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A B S T R A C T

Addressing global water scarcity requires sustainable and efficient water purification technologies. Solar-driven 
interfacial evaporation (SDIE) has emerged as a promising and sustainable technology that utilizes abundant 
solar energy. However, its efficiency is frequently constrained by inadequate photothermal materials, heat loss, 
salt accumulation, and an inability to remove soluble contaminants. Herein, we develop a novel photothermal V- 
shaped photonic harvester by incorporating LiNi0.8Co0.15Al0.05O2 (NCAL) decorated with multi-walled carbon 
nanotubes (NCAL@CNTs) nanocomposites onto a hydrophilic nonwoven fabric. The NCAL nanoparticles ensure 
broadband solar absorption in the near-infrared region, while the CNT network offers remarkable thermal 
conductivity, accelerates vapor diffusion, and enhances mechanical integrity. Consequently, this synergistic 
integration yields an exceptionally efficient solar evaporation system. Under 1 sun illumination (1 kW m− 2), the 
optimized NCAL@CNTs fabric demonstrates an outstanding evaporation rate of 2.30 kg m− 2 h− 1 with a corre
sponding solar-thermal efficiency of 91.4%. Additionally, the fabric shows excellent multifunctional purification 
capabilities and effectively desalinates simulated seawater, achieving ion-rejection rates exceeding 99.9%. This 
work establishes scalable and multifunctional solar evaporation for practical freshwater production.

1. Introduction

The global challenge of water scarcity necessitates the development 
of sustainable and efficient technologies for freshwater production [1]. 
Using the abundant energy of sunlight to produce clean water, 
solar-driven interfacial evaporation (SDIE) has become a viable and 
environmentally friendly option [2,3]. SDIE systems significantly in
crease energy conversion efficiency by localizing heat at the air-water 
interface through a floating photothermal evaporator, in contrast to 
conventional bulk heating techniques that suffer from substantial heat 

loss [4,5]. This technology is developing from basic material investi
gation to the development of integrated, multifunctional systems that 
can meet more extensive water and energy requirements [6].

The characteristics of an SDIE system's photothermal material have a 
significant impact on its performance. Because of their superior broad
band light absorption, high thermal conductivity, and porous structure 
that promotes water transport and vapor escape, carbon nanotubes 
(CNTs) have become a leading material in the field [7,8]. As an illus
tration of the potential of carbon-based materials in integrated systems, 
multi-functional CNT papers have shown remarkable evaporation rates 
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of 1.28 kg m− 2 h− 1 under 1 sun irradiation, combined with capabilities 
for thermoelectric generating and energy storage [9,10]. However, the 
pursuit of even greater material diversity, reduced cost, and improved 
performance is still ongoing. Combining CNTs with additional photo
thermal agents to create composites is an appealing way to enhance 
performance. This approach has proven effective, as demonstrated by 
studies such as the incorporation of copper sulfide (CuS) with carbon 
nanotubes (CNTs) to create a hierarchical structure that achieved a high 
evaporation rate of 1.50 kg m− 2 h− 1 under 1 sun illumination by 
improving light absorption and thermal management [11,12].

Motivated by these synergistic effects, we present the usage of a 
layered mixed metal oxide as a new and powerful companion for CNTs: 
LiNi0.8Co0.15Al0.05O2 (NCAL). The unique composition of NCAL, which 
was previously researched for energy storage, makes it a great option for 
photothermal conversion. It has a matrix rich in nickel for strong solar 
absorption, complemented by cobalt and aluminum [13,14]. Its com
bination with CNTs is intended to produce a composite that combines 
the advantages of both materials, possibly resulting in improved heat 
localization and light harvesting. Beyond material composition, rational 
thermal management is paramount for maximizing efficiency [15]. 
Conduction can cause a large amount of solar energy to be lost to the 
underlying bulk water. Although polyurethane (PU) foam substrates are 
frequently used for thermal insulation [16,17], their geometry can be 
designed to further reduce losses. As a "heat trap," the creation of a 
V-shaped cavity in the foam efficiently stores thermal energy just below 
the evaporative surface [18,19].

Herein, we present a high-performance and multifunctional solar 
evaporator, whose integrated design and working principle are sche
matically illustrated in Fig. 1. The system consists of a structurally 
designed PU foam with a V-shaped cavity on top of a photothermal layer 
of unique NCAL and carbon nanotube (NCAL@CNT) composite that is 
deposited onto a flexible nonwoven (NW) fabric using a straightforward 
slurry-coating approach. This assembly floats on a water source. When 
exposed to solar radiation, the composite's wide light absorption and 
efficient photothermal conversion quickly produce heat, which is 
confined inside the V-shaped cavity to promote effective steam gener
ation at the interface. At the same time, a constant capillary-fed water 
supply is made possible by the hydrophilic fabric and porous foam. 
These functional groups interact with metal ions in solutions (such as 
Pb2+, Co2+, Na+, and Ca2+) to help purify water through ion-exchange 
and surface complexation mechanisms. Importantly, as shown, this 
design naturally reduces salt accumulation and ensures operational 
stability by encouraging the downward diffusion of ions (such as Na+

and Cl-) away from the hot evaporation front and back into the bulk 
water. This study provides a comprehensive evaluation of the system’s 
performance, emphasizing its high rate of evaporation, long-term sta
bility because of its durable composite structure and anti-salt accumu
lation design, and exceptional efficacy in removing heavy metal and 
common metal ions, indicating a significant advancement toward useful 

and versatile solar water purification systems.

