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Abstract 

Recovering nitrate from surface water can alleviate the intertwined environmental, resource, and 

energy challenges. In response, we have developed a bioinspired photothermal evaporation 

platform (BPEP) for the efficient co-recovery of low-concentration nitrate and freshwater. Through 

the evaporation-induced localized multi-field (flowing, concentration, temperature) enhancement 

effect, the BPEP achieves a high nitrate recovery capacity of 8510 g m-2 under 1 sun illumination, 

approximately 6.7 times that under dark conditions. The flowing field is identified as the dominant 

contributor, accounting for nearly 80% of the total enhancement. In outdoor testing, BPEP 

demonstrates a high nitrate recovery of around 25.9 mg m-2, with a daily water collection rate of 

about 8.46 kg m-2. The extracted nitrate by BPEP can be further converted into nitrogen fertilizer 

via catalytic processes, thereby promoting plant growth. BPEP thus provides an integrated strategy 

to recover nitrate and freshwater, addressing pressing issues in global sustainable development. 
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Introduction  

Freshwater shortages and food crises are intertwined global challenges, as highlighted in 

Sustainable Development Goals 2 and 61-3. With the world's population growing and climate 

change intensifying continuously, countries and regions face varying degrees of water and food 

crises (Supplementary Fig. 1). It is thus crucial to address the above issues by integrating 

multidisciplinary approaches or formulating effective policy frameworks, thereby ensuring the 

sustainable use of water resources and the stability of food production4-7. Nitrate, a substance that 

embodies both resource value and environmental pollution, is widely distributed in natural 

environments8,9. Specifically, nitrate plays a crucial role in industry, agriculture, and natural 

ecosystems10,11, but improper use or excessive discharge will lead to various environmental and 

health problems (Supplementary Fig. 2)12,13. At present, nitrate production predominantly relies on 

traditional energy-intensive processes, including ammonia synthesis (Haber-Bosch process) and 

ammonia oxidation (Ostwald process)14. These processes necessitate high temperatures and 

pressures, resulting in substantial energy consumption and greenhouse gas emissions15,16. 

Therefore, efficient recovery and reintegration of nitrates into the industrial cycle or agricultural 

utilization could help mitigate water pollution and reduce synthesis energy demands17-19.  

Recently, various innovative designs for high-concentration nitrate recovery and upgrading have 

emerged, including electrocatalysis, electrodialysis, reverse osmosis, ion exchange, adsorption, 

and biological treatment20-22. For example, a layered double hydroxide/copper foam hybrid 

electrocatalyst can effectively reduce nitrate to ammonia under mild conditions, achieving an 

impressive conversion rate of 98.5%23. Additionally, a porous carbon film derived from eggshell 

biowaste can selectively adsorb nitrate under an electric field, with a maximum nitrate adsorption 

capacity of 2.4 × 10-3 mmol m-2 24. However, recovering low-concentration nitrates from surface 

water remains a significant challenge due to cost and energy consumption. Meanwhile, these 

technologies are limited to removing single pollutants, which cannot yet transform complex and 

contaminated water bodies into clean water or safe water sources for human use. Developing 

processes that can simultaneously recover nitrates and purify water remains a significant challenge. 
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Interfacial solar-driven evaporation technology is an emerging energy conversion approach that 

enables efficient solvent evaporation under ambient conditions by localizing heat at the gas-liquid 

interface25,26. This technology holds significant promise for applications in seawater desalination, 

wastewater treatment, medical sterilization, and other fields27-29. In response to the escalating 

energy-resource-environment trilemma, recent research has shifted toward integrated water 

resource recovery30,31, where interfacial evaporation systems coupled with selective adsorbents 

can simultaneously extract water molecules and valuable ions (e.g., lithium ion, uranium ion). 

Unlike conventional adsorption methods, interfacial solar-driven evaporation technology 

eliminates energy-intensive pretreatment steps, enabling direct solar-powered enrichment of low-

concentration target ions and making it promising for the co-extraction of low-concentration nitrate 

from surface water. The key challenge lies in developing high-performance adsorbents that balance 

photothermal conversion and selective nitrate capture. Traditional nitrate adsorbents, such as 

kaolin32, zeolite33, ion-exchange resins34, and modified chitosan35, suffer from poor light 

absorption and complex synthesis, whereas broad-spectrum adsorbents like activated carbon 

exhibit low selectivity and weak adsorption capacity36,37. Thus, selecting advanced adsorbents that 

combine high photothermal efficiency with targeted nitrate affinity is critical. Among potential 

candidates, polypyrrole (PPy) stands out due to its unique performance advantages38. 

Some sun-loving plants exhibit a marked light-dependent nitrate adsorption behavior, that is, 

slower nitrate adsorption kinetics in the dark than under illumination39. Inspired by this, we 

develop a bioinspired photothermal nitrate recovery platform (BPEP, Fig. 1a). Because PPy can 

grow controllably on various substrates through a simple self-assembly process40, we fabricate a 

polypyrrole-coated bacterial cellulose hydrogel (BCBH/PPy) via in situ polymerization. 

