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Abstract  

Solar-driven interfacial evaporation is a promising solution to address global freshwater scarcity, 

with woody biomass-based evaporators standing out for their sustainability and cost-effectiveness. 

However, current woody biomass-based systems often suffer from inefficient water management 

and suboptimal photothermal performance. Herein, we develop a dual-function lignin-engineered 

reconstituted wood framework strategy, achieving both compositional and structural optimization 

of woody biomass to enhance its evaporation performance via water management and thermal 

management. By partially retaining and reconfiguring lignin within the woody biomass framework, 

a higher fraction of loosely bound “intermediate water” with reduced evaporation enthalpy is 

generated while preserving the water-pumping capability. Concurrently, the extracted lignin is 

upcycled via laser-induced graphitization into a broadband photothermal layer composed of 

hierarchical graphene/graphitic carbon structures with solar absorptivity exceeding 95%. This 

synergistic design results in the E-150 solar evaporator, which achieves an evaporation rate of 

2.24 kg m⁻² h⁻¹ and a photothermal conversion efficiency of 91.52% under one-sun irradiation, 

surpassing most reported wood-based evaporators. Moreover, the retained lignin sustains 

multiscale channel integrity, imparting strong salt resistance, high recyclability, and robust 

purification capabilities. This integrated biomass valorization strategy provides a scalable, low-

cost, and eco-friendly route for high-performance solar desalination and sustainable water-energy 

applications. 
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Introduction 

The escalating global water crisis, driven by population growth, industrialization and climate 

change, has rendered freshwater increasingly scarce1. Seawater, which makes up nearly 97.5% of 

the Earth's water resources, is a viable source, particularly for coastal regions facing severe 

freshwater shortages, but conventional desalination methods (reverse osmosis or multistage flash) 

are energy-intensive and costly2,3. In contrast, interfacial solar evaporation offers a promising 

alternative, which harnesses highly renewable solar energy to heat only a thin surface layer of 

water, minimizing thermal losses and operational complexity4. This approach can transform 

seawater and wastewater into drinkable water in a low-cost, eco-friendly manner, which is critical 

for coastal and arid regions facing chronic freshwater shortages. Interfacial solar evaporation 

typically consists of a photothermal top layer that absorbs sunlight and an underlying wick or 

porous matrix that transports water upward5, 6. Wood, being an abundant and renewable natural 

product, possesses a layered porous structure with low-curvature channels capable of floating on 

water7,8. Combined with anisotropic thermal conduction across cross-section and longitudinal 

sections, wood holds significant potential for application in interfacial solar evaporation9.  

State-of-the-art materials have pushed photothermal conversion toward the thermodynamic 

limit, so further gains depend on improved water management10. Studies have demonstrated that 

structural or chemical tuning can induce a higher fraction of intermediate water with fewer 

hydrogen bonds in certain synthetic 3D polymeric materials11,12, whose evaporation efficiency is 

up to 86 times that of free water. Such regulation markedly reduces the evaporation enthalpy of 

water within the material and accelerates the evaporation rate. It should be noted that the term 

“evaporation enthalpy” used herein does not refer to the strict thermodynamic definition, but rather 

to a generalized concept denoting the overall energy required for liquid water confined within the 

material to transition into vapor. However, native wood contains hydrophobic lignin that tightly 

binds cellulose fibers together, which tends to impede the pumping of water to the evaporation 

interface. Many reported wood evaporators therefore chemically remove lignin from wood to open 

its pores and increase wettability13-15. For example, Gu et al. demonstrated a fully wood-based 
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evaporator using completely delignified wood, achieving an efficiency of 91.74% efficiency and 

a 1.93 kg m-2 h-1 evaporation rate16. However, complete removal of lignin has drawbacks, and it 

entirely consumes the lignin resource and, importantly, eliminates the only intrinsic hydrophobic 

component of wood. As a result, excessive hydrophilicity leads to domination by high-enthalpy 

water (combined water and free water), and limits the ultimate evaporation rate17. Recent 

molecular simulations and experiments confirm that introducing an appropriate amount of 

hydrophobic components can help create more intermediate water with low evaporation enthalpy 

by weakening the hydrogen bond network between the matrix and water18. Therefore, as the only 

hydrophobic component and binder in wood, the controlled presence of lignin can actually be 

leveraged to water states inside wood from both spatial and chemical composition perspectives. 

Adjusting the lignin content in wood to maintain effective water pumping capacity while 

increasing the intermediate moisture content paves the way for high-performance woody biomass-

based solar evaporators with better economic and environmental benefits, making them more 

suitable for large-scale application than hydrogel solar evaporators. 