2. Methodology

2.1. Materials

Lithium Nickel Cobalt Aluminum Oxide (LiNi0.8Co0.15Al0.05O2, 
NCAL) powder (battery grade, ≥ 99.8% purity) was procured from 
Xiamen Tob New Energy Technology Co., Ltd. (China). Multi-walled 
carbon nanotubes (MWCNTs, > 95% purity, outer diameter: 
10–20 nm, length: 10–30 μm) were supplied by Beijing DK Nano Tech
nology Co., Ltd. (China). The non-woven fabric (100% polyester, areal 
density: 80 g m− 2, thickness: ~0.3 mm) was obtained from a local 
supplier. Commercial PU foam (density: 22 kg m− 3, porosity: > 95%) 
was used as the insulating substrate. Polyvinyl alcohol ((C2H4O)x, PVA) 
was used as a binder and was purchased from Sigma-Aldrich. All 
chemicals were used as received without further purification.

2.2. Fabrication of NCAL@CNTs-NW fabric evaporator

A straightforward slurry coating method was used to develop the 
photothermal evaporator. First, a 1:1 mass ratio mixture of MWCNTs 
and NCAL powder was dispersed in an aqueous solution containing 
1.5 wt% PVA to form a homogenous and stable slurry. For every 10 ml 
of PVA solution, the combined mass of the active ingredients (NCAL and 
CNTs) was 200 mg. After an hour of vigorous magnetic stirring to create 
a preliminary dispersion, the mixture was exposed to 30 min of probe 
sonication in an ice bath to break up agglomerates and produce a ho
mogenous, coatable slurry. Using a soft-bristle brush, this slurry was 
then manually applied to a pre-cleaned rectangular piece of non-woven 
fabric (diameter: 6 cm×4 cm), providing a uniform and adhesive layer 
throughout the substrate surface. In order to remove water and solidify 
the PVA binder, the coated fabric was placed in a vacuum oven and dried 
at 70 ◦C for 12 h. This produced a strong and integrated NCAL@CNTs 
composite layer that was firmly bound to the fabric and was thereafter 
referred to as NCAL@CNT-NW fabric. For the final assembly, a V-shaped 
cavity was carved into a rectangular block of PU foam to act as a thermal 
insulator and water transport pathway.

2.3. Material characterization

A Field Emission Scanning Electron Microscope (FESEM, JSM-7100F, 
JEOL, Japan), when combined with an Energy Dispersive X-ray Spec
trometer (EDX), was used to examine the surface morphology and 
elemental composition of the generated NCAL@CNTs-NW fabric. Using 
a THERMO FISHER SCIENTIFIC Escalab 250Xi equipment with a 
monochromatic Al Kα X-ray source, X-ray photoelectron spectroscopy 
(XPS) was employed to examine the chemical states and elemental 
composition of the NCAL@CNTs composite. The functional groups on 

Fig. 1. Schematic illustration of the NCAL@CNT-NW fabric solar evaporator and its working mechanism.
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the material surfaces were identified using Fourier-Transform Infrared 
(FTIR) spectroscopy (Nicolet iS50, Thermo Scientific) in the 
500–4000 cm− 1 range. A Shimadzu UV-3600i Plus UV-Vis-NIR spec
trophotometer with an integrating sphere was used to assess the optical 
absorption characteristics throughout the solar spectrum 
(250–2500 nm). A thermal constants analyzer (Hot Disk TPS 2500S) 
based on the transient plane source method was used to measure the 
thermal conductivity of the pristine PU foam and the integrated evap
orator assembly at room temperature.

2.4. Solar evaporation and water purification performance evaluation

Employing a Class AAA solar simulator (PerfectLight, PLS-SXE300D) 
calibrated to generate an AM 1.5 G spectral irradiation at 1 kW m− 2 (1 
sun), solar-driven evaporation tests were carried out under ambient 
laboratory conditions (25 ± 2 ◦C, 50 ± 5% relative humidity). The V- 
shaped PU foam and the assembled NCAL@CNT-NW fabric evaporator 
floated on the surface of the aqueous solution in a tailored glass vessel. 
Deionized (DI) water, 3.5 wt% common metal ions (Na+, K+, Mg2+, 
Ca2+), and artificial wastewater with heavy metal ions (e.g., 100 ppm 
Cu2+, 100 ppm Co2+, 100 ppm Fe3+, and 100 ppm Pb2+) were among 
the solutions examined. A high-precision analytical balance (Mettler 
Toledo, ME204/02, 0.1 mg resolution) was used to record the mass 
change of the complete system in real-time at 10-second intervals. To 
create a stable baseline and guarantee thermal equilibrium, each test 
was preceded by a 30-minute stabilization period in the dark. The mass 
loss data collected during 60 min under steady-state illumination were 
used to calculate the evaporation rate.