Compared to conventional substrates, hydrogel-based evaporators offer reduced evaporation 

enthalpy, potentially surpassing thermodynamic limits, while BCBH’s freeze-drying-free 

synthesis ensures scalability41. Owing to these advantages, we demonstrate the performance of 

BPEP by using BCBH/PPy as a model material. To the best of our knowledge, BPEP demonstrates 

a previously unexplored design for simultaneously recovering clean water and nitrate. The BPEP 
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can enhance nitrate recovery through evaporation-induced multi-field (temperature, flowing, and 

concentration) under solar irradiation (Fig. 1b). Specifically, the thermal localization design of 

BPEP induces distinct temperature and concentration gradient distributions from the evaporation 

interface to the bulk solution (Figs. 1b-I and II). Compared to the initial conditions, the localized 

concentration and temperature fields synergistically enhance nitrate adsorption (Figs. 1b-I and II), 

as evidenced by both kinetic and thermodynamic analyses. Furthermore, the evaporation process 

accelerates the transport of nitrate ions in both the top and bottom layers of BPEP (Figs. 1b-III), 

thereby increasing the collision probability between nitrate anions and adsorption sites. Due to its 

selective adsorption properties, BPEP exhibits a strong affinity for nitrate ions while showing 

limited capture efficiency for other competing ions. The above mechanisms will be elaborated in 

detail in the following sections. The potential to convert nitrates into harmless substances or high-

value products through biochemical or catalytic reactions is also demonstrated. These results 

position BPEP as a promising platform for addressing the water-food-energy nexus by integrating 

with existing treatment technologies. 

Results and Discussion 

Fabrication and characterization 

The main functional component of BPEP was BCBH/PPy, which served as a light-absorber and 

nitrate adsorbent. BCBH/PPy was prepared by a simple fermentation and in-situ coating method 

(Fig. 2a)41. After purification, bacterial cellulose hydrogel (BCBH) showed a loose, porous 

structure composed of cellulose fibers with diameters ranging from 30~50 nm. These pores served 

as transport channels for water, vapor, and salt ions (Fig. 2b). Meanwhile, these interlocked 

cellulose fibers endowed the excellent mechanical properties of BCBH (Supplementary Fig. 3). In 

comparison, the structure of BCBH/PPy showed minimal changes, with numerous nanoparticles 

on the fibers (Fig. 2c). BCBH/PPy also demonstrated excellent hydrophilicity (Supplementary Fig. 

4). Although X-ray diffraction (XRD) spectra indicated little difference between the BCBH and 

BCBH/PPy (Fig. 2d), the X-ray photoelectron spectroscopy (XPS) survey revealed the presence 
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of nitrogen element in BCBH/PPy at a binding energy of approximately 399.8 eV (Fig. 2e). The 

functional groups of BCBH and BCBH/PPy were further characterized by Raman spectra (Fig. 2f). 

The typical band at 1588 cm-1 corresponded to the symmetric stretching mode of the C=C skeletal 

structure, absent in the pyrrole (Py) monomer42-44. The peak at 1336 cm-1 represented the PPy ring-

stretching mode45-47. These findings collectively verified the successful coating of PPy on BCBH. 

The structural diagram of BPEP was shown in Supplementary Fig. 5. BCBH/PPy, as the absorber 

in the BPEP, held a high average optical absorption of around 97% across the full solar spectrum 

(Fig. 2g). The selective adsorption mechanism of nitrate by BCBH/PPy will be discussed in detail 

below. The evaporation performance of BPEP was evaluated using a custom device 

(Supplementary Fig. 6). As the solar flux increased from 0.6 suns to 1.2 suns, the steady-state 

temperature of the BPEP surface rose from 39.4 to 44.8°C (Fig. 2h), while the bottom water 

remained at a low temperature (Fig. 2h and Supplementary Fig. 7). The excellent heat localization 

capability of BPEP can be attributed to its physical thermal insulation layer (polystyrene foam). 

This structure effectively suppresses heat conduction into the bulk water, confining thermal energy 

mainly to the gas-liquid interface. The COMSOL simulation verified the heat localization design 

(Supplementary Fig. 8). As a result, the most absorbed heat is utilized for steam generation rather 

than being dissipated as sensible heat in the water48, thereby achieving high-efficiency evaporation 

under solar irradiation. Note that the surface temperature of dry BCBH/PPy rapidly exceeded 80°C 

under 1 sun illumination (Supplementary Fig. 9), demonstrating excellent photothermal 

conversion. A thermos-gravimetric analysis (TGA) was conducted to examine the contents of 

BCBH and BCBH/PPy components, as well as their transformation processes (Supplementary Fig. 

10). The carbonization of BCBH/PPy began at approximately 300 ˚C and ended at around 560 ˚C, 

demonstrating that BCBH/PPy remained thermally stable during the evaporation process. 

