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a b s t r a c t

Seawater desalination is critical for mitigating global freshwater scarcity, yet the discharge of high-
salinity brine causes severe ecological and economic issues. Solar-driven interfacial evaporation pro-
vides an energy-efficient method for achieving zero liquid discharge and effective brine concentration. 
To manage the inherent intermittency of natural sunlight, phase change materials are increasingly in-
tegrated to store excess thermal energy for continuous evaporation. Nevertheless, current systems are 
limited by elevated phase-transition temperatures, liquid leakage, and substantial performance 
degradation in hypersaline conditions. Here we show a multifunctional composite foam that unifies 
broadband photothermal conversion with low-temperature phase-change thermal regulation for sus-
tained hypersaline desalination. By confining dodecylamine within a polypyrrole-coated chitosan-
phenolic network, our material achieves a 95% solar absorption efficiency and a phase-change energy 
storage capacity of 208.4 J g − 1 . The evaporator achieves a stable evaporation rate of 1.862 kg m − 2 h − 1 

under one sun and maintains 0.684 kg m − 2 h − 1 in the absence of light. It also sustains a high evapo-
ration rate of 1.763 kg m − 2 h − 1 in 20 wt% NaCl without salt accumulation and produces 9.229 kg m − 2 of 
purified freshwater over 10 h of outdoor solar operation. These findings provide a scalable and 
continuous approach to solar-driven brine reduction, advancing sustainable resource recovery and all-
weather water purification.

© 2026 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin 
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access 

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Seawater desalination has emerged as an effective approach to 
mitigating global freshwater scarcity, and its scale and number of 
installations have steadily increased in recent years [1–3]. How-
ever, this process unavoidably generates large volumes of 
concentrated brine, particularly under high-recovery operating 
conditions [4–6]. Such brine not only contains high levels of dis-
solved salts (e.g., NaCl, CaSO 4 , MgCl 2 ) [7] but may also accumulate 
residual pretreatment chemicals, heavy metals, and organic con-
taminants [8–10]. The untreated discharge of brine presents 
serious threats to marine ecosystems, including elevated salinity, 
thermal pollution, and eutrophication [9,11]. In inland regions,

deep-well injection is both costly and associated with the risk of 
groundwater contamination. Therefore, the minimization, safe 
disposal, and resource recovery of brine represent pressing chal-
lenges for the sustainable development of seawater desalination 
[12–15]. At present, the primary treatment pathways for hyper-
saline wastewater include thermal processes (e.g., multistage flash 
distillation [16]; multieffect distillation [17]; mechanical vapor 
compression [18]) and membrane processes (e.g., reverse osmosis 
[19]; membrane distillation [20]). However, these methods are 
hindered by high energy demand, severe scaling, and prohibitive 
operating costs. Under the strategic framework of zero liquid 
discharge, developing green, energy-efficient, and economically 
viable technologies for brine concentration and resource recovery 
has become an urgent priority [15,21–23].

Solar-driven interfacial evaporation (SDIE) enables efficient 
energy concentration at the water–air interface, thereby achieving 
highly effective evaporation while suppressing salt crystallization* Corresponding author.
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[24–27]. Even in high-salinity brine environments, it can contin-
uously evaporate to produce freshwater while further concen-
trating the brine. By utilizing renewable energy with a low carbon 
footprint and tunable thermal management capabilities, SDIE of-
fers a promising pathway to reduce high-salinity brine and recover 
salt resources [28–30]. In recent years, SDIE systems have achieved 
remarkable advances through the rational design of photothermal 
conversion materials that exhibit strong light absorption, high 
localized thermal capacity, and superior salt resistance, alongside 
the construction of efficient water-transport architectures and the 
optimization of interfacial heat transfer [31–33]. These de-
velopments have substantially improved photothermal conversion 
efficiency, evaporation rates, and long-term operational stability 
[34–36]. Specifically, under 1 sun of solar irradiation, the evapo-
ration rate has increased from approximately 0.3–0.5 kg m − 2 h − 1 

for pure water to 1.0–1.5 kg m − 2 h − 1 for typical interfacial evapo-
rators, while some advanced systems can even reach about 
2.0 kg m − 2 h − 1 . At the same time, the solar absorption efficiency of 
optimized photothermal materials typically exceeds 90%. None-
theless, the practical implementation of this technology remains 
constrained by the inherent variability of natural solar irradiance. 
Periodic fluctuations in sunlight and climatic variability can induce 
discontinuities in the interfacial evaporation process, thereby 
limiting freshwater yield and the efficiency of brine concentration 
[37,38]. To address these issues, phase change materials (PCMs) are 
introduced into the SDIE system to store and release excess pho-
tothermal energy while maintaining continuous evaporation un-
der unstable light conditions. However, existing PCMs (such as 
polyethylene glycol (PEG) and paraffin systems) still face several 
significant problems in practical applications, limiting their 
widespread use. First, these traditional PCMs have relatively high 
phase-transition temperatures, with PEG and paraffin undergoing 
phase transitions at 62.45 and 46.5 ◦ C, respectively. These high 
phase-transition temperatures prevent them from reaching the 
material's phase-transition conditions under low irradiation and 
environmental fluctuations, making it difficult to store and release 
heat quickly and efficiently. As a result, the stability and efficiency 
of the evaporation process are significantly reduced, with the PI/ 
MXene/PEG and O-VG-CC exhibiting evaporation rates of 1.24 and 
1.36 kg m − 2 h − 1 , respectively. Second, existing PCMs often suffer 
from leakage of liquid-phase material during phase transitions, 
leading to material failure and affecting the system's long-term 