An infrared thermal camera (FLIR, E60) was used for measuring the 
evaporator's surface temperature distribution and thermal localization. 
Throughout the experiment, the thermal profiles of the bulk water, the 
V-shaped cavity, and the evaporation surface were recorded. A 
laboratory-scale condensation setup was utilized to collect the 
condensed vapor during an 8-hour irradiation period in order to assess 

the purifying efficacy of the system. An Inductively Coupled Plasma 
Optical Emission Spectrometer (ICP-OES, PerkinElmer, Avio 500) was 
applied to measure the concentrations of primary ions (Na⁺, K⁺, Mg2+, 
Ca2+) and heavy metal ions (Cu2+, Co2+, Fe2+, Pb2+) in the initial feed 
solution and the collected condensate to calculate the ion rejection ef
ficiency. The versatility of the NCAL@CNT-NW evaporator was evalu
ated in various water sources by monitoring the evaporation rate and 
structural integrity of the evaporator.

3. Results and discussion

The NCAL@CNT-NW fabric evaporator's excellent construction and 
thorough characterization confirm the photothermal composite's suc
cessful integration with the tailored V-shaped insulation. Results show 
that this design produces outstanding solar evaporation performance, 
characterized by high rates, long-term stability, and multifunctional 
purification capabilities. The X-ray diffraction (XRD) spectroscopy, X- 
ray photoelectron spectroscopy (XPS), and Fourier-transform infrared 
(FTIR) spectroscopy investigations, which are essential for elucidating 
the crystalline structure, chemical composition, elemental oxidation 
states, and surface functional groups of the developed NCAL@CNT 
composite, are shown in Fig. 2. These properties are closely related to 
the material’s ability to adsorb metal ions and its photothermal con
version efficiency. XRD analysis was carried out to determine the crys
talline phases and verify the NCAL@CNT composite's structural 
composition, as shown in Fig. 2a. The (003) plane of the NCAL phase is 
represented by a significant peak at about 18.6◦, while the peak at 
~26.1◦ is assigned to the (002) plane of graphitic CNTs, indicating that 
the carbon nanotubes were successfully incorporated. The existence of 
crystalline metal oxide/spinel phases is indicated by additional peaks in 
the ~36–68◦ range (including 101, 006, 104, 015, 107, 018, and 110 
planes). This suggests that the NCAL is well integrated with CNTs to 
produce a stable hybrid composite. Fig. 2b shows the high-resolution 
XPS spectra of Ni 2p. The spectrum exhibits two primary spin-orbit 

Fig. 2. Chemical state and surface functional group analysis of the NCAL@CNT-NW fabric. (a) XRD pattern of NCAL@CNT. High-resolution XPS spectrum of (b) Ni 
2p, (c) Co 2p, (d) O 1 s, (e) C 1 s. (f) FTIR spectrum of the NCAL-CNT@NW fabric, showing bands corresponding to O-H, C––O, and C-O functional groups.
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doubles. For Ni2+ in a Ni-O lattice configuration, the peaks at binding 
energies of around 855.9 eV and 873.2 eV are attributed to Ni 2p3/2 and 
Ni 2p1/2, respectively [20,21]. The co-existence of Ni3+ species is 
confirmed by the presence of prominent satellite features around 
861.7 eV and 879.6 eV, as well as the peak component about 857.4 eV, 
suggesting a mixed Ni2+/Ni3+ oxidation state typical of the layered 
NCAL structure [22]. This mixed valence state is beneficial for charge 
transfer processes, which can improve light absorption. The Co 2p 
spectrum, which is deconvoluted into two primary spin-orbit doublets, is 
displayed in Fig. 2c. The existence of cobalt in oxidized states is 
confirmed by the high-resolution XPS spectra of Co 2p, which displays 
two major spin–orbit peaks at 780.7 eV (Co 2p3/2) and 797.7 eV (Co 
2p1/2). The existence of Co2+ species is indicated by the typical shake-up 
satellite peaks at ~791.6 eV and the wide feature at ~806.7 eV. The 
slight asymmetry of the main peaks suggests the coexistence of Co2+and 
Co3+, reflecting a mixed-valence state. The NCAL material’s nominal 
composition is consistent with the simultaneous occurrence of both 
cobalt oxidation states, which also enhances the material’s electrical 
conductivity. The O 1 s spectrum (Fig. 2d) is fitted with three compo
nents. The dominant peak at 529.3 eV is ascribed to lattice oxygen 
(M–O) in the metal oxide framework. The greater binding energy 
component at 533.9 eV is attributed to water or surface-adsorbed hy
droxyl groups (-OH), while the peak at 531.8 eV is attributed to defec
tive oxygen or oxygen vacancies. The sp2-hybridized carbon (C-C/C––C) 
of the graphitic CNTs is represented by a significant peak at 284.8 eV in 
the composite’s C 1 s spectra (Fig. 2e) [23]. The NCAL-CNT@NW 
composite's surface chemistry is further revealed by its FTIR spectrum 
(Fig. 2f). O-H stretching vibrations from adsorbed water and surface 
hydroxyl groups are characterized by the wide and strong band centered 
at 3446 cm− 1. C––O stretching vibrations from carboxyl groups are 
responsible for the band at 1651 cm− 1, while C-O stretching is indicated 
by the characteristic near 1173 cm− 1 [24]. These functional groups, 
which originate from both the NCAL surface and the CNTs, improve the 
evaporator's hydrophilicity for effective water wicking and offer coor
dination sites for thermal localization.

