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A B S T R A C T   

Solar steam evaporation exhibits great potential in solving the global shortage of freshwater resources. However, 
salt accumulation at the top photothermal conversion surface has severely limited the desalination efficiency and 
stability of solar desalination systems. Herein, we demonstrated a nature-inspired salt resistant bilayered 
evaporator by using a slight delignificated tree root as bottom substrate and decorated graphene oxide layer as 
the top absorber surface. The naturally design of tree root inherently exists multilevel vertical channels inter-
connected porous microstructures. This distinctive structure of tree root allows ultra-high-speed water transport 
capability and rapid multi-directional salt exchange, enabling it to possess anti-salt-accumulation properties for 
solar steam generation. This designed tree root-based evaporator effectively prevented salt accumulation while 
maintaining a fast and stable evaporation rate, which exhibited an evaporation rate of 1.60 kg m− 2 h− 1 with 
excellent long-term stability in a high-salinity brine (21 wt%) under 1 sun irradiation. Taking the unparalleled 
advantages, our designed tree root-based evaporator obtained by a facile fabrication method represents a high- 
efficacy and stable fresh water production platform for practical applications in water purification.   

1. Introduction 

Freshwater is closely related to the survival of all life on the earth, 
and is one of the most essential resources required for human sustainable 
development (Kumar et al., 2021; Kummu et al., 2016). According to the 
report from United Nations (UN), 2.7 billion people will suffer from 
severe water scarcity problems by 2025, which is an urgent challenge 
faced by humanity (Kumar et al., 2021; Mekonnen and Hoekstra, 2016; 
Rana et al., 2021). Seawater is an inexpensive widely available resource 
on our planet, covering nearly 71% of the Earth’ surface (He et al., 
2021). Free solar energy is deemed as a representative of the clean and 
renewable energy sources (Al-Douri and Fayadh, 2016). Taking the 
advantage of the abundant resources, solar desalination technology has 
been proposed as a promising strategy to address the global freshwater 
scarcity (Chen et al., 2019; Djellabi et al., 2022; Zang et al., 2021). The 
typical interfacial solar steam evaporator is composed of a light absorber 
layer for generating steam by photothermal conversion and a bottom 
supporting substrate for transferring and supplying the water lost from 

top layer (Cao et al., 2021; Zang et al., 2021). 
In order to achieve efficient photothermal convention, two key 

design principles are required: (a) adequate light absorption by a black 
layer over a broad wavelength range; (b) efficient heat management to 
reduce the heat diffusion from top light absorber layer. Various photo-
thermal conversion materials, including carbon materials (Weixin et al., 
2021), plasmas (metallic nanostructures) (Fujun et al., 2018) and 
composite polymer materials (Jingjing et al., 2020), have been widely 
explored for solar steam evaporation. Among them, graphene has been 
considered as a revolutionary material due to its outstanding light ab-
sorption capacity, thermal management and chemical stability (Dengyu 
et al., 2020). To enhance the photothermal conversion efficiency, great 
efforts have been devoted to design 3D structured graphene, such as 3D 
graphene-based foam or aerogel (Duan et al., 2021; Li et al., 2023; Zheng 
et al., 2023), and modify with additional functional polymers, such as 
metal-organic framework (Han et al., 2021), polybenzoxazine resin and 
cellulose fibers (Peng et al., 2021; Storer et al., 2020). These strategies 
involved either costly raw materials or complex fabrication processes, 
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which limited their practical applications. Furthermore, salt accumula-
tion related issues, occurred during the solar desalination process, 
remain challenge to overcome (Bian et al., 2021; Chen et al., 2019). The 
accumulated salt crystals on the absorber interface could block sunlight 
and clog water transport channels, resulting in the reduction of evapo-
ration efficiency or even interrupt the desalination (He et al., 2019; 
Kuang et al., 2019). Therefore, achieving a practical solar evaporator 
with low-cost, facile production, high-efficiency and long-term stability, 
is highly desired. 

