenon lamp to simulate sunlight. An 
electronic balance continuously monitored mass changes to determine 
evaporation rates. The FG/CNF evaporator achieved a high evaporation 

Fig. 4. a) Display photos of FG ink's viscosity. b) Photos of ink extrusion. c) Photos of FG ink printed graphics. d, e) SEM image of FG/CNF scaffold's surface. f) 
Contact angle test and g) water transport test of FG/CNF scaffolds. h) UV–Vis-NIR spectra of FG/CNF and CNF. i) The temperature rise curve of different aerogels (wet 
state). j) Infrared thermography of different aerogels.
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rate of 3.0 kg m− 2 h− 1, significantly exceeding the evaporation rate of 
pure water (0.35 kg m− 2 h− 1). This enhanced performance can be 
attributed to FG's superior photothermal properties and the scaffold's 
hierarchical structure, which includes the cellulose scaffold's inherent 
porosity and the interconnected wick channels formed during 3D 
printing. These features promote rapid water delivery and transport, 
contributing to the evaporator's high efficiency. The evaporation per
formance was further improved by incorporating the Janus design 
through multi-material 3D printing. The Janus FG/CNF evaporator 
exhibited an evaporation rate of 3.397 kg m− 2 h− 1, surpassing the FG/ 
CNF evaporator and most previously reported results for hydrogel- or 
aerogel-based solar evaporators (Fig. 5g, Table S1). This enhanced 
performance highlights the Janus structure's ability to optimize heat 
localization and solar energy utilization effectively. Based on Eq. S1, the 
photothermal conversion efficiency of the Janus FG/CNF evaporator 
was calculated to be as high as 229%. It is worth noting that a photo
thermal conversion efficiency exceeding 100% results from the reduced 
effective evaporation enthalpy within the porous hydrophilic matrix. 
This phenomenon is commonly observed in hydrogel- and aerogel-based 
evaporators, where strong water–matrix interactions and interfacial 
evaporation effects enable water evaporation with lower energy input 

than that required for bulk water [48–51]. In addition to its high 
evaporation efficiency, the 3D-printed Janus FG/CNF evaporator 
demonstrated excellent cycling stability. Over six evaporation cycles, 
the evaporator maintained consistent performance, as shown in Fig. 5h. 
Morphological analysis of the Janus scaffold after prolonged exposure to 
light and multiple cycles of water evaporation (Fig. S13) revealed no 
significant structural shrinkage or collapse. The scaffold retained its 
original integrity and grid structure even after 6 and 12 h of solar-driven 
desalination. These findings confirm the exceptional structural stability 
and durability of the 3D-printed Janus FG/CNF evaporator, making it a 
reliable solution for sustainable seawater desalination applications.

The 3D-printed Janus FG/CNF evaporator, with its hierarchical 
porous structure, effectively optimizes the scaffold design for both rapid 
water supply and efficient salt circulation. This structural advantage 
significantly reduces salt accumulation during prolonged sunlight 
exposure. The evaporator demonstrated exceptional resistance to salt 
accumulation and self-cleaning capabilities. When 0.5 g of solid NaCl 
was placed directly on the upper surface of the evaporator, it completely 
dissolved within 110 min under sunlight exposure (Fig. 6a). This process 
is facilitated by the interconnected porous network within the scaffold, 
as shown schematically in Fig. 6b. Capillary-driven transport connects 

Fig. 5. a) Photos showcasing the lightweight features of the Janus FG/CNF. b) The temperature rise curve of the Janus FG/CNF aerogel (wet state). c) Infrared 
thermography of the Janus FG/CNF aerogel. d) Schematic diagram of heat distribution under illumination. e) Infrared thermal imaging of temperature distribution 
on the cross-section (The thermal imaging instrument detected a temperature difference of about 4 ◦C between the section near the surface and the actual surface 
temperature). f) Diagram of photothermal seawater desalination device. g) Mass change of different aerogels structure with illumination time. h) Circulating 
evaporation performance.
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the evaporation interface to the bulk water, enabling the diffusion and 
convection of salt ions from areas of high concentration to the sur
rounding low-salinity water. This creates a concentration gradient that 
promotes salt migration and prevents surface deposition. Moreover, 
after 12 h of sunlight exposure in a 15 wt% NaCl solution, no solid salt 
residue was observed on the evaporator's surface (Fig. 6c). The presence 
of large pores and continuous water supply ensures consistent evapo
ration performance, even at high salinity levels. The evaporation rate 
showed only a slight decrease with increasing salinity (Fig. 6d), pri
marily due to the reduced saturated vapor pressure associated with 
higher NaCl concentrations. These results highlight the evaporator's 
strong salt resistance, making it highly suitable for seawater photo
thermal evaporation.