stability. Furthermore, traditional phase change materials tend to 
experience performance degradation after multiple 
heating–cooling cycles, severely affecting their cyclic stability and 
sustainability [39,40].

This study presents a sustainable photothermal composite 
foam, PPy-CS/PF@DDA (PF: phenolic resin), designed to address 
the limitations of traditional phase change materials, particularly 
their relatively high phase-transition temperatures and insuffi-
cient structural stability. By introducing dodecylamine (DDA) as 
the phase change component, the composite is able to respond 
more readily to mild thermal input and low-light conditions, 
which is beneficial for improving heat utilization and sustaining 
water evaporation under fluctuating solar irradiation. Chitosan 
(CS), with its intrinsic hydrophilicity and abundant functional 
groups, facilitates water transport, while its chemical crosslinking 
with phenolic resin enhances the mechanical robustness and 
structural integrity of the foam. The porous CS/PF framework also 
helps confine the phase change component, contributing to the 
thermal stability of the composite during repeated phase transi-
tions. In addition, the in situ polymerized polypyrrole (PPy) layer 
endows the material with efficient broadband solar absorption, 
promoting localized heating and improved photothermal conver-
sion. As a result, the integrated material exhibits promising solar-

driven evaporation performance, good salt resistance, favorable 
cycling stability, and effective water purification capability. By 
combining a biomass-derived hydrophilic scaffold, phase-change 
thermal regulation, and broadband photothermal conversion 
within a single system, this work provides a feasible strategy for 
developing durable and scalable evaporators for high-salinity 
desalination and wastewater treatment applications.

2. Materials and methods

2.1. Materials

Formaldehyde solution (37%) and chitosan were purchased 
from Tokyo Chemical Industry Co., Ltd., China. Phenol was ob-
tained from Sinopharm Chemical Reagent Co., Ltd. Phytic acid 
solution (50 wt%), dodecylamine, and pyrrole (99%) were provided 
by Shanghai Macklin Biochemical Co., Ltd. The pyrrole was further 
purified using a rotary evaporator. Moreover, the details of the 
Characterization are provided in Supplementary Text S1.

2.2. Synthesis of CS/PF foam

The CS/PF foam was prepared via a typical sol–gel method. 
Initially, 0.4 g of CS was dissolved in a mixed solution containing 
1.5 mL of hydrochloric acid and 15 mL of absolute ethanol. The 
mixture was stirred at room temperature until a uniform, trans-
parent sol was formed. Subsequently, 1.6 g of phenol and 5 mL of 
37 wt% formaldehyde solution were sequentially added to the sol, 
and stirring was continued until all components had dissolved to 
give a clear gel precursor. The resulting precursor was then 
transferred to a sealed autoclave and heated at 120 ◦ C for 12 h to 
facilitate gelation and aging during the sol–gel transition. After the 
reaction, an orange–yellow porous gel was obtained. The gel was 
thoroughly washed and soaked in deionized water 2–3 times to 
remove unreacted reagents and by-products. A structurally stable 
CS/PF composite foam was finally obtained.

2.3. Polypyrrole modification of PPy-CS/PF foam

The polypyrrole-coated CS/PF foam (PPy-CS/PF) was prepared 
via a solid–liquid interfacial polymerization method. Briefly, 13.7 g 
of ammonium persulfate was dissolved in 25 mL of deionized 
water and cooled to 0 ◦ C in an ice bath to obtain the oxidant so-
lution (solution A). Simultaneously, 4.2 mL of pyrrole monomer, 
25 mL of isopropanol, and 9.2 mL of 50 wt% phytic acid solution 
were mixed thoroughly and cooled to 0 ◦ C to form the monomer 
solution (solution B). During polymerization, solutions A and B 
were sequentially sprayed onto the surface of the preformed CS/PF 
foam, with a final layer of solution A completing one deposition 
cycle [41]. This three-step spraying process was repeated three 
times to ensure uniform and sufficient deposition of PPy onto the 
foam skeleton. The gradual color change of the foam from orange 
to black indicated the successful formation of the PPy layer. Finally, 
the composite was thoroughly rinsed with deionized water 2–3 
times to remove unreacted monomers and by-products, yielding 
the structurally stable PPy-CS/PF composite foam.