The selection and design of the bottom supporting materials of solar 
evaporators can play a pivotal role in addressing salt-accumulation 
related issues, where the critical considerations can be summarized as 
follows: (a) high water transfer capability from bulk water to the top 
evaporator surface, continuously supplying the evaporative water loss; 
(b) efficient salt exchange between the concentrated saline with the bulk 
solution, preventing salt accumulation on the absorber interface; (c) low 
thermal conductivity, reducing the thermal diffusion from the upper 
surface (Cao et al., 2021; He et al., 2019; Kuang et al., 2019). Consid-
ering the biodegradability, wide availability and renewability, natural 
wood has been used as an promising substrate for fabricating solar 
evaporators (Li et al., 2018; Xue et al., 2017; Zhu et al., 2018). The 
inherent mesoporous microstructures and physicochemical properties 
endow the effective water transfer ability and low thermal conductivity 
to natural wood (Cao et al., 2021; Jia et al., 2017; Li et al., 2018). 
However, the natural wood structures without additional processing are 
still insurmountable to achieve the salt resistance of solar desalination 
devices. For example, wood based solar evaporators with salt-rejecting 
property was prepared by drilling millimeter-sized channels (Kuang 
et al., 2019; Sharshir et al., 2022). Many recent reported wood-based 
solar evaporators showed mediocre performance, one of the main 
challenges needed to overcome is the inability to combine high thermal 
conversion efficiency with salt resistance (Ma et al., 2020; Xue et al., 

2017). A feasible solar vapor generation system for water purification 
should possess continuous water transportation, efficient energy cap-
ture, and solar-thermal conversion to ensure the highly efficient water 
purification capability. 

Herein, we designed an anti-salt-accumulation solar evaporator by 
combining natural tree-root based supporting substrate and graphene 
oxide decorated interface, simultaneously achieving high efficiency and 
long-term operational stability. Compared to the wood trunks with 
vertically aligned microchannels along the growth direction, the tree 
roots with naturally hierarchical design of show multilevel vertical 
channels (including micrometer and millimeter-scale) and low curved 
channel millimeter-sized large channels (Fig. 1). During continuous 
solar desalination process, the accumulated brine concentration in the 
millimeter-sized channels was lower than that of narrow channels, 
causing the forced salt exchange between the multi-level channels 
driven by concentration difference. The multidirectional salt exchange 
between nearby channels prevented narrow channels from being 
blocked by generated salt crystals, eventually the concentrated salt was 
dissolved back into the bottom bulk water. As a proof-of-concept, our 
graphene oxide decorated tree root rendered an evaporation rate of 1.60 
kg m− 2 h− 1, and exhibited no salt-accumulation over 72 h continuous 
solar evaporation. The facile fabrication of bilayered solar desalination 
device using such low-cost and scalable raw materials demonstrates the 
promising potential for large-scale practical applications. 

2. Materials and methods 

In this work, the wood used was elm wood root, which was obtained 
from north of China. Graphene oxide (GO) dispersion was purchased 
from Xianfeng Nano Material Technology Co., Ltd. All the chemicals 
were analytical grade. 

Fig. 1. 3D and 2D micro-CT tomographic images of the microchannels along the growth direction in wood trunk (a1 and a2) and tree root (b1 and b2). Size dis-
tribution of channel diameter in wood trunk (a3) and tree root (b3). 
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2.1. Preparation of GO decorated tree-root based solar evaporator 
(DRGO) 

Firstly, 3 mm thick natural elm wood roots were cut along the 
channel direction. Then, elm wood root chips were impregnated in the 
12 wt% NaOH solution and kept boiling and stirring at 100 ◦C for 3 h. 
After washing with hot distilled water, the top surface of the delignifi-
cated elm wood roots were covered with graphene oxide solution 
(10 mg/mL), forming an uniform coating layer. After oven drying, the 
graphene oxide decorated tree-root based solar evaporator was ob-
tained. The stability of graphene oxide on the surface of the solar 
evaporator was evaluated by being immersed in various concentration 
of acid and alkaline solution. 