Another challenge in woody biomass-based evaporators is achieving efficient photothermal 

conversion while maintaining sustainability. Natural wood is weakly absorptive of sunlight, so 

most designs deposit external coatings (e.g., plasma metal nanoparticles or semiconductor inks) to 

boost absorption19-21. These additives can add cost and environmental risk, conflicting with the 

goal of green desalination. Carbon-based nanomaterials, especially graphene, have been widely 

used in the photothermal conversion system of woody biomass-based solar evaporators due to their 

broad-spectrum absorption, high photothermal conversion efficiency, strong stability, and high 

abundance22,23. Notably, lignin, with its aromatic ring structure and high carbon content24, can 

promote the formation of sp2 hybrid ordered structure of graphene crystals, making it an ideal raw 

material for preparing graphene25,26. However, cumbersome processes and harsh preparation 

conditions limit the large-scale development of lignin-based graphene. Laser etching technology, 

with the advantages of simple operation, low cost, high precision, energy saving and environmental 

protection27, can ignore the severe heterogeneity of lignin, promoting the sustainable development 
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of lignin-based photothermal conversion materials28. 

In this work, we developed a lignin-engineered reconstituted woody framework strategy that 

simultaneously addresses two key challenges in solar evaporation based on sustainability and 

economy, and the efficient preparation of high-performance photothermal layers and the reduction 

of water evaporation enthalpy (Fig. 1). We hypothesize that appropriate lignin removal modulates 

both the spatial microstructure and the distribution of functional groups, promoting the formation 

of intermediate water with weaker hydrogen bonding. This lowers the evaporation enthalpy while 

preserving effective water transport to the evaporation interface. Simultaneously, the removed 

lignin is not wasted, which is recovered and processed via laser etching into a composite carbon 

layer composed of graphite carbon and graphene. This lignin-engineered reconstitution wood not 

only outperforms most reported woody biomass-based solar evaporators in terms of evaporator 

performance but also has significant environmental and economic benefits, which holds great 

promise for promoting the large-scale application of woody biomass-based solar evaporators.  

Results 

Water states within the lignin-engineered reconstituted wood 

As shown in Fig. S1 and Table S1, the lignin content decreased from 25.77% in natural wood 

(labelled as Wood) to 16.70% in W-150 obtained after pretreatment with an alcohol solution system 

at 150 oC. In contrast, the lignin in W-A, obtained by sodium chlorite delignification, was almost 

completely removed. The hydrophilicity of the woody biomass framework significantly affects 

water pumping capacity and water states16. The hydrophilicity of W-150 improved due to partial 

removal of the hydrophobic lignin, while W-A, lacking lignin, exhibited better hydrophilicity (Fig. 

S2). The increase in the hydrophilicity of the woody biomass framework facilitates the water 

pumping to the evaporation interface. However, previous reports have shown that excessive 

hydrophilicity will lead to the dominance of free water, which has a high evaporation enthalpy 

(about 86 times the enthalpy of intermediate water), thereby limiting the further evaporation rate29-

31. The influence of lignin content on the water states within the woody biomass framework stems 

from two perspectives (Fig. 2a). Firstly, lignin, as a main component of lignocellulose, is entangled 
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with cellulose and hemicellulose32-34. Therefore, lignin content closely affects the crosslinking 

degree of the woody biomass framework. On the other hand, lignin contains both hydrophilic 

functional groups (such as phenolic and aliphatic hydroxyl), as well as hydrophobic phenyl ring 

structures (the only hydrophobic component in lignocellulose). That affects the formation of 

hydrogen bonds between the woody biomass framework and water molecules in a moist state, thus 

impacting the number and strength of those hydrogen bonds. In addition, pretreatment selectively 

enriched syringyl (S) units in lignin of W-150 (L-W150), elevating the S/G ratio from 2.31 in 

lignin of Wood (L-Wood) to 5.05 in L-W150 (Figs. 2b and S3). Concurrently, the pretreatment 

process induces cleavage of lignin ether bonds (primarily β-O-4 linkages), and promotes 

condensation reactions that result in the formation of more hydrophobic C–C bonds (Fig. S4). 

These collective changes in the lignin structure may make it easier for water to evaporate from the 

substrate35-38.  

To test these hypotheses, differential scanning calorimetry (DSC), dark evaporation 

experiments, Raman and low field nuclear magnetic resonance (LF-NMR) were systematically 

employed to investigate the effect of lignin on the water states and the evaporation enthalpy of 

water in woody biomass frameworks. As shown in Fig. S5a, the DSC curve of pure water showed 

a sharp peak. The water peak in W-A flattened out, but still had sharp peaks, indicating too much 

free water. In W-150, the water appeared broader and lacked sharp peaks. The evaporation 

enthalpies of water in pure W-A and W-150 calculated from the DSC curve were 1990 and 1670 

J/g, respectively (Fig. S5b). In the dark evaporation experiment, as shown in Fig. 2c, the 

evaporation enthalpies of water in W-A and W-150 were 1842 and 1397 J/g, respectively. The 

results of both methods showed that proper lignin content was beneficial in reducing the 

evaporation enthalpy of water.  