2.4. Synthesis and preparation of PPy-CS/PF@DDA

Dodecylamine was preheated to 40 ◦ C in a vacuum oven until 
completely liquefied. The PPy-CS/PF foam was then immersed in 
the molten DDA under vacuum to promote deep infiltration into 
the porous network. Owing to the strong capillary action of the 
aerogel-like structure, the molten DDA was spontaneously drawn 
into the internal pores of the foam. After sufficient impregnation,
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the composite was removed and placed on weighing paper to 
remove any excess DDA adhering to the surface. This step was 
repeated until no visible residue of DDA remained on the paper 
and the composite's total mass stabilized. DDA impregnation was 
then considered complete.

3. Results and discussion

3.1. Characterization of the structure and morphology of the 
sample

The PPy-CS/PF@DDA foam was synthesized via a combination 
of sol–gel processing and vacuum-assisted impregnation of a 
phase change material (Fig. 1). Initially, CS was dissolved in an 
acidic ethanol solution containing hydrochloric acid to form a 
homogeneous solution. Subsequently, phenol and formaldehyde 
were sequentially introduced into the system under continuous 
stirring at room temperature to ensure complete dissolution of all 
components. The resulting transparent sol was then subjected to 
thermal treatment at 120 ◦ C for 12 h to induce the sol–gel tran-
sition. During this stage, formaldehyde participated in both the 
polycondensation of phenol and the cross-linking of chitosan, 
resulting in a durable three-dimensional porous CS/PF foam 

network. To improve the photothermal conversion capability of 
the foam, PPy was deposited on the surface of the preformed CS/PF 
structure via an in situ solid–liquid interfacial polymerization 
process. This coating endowed the foam with improved solar ab-
sorption and thermal responsiveness. Following polymerization, 
DDA, a phase-change material, was introduced into the porous

matrix. The DDA was first heated to 40 ◦ C to melt, then absorbed 
into the foam structure under vacuum via capillary forces, thereby 
forming the composite PPy-CS/PF@DDA.

To gain further insight into the morphological evolution of the 
composite foam, scanning electron microscopy images at various 
stages of synthesis (Fig. 1b–d). The three-dimensional cross-linked 
structure of the original CS/PF foam (Fig. 1b), which exhibits good 
continuity and grape-like morphology [42]. This structure reflects 
the successful formation of a stable porous framework via the 
sol–gel process. After the in situ polymerization of PPy, the surface 
morphology of the foam changes noticeably (Fig. 1c). Although the 
underlying three-dimensional network remains intact, the surface 
becomes significantly rougher, consistent with the formation of a 
PPy coating. This observation is further supported by X-ray 
photoelectron spectroscopy (XPS) analysis, which reveals the 
presence of nitrogen-an element characteristic of PPy on the foam 

surface, thereby confirming successful deposition. The internal 
structure of the final composite (Fig. 1d) clearly shows that the 
interconnected pores of the foam are filled with DDA. This dem-
onstrates the efficient infiltration and uniform distribution of the 
phase change material within the porous matrix, attributed to 
capillary-driven absorption under vacuum conditions [43]. The 
PPy-CS/PF foam has a diameter of approximately 2.1 cm and an 
apparent density of 0.187 g cm − 3 (Fig. 1e). Due to its ultralight 
nature, the foam can be placed on delicate surfaces, such as flower 
petals, without causing deformation (Fig. 1f). Furthermore, the 
foam exhibits excellent mechanical robustness, as it can withstand 
a 500 g load without noticeable deformation or structural collapse 
(Fig. 1g).

Fig. 1. Fabrication process and structural features of the PPy-CS/PF@DDA evaporator. a, Schematic illustration of the preparation route of PPy-CS/PF@DDA, including the 
deposition of polypyrrole (PPy) on the chitosan/phenolic resin (CS/PF) framework using oxidant solution A and monomer solution B, followed by dodecylamine (DDA) 
impregnation. Red dashed circles indicate the specific reaction sites among the different monomer components. b–d, Scanning electron microscopy images of CS/PF (b), PPy-CS/PF 
(c), and PPy-CS/PF@DDA (d). The yellow dashed outlines highlight representative formed pore-structure regions. e, Digital photograph of PPy-CS/PF@DDA. f, Digital photograph of 
PPy-CS/PF@DDA placed on a flower, demonstrating its ultralight nature. g, Digital photographs showing that PPy-CS/PF@DDA can withstand a weight of 500 g, indicating its good 
mechanical properties.
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We employed Fourier transform infrared spectroscopy (FTIR) 
and XPS (Supplementary Fig. S1) to further validate the chemical 
reaction mechanisms and hybrid cross-linking behavior among 
the components. In the FTIR spectrum (Fig. 2c), chitosan showed 
characteristic absorption peaks at 1633 and 1602 cm − 1 , corre-
sponding to the stretching vibration of primary amines (C–N) and 
the bending vibration of amino groups (–NH), respectively [44,45]. 
These peaks represent the inherent functional groups of chitosan 
prior to chemical cross-linking. Compared with pure PF foam, the 
intensity of these characteristic peaks is significantly attenuated in 
the CS/PF composite, indicating that the amino groups in chitosan 
have undergone chemical cross-linking with the aldehyde groups 
formed during the ring-opening of phenol-formaldehyde resin. 
This reaction, a classical amino-aldehyde condensation (also 
known as the Maillard reaction) [46], forms stable covalent bonds 
and facilitates the formation of a three-dimensional, cross-linked 
hybrid network. Further insight into the bonding environment was 
obtained from the high-resolution XPS spectra of C 1s and N 1s. 
The C 1s spectrum exhibits peaks at 285.5 and 286.5 eV, corre-
sponding to C–N and C–O bonds, respectively [47]. These features 
suggest that the amino groups of chitosan react with the hydrox-
ymethyl groups of PF, forming amide-like linkages, while the 
continued self-condensation of PF forms methylene or methylene 
ether bridges. Furthermore, the N 1s spectrum shows a peak at 
approximately 400.0 eV, assigned to N–C bonding, further con-
firming the successful chemical integration of chitosan into the PF 
network (Fig. 2b) [48,49]. Collectively, these FTIR and XPS results 
confirm that chitosan is successfully incorporated into the CS/PF 
foam and actively participates in covalent cross-linking, resulting 
in a structurally stable three-dimensional hybrid network.