Moreover, the NCAL@CNT composite's microstructural shape, which 
governs light absorption, heat management, and water transport within 
the solar evaporator, is revealed by the scanning electron microscope 
(SEM) investigation shown in Fig. 3. The system's excellent performance 
is based on the composite powder’s porous architecture and its effective 
integration with the non-woven fabric substrate. The SEM images of the 
pure NCAL@CNT powder at various magnifications are shown in 
Fig. 3a–c. The powder shows a distribution of spherical ball-like struc
tures (attributed to NCAL) scattered with thin, tube-like features 

(attributed to CNTs) at lower magnification (Fig. 3a). Higher magnifi
cation (Fig. 3b) reveals a network of CNTs decorating and connecting 
the spherical NCAL particles. A closer look (Fig. 3c) makes it evident that 
the CNTs are evenly distributed on the NCAL spheres' surface, creating a 
conformal coating. The structure is ideal for solar-driven interfacial 
evaporation because of the composite's rough and porous texture, which 
further improves light trapping through many scattering events [25]. 
The successful coating of this composite onto the fabric substrate is 
confirmed in Fig. 3d-f. The individual threads of the non-woven fabric, 
uniformly wrapped and coated with the NCAL@CNT composite, are 
clearly visible in the SEM images at various scales. While the coating 
layer appears irregular and particulate (Fig. 3e, f), it forms a continuous, 
adherent film on the fibrous network. A three-dimensional (3D) porous 
photothermal layer is generated using this microstructure. The irregu
larities and gaps within the coating, combined with the inherent 
porosity of the non-woven fabric, establish interconnected micro
channels. These channels are vital for maintaining a high evaporation 
rate because they enable quick capillary-driven water wicking to the 
evaporation surface and provide unobstructed escape routes for pro
duced vapor [26,27].

Furthermore, Fig. 4 analyzes the critical significance of structural 
engineering, specifically the implementation of a V-shaped cavity, in 
optimizing the thermal management of the solar evaporator. To enhance 
solar-thermal conversion efficiency and reduce energy losses, effective 
photon and heat confinement is crucial, surpassing the performance 
constraints imposed solely by material properties. The fundamental idea 
is explained by a direct comparison between the V-shaped design and a 
flat evaporator (Fig. 4a-b). The specular reflection of incident sunlight 
away from the surface results in a significant optical loss in the planar 
design. On the other hand, the V-shaped cavities’ inclined walls serve as 
a light trap. To minimize reflecting losses, incident rays experience 
several internal reflections inside the cavity, which significantly in
crease the optical path length and increase the probability of absorption 
by the NCAL@CNT coating [28]. The schematic and associated infrared 
(IR) thermographic images (Fig. 4c-d) demonstrate how this higher 
optical absorption directly correlates to improved thermal localization. 
This illustrates how the structure effectively prevents the produced 
thermal energy from dissipating laterally or into bulk water by accu
rately restricting it at the air-water contact where evaporation takes 
place. Moreover, the optical absorption properties of the NCAL@CNT 
composite (Figure S1) demonstrate that the composite exhibits broad
band absorption with a particularly strong response in the near‑infrared 
region, consistent with the high photothermal conversion efficiency 
observed. A comparative surface temperature analysis was performed by 

Fig. 3. SEM images of the NCAL@CNT composite powder. (a-c) Morphology of the NCAL@CNT composite powder at different magnifications. (d-f) Morphology of 
the NCAL@CNT-Non-woven fabric at different magnifications.
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recording surface temperatures on the side walls and inside the cavity of 
the NCAL@CNT-NW evaporator under 1 sun intensity. Upon irradiation, 
the temperature at the cavity's base (Fig. 4e) rose quickly from an 
ambient ~16 ◦C to 40.5 ◦C, and achieved equilibrium state. Similarly, 
the temperature on the cavity walls (Fig. 4f) stabilized at about 36.8◦C. 
The inside-cavity region reaches a higher steady-state temperature 

(~40.5 ◦C) compared to the side walls (~36.8 ◦C), demonstrating 
effective heat localization within the cavity structure. This behavior 
arises from the integrated cavity geometry, which promotes light trap
ping and multiple internal reflections, leading to enhanced energy ab
sorption and reduced heat dissipation. The infrared images further 
confirm that thermal energy is concentrated in the cavity region rather 

Fig. 4. Optical and thermal management advantages of the V-shaped cavity design. (a) Schematic of a flat evaporator showing significant light reflection. (b) 
Schematic of the V-shaped cavity evaporator, where incident light is trapped via multiple internal reflections. (c) Schematic illustration of the localized heat zone 
within the cavity. (d) Corresponding infrared thermal image confirming heat concentration at the base of the V-shaped cavity. (e) Time-dependent temperature 
profile at the base (inside) of the cavity under 1 sun illumination. (f) Time-dependent temperature profile on the sidewall of the V-shaped cavity under 1 sun 
illumination.

Fig. 5. Quantitative thermal performance of the evaporator system. (a) Steady-state surface temperature of different system configurations under 1 sun illumination, 
highlighting the incremental contribution of each component. (b) Surface temperature of the NCAL@CNT-NW evaporator under varying solar intensities (1, 2, and 3 
sun), demonstrating scalable photothermal response. (c) Thermal conductivity measurement of the dry NCAL@CNT-NW fabric. (d) Thermal conductivity mea
surement of the water-saturated (wet) NCAL@CNT-NW fabric.
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than spreading outward. Such geometry-assisted heat confinement is 
beneficial for improving evaporation efficiency by maximizing localized 
heating and minimizing thermal losses [16].