Solar-driven co-recovery performance  

Fig. 3a showed that BCBH/PPy presented a higher stable temperature of 45.7°C over pure water 

and BCBH under 1.2 sun. Meanwhile, the evaporation rate of BCBH/PPy was 2.01 kg m-2 h-1, ca 

3.7 and 1.7 times that of pure water and BCBH, respectively (Fig. 3b). As the solar flux increased 
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from 0.6 sun to 1.2 sun, the evaporation rate increased from 1.12 to 2.01 kg m-2 h-1 (Fig. 3c). The 

impressive evaporation rate can be attributed to the low evaporation enthalpy of BCBH/PPy 

(Supplementary Fig. 11). BCBH/PPy contains numerous hydrophilic groups that engage in 

noncovalent interactions with water molecules through hydrogen bonding and electrostatic 

repulsion, significantly enhancing the content of intermediate water and reducing evaporation 

enthalpy31. Raman spectroscopy was employed to confirm this hypothesis (Fig. 3d), revealing the 

presence of free water and intermediate water in BCBH/PPy, with a ratio of 1.7. Unless otherwise 

specified, BPEP will refer to BPEP based on BCBH/PPy.  

We next evaluated the nitrate adsorption performance of BPEP under 1 sun illumination. Notably, 

BPEP exhibited significantly enhanced adsorption capacity under light irradiation compared to 

dark conditions (Fig. 3e), regardless of whether BCBH or BCBH/PPy was employed as the 

absorber. Specifically, when utilizing BCBH/PPy as the photothermal absorber, BPEP achieved a 

remarkable nitrate adsorption capacity of 8510 g m-2 under 1 sun illumination, approximately 6.7 

times that observed in the dark (Fig. 3e). Furthermore, as the solar flux was intensified from 0.6 to 

1.2 suns, the nitrate adsorption performance demonstrated from 7111 to 9318 g m-2 (Fig. 3f). We 

further excluded the effect of different ions on the nitrate adsorption performance. The results 

showed that common ions had little effect on the nitrate adsorption capacity of BPEP 

(Supplementary Fig. 12). BPEP can maintain a high adsorption capacity of at least 5908 g m-2 at 

different pH values (Supplementary Fig. 13). The cyclic adsorption experiment revealed that after 

10 cycles, BPEP still retained approximately 80% of its initial nitrate adsorption capacity (Fig. 3g). 

Meanwhile, the UV-Vis spectrum of the post-10th cycle solution revealed no significant 

absorbance differences compared to the initial nitrate solution (Supplementary Fig. 14), also 

demonstrating the good cyclic stability of BCBH/PPy.  

The actual nitrate recovery performance of BPEP was validated through outdoor experiments. The 

outdoor experiments used water from an urban river, with sampling sites located at 114.1°E and 

22.5°N, as shown in Supplementary Fig. 15. The outdoor setup was depicted in Supplementary 

Fig. 16. The outdoor device’s top layer is constructed with an acrylic sheet, enabling over 95% 
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transmittance to minimize light loss (Supplementary Fig. 17). The evaporation performance of 

BPEP outdoors was generally positively correlated with solar flux, with the maximum evaporation 

rate reaching 1.35 kg m-2 h-1 (Fig. 3h). The daily water collection rate (WCR) of the outdoor device 

was 8.46 kg m-2, and the daily water collection efficiency (WCE) was about 72.1% (Fig. 3i). After 

one day of outdoor testing, BPEP could reduce the nitrate concentration in an urban river from 

33.7 to 1.1 mg L-1, with the corresponding nitrate recovery of around 25.9 mg m-2 (Supplementary 

Fig. 18). Note that the nitrate recovery capacity of BPEP outdoors was significantly lower than 

that under 1 sun indoors, which can be attributed to the lower nitrate concentration in surface water. 

The economic performance of BPEP was evaluated (The details can be found in Supplementary 

Note 1). The fabrication cost of BPEP was 5.39 $ m-2, with the cost efficiency of BPEP about 2.99 

$ h kg-1. 

In addition, BPEP can also desalinate seawater and treat wastewater. Thanks to the effective salt 

transfer properties (Supplementary Fig. 19) and intermittent operation mode40,48,49, BPEP enabled 

stable evaporation of seawater over 15 cycles (Supplementary Fig. 20). The obtained distilled 

water meets the drinking water limit stipulated by the World Health Organization (WHO) 

(Supplementary Fig. 21). The intermittent operation design theoretically allowed BPEP unlimited 

use in seawater, provided that the BCBH/PPy degradation was not considered. For higher-

concentration brine, BPEP’s average evaporation performance would be degraded. Taking NaCl 

solution as an example, when the concentration rose to 20 wt%, the evaporation rate of BPEP 

decreased from 1.77 to 1.65 kg m-2 h-1 (Supplementary Table 1). The evaporation enthalpy of BPEP 

also decreased from 1.83 to 1.64 MJ kg-1 with increasing salinity (Supplementary Table 1), 

consistent with the reported work50. According to Eq. (2), this reduction directly contributed to the 

decline in evaporation efficiency (Supplementary Table 1). Nevertheless, it is essential to 

emphasize that BPEP primarily targets eutrophic surface water, where salinity typically remains 

below 3.5 wt%. Under these realistic conditions, BPEP maintains excellent evaporation 

performance. Additionally, BPEP demonstrated effective purification in industrial dyeing 

wastewater and urban domestic sewage. Specifically, the removal ratios of chemical oxygen 
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demand (COD), total organic carbon (TOC), and total dissolved solids (TDS) all exceeded 99% 

(Supplementary Table 2). In brief, the above results showed that BPEP can produce clean water 

from actual water sources (e.g., surface water, seawater, practical wastewater, etc.). 