2.2. Solar evaporation experiments 

Solar desalination for interfacial experiment was performed by 
making homemade evaporation system. Xenon lamp light source was 
applied to simulate sunlight by adjusting power with light power meter 
(NP200–2A, Beijing, China). DRGO evaporator was placed at area of 
glass dish and floated in saline solution. The weight of glass dish was 
recorded by electronic scale with an accuracy 0.0001 g. Reduction in 
overall mass of water at dark environment and solar illumination were 
noted in real-time. In the meantime, the surface temperature of seawater 
and DRGO evaporator were recorded with infrared thermal imaging 
camera for calculating the solar transformation efficiency. The evapo-
ration efficiency was calculated according to previous researches (Chen 

et al., 2019; 2017). The temperature was maintained at 20 ± 0.5 ◦C 
throughout the experiment. 

2.3. Material characterization 

The sample internal microstructure was analyzed by SEM (Hitachi 
Regulus8220, Japan). The samples were cut into a square of volume 
8 mm3 (2 ×2 ×2 mm) to observe by micro-computed tomography 
(micro-CT, Bruker SkyScan2211 Germany). The wettability of samples 
was presented by contact angle (CA, OCA50, Germany). Infrared photos 
were shot by using IR camera (FOTRIC, China), and real-time temper-
ature change was monitored. The diffusive reflection spectra were 
recorded by the ultraviolet-visible-near infrared spectrophotometer 
(UV-Vis-NIR, Agilent Cary 5000, America). The thermal conductivity 
was tested referencing to international standards (ISO 22007–2) by 
hotdisk (TPS2500s, Sweden). 

3. Results and discussion 

3.1. Design and microstructure characterization of DRGO 

Fig. 2a illustrated the facile process for fabricating DRGO. Two 
simple modifications were conducted to improve the evaporation per-
formance. Firstly, the hydrophobic lignin was partly removed from raw 
tree root by treatment with 12% sodium hydroxide solution at 90 ºC, 
converting tree root into a super hydrophilic material, thus increasing 
the hydraulic conductivity of the supporting substrate of the solar 

Fig. 2. (a) Schematic illustration of DRGO with multilevel channel structured tree root as bottom supply substrate and coated graphene oxide layer as top light 
absorber. (b) Top view SEM image of tree root shows large channels surrounded by numerous narrow channels along the tree growth direction. Longitudinal sectional 
view SEM image of tree root (c) and the fabricated evaporator (f) shows vertically aligned multilevel channels. (d) Top view SEM image of the fabricated evaporator 
shows uneven surface. (e) SEM image of the cell wall of one large channel shows numerous pits. 
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evaporator. Secondly, graphene oxide was loaded on the top surface of 
the delignificated tree root, forming a light absorption interface. Using 
the bilayer designed solar desalination device, the bottom hydrophilic 
tree root substrate continuously transported saline upward to the upper 
evaporation layer by capillary force, while the top graphene oxide 
decorated interface rapidly conducted photothermal conversion to 
generate steam. 

The three-dimensional (3D) microstructure of tree root was illus-
trated by micro-CT and scanning electron microscopy (SEM). The low 
tortuosity multi-level vertically channels run through the entire cross 
section along the growth direction, providing multitudinous transport 
pathways (Fig. 1a1 and Fig. S1). Compared with the channel-array 
structure of wood trunk, tree root exhibited natural larger vertically 
aligned channels surrounded by narrow channels (Fig. 1a2 and b2). 
Approximately 71% of narrow channels in tree root were less than 
30 µm in diameter, and 13% of lager channels ranged between 100 and 
250 µm in diameter, while the vertically aligned channels in wood trunk 
below 30 µm in diameter (Fig. 1a3 and b3). The large channels played 
the same important role as artificial drilled holes of wood in terms of salt 
resistance during continuously solar evaporation process (Kuang et al., 
2019). The salt concentration of the vertically aligned multi-level 
channels continuously increased with the generation of steam on the 
evaporation layer. The corresponding hydraulic conductivity of large 
channels was higher than that of narrow channels, leading to the salt 
concentrations remained in large channels are progressively lower than 
those in the narrow channels. Specifically, the multi-level tree root 
channels were interconnected by the numerous holes, named pits 