To further explore the effect of lignin content on the evaporation enthalpy of water in the 

wood, woody biomass frameworks with different lignin content were obtained under the 

pretreatment condition of 140-170 oC. The evaporation enthalpy of water in the woody biomass 

framework obtained by DSC increased with the decrease in lignin content, and W-140 had the 
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lowest evaporation enthalpy (Fig. S5b). However, the evaporation enthalpy of water obtained by 

the dark evaporation experiment decreased first and then increased with the decrease of lignin 

content, and W-150 had the lowest evaporation enthalpy (Fig. S5c). This discrepancy arises 

because DSC measurements account not only for the evaporation of intermediate water and free 

water, but also for the most tightly bound water, whereas the dark evaporation experiment 

primarily involves the evaporation of intermediate water and free water. As a result, the 

evaporation enthalpy determined by DSC is typically higher than that obtained by the dark 

evaporation experiment, particularly for highly hydrophilic substrates. W-150, with lower lignin 

content, had better hydrophilicity and more bound water than W-140, resulting in a higher 

evaporation enthalpy obtained by DSC. It is worth noting that the actual use of solar evaporators 

almost does not involve the evaporation of bound water, which is closer to the dark evaporation 

experiment39. Therefore, the results of the dark evaporation experiment were used as the basis for 

the subsequent discussion. 

LF-NMR was used to investigate spin proton relaxation, providing information on the nuclear 

mobility of bound and free water23. The transversal relaxation properties of water in the woody 

biomass framework were investigated by 1D LF-NMR, which attempted to explain the influence 

mechanism of lignin content on water states in wood. Generally, the water that is more tightly 

bound to the wood (such as bound water) has a shorter transverse relaxation time (T2); conversely, 

the free water has a longer T2
23. As shown in Fig. S6a, the T2 distribution curve of Wood showed 

four peaks, indicating the presence of four water states. Relaxation peaks of T2 less than 1 ms (T21) 

and around 1000 ms (T24) are attributed to bound and free water, respectively40,41. Large amounts 

of capillary water were present in fine channels in the wood, which appeared at the T23 relaxation 

peak near 45 ms42, while acromion (T23) might be intermediate water in the large diameter channels. 

It was found that the content of bound and free water in W-A increased, but the T22 peak belonging 

to intermediate water disappeared (Fig. 2d), indicating that the absence of lignin was not conducive 

to the formation of intermediate water. As for W-150, the T22 and T23 peaks were combined, 

showing that the properties of capillary water at this time were very similar to those of intermediate 
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water. However, capillary water is difficult to distinguish between bound water and intermediate 

water through 1D LF-NMR. 

To further subdivide capillary water, 2D LF-NMR was used to characterize the water states 

in the woody biomass framework, which effectively reduces the interference caused by water 

overlap and chemical composition. The longitudinal relaxation time (T1) can reflect the time for 

the nuclei of high-energy states to return to the ground state through energy exchange with the 

surrounding environment during relaxation, while T2 corresponds to the time it takes for a high-

energy nucleus to transfer energy to a similar low-energy nucleus and return to the ground state43. 

The T1/T2 value indicates the mobility of hydrogen atoms, and a lower value means that the water 

molecule is more mobile. As shown in Fig. S6b, four main peaks could be observed in the 2D LF-

NMR spectrum of Wood, among which the D peak with the largest T1/T2 value is usually identified 

as the signal of polymers or bound water in wood, while the A peak with the smallest T1/T2 value 

represents free water. Peaks B and C originated from capillary water, which corresponded to the 

water in the amorphous region of microfibrils and its surrounding hemicellulose, as well as the 

water in the amorphous region of the hemicellulose and lignin, respectively44. Since lignin and 

hemicellulose were almost completely removed, no peak C appeared in the 2D LF-NMR spectrum 

of W-A, and a strong peak A was observed (Fig. 2e). The stronger peak A and the weaker peak B 

indicated that capillary water in W-A had similar properties to free water. Notably, a strong peak 

B was observed in the 2D LF-NMR spectrum of W-150, which were further divided into peaks B1 

and B2 to distinguish better the capillary water states (Fig. 2f). The peak B2 with a smaller T1/T2 

value had better water mobility, indicating that water molecules were clustered under the action of 

hydrogen bonds, which was not conducive to water evaporation. The water in peak B1 was judged 

as intermediate water. Compared with W-A and Wood, the B1 signal in W-150 was significantly 

enhanced, which meant that W-150 had more intermediate water. Moreover, to be closer to the 

actual use scenario, 2D LF-NMR tests were performed on W-A and Wood in a water-filled state. 

As shown in Fig. S7, only one strong peak was shown in both spectra. By comparison, W-150 had 

a larger T1/T2 value than W-A, which once again verified that W-150 had a larger intermediate 
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water content. 

To prove the existence of different water forms, Raman spectroscopy of various woody 

biomass frameworks was fitted into four peaks by the Gaussian function, as shown in Fig. S8. The 

results showed that W-150 presented the largest ratio of intermediate water to free water due to the 

proper delignification, consistent with the analysis of evaporation enthalpy and LF-NMR. 