In addition, a thorough quantitative examination of the NCAL@CNT 
evaporator's thermal performance is presented in Fig. 5, which estab
lishes a direct correlation between the material and structural design of 
the device and its capacity for energy conversion. The data validates the 
system's responsiveness under varied solar flux and methodically dem
onstrates each component's synergistic contribution to the overall pho
tothermal impact, two crucial metrics for assessing realistic solar-driven 
applications. Each functional layer's contribution is evident in the in
cremental surface temperature rise under 1 sun irradiation (Fig. 5a). The 
addition of the insulating PU foam and non-woven fabric (PU@NW) 
increased the temperature by 5.2 ◦C in comparison to the bulk water 
surface (~22 ◦C). This demonstrates the essential function of thermal 
insulation in lowering conductive and convective losses. The intrinsic 
photothermal activity of the nickel-rich oxide is highlighted by the 
coating of NCAL alone (NCAL@NW), which caused an additional 
notable spike of 11.2 ◦C, reaching ~40 ◦C. An additional 2.7 ◦C rise to 
around 43 ◦C was obtained by integrating CNTs with NCAL 
(NCAL@CNT-NW). The final enhancement demonstrates the synergistic 
role of CNTs to improve light absorption across the spectrum and 

thermal conductivity within the composite layer, which results in more 
effective heat generation and distribution at the evaporation interface. 
Fig. 5b confirms that the evaporator's performance is scalable with solar 
intensity. The steady-state surface temperature increased from around 
43 ◦C at 1 sun to about 50 ◦C at 2 sun and then to about 54.5 ◦C at 3 sun 
illuminations, demonstrating a distinct and continuous positive 
connection with irradiance. The robustness and reproducibility of the 
photothermal response are confirmed by the minimal variance across six 
repeated observations at each intensity.

The system's ability to efficiently harness larger energy input is 
demonstrated by this linear trend, which is a crucial prerequisite for 
practical application under natural, variable sunshine. During both dry 
and wet conditions, the evaporator’s thermal transport characteristics 
were accurately characterized (Fig. 5c-d). In the dry state, the 
NCAL@CNT composite layer exhibited a very low thermal conductivity 
of kdry= 0.05914 ± 0.00317 W m− 1K− 1. This characteristic is highly 
advantageous as it limits lateral heat dissipation from the illuminated 
spot, promoting vertical heat concentration towards the water interface. 
When saturated with water (wet state), the thermal conductivity 
increased substantially to kwet= 0.2323 ± 0.02988 W m− 1K− 1.

Moreover, an important visual and quantitative evaluation of the 
thermal dynamics and geographical heat distribution during the solar 

Fig. 6. Time-dependent infrared thermal images of the NCAL@CNT-NW evaporator under 1 sun illumination. (a) 0 min, (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 min, 
(f) 12 min, (g) 15 min, (h) 20 min. The image series verifies consistent heat distribution throughout the active evaporation surface and shows the quick photothermal 
reaction, reaching a stable surface temperature of about 40.7 ◦C. (i) The COMSOL simulation of the steady‑state temperature distribution for a (i) plain (flat) ge
ometry, (j) V‑shaped cavity.
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evaporation process is provided by the time-resolved infrared (IR) 
thermographic analysis shown in Fig. 6. In order to eliminate unwanted 
lateral heat dissipation that would reduce system efficiency and to 
validate effective heat localization, the idea of restricting converted 
thermal energy to the evaporation interface, this real-time mapping is 
crucial. The fast photothermal reaction and the NCAL@CNT-NW evap
orator's transition to a stable thermal state under 1 sun's light are clearly 
depicted in the series of infrared photos (Fig. 6a–h). The material's 
effective and quick conversion of solar energy into heat was demon
strated by the surface temperature rising significantly from an ambient 
18.4 ◦C at t = 0 min to 29.8 ◦C within the first 5 min (Fig. 6a–c). High 
photothermal conversion efficiency and efficient thermal insulation 
from the underlying PU foam are indicated by this quick initial tem
perature rise. Subsequently, the rate of temperature increases moder
ately as the system approaches thermal equilibrium (Fig. 6d-h). At 
7 min, the temperature was 33.4 ◦C; at 12 min, it was 38.7 ◦C; by 
20 min, it had stabilized at about 40.7 ◦C. The system reached a steady 
state where the combined energy losses from vaporization, radiation, 
and convection balanced the incoming solar energy, as seen by the 
transition from rapid heating to a stable plateau. The temperature dis
tribution of the evaporator’s exposed surface inside the V-shaped cavity 
is consistently uniform in the infrared photographs. This spatial uni
formity demonstrates how well the cavity design and NCAL-CNT com
posite covering distribute heat uniformly, avoiding isolated “hot spots” 
or “cold spots” that can cause ineffective or uneven evaporation. These 
photos clearly confirm the successful use of the interfacial heating 
approach, which is essential to obtaining a high and steady evaporation 
rate, by showing the continuous, high temperature limited to the 
evaporator surface.