observed on the channel wall (Fig. 2c and e), offering connected routes 
for multidirectional salt exchange between neighboring channels under 
the generated salt gradient. The concentrated saline in narrow channels 
can be efficient diluted into the large channels, and further dissolved 
back into the bottom bulk water. Note that after delignification and 
graphene oxide decoration of tree root, the multi-level vertically aligned 
channels and interconnected pits were well remained (Fig. 2c, e and f), 
demonstrating the modification processes did not cause serious damage 
or blockage to the tree root inside microstructures. Remarkably, the 
graphene oxide decorated absorber layer based on the delignificated 
tree root showed abundant protrusion microstructures (Fig. 2d), 
significantly increasing the surface area for broader sunlight absorption. 
All these unique microstructures were the critical factors to achieve 
excellent salt resistance property and high-efficiency photothermal 
conversion during the solar desalination process. 

XPS was used to examine the surface elemental composition of 
delignificated tree root (DR) and delignificated tree root with graphene 
oxide decorated surface (DRGO). As was evident from Fig. 3a, the ratio 
of carbon and oxygen changed after graphene oxide loading. The peak 
corresponding to the oxidized sp3 domains (C––O/O-C-O) for DRGO was 
slightly increased compared with DR, indicating the successful deposi-
tion of graphene oxide (Fig. 3b and c). XRD pattern of the fabricated 
DRGO showed two typical diffraction peaks of graphene oxide at 10.8 º 
and 34.6 º, respectively, further confirming the formation of graphene 
oxide layer (Fig. 3d). We also tested the structure-stability of the gra-
phene oxide decorated tree root by immersing in acidic (pH=1) and base 
(pH=14) solution for 12 h and further ultrasonication in pure water for 

Fig. 3. XPS survey scan (a) and high-resolution C 1 s spectra of the DR (b) and DRGO (c). (d) XRD pattern of the DR and DRGO. (e) The weight change of the DRGO 
before and after wetting. The thickness of the DRGO in this experiment was 3 mm. (f) Change of contact angle with time. (g) Digital images showing that the color of 
the DRGO turns from white to blue while quickly absorbing water (surface covered with anhydrous copper sulfate as indicator). 
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30 min. No changes were observed for the evaporator and the used so-
lutions before and after above treatments, indicating a high structure 
stability of the loading graphene oxide on the tree root surface to the 
various working environment (Fig. S4). The weight changes of the dry 
and wet DRGO were evaluated after being immersed in water. The 
weight of the wet DRGO increased form 100% to ≈ 260%, indicating an 
excellent spontaneous water absorption capability, which ensured the 
continuous water supply during water evaporation loss at the top surface 
of the desalination device (Fig. 3e). Moreover, due to its inherent porous 
microstructure and low density (Fig. S6), the fabricated tree root-based 
solar evaporator still retained internal pores and could float on the water 
surface. 

The multi-level channels of tree root undertake bottom-to-top water 
transported to continuously supply the water loss due to the stream 
evaporation on the top solar absorber layer. The natural tree root con-
tained large number of hydrophobic components, such as its inherent 
lignin, exhibiting low water permeability which could limit water 
transportation. The initial contact angle of tree root surface (117.6º) 
showed hydrophobic property, making the water droplet hard to be 
absorbed completely after 50 s (Fig. S5). However, after partly deligni-
fication of natural tree root, the water droplet can rapidly penetrate into 
the lower substrate within 1 s after it touched the surface (Fig. 3f), thus 
achieving excellent water transportation capability by the enhanced 
capillary penetration. As shown in Fig. 3g, once the bottom surface of 
the solar desalination device contacted with water, the top layer was 
thoroughly wetted within 0.9 s, demonstrating the super rapid capillary 
water transport through the inner highly hydrophilic multi-level chan-
nels. The excellent water transportation capacity was also an essential 
factor for preventing salt accumulation on the evaporator’s surface and 
the channel blockage by offering adequate water supply and automatic 
rapid salt exchange. Therefore, a facile bilayered interfacial evaporation 
device composed of black graphene oxide layer and superhydrophilic 
tree root substrate is designed. 