Moreover, note that since a certain amount of lignin was still retained as a support, the multistage 

channels in W-150 were intact, especially the ray cells (Fig. S9), which will facilitate the transverse 

shuttle of salt ions, protecting the salt resistance45. In summary, the hydrophilicity, functional group 

composition and crosslinking degree of the woody biomass framework were affected by lignin 

content. Appropriate lignin retention encouraged the production of more intermediate water in the 

woody biomass framework (especially in the capillary region), which could effectively pump 

water to the evaporation interface while reducing the evaporation enthalpy, thereby increasing the 

evaporation rate. In addition, due to the partial retention of lignin, the multistage channel structure 

was preserved intact, which was conducive to salt resistance. 

Laser-etched surfaces 

The lignin recovered during the ethanol solution pretreatment was coated on the surface of 

W-150, which was then laser etched to prepare the photothermal conversion layer of the evaporator 

(Fig. 3a). After laser etching, the surface of the evaporator shows increased hydrophilicity (Figs. 

3b and S10) and an orderly porous structure (Fig. 3c). As shown in Fig. 3e, compared with other 

carbonization technologies, the graphitized layer obtained by laser etching technology showed a 

satisfying surface morphology (rich, multi-layered and ordered hierarchical pores) and a specific 

surface area of up to 100.77 m2 g-1(Fig. S11). The micronscale macropores facilitate effective 

capture of incident sunlight, while the mesopores and micropores efficiently absorb scattered and 

reflected light. This hierarchically ordered porous architecture induces a pronounced blackbody 

effect, significantly enhancing broadband solar absorption and localized photothermal conversion. 

Moreover, the high specific surface area of the porous carbon layer promotes the formation of 

nano/microscale water droplets with a lower evaporation enthalpy on the surface, which will be 
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proved in subsequent experiments. Furthermore, regardless of the coating process or the laser 

etching process, the multistage channels and transversely shuttling ray cells in the woody biomass 

framework were retained (Fig. S12), which would guarantee the anti-salt crystallization 

performance of E-150. Furthermore, the laser etching depth of close to 60 μm (Fig. 3d) and the 

laser-induced graphene (LIG) observed inside the large channels within the woody biomass 

framework (Fig. S13) would further promote sunlight absorption. 

In addition to the orderly porous structure, the LIG had a crystal region with a lattice spacing 

of 0.349 nm (Fig. 3e), which could be attributed to the spacing of the two adjacent (002) planes in 

graphitic carbon46. Moreover, as shown in Fig. 3f, three main peaks could be observed in the 

Raman spectrum of the E-150 surface. Among them, the D-peak (1340 cm-1) and G-peak (1570 

cm-1) are attributed to lattice defects (sp3 hybridization) of carbon atoms and in-plane stretching 

vibrations of sp2 hybridization of carbon atoms, respectively47,48. The peak (2670 cm-1) comes 

from second-order band-boundary phonons, which are usually related to the number of graphene 

layers49. The distinct peak and small ID/IG value (0.69) indicated the presence of graphene with 

fewer stacked layers. However, there was still some sp3 hybridization at the edges of the surface 

carbon layer. The results of the TEM and Raman analyses showed that both graphene and graphitic 

carbon were present in the surface carbon layer. Graphene can effectively absorb sunlight from the 

ultraviolet to infrared range and has high photothermal conversion efficiency and thermal 

conductivity50. However, the complex preparation process and the exorbitant price of graphene 

make it impractical to use the photothermal conversion layer composed only of graphene. 

Moreover, graphene usually requires support material to enhance its structural stability and 

mechanical strength, but the interface compatibility with the support material still faces 

difficulties51. In LIG, porous graphitic carbon served as a support material for graphene, which not 

only provided a high specific surface area to promote the absorption of sunlight, but also 

complements the disadvantages of graphene without having to consider interface compatibility 

issues to overcome the defects of limited light absorption efficiency and single light absorption 

direction of few-layer graphene monomers. Observing the changes of elements after laser etching 
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showed that carbon elements increased and oxygen elements decreased significantly (Fig. S14). 

Combined with the previous reports, the graphitization mechanism could be inferred. Due to the 

violent vibration within lignin molecules caused by laser radiation, the local temperature rapidly 

increased, resulting in C-O bond and C=O bond breaking and gas release (Fig. 3a) 52-54. At the 

same time, a part of the region underwent a transition from sp3 hybridization state to sp2 

hybridization state, and the benzene ring structure of lignin was organized into a graphene structure. 

It was worth noting that untreated balsa wood had little carbonization effect on the surface of the 

wood substrate at the same laser power due to the lack of sufficient lignin on its surface (Fig. S15). 

The ability of the evaporator's photothermal conversion layer to absorb sunlight was enhanced 

(Fig. S16). As shown in Fig. S17, compared with W-150, the light absorption capacity of C-150 in 

the short-wavelength band was increased due to the introduction of lignin, but there was almost no 

change in the long-wavelength band. Under the synergistic action of graphene and graphitic carbon, 

the light absorption capacity of E-150 in the full band of 300-2500 nm had been significantly 

improved, exhibiting an absorption rate of up to 95.48% for sunlight, which was much higher than 

that of the W-150 and C-150 (Fig. 3g). The LIG (a composite material composed of graphene and 

porous graphitic carbon) obtained by laser etching of lignin showed high sunlight absorption 

capacity and potentially competitive photothermal conversion efficiency. Furthermore, A simple 

process of this work is advantageous for the large-scale preparation of a reconstituted wood solar 

evaporator. According to the experimental conditions of this work, we further scaled up the 

production, achieving a large-sized evaporator of 0.88 m² or an evaporator of arbitrary shape to 

meet the requirements of complex practical conditions (Figs. 3h and S18).  