The thermal stability of CS/PF and PPy-CS/PF@DDA composites 
was systematically investigated via thermogravimetric analysis

(Fig. 2d). For the CS/PF sample, a minor weight loss was observed 
in the temperature range from room temperature to 100 ◦ C, which 
can be ascribed to the evaporation of physically adsorbed mois-
ture. As the temperature increased to approximately 400 ◦ C, a 
more pronounced mass loss occurred, primarily due to the thermal 
degradation of low-molecular-weight components. Upon further 
heating to 600 ◦ C, the residual mass of CS/PF stabilized at 
approximately 30%, indicating moderate thermal stability. In 
comparison, the PPy-CS/PF@DDA composite exhibited a higher 
rate of thermal degradation, mainly attributed to the lower initial 
decomposition temperature of DDA and its relatively high content 
within the composite [50]. However, the porous structure of the 
CS/PF matrix played an important role in retarding the diffusion 
and volatilization of DDA, thereby reducing the overall mass-loss 
rate. At 600 ◦ C, the residual mass of PPy-CS/PF@DDA was 
approximately 10%, indicating that the composite retains some 
thermal stability even at elevated temperatures.

We investigated the thermal energy storage capacity and 
phase-change behavior of pure DDA and the PPy-CS/PF@DDA 
composite by differential scanning calorimetry (DSC) (Fig. 2e and 
f). The DSC thermograms reveal that both pure DDA and PPy-CS/ 
PF@DDA exhibit distinct endothermic melting peaks and 
exothermic crystallization peaks with similar peak profiles. This 
indicates that the phase-change behavior of the composite is pri-
marily governed by the incorporated DDA, which retains its 
intrinsic phase-transition properties within the composite matrix. 
Specifically, during cooling, pure DDA exhibits a well-defined 
crystallization peak at 24.03 ◦ C. Upon heating, the melting point 
is 29.8 ◦ C. The corresponding crystallization and melting en-
thalpies are 280.7 and 279.3 J g − 1 , respectively, demonstrating the 
high latent heat storage capacity of DDA (Supplementary Table S1). 
For the PPy-CS/PF@DDA foam, although the crystallization and

Fig. 2. Chemical composition and thermal properties of the PPy-CS/PF@DDA evaporator. a–b, X-ray photoelectron spectroscopy spectrum of CS/PF: C 1s (a) and N 1s (b). The 
grey curve represents the experimental spectrum, and the purple curve represents the fitted spectrum. c, Fourier transform infrared spectra of CS, PF, and CS/PF. The grey-shaded 
region highlights the main characteristic absorption region used for comparing functional group evolution. d, Thermogravimetric analysis curves of CS/PF and PPy-CS/PF@DDA. 
The horizontal dashed lines indicate the residual mass levels used for comparison. e–f, Differential scanning calorimetry curves of DDA (e) and PPy-CS/PF@DDA (f). PPy: poly-
pyrrole; CS: chitosan; PF: phenolic resin; DDA: dodecylamine. T c , T m , and ΔH m represent the crystallization temperature, melting temperature, and melting enthalpy, respectively.
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melting temperatures show slight deviations compared to those of 
pure DDA, the thermal peaks remain prominent. This suggests that 
DDA retains good reversible phase change behavior within the 
composite structure. The minor differences in transition temper-
atures and enthalpy values are likely due to changes in the 
microenvironment of the DDA molecules induced by the incor-
poration of the PPy-CS/PF matrix. On the one hand, the inter-
connected three-dimensional porous structure of the PPy-CS/PF 
framework can effectively adsorb and immobilize DDA molecules, 
restricting their molecular mobility. On the other hand, this 
structure provides abundant nucleation sites, which facilitate the 
formation of more complete crystal structures and improve overall 
crystallization efficiency [51]. Moreover, DSC curves indicate that 
despite the structural constraints imposed by the supporting 
matrix, the composite still exhibits a relatively high phase-change 
enthalpy. Therefore, the PPy-CS/PF@DDA composite inherits DDA's 
excellent thermal energy storage capability and enables effective 
control over the phase-change process.