3.2. Photothermal conversion property of DRGO 

The decorated graphene oxide on the surface of tree root continu-
ously absorbed sunlight and converted it into heat (Fig. 4a). The light 
absorbability and photothermal conversion ability of absorber layer 
played a vital role in evaporation efficiency of solar desalination device. 
The UV–vis–NIR spectroscopy demonstrated that the graphene deco-
rated tree root evaporator exhibited excellent light absorption (Fig. 4b), 
which was much higher than that of the delignificated tree root. This 
was mainly attributed to the broad absorption spectrum of graphene 
oxide and the abundant protrusion microstructures on the evaporator 
surface which was favorable for enhancing the light absorption and 
reducing reflection. The outstanding solar absorption ability was bene-
ficial for promoting the efficiency of light-to-thermal conversion. 

The temperature variation of graphene oxide decorated tree root in 
the wet state was traced by an infrared radiation camera under one sun 
illumination (Fig. 4c and d). The temperature of the top surface 
increased rapidly to 35.3 ◦C from room temperature after 10 min and 
gradually reached the highest temperature of 36.8 ◦C after 80 min. In 
contrast, the highest temperature of the delignificated tree root without 
graphene oxide modification was only 32 ◦C. The results of thermal 
conductivity showed that the delignificated tree root presented rela-
tively low thermal conductivity of 0.21 W m− 1 K− 1 and 0.20 W m− 1 K− 1 

in the crossplane direction (R) and the growth direction (L), respectively 
(Fig. 4e), which could limit heat diffusion of the solar evaporator. 
Therefore, the excellent photothermal conversion property can be 
attributed to two reasons. Firstly, the rough bumpy surface micro-
structure of evaporator absorber layer achieved high light absorbance, 
efficiently harvesting sunlight over a broad range of spectrum. The 
second was excellent thermal localization management due to the low 
thermal conductivity of the bottom tree root substrate of the solar 
evaporator. 

Fig. 4. (a) Schematic showing the sunlight absorption of the scalable graphene oxide decorated tree root. (b) Absorbance comparison between DR and DRGO. Time- 
dependent average temperature (c) and IR images (d) showing in situ temperature change of DRGO under 1 sun irradiation. (e) Thermal conductivity of the DR 
and DRGO. 
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3.3. Desalination performance of DRGO 

Owing to the excellent water transport capability and photothermal 
conversion property, the bilayer designed solar evaporator can be ex-
pected to have extraordinary performance for solar desalination. The 
solar steam efficiency was calculated by subtracting the mass loss of 
pure water evaporation to ensure the reliability of the experimental 
values. Fig. 5a showed that the mass change (water evaporation rate) for 
the fabricated graphene oxide decorated tree root (DRGO) is signifi-
cantly faster than that of the undecorated tree root (DR). The evapora-
tion rates of DRGO and DR increased rapidly in the initial 5 min and 
reached a plateau after 10 min (Fig. 5b). The overall trend of evapora-
tion rate fitted quite well with the heating process of the top absorber 
layer, indicating the rapid response performance for the fabricated solar 
evaporator. The output stable evaporation rate of DRGO reached 
1.60 kg m− 2 h− 1, which was significantly higher than that of control 
sample (Fig. 5c). More impressively, the calculated evaporation effi-
ciency reached an astonishing 96.5%, which was the almost highest 
record among the various wood-based desalination devices (Table 1). 
The excellent performance of the graphene oxide decorated tree root 
could be ascribed to its outstanding solar-thermal conversion ability by 
the coated rough absorber surface which ensured an excellent broad-
band light absorption. Furthermore, the hydrophilic tree root substrate 
set the evaporator a continuous water supply capability through the 
abundant multilevel channels. 