To further elucidate the role of structural design on heat transfer, we 
performed COMSOL Multiphysics heat transfer simulations for both 
plain and V-shaped cavity-based NCAL@CNT-NW evaporators. The ge
ometry was constructed to represent the experimental foam dimensions, 
with the top surface coated by an NCAL@CNT- photothermal layer. In 
the final structure, a V-shaped cavity was introduced to mimic the 

fabricated design, while the plain structure retained a flat interface. The 
simulations were carried out under a uniform solar heat flux of 
1 kW m⁻², with the ambient temperature fixed at 18 ◦C and convective 
heat transfer applied at the air interface. Material properties such as 
thermal conductivity, density, and specific heat of PU foam and 
NCAL@CNT coating were used based on reported literature values. The 
detailed thermal distribution calculations are given in Supporting Note 
S1. The goal of the simulation was to compare the thermal field distri
bution between the two architectures under identical illumination 
conditions.

As shown in Fig. 6i, the plain structure results in pronounced heat 
accumulation on the top surface, with the majority of absorbed solar 
energy localized at the air–solid interface. This concentrated heat leads 
to inefficient utilization of the absorbed energy, as the temperature 
gradient is not well distributed within the evaporator. Consequently, 
such a design favors localized heating but restricts uniform thermal 
transport, which may limit vapor generation efficiency and long-term 
operational stability. In contrast, the V-shaped cavity structure 
(Fig. 6j) demonstrates a fundamentally different heat transfer behavior, 
revealing that heat is preferentially accumulated inside the cavity, 
facilitating the flux redistribution around the cavity walls. This geom
etry promotes light trapping, enhances localized photothermal conver
sion, and ensures more uniform heat confinement within the active 
region. By effectively coupling optical absorption and thermal man
agement, the V-shaped cavity structure minimizes heat loss and maxi
mizes the driving force for water evaporation. These results validate the 
experimental IR observations and confirm that the V-shaped cavity ar
chitecture offers a distinct advantage over flat designs by integrating 
both light-harvesting and heat-localization mechanisms.

The water evaporation rate and photothermal conversion efficiency, 
the solar evaporator's final performance criteria, are quantified in Fig. 7. 
By converting the measured thermal properties into useful water pro
duction capabilities, our results directly demonstrate the functional su
periority attained by the synergistic combination of the NCAL-CNT 
photothermal layer and the V-shaped cavity. The cumulative mass loss 

Fig. 7. Evaporation performance and energy efficiency. (a) Cumulative mass loss of different system configurations under 1 sun illumination over 1 h. (b) Cumu
lative mass loss of the NCAL@CNT-NW evaporator under varying solar intensities (1, 2, and 3 suns). (c) Photographs showing real-time vapor generation from the 
NCAL@CNT-NW evaporator under 1 and 2 suns. (d) Calculated evaporation rates and corresponding photothermal conversion efficiencies for the key material 
configurations.
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under 1 kW m− 2 irradiation (Fig. 7a) clearly shows how each additional 
functional component improves performance. The insulating PU@NW 
structure enhanced water yield and decreased heat loss as compared to 
pure water. The NCAL coating (NCAL@NW) produced a notable jump, 
confirming its potent photothermal action. Over the course of an hour, 
the NCAL@CNT-NW configuration produced the greatest cumulative 
mass change of 2.3 kg m− 2, demonstrating the crucial role that CNTs 
play in improving light absorption and heat distribution inside the 
composite. There is a clear cause-and-effect link between better thermal 
management and increased evaporation production because this pattern 
is exactly in line with the gradual temperature increases shown in 
Fig. 5a. A crucial feature for practical use is the evaporation rate's 
scalability with solar flux. The mass loss for the NCAL@CNT-NW 
evaporator rose significantly with irradiation, as seen in Fig. 7b, 
reaching approximately 3.12 kg m− 2 at 2 sun illumination and approx
imately 4.3 kg m− 2 at 3 sun illumination. This near-linear scalability, 
which is corroborated by photographic proof of intense steam genera
tion at higher intensities (Fig. 7c), shows how resilient the system is and 
how well it can use larger solar energy inputs. Fig. 7d summarizes the 
steady-state evaporation rates and associated energy conversion effi
ciencies. With an efficiency of 86%, the NCAL@NW fabric had a 
remarkable evaporation rate of 1.97 kg m− 2 h− 1. The NCAL@CNT-NW 
fabric's performance was further enhanced by the incorporation of 
CNTs, reaching a remarkable efficiency of 91.4% and a rate of 
2.3 kg m− 2 h− 1. The standard error propagation analysis was calculated 
and given in Supporting Note S2. With little environmental loss, this 
high efficiency means that more than 91% of the incoming solar energy 
is used for the phase transition of water.

The NCAL@CNT-NW evaporator’s crucial anti-salt-fouling capacity, 
which is a crucial factor in determining long-term operational stability 
in practical desalination, is shown in Fig. 8. A significant problem for 
traditional interfacial solar evaporators is resolved by the capacity to 
reject crystallized salt and avoid photothermal surface blockage, 
ensuring sustained evaporation performance. 1.3 g of NaCl crystals were 
directly loaded onto the NCAL@CNT-NW fabric's surface under 1 sun 