Mechanism for enhanced nitrate recovery 

The enhanced nitrate recovery performance of BPEP mainly resulted from the selective adsorption 

properties of the PPy coating and the multi-field effects generated by the interfacial evaporation 

process, with the underlying mechanisms as follows: 

(1) Nitrate-selective adsorption mechanism of PPy coating: The adsorption process was mainly 

governed by electrostatic interaction and hydrogen bonding. Density functional theory (DFT) 

calculations showed an adsorption energy of -0.34 eV for nitrate on PPy, confirming the 

thermodynamic spontaneity of the adsorption process (Fig. 4a). Note that PPy existed as a three-

dimensional structure in the DFT calculation, allowing for the spontaneous adsorption of nitrate 

ions at multiple accessible sites (Supplementary Fig. 22). XPS spectra further confirmed the 

adsorption mechanism. Before adsorption, the N1s peak at 399.8 eV (Fig. 4b) was associated with 

benzenoid amine (-NH-)51. After nitrate adsorption, the novel N1s peaks at 406.7 eV (Fig. 4c), 

corresponding to the nitrate52. Moreover, the decrease and shift in the binding energy of benzenoid 

amine suggested that this group was responsible for nitrate adsorption. The adsorption mechanism 

likely involved electrostatic attraction or coordination between the functional groups and 

nitrate24,53. The O1s peak for initial BCBH/PPy at 532.6 eV (Fig. 4c) was indexed to -OH54. After 

nitrate adsorption, the O1s spectrum showed a novel peak at 530.5 eV (Fig. 4c), corresponding to 

the C=O, probably attributed to the redistribution of electron clouds in PPy molecules 55. 

Meanwhile, the -OH functional group contents were lower than those before adsorption, indicating 

that hydrogen bonds were formed during the adsorption process38. The dual adsorption mechanism 

of the PPy coating synergistically enhances the nitrate-selective recovery efficiency. 

(2) Evaporation-induced flowing field. The interfacial evaporation process significantly enhances 

ion transport within the BPEP system, increasing the collision frequency between target nitrate 

ions and active adsorption sites. To quantify this effect, we performed COMSOL simulations 
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comparing the spatial distribution of nitrate concentrations in the BPEP absorber under 1-sun 

illumination with dark conditions (simulation details are provided in the Supplementary 

Information). As demonstrated in Figure 4d-I, solar-driven evaporation significantly enhances 

BPEP’s nitrate adsorption capacity, with a maximum increase of 5.2 times at the extract sampled 

location compared to the dark conditions (Figure 4d-II). From a kinetic perspective, interfacial 

evaporation generates localized temperature and concentration gradients at the gas-liquid interface, 

triggering the Marangoni effect. This phenomenon induces microvortices that disrupt the static 

diffusion boundary layer, enabling continuous delivery of nitrate ions to adsorption sites while 

minimizing mass-transfer resistance. Consequently, the nitrate concentration within BPEP exhibits 

a distinct gradient along the flow direction (Figure 4d-II). 

(3) Evaporation-induced localized concentration field. Interfacial evaporation drives the 

preferential escape of water molecules at the gas-liquid interface, leading to a significant 

accumulation of target ions (nitrate ions) in the evaporation region. Thermodynamically, 

adsorption represents a redistribution equilibrium of solutes (nitrate ions) between the solution 

phase and the adsorbent interface, governed by the mass action law. Consistent with Le Chatelier’s 

principle, an increase in bulk ion concentration shifts the equilibrium toward adsorption, as the 

system responds by enhancing adsorption capacity to push the equilibrium toward adsorption. Our 

experiments demonstrated the above regulatory mechanism: under dark conditions, elevating the 

initial nitrate concentration from 25 to 150 mg L-1 improved BPEP’s adsorption capacity by ~8 

times (Fig. 4e). Kinetically, the adsorption rate is governed by ion mass transfer from the bulk 

phase to the interface. The evaporation-sustained high-concentration microenvironment 

circumvents the dilution-induced mass transfer limitations inherent to conventional adsorption 

systems. Fick’s first law further elucidates this process, defining the diffusion flux (J) as Eq. (1) 

where D was the diffusion coefficient; and the 
dC

dx
 was the concentration gradient. This gradient-

driven enhancement in diffusion kinetics accelerated adsorption dynamics. 