3.4. Anti-salt-accumulation performance of the DRGO 

Note that it is difficult to remain long-term stable desalination by 
conventional solar evaporators due to the continuous salt accumulation 
on the absorber surface. Here, the stability of our fabricated tree root- 
based evaporator was tested. The stable solar evaporation perfor-
mance was achieved during the 72 h continuously working in 3.5 wt% 
NaCl solution under 1 sun illumination (Fig. 6a and b). We also carefully 
evaluated the long-term stability of our evaporator under different brine 
concentration varying from 3.5% to 21%. Results revealed the excellent 
adaptability and anti-salt-accumulation property of our fabricated 
evaporator (Fig. 6c). As shown in Fig. 6d, the graphene oxide decorated 
tree root evaporator (DRGO) exhibited superior salt-rejecting perfor-
mance even in 21 wt% NaCl solution for 72 h, while the absorber surface 
of the wood-based evaporator was covered by numerous white salt 
crystals. The white salt layer would reduce the light absorption and 
decrease the evaporation rate and stability of desalination process. 
These results indicated the key roles of the large channels of tree root for 
stable solar desalination, thus exhibiting the excellent anti-salt- 
accumulation performance. With the interconnected multilevel chan-
nel microstructures, the concentrated brine in the narrow channels 
caused by continuous evaporation can be rapidly diluted into the large 
channels with low concentration in real-time (Fig. 6e). Natural large 

channels in tree root performed the same function as artificial drilling of 
wood for the salt-rejecting solar desalination process (Kuang et al., 
2019; Sharshir et al., 2022). For the wood trunk-based evaporator, the 
brine concentration of the micron-scale vertically channels maintains at 
the same level, the concentration difference driving force was not 
enough to promote extensive salt exchange. Therefore, compared to 
traditional designed evaporator, our results illustrated that the tree 
root-based evaporator demonstrated significantly improved efficiency 
and anti-salt-accumulation property, giving it great potential for scal-
able steam-generation applications. 

4. Conclusions 

We demonstrated that the bilayer designed evaporator (e.g. tree 
root-based evaporator) with intrinsic microstructure could achieve a 
high-efficient and long-term brine desalination. The unique multilevel 
longitudinal channel structure played a vital role in effectively over-
coming the salt-accumulation related issues. Specifically, ultra-high- 
speed water transport capability and the concentration difference 
driving force between the multistage channels in the hydrophilic tree 
root evaporator led to rapid multi-directional salt exchange to prevent 
salt accumulation on the top evaporation surface, thus ensuring efficient 
and continuous solar desalination. Together with graphene oxide 
decorated absorber surface, a rapid evaporation rate with excellent long- 
term stability was achieved even in a high-salinity brine (21 wt%). In 
contrast, during desalination process, the top surface of the wood trunk- 

Fig. 5. (a) Mass change of water desalinated by the DR and DRGO over time. (b) Evaporation rate of the DR and DRGO. (c) Comparison of evaporation performance 
of 3.5%wt saline water, DR, DRGO. (under 1 sun irradiation in the desalination of 3.5% salt solution). 

Table 1 
Performance comparison of current reported wood based solar-steam- 
generation devices.  

Wood 
species 

Photothermal 
materials or 
methods 

Efficiencies 
(%) 

Evaporation 
rates (kg m–2 

h–1) 

Ref 

Poplar Carbonized wood 86.7 (10 
suns) 

12.1 (10 suns) (Jia 
et al., 
2017) 

Basswood Graphite 80 1.15 (Li et al., 
2018) 

Balsa wood Delignification 
(Fe3O4) 

73 1.3 (Song 
et al., 
2021) 

Pine wood Carbon black 93.4 (3.5 
suns) 

3.38 (3.5 suns) (Duan 
et al., 
2022) 

Basswood Catechin–Fe3+ 54 0.92 (Gao 
et al., 
2020) 

Paulownia 
wood 

Ti3C2 nanosheets 96 1.465 (Ma 
et al., 
2020) 

Tree root Graphene oxide 96.5 1.6 This 
work  
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based evaporator was covered by numerous white salt crystals which 
severely reduced the light absorption and decreased the evaporation 
rate and stability of the solar evaporator. Benefiting from the renewable, 
widespread, high efficiency and anti-salt-accumulation capability, our 
bilayered tree root-based evaporator possesses a promising desalination 
strategy for sustainable and scalable clean water production. 
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