illumination to conduct a thorough salt rejection test. The self-cleaning 
behavior is visually confirmed by the time-series photographic record 
(Fig. 8a-h). White salt crystals initially filled the surface (t = 0 min). A 
pristine photothermal layer with no salt buildup was left behind after 
these crystals steadily decreased over time and were entirely dissolved 
and removed from the surface in 300 min. This demonstrates the 
evaporator's effective salt rejection in high-salinity conditions. The un
derlying mechanism enabling this performance is illustrated in Fig. 8i-j. 
The design promotes ions (Na+, Cl-) to continuously diffuse downward 
away from the evaporation front. This is caused by a combination of 
factors: the capillary flow of water through the porous PU foam and 
fabric constantly provides fresh water to the interface, while the intense 
localized heating at the surface causes a strong evaporation-driven 
convection. A concentration gradient is created by this convection, 
where the salinity at the hot evaporation surface rises above that of the 
bulk water below. As a result, dissolved ions spontaneously migrate 
along this concentration gradient, returning to the bulk solution from 
the high-salinity zone at the interface. This dynamic mechanism ensures 
unobstructed light absorption, water supply, and vapor escape for long- 
lasting operation by preventing the supersaturation and precipitation of 
salts on the evaporator surface. Two complementary stability tests were 
carried out to assess the possibility of long-term recurrent use. The 
evaporator was operated for 15 days under one sun. The stability and 
salt resistance of the CNT-NW system were extensively assessed in saline 
environments. As illustrated in Fig. 8k, the evaporation rate was recor
ded over multiple days under various saline conditions. Despite expo
sure to salty water, the evaporation rate remained consistent at around 
1.6–2.0 kg m⁻² h⁻¹ over the testing period. This steady performance in 
saline circumstances implies good salt rejection and continued ion 
transport inside the porous structure. The findings indicate that the 
NCAL@CNT-NW evaporator can maintain high evaporation efficiency 
while resisting salt-induced deterioration, indicating its applicability for 
practical desalination applications. Furthermore, 30 consecutive cycles 
of a cyclic test were conducted as shown in Fig. 8l. At cycle 1, the initial 
rate of evaporation was 2.25 kg m⁻² h⁻¹ . The rate was as high as 

Fig. 8. Salt rejection performance and mechanism. (a-h) Time-series photographs showing the dissolution and clearance of 1.3 g of pre-loaded NaCl crystals from the 
NCAL@CNT-NW fabric surface under 1 sun illumination over 300 min. (i) Schematic of the complete evaporator setup illustrating the downward diffusion of Na+ and 
Cl- ions. (j) Detailed mechanism schematic showing capillary water supply to the evaporation interface and the concurrent back-diffusion of ions into the bulk water, 
preventing salt accumulation. (k) Long‑term evaporation rate and bulk water salinity of the NCAL@CNT-NW evaporator. (l) Cyclic performance of the NCAL@CNT- 
NW evaporator over 30 cycles in 3.5 wt% NaCl solution.
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2.02 kg m⁻² h⁻¹ after 30 cycles, maintaining around 90% of the original 
performance. With relatively slight fluctuations throughout the course 
of the 30 cycles, the corresponding photothermal conversion efficiency 
remained close to 90%. The strong mechanical integrity of the PVA- 
binder-assisted NCAL@CNT coating and the self-cleaning feature of 
the V-shaped cavity, which stops salt-induced photothermal layer 
deterioration, are responsible for this exceptional cyclic stability.

The NCAL@CNT-NW evaporator’s multifunctional performance and 
practical viability outside of controlled laboratory settings are validated 
in Fig. 9. It illustrates the system's remarkable ability to generate high- 
purity freshwater from complex feedwater, its adaptability in handling 
a variety of complex water sources, and its strong performance under 
actual, changing environmental conditions. Photographs of active steam 
generation are used to initially demonstrate the evaporator's outdoor 
capability (Fig. 9a-b). This performance is measured via a thorough 10- 
hour diurnal test (8:00–18:00) in natural sunshine (Fig. 9c). The recor
ded evaporation rate tracked solar intensity, peaking at approximately 
1.05 kg m− 2 h− 1 at midday (~570 W m− 2) and tapering off as the sun 
set. Importantly, despite simultaneous changes in wind speed 
(3.5–9.2 m h− 1) and ambient humidity (41.5–57.5%), the system 

continued to operate steadily, demonstrating its resistance to real-world 
climatic conditions that usually reduce efficiency. Furthermore, the 
lower solar irradiation experienced outside (peak ~570 W m− 2 versus 
1000 W m− 2 in the lab) is the main cause of the lower peak evaporation 
rate seen outside (1.05 kg m− 2 h− 1) compared to the lab value 
(2.30 kg m− 2 h− 1). The predicted rate of 1.31 kg m− 2 h− 1, which is 
marginally greater than the observed 1.05 kg m− 2 h− 1, is obtained by 
scaling the lab performance by the irradiance ratio. The discrepancy can 
be explained by additional environmental heat losses that are not pre
sent in the controlled lab setting, specifically wind (up to 9.2 m h− 1) and 
lower ambient temperature. Simple steps like a transparent wind screen 
around the evaporator and better side insulation could be used to reduce 
these losses in real-world applications, bringing outside performance 
closer to the theoretical prediction. These improvements are simple and 
will be investigated in subsequent research to optimize practical effi
ciency. Fig. 9d and e provide a thorough quantification of the purifying 
capabilities, which is a key benefit of this multifunctional design. 
Common ion concentrations were drastically reduced in the condensate 
from simulated high-salinity water: Na+, K+, Mg2+, and Ca2+ were 
lowered from thousands of mg L− 1 to less than 2 mg L− 1, exceeding 