J=-D
dC

dx
 (1) 

Both the temperature and the nitrate concentration at the evaporation interface increased under 
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solar illumination. In Figs. 4e and 4f, the conditions at the evaporation interface before illumination 

were marked as point I, whereas those after illumination were marked as point II. After 12 h of 

illumination under 1 sun, the nitrate concentration at the evaporation interface (point II in Fig. 4e) 

was approximately 2.3 times that of the initial concentration (point I in Fig. 4e), whereas the 

corresponding nitrate adsorption capacity increased by only 1.9 times. Considering that the nitrate 

adsorption capacity of BPEP under 1 sun illumination is about 6.7 times greater than that in the 

dark (Fig. 3e), it can be concluded that the concentration field is not the dominant factor 

contributing to the enhanced nitrate recovery under solar irradiation.  

(4) Evaporation-induced localized temperature field. Due to the thermal localization design, the 

top temperature of BPEP is relatively high (~43.1°C under 1 sun). Increasing the temperature can 

appropriately improve the adsorption capacity, rising from 1289 g m-2 (point I in Fig. 4f) to 1458 

g m-2 (point II in Fig. 4f). Therefore, the concentration field is not the dominant factor contributing 

to the enhanced nitrate recovery under solar irradiation, either. From a kinetic view, elevating the 

temperature enhances nitrate adsorption through two key mechanisms: (A) The Stokes-Einstein 

equation predicts that higher temperatures substantially decrease solution viscosity while 

increasing the diffusion coefficient of ions, thereby accelerating their transport to adsorption sites. 

(B) Simultaneously, the elevated temperature reduces the thickness of the diffusion boundary layer 

(δ), further improving mass transfer efficiency. Thermodynamically, an increase in temperature 

lowers the activation energy barrier, particularly benefiting ion exchange processes. Although the 

direct impact of temperature rise on nitrate adsorption capacity may appear limited, it’s crucial to 

emphasize that solar irradiation effects generate not just a localized temperature field but also 

induce coupled flowing and concentration fields at the interface. 

In brief, the synergistic interaction of these multiple fields (flowing, concentration, and 

temperature) creates a dynamic adsorption environment, thus leading to a remarkable 

improvement in nitrate adsorption kinetics. The contribution ratios of the localized temperature 

field, concentration field, and flowing field can be calculated using Eqs. (9) and (10)26,27, which 

yield values of 3.2%, 20.5%, and 76.3%, respectively (Fig. 4g). The calculated details are provided 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

in the Supplementary Information. Note that BCBH/PPy was used as a concept proof to examine 

the performance and mechanism of BPEP here. To verify the universality of BPEP’s structure 

feature and nitrate recovery mechanism, we used six reported nitrate adsorbents to fabricate BPEP. 

The sources of these adsorbents can be found in the legend to Fig. 4h. The fabricated details were 

provided in the Supplementary Information. The BPEP without any nitrate adsorbent loading 

exhibited negligible nitrate adsorption capability. As expected, solar irradiation significantly 

improved nitrate adsorption across all tested materials (Fig. 4h). These findings confirm that our 

proposed multi-field synergy effect is broadly applicable to diverse nitrate adsorbents, further 

underscoring its theoretical innovation and general relevance.  

Finally, the nitrate recovery capacity of BPEP decreased by approximately 90% in 20 wt% NaCl 

solution. The nitrate adsorption by BCBH primarily relies on electrostatic interactions and 

hydrogen bonding. Since both Cl- and NO3
- are anions, they compete for adsorption sites on the 

PPy surface. Consequently, in high-concentration NaCl solutions (e.g., 20 wt%), BPEP is indeed 

ineffective due to overwhelming Cl- competition. However, BPEP maintains over 90% nitrate 

adsorption efficiency in ~3.5 wt% NaCl solutions (Supplementary Fig. 12), which aligns well with 

its intended application for nitrate recovery from surface water (typically <3.5 wt% salinity). To 

enhance applicability in extreme environments, future work can focus on developing advanced 

nitrate adsorbents with increased tolerance to high salinity.  

Discussion 

Some issues need further discussion:  

(1) Our work focuses on developing a composite system that can simultaneously produce 

freshwater and recover nitrate, which has not been reported before to our knowledge. Currently, 

we have utilized a two-dimensional (2D) evaporation structure to validate our design. To explain 

the higher evaporation rate of 2D-BPEP compared to the thermodynamic limit, we employed the 

reduced evaporation enthalpy hypothesis here. Note that some recent studies show that evaporation 

enthalpy may be intrinsically thermodynamically invariant56,57. We fully acknowledge the open 
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mechanism, but conclusively addressing this issue demands in situ molecular-level evidence, 

which exceeds the scope of our work. The primary objective of this work is not to resolve the 

fundamental debate on evaporation thermodynamics. By focusing on the practical implications, 

we aim to advance sustainable resource recovery technology while inviting the broader research 

community to further investigate its mechanisms. 