Evaporation properties 

Based on the above analysis, partial delignification significantly enhanced the intermediate 

water content. Moreover, LIG derived from recovered lignin on the surface of the evaporator 

demonstrated high solar absorption and photothermal conversion efficiency. These characteristics 

established a solid foundation for the development of high-performance woody biomass-based 

solar evaporators. As shown in Fig. 4a, woody biomass-based solar evaporators E-W, E-A and E-
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150 were prepared based on Wood, E-A and E-150, respectively, and evaporation rates were 1.51, 

1.72 and 2.24 kg m-2 h-1 under one sunlight, respectively. Since the manufacturing process of the 

photothermal conversion layer was the same, the difference in evaporation rates was mainly due 

to the woody biomass framework. According to the analysis results in Section 2.1, the woody 

biomass framework of E-W contained a large amount of lignin, resulting in its insufficient ability 

to pump water to the evaporation interface, while the water within E-A was dominated by free 

water with high enthalpy of evaporation due to its better hydrophilicity. In the case of E-150, 

appropriate delignification increased the intermediate water content in the woody biomass 

framework while efficiently pumping water to the evaporation interface. Moreover, the 

photothermal conversion layer composed of graphite carbon and graphene not only had strong 

light absorption capacity and photothermal conversion efficiency, but also promoted the formation 

of microdroplets with low evaporation enthalpy in the pumped water (Fig. S19), thus improving 

the evaporation performance. In addition, the comparison of woody biomass-based solar 

evaporators with different lignin content showed that the evaporation rate first increased and then 

decreased with the decrease of lignin content, and E-150 showed the highest evaporation rate (Fig. 

4b), which corresponded to the analysis results of intermediate water content. 

Based on W-150, the influence of laser power on the evaporation performance was also 

discussed. As shown in Figs. 4c and S20, when the laser power was less than 45%, lignin could 

not be effectively graphitized, resulting in low light absorption performance and photothermal 

conversion efficiency of the evaporator surface. However, when the laser power was excessive 

(50%), Raman spectra showed a large ID/IG value and almost no 2D peaks could be observed (Fig. 

S21). At this time, the surface of the evaporator was over-graphitized, mainly composed of 

graphite carbon, and almost no graphene structure. Therefore, achieving a composite carbon layer 

with the complementary advantages of graphite carbon and graphene was impossible, reducing 

light absorption and photothermal conversion capacity. Furthermore, the photothermal conversion 

capability of the evaporator was investigated by measuring the temperature change of the surface. 

Fig. 4g showed that the temperature of the evaporator surface rapidly rose to 39.1 oC in 1 min 
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under one solar irradiation, indicating the strong photothermal conversion capability of the E-150. 

After 30 min of irradiation, the temperature of the evaporator surface was stable at about 50 oC, 

and the water temperature was 31 oC, indicating a thermal localization effect, mainly due to the 

low thermal conductivity caused by the porous structure of the wood. The thermal localization 

effect could reduce the heat loss during evaporation and improve the evaporation performance.55,56 

Due to water and thermal management, the E-150 exhibited an evaporation rate of up to 2.24 

kg m-2 h-1 and a photothermal conversion efficiency of 91.52% under one solar irradiation (Fig. 

4d), surpassing most reported woody biomass-based solar evaporators (Fig. 4e and Table S3). 

Although a few reported woody biomass-based solar evaporators have evaporation performance 

close to or better than the E-150, these preparation processes are complex and require the 

introduction of metals or metal oxides, which further increases their cost and potential 

environmental hazards. Furthermore, the introduction of carbon dots can endow the evaporator 

with evaporation performance comparable to that of E-150, but the preparation of these carbon 

dots requires a large amount of reagents and a long processing time (over 20 hours), resulting in a 

low efficiency of evaporator preparation. Different from these advanced woody biomass-based 

solar evaporators mentioned above, this work uses fully biomass-based materials, with a low 

energy consumption, short processing time, and no additional metal materials to prepare highly 

efficient woody biomass-based solar evaporators. Fabricating the evaporator solely from 

lignocellulosic components (wood and lignin) enhances sustainability and scalability, aligning 

with the eco-friendly approach of recent all-wood evaporators. Compared to reported woody 

biomass-based solar evaporators similar or better evaporation performance, it demonstrated 

environmental and economic benefits (Fig. 4f). This highlights its exceptional potential for 

commercial application, underscoring its promising scalability and market viability in sustainable 

technology solutions. 