To further assess the FG/CNF evaporator's capabilities, purification 
tests were conducted on simulated seawater, dye wastewater, and acid- 
base solutions. The setup shown in Fig. 6e was used to collect condensate 
water during desalination experiments. For seawater purification, ion 
concentrations of Na+, Mg2+, K+, and Ca2+ were significantly reduced 
from initial levels of 16,392.64, 842.08, 4257.27, and 314.33 mg/L, 
respectively, to 2.82, 10.87, 8.7, and 7.48 mg/L—well below the WHO 
drinking water standards for ion content (Fig. 6f). These results confirm 
the feasibility of using the Janus FG/CNF evaporator for seawater 
desalination. The evaporator's performance was then tested using 
methylene blue (MB) and rhodamine B (RhB) dye solutions to simulate 

industrial dye wastewater. The collected condensate was transparent, 
and UV–visible absorption spectra (665 nm for MB and 554 nm for RhB) 
showed no absorption peaks corresponding to the dye molecules 
(Fig. 6g-h). This indicates nearly complete removal of the dye molecules, 
confirming the evaporator's effectiveness for dye wastewater treatment. 
The evaporator also demonstrated excellent purification performance 
for acid-base wastewater. Post-desalination pH measurements of the 
collected water, using pH test strips, consistently indicated neutral pH 
values of approximately 7 (Fig. 6i). These results demonstrate that the 
FG/CNF evaporator can produce safe drinking water, highlighting its 
versatility for various wastewater treatment applications. To further 
evaluate the evaporator's practical performance in seawater desalina
tion, a full-day outdoor test was conducted from 9:20 to 17:20. A 6 cm ×
6 cm evaporator array (Fig. 6j) was used in the experimental setup 
shown in Fig. 6k. Environmental parameters such as light intensity, 
humidity and mass changes were recorded hourly using a densitometer, 
hygrometer, and electronic balance. The produced steam was collected 
in an acrylic sealed box, where condensation droplets on the walls 
indicated successful desalination. As shown in Fig. 6l, the highest sun
light intensity occurred at 12:20, corresponding to lowest relative hu
midity, and the highest recorded evaporation rate. These findings 
underscore the evaporator's robust performance under real-world 
conditions.

Fig. 6. a) Display photos of salt dissolution. b) Schematic diagram of salt water exchange. c) Surface morphology of evaporator after 12 h of evaporation in 15% 
saline solution. d) Evaporation rate in solutions of different salt concentrations. e) Water purification device diagram. f) The ion concentration of seawater before and 
after desalination. UV visible absorption spectra of g) MB and h) RhB before and after simulated wastewater purification. i) The pH value of the acidic/alkaline 
aqueous solution before and after purification. j) Photos of the Janus FG/CNF array. k) Photos of outdoor experimental equipment. l) The variation chart of outdoor 
light intensity, humidity and evaporation rate over time.
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4. Conclusion

In this study, a 3D-printed flash graphene (FG) composite nano- 
cellulose aerogel (CNF) was successfully developed for solar evapora
tion applications, achieving high evaporation efficiency and excellent 
salt resistance. The cellulose-based ink, enhanced with a small amount 
of FG, demonstrated superior printability and structural integrity, 
enabling the fabrication of versatile geometries and hierarchical porous 
scaffolds. The incorporation of FG endowed the aerogel with remarkable 
photothermal properties, achieving a light absorption efficiency of 
96.98% and a significant temperature increase under solar irradiation. 
The Janus-structured FG/CNF evaporator, fabricated via multi-material 
3D printing, exhibited enhanced heat localization, which improved solar 
energy utilization and resulted in a high evaporation rate of 3.397 kg 
m− 2 h− 1. Its hierarchical porous structure facilitated rapid water 
transport and salt diffusion, effectively mitigating salt accumulation and 
ensuring sustained performance in high-salinity environments. The 
evaporator also demonstrated exceptional purification capabilities, 
producing potable water from seawater, dye-laden wastewater, and 
acid-base solutions. Furthermore, outdoor desalination tests confirmed 
its practical applicability for large-scale freshwater production. These 
findings highlight the potential of the FG/CNF aerogel as a robust and 
sustainable solution for solar-driven water desalination and purification.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2025.165496.
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