3.2. Properties and characteristics of PPy-CS/PF foam

The PPy-CS/PF foam exhibits exceptional hydrophilicity and 
water transport capabilities, which are essential for an efficient 
water supply during interfacial evaporation. Dynamic contact 
angle measurements show that a 1 μL water droplet is fully 
absorbed by the PPy-CS/PF surface within 15 ms (Fig. 3a). This 
phenomenon can be attributed to the material's intrinsic hydro-
philicity and its highly porous internal structure. These pores 
significantly accelerate the transfer rate of water and salt ions, 
thereby providing an effective pathway for the rapid absorption 
and transport of water during solar interfacial evaporation. 
Consequently, the PPy-CS/PF material demonstrates highly effi-
cient water supply capabilities during solar evaporation. In addi-
tion to hydrophilicity, the thermal insulation properties of 
photothermal evaporation materials are important for evaporation 
efficiency. To assess its heat-insulating effect, a 1 cm PPy-CS/PF 
sample was heated for 5 min using an alcohol lamp (Fig. 3b), 
with a fresh leaf placed on its surface. The leaf remained neither 
wilted nor discolored, indicating that the material possesses 
excellent thermal insulation. This property ensures that the heat 
from the heating source is effectively concentrated on the evapo-
ration surface, minimizing heat loss and substantially increasing 
the water evaporation rate. By retaining heat at the evaporation 
surface, the PPy-CS/PF material maximizes solar energy utilization 
and promotes efficient water evaporation.

Furthermore, superior mechanical strength is essential for the 
long-term stability and durability of solar steam generation de-
vices. The maximum compressive load that PPy-CS/PF material can 
withstand is 0.516 MPa, while its maximum tensile strength is 
0.003 MPa (Fig. 3c). These properties endow the material with 
considerable compressive and tensile strength, allowing it to 
withstand repeated use (Supplementary Fig. S2 and Table S2). 
Consequently, the PPy-CS/PF material is well-suited for long-term 

use in complex environments, such as solar steam generation 
systems. In addition to its mechanical properties (Fig. 3d), the 
chemical stability of PPy-CS/PF material is also of paramount 
importance, particularly for applications in harsh environments. 
To evaluate the corrosion resistance of the PPy-CS/PF composite 
foam, it was immersed in a highly acidic solution (pH = 1) for 24 h. 
The material exhibited no appreciable swelling, structural 
collapse, or degradation under these harsh acidic conditions, 
demonstrating excellent chemical stability. Further evaluation 
under mechanical stress revealed that after 10 h of ultrasonic 
treatment, the foam retained its three-dimensional framework, 
with no evidence of fracture or interfacial delamination.

Furthermore, after one month of prolonged exposure to natural 
seawater, the foam retained its original morphology and structural 
framework without significant deterioration. These results 
collectively demonstrate that the PPy-CS/PF composite possesses 
exceptional chemical stability in extreme acidic environments as 
well as superior mechanical resilience and long-term durability.

3.3. Solar vapor generation of PPy-CS/PF@DDA solar evaporators

As independent evaporator materials, PPy-CS/PF and PPy-CS/ 
PF@DDA feature a well-developed porous structure and demon-
strate excellent light-harvesting capability and sustained photo-
thermal conversion performance-both essential for long-term, 
stable operation. As shown in the ultraviolet-visible-NIR spectra

Fig. 3. Wettability, mechanical behavior, and stability of PPy-CS/PF. a, Represen-
tative sequential snapshots from a high-speed video, showing the dynamic wetting 
angle and rapid water-droplet absorption process on the surface of PPy-CS/PF. b, 
Digital photograph of a leaf placed on an alcohol lamp flame, illustrating the thermal 
insulation effect. c, Stress-strain curves of PPy-CS/PF. The inset images show the 
sample before and during the compression test (left), and during the tensile test 
(right). d, Digital photographs of PPy-CS/PF after treatment under acidic conditions 
(pH = 1, 24 h), ultrasonic agitation for 24 h, and immersion in seawater for 1 month, 
demonstrating its structural stability under harsh environments. PPy: polypyrrole; CS: 
chitosan; PF: phenolic resin; DDA: dodecylamine.
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(Fig. 4a), PPy-CS/PF and PPy-CS/PF@DDA exhibit high broadband 
solar absorption, reaching 92% and 95%, respectively, across the 
500–2500 nm wavelength range. The incorporation of PPy mark-
edly improves the optical absorption of the composite, raising it 
from 60% (in CS/PF) to 92%, thereby confirming the central role of 
PPy in improving the material's solar energy utilization efficiency. 
Regarding photothermal response, both PPy-CS/PF@DDA and PPy-
CS/PF exhibit outstanding, rapid solar-to-thermal conversion per-
formance. Specifically, at a light intensity of 1 kW m − 2 , the surface 
temperature of PPy-CS/PF rapidly increases to 78 ◦ C within 900 s 
and then remains stable, reflecting its excellent thermal stability 
(Fig. 4b). Upon turning off the light source, the temperature 
quickly returns to ambient conditions. In comparison, PPy-CS/ 
PF@DDA exhibits a similarly rapid initial temperature increase 
(Fig. 4c), followed by the emergence of a thermal plateau corre-
sponding to heat absorption and storage by the phase change 
material. Once the phase transition is complete, the temperature 
continues to rise. After the light source is turned off, the material 
undergoes an initial sharp temperature drop, followed by a slower 
decline that stabilizes at a secondary plateau, indicating the 
gradual release of latent heat. This dynamic thermal behavior il-
lustrates the dual functionality of PPy-CS/PF@DDA in both efficient 
solar energy conversion and effective thermal energy storage.