Seawater desalination and wastewater purification 

Salt ions in seawater/sewage will concentrate, crystallize and accumulate during evaporation, 

resulting in salt pollution57. As shown in Fig. 5a, the evaporation rate of E-150 in simulated brine 
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with 3.5% and 5.0% salinity stabilized at about 2.15 kg m-2 h-1 within 6 h under one solar 

irradiation, which was almost the same as that in pure water. In addition, when the brine salinity 

was increased to 10%, the evaporation rate was reduced to 1.96 kg m-2 h-1, but the performance 

remained stable during the long evaporation process (Fig. S22). However, when the salinity 

exceeded 20%, salt crystallization occurred at the evaporation interface of E-150, causing the 

evaporation rate to continue decreasing. These results showed that E-150 had an acceptable 

resistance to salt crystallization, which was suitable for all seawaters in the world, and some high-

salinity brines from industry (≤10%). The salt resistance of E-150 was mainly due to the partial 

retention of lignin in the woody biomass framework, which made the interconnected multistage 

channel structure intact. As shown in Fig. 5b, these multistage channels provided low-tortuosity 

pathways with different hydraulic conductivities. When the desalination was carried out, the water 

flux in the small-diameter channel was smaller than that in the large-diameter channel, resulting 

in a larger salt concentration in the small-diameter channel. The resulting in-plane concentration 

gradient encouraged salt ions to shuttle transversally through the ray cell. Simultaneously, salt ions 

accumulated inside the large-diameter channels diffused back into the seawater. This 

multidirectional mass transfer characteristic not only endowed E-150 with anti-salt crystallization 

properties, but also enabled the salt crystals on the evaporator surface to be efficiently eliminated 

under dark conditions (Fig. S23). The efficient elimination of salt crystals under dark conditions 

could further broaden the practical application scenarios of E-150 through the day-night cycle. 

To verify the application of E-150 under the actual sun (Fig. 5c), an outdoor evaporation test 

was conducted in actual seawater from the Bohai Sea (approximately 40° N and 121° E) on 

September 19, 2024 in Beijing, China (8:00-17:00). During the evaporation test, the water vapor 

is condensed in the cooling area to avoid the effect of light occlusion and light refraction by the 

condensation water at the top (Fig. S24). As shown in Fig. 5d, the evaporation rate of E-150 

gradually increased in the initial stage, and stabilized at about 2.00 kg m-2 h-1 from 11:00 to 14:00, 

demonstrating the practical application potential of E-150. It is worth noting that the lower 

evaporation rate in practical applications is due to the weaker solar flux in Beijing during autumn. 
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The long-term stability and cycling performance of E-150 were investigated using actual seawater. 

As shown in Fig. 5e, E-150 was continuously evaporated in seawater for 12 h under one solar 

irradiation, showing a stable evaporation rate of 2.16 kg m-2 h-1, and almost no salt crystallization 

was observed. Moreover, during 10 consecutive 4 h evaporation tests, the evaporation rate of E-

150 still remained stable (Fig. 5g), demonstrating long-term stability. Furthermore, the E-A and E-

150 used in seawater were air-dried at room temperature, and their recyclability was compared. As 

shown in Figs. 5f and S25, there was almost no change in E-150 after recovery, while the volume 

of E-A was sharply reduced after recovery, and the surface carbon layer was seriously damaged. 

The recyclability of E-150 was attributed to the rigidity provided by the partially retained lignin 

(Fig. S26). In contrast, E-A lacking lignin not only could not be recycled, but also was prone to 

surface collapse during the process of lignin solution coating (Fig. S27). Furthermore, due to the 

higher proportion of intermediate water with weak hydrogen-bonding characteristics in E-150, the 

binding energy between this water and contaminant particles is smaller. Thus, E-150 exhibits 

enhanced purification capacity (Fig. S28). 

Discussion 

This work demonstrates a compositional and structural reconstitution strategy of a woody 

biomass framework that enables simultaneous optimization of water transport and photothermal 

conversion in solar evaporators. We reveal that partially retained lignin facilitates the formation of 

intermediate water, thereby reducing the evaporation enthalpy while ensuring effective water 

pumping to the evaporation interface. Simultaneously, the photothermal conversion layer prepared 

by laser etching of lignin combined the advantages of graphene and graphite carbon while 

exhibiting an ordered multistage pore structure, which had strong light absorption capacity, 

photothermal conversion efficiency and promoted the formation of microdroplets with low 

enthalpy of evaporation. Under one-sun illumination, the evaporator E-150 achieves a high 

evaporation rate of 2.24 kg m-2 h-1 and a photothermal conversion efficiency of 91.52%, 

outperforming most previously reported woody biomass-based solar evaporators. Additionally, the 

appropriate lignin content in the woody biomass framework provided a solid guarantee for the 
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evaporator's anti-salt crystallization performance, recovery, and purification performance. Overall, 

our results confirm this hypothesis. The lignin-engineered wood evaporator indeed achieves 

significantly higher evaporation rate and enhanced salt resistance, demonstrating that the proposed 

dual-functional strategy successfully optimizes both water management and photothermal 

conversion for solar desalination. The reconstituted woody framework strategy proposed in this 

work offers a simple, low-energy, and cost-effective method with substantial potential for large-

scale application, providing a promising model for the sustainable development of woody biomass-

based solar evaporators, balancing both economic and environmental benefits. 