Additionally, developing a three-dimensional (3D) evaporation structure (Supplementary Fig. 23) 

can further increase the evaporation rate. Specifically, after 60 minutes of 1 sun illumination, the 

temperature increase in the bottom water for BPEP with three-dimensional evaporation structures 

(3D-BPEP) was less than that of pure water and BPEP with 2D evaporation structures (2D-BPEP) 

(Supplementary Fig. 24). This suggests that 3D-BPEP exhibited better heat localization with 

reduced heat loss48,58. Therefore, benefiting from the above effect, along with environmental 

energy effect and larger evaporation area, 3D-BPEP demonstrated improved evaporation 

performance (Supplementary Fig. 25)59,60. Regarding nitrate recovery performance, we 

systematically evaluated 3D-BPEP at various tilt angles (Supplementary Table 3). The 

experimental data demonstrated a significant improvement in nitrate recovery capacity with 

increasing angle of 3D-BPEP. Meanwhile, 3D-BPEP consistently outperformed 2D-BPEP across 

all tested angles, further validating the advantages of the 3D design. Since evaporation-induced 

multi-field (including thermal, concentration, and flowing fields) coupling effect can promote 

nitrate adsorption, the improved evaporation performance of 3D-BPEP further amplifies these 

multi-field effects, thereby increasing the nitrate adsorption capacity. The detailed mechanism may 

involve a complex balance between the multi-field interactions and the intrinsic properties of the 

adsorbent. However, exploring this mechanism in depth is beyond the scope of the present study 

and will be addressed in future work. In brief, the 3D-BPEP demonstrates superior evaporation 

performance compared to many reported solar evaporators (Supplementary Table 4). Note that the 

conventional evaporation and crystallization process cannot produce the pure nitrate owing to the 

pollution of other co-existing matters. More importantly, because nitrate concentrations in surface 

water are typically low, little nitrate can be recovered by simple evaporation. In comparison, BPEP 
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uniquely enables the simultaneous recovery of clean water and nitrate, a capability absent in 

previous evaporators (Supplementary Table 4).  

(2) By recovering nitrate from wastewater or surface water through BPEP, we can fully leverage 

the dual nature of nitrate as both a pollutant and a resource (Fig. 5a). The nitrate in BPEP can be 

desorbed by KCl solution and converted into KNO3. From a pollution control perspective, the as-

obtained KNO3 can be converted into N2 through biochemical processes such as denitrification61. 

Specifically, after 12 h of reaction in the sequencing batch reactor, the nitrate extracted by BPEP 

could be degraded entirely (Fig. 5b). From a resource perspective, high-concentration potassium 

nitrate can be used directly for phase change energy storage and fertilizer; and also employed as 

raw materials for bulk chemical processes, drug synthesis, and fuel production62-64. These nitrates 

can be converted into various chemicals, such as ammonia and urea, through advanced photo-, 

electric-, and bio-catalytic processes65-67. Note that the above catalytic process yields less at low 

nitrate concentrations68,69. Integrating these technologies with BPEP can address this challenge by 

the adsorption-enrichment-recycling process of BPEP. As an example, in the electrochemical 

method (details provided in the Supplementary Information), as the nitrate concentration increased 

from 50 to 400 mg L-1, the ammonia yield rate nearly increased sevenfold (Fig. 5c and 

Supplementary Table 5), with the nitrate conversion ratio also improving. This demonstrates that 

increasing the nitrate concentration via BPEP effectively enhances nitrate conversion. It is well 

known that ammonia can accelerate plant growth. We used the ammonia solution to irrigate 

Pakchoi to demonstrate the practical application of the fabricated ammonia (Details can be found 

in Supplementary Information). We monitored the growth over 14 days, comparing Pakchoi 

irrigated with the fabricated ammonia solution or deionized water. The addition of the fabricated 

ammonia solution resulted in improved growth (Fig. 5d and Fig. 5e). After 14 days, the height of 

the Pakchoi with the addition of ammonia solution reached 7.15 cm, while the height of those 

without the ammonia solution was only 4.35 cm (Fig. 5d). These results indicate that the fabricated 

ammonia can be effectively used as a fertilizer. Note that the above conversion of nitrate in BPEP 

to nitrogen or ammonia involved two entirely different processes: the biochemical conversion to 
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nitrogen via denitrification, and the electrochemical reduction to ammonia. These two processes 

did not interfere with each other since they are different systems. The specific conversion process 

should be flexibly selected according to practical requirements. Overall, BPEP not only addresses 

nitrate pollution but also facilitates the resource utilization of nitrates in wastewater and surface 

water through an optimal integration of modern technologies, thereby accelerating progress 

towards the Sustainable Development Goals. 

Methods 

Preparation of BCBH and BCBH/PPy 

The preparation procedure of BCBH/PPy and BCBH was illustrated in Fig. 2a. BCBH was 

obtained by incubating glucosacetic xylose in a fermentation medium at 30°C for 4-7 days41. After 

fermentation, the resulting BCBH was washed with deionized water until the pH reached 7 and 

then stored for later use. BCBH/PPy was obtained by polymerizing Py on BCBH40,70. Typically, 

2.28 g of ammonium persulphate (APS) and 0.7 mL of Py were separately dispersed in 100 mL of 

deionized water to form solution A and solution B, respectively. A piece of BCBH (20 cm2) was 

placed in a culture dish, followed by the addition of 10 mL of solution A and 5 mL of solution B. 

After reacting at 4 °C for 24 h, the resulting BCBH/PPy was thoroughly washed with deionized 

water to obtain the final product. 