To further assess the evaporative performance of the fabricated 
evaporators, we developed an experimental system that incorpo-
rated a simulated solar irradiance source, an infrared thermog-
raphy system, an electronic analytical balance, and an evaporator 
sample (Supplementary Fig. S3). The surface temperature varia-
tions of the evaporators under simulated solar irradiation of
1 kW m − 2 were monitored using infrared thermography. The 
surface temperature of the PPy-CS/PF evaporator increased from 

41.2 ◦ C at 5 min to 44.2 ◦ C at 30 min (Fig. 5a and b), significantly 
exceeding that of the CS/PF evaporator, thus confirming that the 
incorporation of PPy substantially improves the material's light-
to-heat conversion efficiency. Similarly, the surface temperature 
of the PPy-CS/PF@DDA evaporator increased from 36.3 to 43.0 ◦ C 
under the same experimental conditions. This temperature rise 
followed a trend similar to that of the PPy-CS/PF evaporator, 
indicating that the capability.

Subsequently, the water evaporation rate of each evaporator 
was quantitatively measured using an electronic analytical bal-
ance (Fig. 5c) (The calculation formula can be found in Supple-
mentary Text S2). The CS/PF evaporator exhibited an evaporation 
rate of 1.252 kg m − 2 h − 1 , approximately three times that of pure 
water (0.409 kg m − 2 h − 1 ). The PPy-CS/PF evaporator demonstrated

a marked improvement in evaporation rate, reaching 
1.863 kg m − 2 h − 1 , indicating that PPy significantly increases the 
material's evaporative capacity. Meanwhile, the evaporation rate 
of the PPy-CS/PF@DDA evaporator was 1.862 kg m − 2 h − 1 , nearly 
identical to that of PPy-CS/PF, suggesting that the addition of DDA 
does not adversely affect evaporation performance 
(Supplementary Table S3). Moreover, when the light power den-
sity increased to 2 and 3 kW m − 2 , the evaporation rate of the PPy-
CS/PF@DDA evaporator further increased to 2.950 and 
4.140 kg m − 2 h − 1 , respectively. These findings demonstrate the 
light-to-heat conversion efficiency and stable performance of the 
PPy-CS/PF@DDA evaporator under high light-intensity conditions, 
indicating its suitability for operation in environments with 
varying irradiance levels.

This study also assessed the photothermal conversion effi-
ciency and thermal energy storage capacity of PPy-CS/PF and PPy-
CS/PF@DDA foams through controlled simulations of solar radia-
tion, with experimental results (Fig. 5d). During the illumination 
phase, the temperature of all materials increased rapidly, but PPy-
CS/PF@DDA foam reached a distinct temperature plateau at 
approximately 37.0 ◦ C, indicating the commencement of the en-
ergy storage process. Upon removal of the light source, the cooling 
rate of PPy-CS/PF@DDA was significantly slower than that of the 
other materials, maintaining a higher temperature for an extended 
period and demonstrating its superior ability to retain thermal 
energy. This suggests that PPy-CS/PF@DDA effectively stores 
thermal energy, thereby prolonging its thermal effect and 
improving its potential for continuous operation. In parallel, the 
water mass loss during the evaporation process was continuously 
monitored (Fig. 5e). After 30 min of solar exposure, the evapora-
tion rates of both PPy-CS/PF and PPy-CS/PF@DDA were nearly 
identical. However, upon removal of the light source, the evapo-
ration rate of PPy-CS/PF@DDA (0.684 kg m − 2 h − 1 ) slightly excee-
ded that of PPy-CS/PF (0.626 kg m − 2 h − 1 ). This difference 
illustrates the contribution of the DDA phase-change material, 
which improves the composite's ability to convert some of the 
absorbed thermal energy into latent heat storage. This extends the 
evaporator's effective operational time and improves its sustained 
evaporation performance.