Methods 

Materials The chemical composition of balsa wood from Fujian Province, China, is shown 

in Table S1, and the size of the sample used in this study was 10*10*5 mm. Aluminum chloride 

hexahydrate (97.0%), sodium hypochlorite pentahydrate (≥39%), sodium alginate (AR), sodium 

hydroxide (96%), ethanol (99.7%), methylene blue (≥70.0%), and direct red 80 (≥25%) were 

purchased from Aladdin Co., Ltd. Other reagents were analytical grade and purchased from 

Macklin Co., Ltd. The actual seawater was taken from China's Bohai Sea (approximately 40° N 

and 121° E) in October 2023, which was not further treated before use.  

Pretreatment in alcohol solution system Before pretreatment, the balsa wood blocks were 

immersed in a reaction mixture, ethanol-water solution (1:1), with 0.02 mol/L aluminum chloride 

for 2 days. The soaked balsa wood blocks and the reaction mixture were added into a 

polytetrafluoroethylene-lined reactor for delignification pretreatment for 3 h, and the effect of 

pretreatment temperature (140-170 °C) was studied in detail. After the pretreatment, the wood 

blocks were taken out and immersed in a 50% ethanol aqueous solution to replace the solution 

containing lignin, and this step was repeated twice. Finally, the wood blocks were immersed in 

deionized water to displace the ethanol and freeze-dried to obtain a woody biomass framework 

(W-140 to W-170). For the pretreatment liquid, ethanol was recovered by vacuum rotary 

evaporation, and lignin was obtained by centrifuging for subsequent laser etching. It was worth 

noting that all chemicals used in this section were easily recyclable.  
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In addition, as a control sample, wood was completely lignin-removed by the traditional 

sodium chlorite process to obtain woody biomass framework W-A, and the lignin in this process 

could not be recovered. Specific operations were described in the Supplementary Information. 

Laser etching To better contrast, the lignin used for laser etching was the lignin recovered 

from the above pretreatment temperature of 160 oC. 0.5 g lignin as the carbon source and 0.2 g 

sodium alginate as the binder were dissolved in 10 mL of 0.1 M sodium hydroxide solution, then 

0.3 mL solution was evenly coated on the surface of a woody biomass framework and air-dried. 

Subsequently, 0.3 mL of the solution was evenly coated on the surface of the woody biomass 

framework and air-dried. Finally, a series of woody biomass-based solar evaporators were obtained 

by laser etching using a semiconductor laser engraving machine with a peak laser power of 7.0 W, 

and a laser wavelength of 450 nm. Except for the samples that investigated the effect of laser power, 

the laser power used in the etching process of the other samples was 45%, and the scanning rate 

was 70 mm/s. 

Material Characterization After the woody biomass framework was crushed, its chemical 

composition was determined using the previously reported method58, and see the Supplementary 

Information for details. The morphologies and energy-dispersed X-ray spectroscopy (EDS) were 

observed by scanning electron microscope (SEM, Hitachi Regulus8100, Japan) and high-

resolution transmission electron microscopy (HRTEM, JEM-2100, Japan). Raman spectra of 

graphitization layers and water in woody biomass frameworks were detected by Raman 

microscopy (X-plor, France). Surface wettability was determined by an OCA20 Contact angle 

measurement system (Data-physics, Germany). The light absorption capacity of the evaporator 

was recorded by UV–visible-NIR spectrophotometer (UV3600, Shimadzu, Japan). The 

evaporation enthalpies of water in the woody biomass framework were determined by a differential 

scanning calorimeter (DSC-60 Plus, Shimadzu, Japan) and a dark evaporation experiment, 

respectively. The compressive strength of wood was measured by a universal testing machine 

(UTM6530, China). The type of water in the woody biomass framework was characterized by low-

field nuclear magnetic resonance (1D/2D LFNMR, VTM20-010V-I, China). 
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Solar Evaporation Experiment A 300 W xenon lamp (PLS-SXE3000, China) with an AM 

1.5G filter was used to simulate sunlight, and a densitometer (CELNP2000-2(10)A, China) was 

used to adjust the radiation intensity at the evaporation interface to one sunlight (about 1 kW m-2). 

The surface temperature of the woody biomass-based evaporator and water temperature were 

recorded with an infrared thermal imager (FLIR-E4, USA). Mass changes during evaporation were 

measured using an electronic balance (BSM-220.4, China) with an accuracy of 0.0001 g. The 

evaporation rate (v) was calculated in equation (1) as follows: 

v=Δm/s*Δt                                                    (1) 

Where Δm was the overall mass change, s was the area at the top of the evaporator, and Δt was the 

irradiation time change. 

The photothermal conversion efficiency (η) of the evaporator was calculated by equation (2) 

as follows: 

η=v*HE/(Copt*Pi)                                                (2) 

Where ν was the evaporation rate at a steady state, HE was the evaporation enthalpy of water in 

the corresponding sample, Copt was the light absorption coefficient of the evaporator surface as 

shown in Fig. 3g, and Pi was the radiant power of one sun (1 kW m-2). 