Solar-driven evaporation measurement 

The structural diagram of BPEP was shown in Supplementary Fig. 5. BCBH/PPy was the absorber 

of BPEP. The experimental setup for solar-driven evaporation was shown in Supplementary Fig. 

6. From Supplementary Fig. 26, it can be concluded that the output spectrum of solar simulator 

with an AM 1.5 G filter closely matched the standard AM 1.5G solar spectrum. The evaporation 

rate was determined by measuring the mass change of the BPEP over time. The evaporation 

efficiency was calculated based on the Eq. (2)71,72 where ṁ was the evaporation rate (kg m-2 h-1); 

hlv was the enthalpy change of liquid to vapor (sensible heat and evaporation enthalpy) (MJ kg-1); 

and q
solar

 was the solar flux (kW m-2).  
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η=
ṁ·hlv

q
solar

 (2) 

The enthalpy change (hlv) of liquid to vapor was calculated based on Eq. (3) where hee was the 

evaporation enthalpy obtained by DSC measurements (MJ kg-1) and hsh was the sensible heat (MJ 

kg-1). 

hlv=hee+ hsh (3) 

The evaporation enthalpy (hee) could be calculated with the Eq. (4)73,74 where Es was the specific 

energy (MJ kg-1); mt was the total mass of the measuring sample (g); mw was the mass of water 

in the measuring sample (g). 

hee=
Es·mt

mw

 (4) 

The specific energy (Es) could be calculated by the integral value of specific power and time, 

which was equal to the integral area in Supplementary Fig. 11.  

The sensible heat (hsh) could be calculated by Eq. (5) where Cp,l was the heat capacity of the bulk 

solution (J K-1 g-1); T0 was the initial temperature of the bulk solution (K); T1 was the steady-

state temperature of the bulk solution (obtained from Fig. 2h and Supplementary Fig. 7). 

hsh= ∫ Cp,l dT 
T1

T0

  (5) 

Outdoor experiments were conducted at the Central South University. The solar flux and 

evaporation rate were manually recorded from 8:00 a.m. to 5:00 p.m. The mass loss of BPEP was 

recorded every 1 h to calculate the outdoor evaporation rate. The water at the device’s bottom was 

weighed to calculate the WCR. The WCE was calculated by the ratio of WCR and the mass of 

evaporated water.  

The long-term solar desalination was conducted in an intermittent operation mode49. The ion 

concentrations in the seawater (from the East China Sea) and condensed water were measured by 

inductively coupled plasma optical emission spectroscopy (ICP-OES 730, Agilent). The 

wastewater treatment experiments were conducted in the industrial dyeing wastewater and urban 

domestic sewage (from Changsha Water Industry Group Co., Ltd). The pristine wastewater and 
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condensed water were evaluated by the COD, TOC, and TDS value. The removal ratio (φ) of COD, 

TOC, and TDS was calculated by Eq. (6) where S0 and St were the COD, TOC, or TDS value of 

the original wastewater and condensed water, respectively. 

φ=
S0-S

t

S0

 (6) 

Nitrate adsorption measurement 

Except for the cyclic adsorption-desorption experiments, all nitrate adsorption experiments can be 

considered continuous operation processes. Unless investigating the effect of adsorption 

conditions (temperature, concentration, pH, etc.) on adsorption performance, the uniform initial 

conditions for all adsorption experiments were as follows: the initial concentration of nitrate 

solution is 30 ppm; the initial adsorption temperature is 25°C; the initial pH is 7. For the nitrate 

adsorption experiments under lightless conditions, the samples (BCBH/PPy and BCBH) were 

immersed into an appropriate amount of sodium nitrate solution. The adsorption experiments were 

conducted under static conditions for 24 h to ensure adsorption saturation. After the designated 

adsorption time, the solution was filtered through a 0.22 μm filter membrane. The residual nitrate 

concentration in the solution was measured using ion chromatography (Dionex, ICS-5000+, USA). 

The nitrate adsorption capacity was calculated using Eq. (7).  

q=
(C0-Ct)

S
×V (7) 

Where q (g m-2) was the adsorption capacity; C0 (mg L-1) was the initial concentration of nitrate; 

Ct (mg L-1) was the residual nitrate concentration after adsorption; V (L) was the volume of the 

sodium nitrate solution; and S (m2) was the sample area. The adsorption ratio (AR) was calculated 

based on Eq. (8): 

AR=
C0-Ct

C0

 (8) 

For the nitrate adsorption experiments under solar irradiation, the solution below BPEP was 

sodium nitrate solution. The measured scheme was similar to the dark-field adsorption experiment. 

The cyclic adsorption performance was evaluated through batch experiments with the following 

initial conditions: nitrate concentration was 30 ppm, adsorption temperature was 25°C, and solar 
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flux was 1 sun. The operating time of each adsorption experiment was set to 24 h. After each cycle 

test, the BCBH/PPy was removed from the BPEP and then soaked in a 10 wt% KCl solution, 

followed by 12 h of shaking. Afterward, the BCBH/PPy was washed with deionized water to 

neutralize it and then placed back into BPEP for conducting further adsorption experiments.  