In addition, to evaluate the stability of the PPy-CS/PF@DDA 
composite during repeated photothermal cycles (Supplementary 
Fig. S4), a series of 15 consecutive heating-cooling alternating 
tests was conducted (Fig. 5f). The average evaporation rate in the 
1-sun conditions was 1.825 kg m − 2 h − 1 throughout each cycle, 
while the average evaporation rate in darkness was

Fig. 4. Light absorption and photothermal conversion performance of the evaporators. a, Light absorption spectra of CS/PF, PPy-CS/PF, and PPy-CS/PF@DDA. The yellow-
shaded area represents the solar spectrum over the corresponding wavelength range. b–c, Light to thermal conversion curves of PPy-CS/PF (b) and PPy-CS/PF@DDA (c). PPy: 
polypyrrole; CS: chitosan; PF: phenolic resin; DDA: dodecylamine.
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0.647 kg m − 2 h − 1 . These results confirm that the PPy-CS/PF@DDA 
composite exhibits excellent long-term stability and reliability, 
effectively preserving its photothermal conversion and energy 
storage performance during prolonged operation.

3.4. Salt rejection ability

Salt rejection is an important performance parameter for 
evaluating whether an evaporator can operate stably during long-
term seawater desalination. To systematically assess the evapo-
ration performance of PPy-CS/PF@DDA foam under high-salinity 
conditions and its adaptability to varying salt concentrations, a 
series of evaporation experiments was conducted. Under simu-
lated solar illumination at 1 kW m − 2 , the evaporation rates of PPy-
CS/PF@DDA in 3.5 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt% NaCl
solutions were 1.801, 1.790, 1.786, 1.772, and 1.763 kg m − 2 h − 1 ,
respectively (Fig. 6a). Although a slight decrease in evaporation 
rate was observed with increasing salt concentration, the overall 
rates remained high, with fluctuations within 2.1%. These results 
indicate that the material maintains efficient photothermal 
evaporation performance, even under high-salinity conditions. 

To further investigate the material's response to different salt 
types, evaporation tests were conducted using three representa-
tive salt solutions at identical concentrations (5 wt% NaCl, MgCl 2 , 
and MgSO 4 ). The corresponding evaporation rates were 1.801, 
1.796, and 1.792 kg m − 2 h − 1 , respectively (Fig. 6b and c), with the 
mass-versus-time curves exhibiting nearly identical trends. These 
results suggest that the photothermal performance of the PPy-CS/ 
PF@DDA foam remains consistently stable in the presence of 
various salt types. Furthermore, to evaluate long-term operational 
stability under high salinity, a continuous 2-h solar-driven evap-
oration test was performed in a 20 wt% NaCl solution (Fig. 6d).

During the initial phase, the evaporation rate increased rapidly and 
subsequently reached a steady state. Post-experiment imaging 
revealed no observable salt crystallization on the evaporator sur-
face, and the surface remained structurally intact. This resistance 
to salt accumulation is attributed to the foam's interconnected 
porous network, which promotes efficient backflow and diffusion 
of salt ions, thereby preventing salt precipitation at the evapora-
tion interface. Such structural features play an important role in 
maintaining long-term evaporation efficiency and durability [52], 
even under highly saline conditions.

3.5. Wastewater treatment and outdoor measurements

We assessed the desalination and wastewater purification ca-
pabilities of PPy-CS/PF@DDA foam using natural seawater 
collected from Shilaoren Beach in Qingdao, China, and artificially 
prepared heavy metal solutions containing 20 mg L − 1 of metal 
ions. Inductively coupled plasma mass spectrometry analysis 
(Fig. 7a) revealed that, following treatment, the concentrations of 
key seawater ions—Na + , K + , Ca 2+ , and Mg 2+ —were reduced by 
two to three orders of magnitude relative to their initial values, 
achieving levels compliant with WHO drinking water standards
[24,53]. Simultaneously, in synthetic wastewater containing Ni 2+ ,
Cu 2+ , Zn 2+ , and Cd 2+ , the concentrations of these heavy metal ions
decreased significantly to 0.010, 0.0136, 0.074, and 0.004 mg L − 1 ,
respectively (Fig. 7b), all well below conventional regulatory 
discharge thresholds [54]. These results indicate that the material 
exhibits excellent efficiency in seawater purification and the 
removal of heavy metal pollutants.