In addition, the water vapour generated by the evaporator was collected by a self-made device 

(Figs. 5c and S24) to measure the purification capacity of the evaporator. An inductively coupled 

plasma source mass spectrometer (ICP-MS, Agilent 7800ce, USA) was used to measure the 

concentration of metal ions in water, while the concentration of dyes in water was measured by an 

ultraviolet spectrophotometer (UV-2450, Japan). 

Data availability 

All data needed to evaluate the conclusions in the paper are present in the paper, the 

Supplementary Information, or from the corresponding author upon request. Source Data are 

provided with this paper. 
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Fig. 1. Schematic diagram of the preparation and internal mechanism of the woody biomass-

based solar evaporator. a Schematic diagram of lignin-engineered reconstituted woody 

framework strategy. b The dual functions of lignin within woody biomass-based solar evaporators 

in water management and thermal management. The three-dimensional elements were 

professionally rendered by Insight Vision based on our conceptual input. 
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Fig. 2. Water management for wood with an appropriate amount of lignin. a Schematic 

diagram of the interaction between water and molecular chains in W-150 and the water states. 

Cellulose (blue hexagons), hemicellulose (green pentagons), and lignin (brown hexagons) are 

symbolically shown to illustrate their structural roles. b The proportion of the structural unit 

calculated based on the quantitative 2D-HSQC NMR spectra (400 MHz, DMSO-d6). c Evaporation 

enthalpy of water in W-A and W-150 measured by the dark evaporation experiment. Values in c 

represent their means ± SDs (standard deviation) from n = 3 independent samples. Source data are 

provided as a Source Data file. d The T2 distribution of W-A and W-150 in the fiber saturated state. 

T1-T2 correlation spectra of e) W-A, and f) W-150 in the fiber saturated state. 
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Fig. 3. Characterization of the structure and light absorption performance of the top layer. 

a Schematic diagram of graphene preparation by laser etching of lignin. b Surface wettability of 

C-150 and E-150. C-150 was the W-150 coated with lignin solution; E-150 represented the woody 

biomass-based solar evaporator obtained by laser etching of the C-150. c SEM comparison images 

before and after laser etching. d SEM image of a cross-section of the E-150 surface. e SEM and 

HR-TEM images of the E-150 surface at different scales. f Raman spectra of the E-150 

photothermal conversion layer. g Solar absorptivity of woody biomass-based solar evaporators and 

the normalized spectral solar irradiance density of air mass 1.5 global (AM 1.5 G) tilt solar 

spectrum. h Large laser-etched woody biomass-based solar evaporator.  
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Fig. 4. The evaporation performance of lignin-engineered recombinant wood. a Evaporation 

rate curves of E-W, E-A and E-150 under one solar irradiation. b Stable evaporation rates of woody 

biomass-based solar evaporators with different lignin content under one solar irradiation (All 

evaporators were prepared based on W-150, with the X in E-X representing laser power, n = 3). c 

Effect of laser power on the evaporation rate of the woody biomass-based solar evaporator (n = 3). 

d Photothermal conversion efficiencies of E-W, E-A and E-150 under one solar irradiation (n = 3). 

e Comparison with previously reported woody biomass-based solar evaporators in terms of 
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evaporation rate and photothermal conversion efficiency under one solar irradiation, and the 

detailed data are shown in Table S3. f A comprehensive comparison with previously reported 

woody biomass-based solar evaporators. g The infrared thermal images of the E-150 surface 

temperature with time. Values in b, c and d represent their means ± SDs (standard deviation) from 

n = 3 independent samples. Source data are provided as a Source Data file. 
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Fig. 5. Multifunctional performance of lignin-engineered reconstituted wood: salt resistance, 

recyclability, and purification. a Evaporation rate of E-150 in brines with different salinities 

under one solar radiation. b Schematic diagram for resistance to salt crystallization of E-150. c 

The outdoor water evaporation experiment of E150 (n = 3). d Synchronous solar flux, and 

evaporation rates of E-150 from 8:00 to 17:00 in the outdoor experiment (Temperature range: 20-

29 °C, Humidity range: 50%-60%, Solar radiation intensity as shown in Fig. 5d, Beijing, China, 

September 19, 2024). e The change in evaporation rate of E-150 in real seawater after continuous 

evaporation for 12 h under one solar radiation, and the salt crystallization after continuous 

evaporation for 12 h as shown in the illustration. f Images of the E-A and  E-150 before and after 

recycling. g Average evaporation rate of E-150 in real seawater for 10 consecutive 4 h under one 

solar radiation (n = 3). Values in b, and g represent their means ± SDs (standard deviation) from n 

= 3 independent samples. Source data are provided as a Source Data file. 
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Editorial summary: Biomass-based systems for solar evaporation are a promising sustainable method to 

address global freshwater scarcity; however current systems are inefficient. Here the authors report a 

dual-function lignin-engineered reconstituted wood framework for a biomass-based solar evaporator. 
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