The relative contributions of various factors to enhanced nitrate adsorption under solar irradiation 

were quantitatively assessed as follows26,27: 

EDi=
q

i
-q

d

q
s
-q

d

 (9) 

Where EDi was contribution of each factor to enhanced nitrate adsorption; q
i
 was the adsorption 

capacity in the dark under different conditions (such as varying concentration or temperature); q
s
 

was the adsorption capacity under solar irradiation; q
d
 was the adsorption capacity in the dark at 

25°C. The contribution of the flowing field to enhanced nitrate adsorption was calculated using 

Eq. (10) where EDF, EDT, and EDC were the contributions of the flowing field, temperature 

field, and concentration field. 

EDF=100%-EDT-EDC (10) 

The nitrate adsorption capacity in outdoor experiments was calculated by Eq. (7). 

Data Availability 

The data that supports the findings of the study are included in the main text and supplementary 

information files. Source data are provided with this paper. 
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Figure Legends/Captions 

 

Fig. 1 | The design inspiration of BPEP 

a, Schematic diagram of BPEP recovering nitrate and producing clean water under light conditions.  

b, Evaporation-induced multi-field enhanced nitrate recovery mechanism: (I) Temperature field; (II) 

Concentration field; and (III) Flowing field. The value of each physical quantity increased along the 

direction of the arrow. T0-initial temperature; Te-evaporation interface temperature; C0-initial concentration; 

Ce-evaporation interface concentration; △Qe-adsorption capacity increment. 
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Fig. 2. Fabrication and characteristics of BCBH and BCBH/PPy 

a, Schematic diagram of the fabrication process. 

b, SEM images of BCBH. 

c, SEM images of BCBH/PPy.  

d, XRD patterns; e, XPS curves; f, Raman curves; and g, The UV-Vis-NIR adsorption spectra of BCBH 

and BCBH/PPy.  

h, The IR photos of BPEP under different solar fluxes. 
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Fig. 3 | The solar-driven evaporation and nitrate recovery performance 

a, The temperature rising curves of pure water, BCBH and BCBH/PPy under 1.2 sun.  

b, The mass change curves of pure water, BCBH and BCBH/PPy under 1.2 sun. 

c, The evaporation rate (ER) and efficiency of BPEP under different solar fluxes. Error bars represent the 

standard deviations from three-time measurements. 

d, Raman curves of BCBH/PPy.  

e, The nitrate adsorption capacity of BPEP under different conditions. Error bars represent the standard 

deviations from three-time measurements. 

f, The nitrate adsorption capacity of BPEP under different solar fluxes. Error bars represent the standard 

deviations from three-time measurements. 

g, The cyclic nitrate adsorption ratio. Inset: Cyclic adsorption process of nitrates by BPEP. 

h, The evaporation rate and solar flux in outdoor experiments.  

i, The WCR and WCE in outdoor experiments.  
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Fig. 4 | The enhanced nitrate recovery mechanism 

a, The surface electrostatic potential distribution and adsorption energy between PPy and nitrate. 

b, N1s and c, O1s spectra of the BCBH/PPy before and after nitrate adsorption.  

d, The nitrate adsorption simulation by COMSOL software: I-The concentration distribution of nitrate on 

BPEP under 1 sun illumination and dark conditions following adsorption. The ‘flowing direction’ represents 

the direction of solution flow, and the ‘sampling point’ represents a randomly distributed point. II-The 

nitrate concentration of the sample points on BPEP under 1 sun illumination and dark conditions following 

adsorption.  

e, The nitrate adsorption capacity of BPEP under different initial nitrate concentrations in the dark. The 

conditions at the evaporation interface before illumination are marked as point I, whereas those after 

illumination are marked as point II in Fig. 4e and Fig. 4f. Error bars represent the standard deviations from 

three-time measurements. 

f, The nitrate adsorption capacity of BPEP under different concentrations in the dark. Error bars represent 

the standard deviations from three-time measurements. 

g, The contribution of various factors in enhancing nitrate recovery under 1 sun.  
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h, The nitrate recovery capacity of BPEP based on other reported adsorbents under 1 sun: MgAl-

LDHs75; AMS76; Ch-EPI77; PPy-MRAC38; BiVO4/MXene78; MAB-CS79.  

 

Fig. 5 | Discussion on BPEP 

a, Resource utilization pathway of nitrate based on BPEP.  

b, Nitrate conversion in sequencing batch reactor. 

c, Ammonia (NH3) yield rate under different concentrations of nitrate. Noted that the ammonia was 

produced electrochemically from the recovered nitrate by BPEP. Error bars represent the standard 

deviations from three-time measurements. 

d, The height changes of the Pakchoi in its growing process with or without fabricated ammonia solution 

added.  

e, The digital photos of the Pakchoi in its growing process with or without fabricated ammonia solution 

added.  
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Editorial Summary:   

 

Recovering nitrate from surface water can help address interconnected environmental, resource, and 

energy challenges. A bioinspired photothermal evaporation platform enabling the co-recovery of low-

concentration nitrate and freshwater is proposed.  
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