To evaluate the removal of organic pollutants, a photothermal 
evaporation experiment was conducted using methyl orange as a 
representative model compound. The condensed water collected

Fig. 5. Photothermal response, evaporation behavior, and cycling stability of PPy-CS/PF@DDA. a, Surface temperature variation of the evaporator. b, Surface temperature 
versus time of evaporator with illumination of 1 kW m − 2 c, Mass change of water over time under different illuminations (1 sun, 2 sun, and 3 sun illumination). d, Surface 
temperature versus time under 1 kW m − 2 light and after the removal of light. e, Mass change of water over time under 1 kW m − 2 light and after the removal of light. f, Evaporation 
rate of PPy-CS/PF@DDA with illumination of 1 kW m − 2 for 15 cycles. PPy: polypyrrole; CS: chitosan; PF: phenolic resin; DDA: dodecylamine.
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after evaporation appeared colorless and transparent, and its ul-
traviolet and visible spectrophotometer absorption spectrum 

(Fig. 7c) showed no detectable absorption peak at 465 nm. This 
confirms that under solar irradiation, PPy-CS/PF@DDA selectively 
evaporates water while retaining nonvolatile organic species from 

the source solution, enabling efficient separation and recovery of 
clean water.

Building on the above results, we assessed the long-term per-
formance of the evaporator under realistic outdoor conditions
through a field test. On July 2, 2024, from 8:00 to 17:00, we 
deployed a solar evaporation system on the outdoor platform of 
Ocean University of China (Fig. 7d), with natural sunlight as the 
sole energy source (humidity fluctuated between 65% and 75% 
under light-breeze conditions). The system comprised a hemi-
spherical acrylic collector for condensate and a bottom layer 
consisting of ten PPy-CS/PF@DDA foam modules 
(2.1 cm × 2.1 cm × 0.75 cm each) arranged to form the evaporation 
interface. The evaporation rate exhibited a clear correlation with
fluctuations in solar irradiance and ambient temperature (Fig. 7e 
and f). A peak evaporation rate of 1.583 kg m − 2 h − 1 was recorded 
between 11:00 and 13:00, corresponding to the period of highest 
solar intensity. After 10 h of continuous operation, the total 
freshwater output reached 9.229 kg m − 2 , approximately 4.7 times 
that of seawater PPy-CS/PF@DDA evaporated under the same 
conditions, demonstrating both the high efficiency and opera-
tional stability of the PPy-CS/PF@DDA-based evaporator under 
natural sunlight. Moreover, the material cost of PPy-CS/PF@DDA 
remains low ($0.54 m − 2 ), and the fabrication process is

Fig. 6. Salt rejection and long-term evaporation performance of PPy-CS/PF@DDA 
in saline water. a, Mass change of water over time with different NaCl concentrations 
under illumination (1 kW m − 2 ). b, Mass change of different salt types under illumi-
nation (1 kW m − 2 ). c, Steam evaporation rate with different NaCl concentrations and 
different salt types under illumination (1 kW m − 2 ). d, Evaporation rate of PPy-CS/ 
PF@DDA in NaCl (5 wt%) under 1 sun illumination at different times. Inset images 
are the surface pictures of PPy-CS/PF@DDA before and after immersion in NaCl 
(20 wt%) for 120 min. PPy: polypyrrole; CS: chitosan; PF: phenolic resin; DDA: 
dodecylamine.

Fig. 7. Desalination, wastewater purification, and outdoor evaporation performance of PPy-CS/PF@DDA. a, Concentrations of the major ions in seawater from Shilaoren Beach 
before and after desalination. b, Concentrations of four heavy metal ions in wastewater before and after solar-driven purification. The dashed line indicates the World Health 
Organization standard. c, Ultraviolet-visible-NIR absorption spectra of methyl orange solution before and after purification. The inset shows digital photographs of the dye so-
lution before and after purification. d, Digital photographs of PPy-CS/PF@DDA. e, Solar light intensity and ambient temperature recorded during the outdoor test. f, Evaporation 
rates of PPy-CS/PF@DDA in seawater and those of natural seawater evaporation under outdoor conditions. PPy: polypyrrole; CS: chitosan; PF: phenolic resin; DDA: dodecylamine.
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straightforward (Supplementary Table S4–S5). These advantages 
suggest a strong potential for large-scale deployment in solar 
desalination systems.

4. Conclusion

In summary, we developed a PPy-CS/PF@DDA composite foam 

evaporator that integrates high photothermal conversion effi-
ciency with phase change energy storage capability. Through the 
synergistic effect of its three-dimensional porous framework and 
embedded phase change units, the material achieves 95% broad-
band solar absorption and a latent heat storage capacity of 
208.4 J g − 1 . Under 1-sun irradiation (1 kW m − 2 ), it delivers an 
evaporation rate of 1.862 kg m − 2 h − 1 , representing a 48.7% 
improvement over unmodified foams while maintaining stable 
performance during prolonged light–dark cycling. Notably, the 
evaporator demonstrates robust operation in hypersaline envi-
ronments (0–20 wt% NaCl), preventing salt crystallization and 
sustaining continuous freshwater production of 9.229 kg m − 2 over 
10 h, pointing to its excellent salt resistance and practical appli-
cability. This study introduces an effective strategy to mitigate 
evaporation fluctuations caused by intermittent solar irradiation 
and establishes a sustainable approach for mitigation, further 
concentration, and purification of high-salinity brine, thereby 
facilitating the practical implementation of solar-driven interfacial 
evaporation in seawater desalination and the treatment of com-
plex wastewater.
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