Fig. 9. Outdoor practical performance and comprehensive water purification assessment. (a-b) Photographs of the evaporator during outdoor testing show side and 
top views of steam generation. (c) Diurnal variation of key environmental parameters (solar intensity, humidity, wind speed) and the corresponding evaporation rate 
over a 10-hour outdoor test. (d) Concentration of common ions (Na+, K+, Mg2+, and Ca2+) in simulated seawater feed and the collected freshwater condensate. (e) 
Concentration of heavy metal ions (Cu2+, Co2+, Fe2+, and Pb2+) in simulated wastewater feed and the collected freshwater condensate. (f) Evaporation rate of the 
NCAL@CNT-NW evaporator measured in various water sources, demonstrating its versatility.
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99.9% rejection and satisfying WHO drinking water requirements. More 
importantly, the evaporator showed remarkable effectiveness in elimi
nating hazardous heavy metal ions. Cu2+, Co2+, Fe2+, and Pb2+ con
centrations were likewise lowered to almost or less than 1 mg L− 1, 
indicating rejection efficiencies greater than 99.97%. Lastly, a variety of 
practical and challenging water sources were used to assess the evapo
rator’s adaptability (Fig. 9f). In freshwater (2.3 kg m− 2 h− 1) and 
seawater simulation (2.1 kg m− 2 h− 1), it maintained significant evapo
ration rates. With rates ranging from 1.7 to 1.9 kg m− 2 h− 1, it also 
demonstrated strong performance in contaminated media, such as dye 
solutions (methyl orange, methylene blue), acidic/alkaline solutions, 
and actual lake/river water. The solutes’ little light absorption or scat
tering is the reason for the somewhat lower rates in chemically complex 
or colored waters. This steady performance highlights the system's po
tential as an off-grid, worldwide method of obtaining freshwater from 
almost any source, combining rigorous purification with high output. 
Moreover, the evaporation rate closely followed the solar intensity with 
no symptoms of performance decline, indicating stable functioning 
under realistic variable conditions, despite the outside test being carried 
out during a single daytime cycle (10 h). This stability is consistent with 
the accelerated salt-rejection test (Fig. 8), which verified efficient self- 
cleaning, and the materials' strong performance in acidic and alkaline 
environments (Fig. 9f), which demonstrated chemical resistance. Future 
research will confirm the long-term chemical and physical endurance of 
the photothermal coating and PU foam through extended multi-day 
cycling tests, including nighttime recovery.

3.1. Stability and metal leaching assessment

For practical applications, the NCAL-CNT evaporator's long-term 
stability is crucial, especially due to the possibility of transition metal 
(Ni, Co) leaching in chemically harsh environments [29,30]. As seen in 
Fig. 9f, the evaporation performance was assessed in both acidic (pH 3) 
and alkaline (pH 11) environments. In both media, the evaporator 
maintained steady evaporation rates of 1.8 kg m− 2 h− 1, which are only 
marginally less than the rate in neutral freshwater (2.3 kg m− 2 h− 1). 
This consistent performance shows that even in chemically demanding 
conditions, the composite structure is still functional and intact. Previ
ous research on LiNi0.8Co0.15Al0.05O2 (NCA) supports the stability of the 
NCAL component in aquatic settings. When exposed to water, NCA 
particles naturally create a protective Li2CO3 surface layer that prevents 
nickel and cobalt from dissolving further [31]. Additionally, the NCAL 
particles are encapsulated by the polyvinyl alcohol (PVA) binder 
employed in the production, which lessens direct water interaction and 
further reduces the possibility of metal leaching [32]. The metal con
centrations in the condensate throughout the evaporation tests were 
determined by ICP-OES to be below the detection limit (0.01 mg L⁻¹ for 
both Ni and Co), which is well within the WHO drinking water recom
mendations (Ni: 0.07 mg L− 1; Co: 0.05 mg L− 1) [33]. These findings 
verify that secondary metal contamination is not introduced during 
operation by the NCAL-CNT evaporator.

3.2. Economic feasibility considerations

The multifunctional performance shown in this work justifies the 
usage of battery-grade NCAL (purity > 99.8%), even if it is more 
expensive than traditional carbon-based photothermal materials 
[34–36]. The NCAL-CNT composite concurrently achieves a high 
evaporation rate (2.30 kg m− 2 h− 1, 91.4% efficiency), > 99.9% removal 
of heavy metal ions (Pb2+, Cu2+, Co2+, Fe3+), and excellent salt 
self-cleaning, in contrast to carbon-only evaporators that mainly address 
salinity. This eliminates the need for separate water treatment units, 
thereby offsetting the initial material cost. Additionally, the actual 
material cost per device remains low because the active material loading 
per evaporator is very low (~100 mg of NCAL, based on a 1:1 mass ratio 
with CNTs, for a 200 mg total composite). A long operational lifetime 

improves the lifecycle cost-benefit ratio because of the strong structural 
integrity and steady performance over prolonged operation (Fig. 9c) 
[37,38]. Economies of scale are anticipated to significantly lower unit 
costs as NCA materials are mass-produced for the electric car market 
[39]. In order to improve economic feasibility without compromising 
performance, future research could investigate the use of recycled or 
lower-purity NCAL from wasted lithium-ion batteries.

4. Conclusion

In conclusion, we have successfully developed a novel V-shaped 
NCAL@CNT-NW photothermal heat harvesting fabric by incorporating 
NCAL decorated with multi-walled CNTs onto a hydrophilic nonwoven 
fabric. The synergistic combination of the composite's excellent photo
thermal properties and the V-shaped cavity's heat-trapping capability 
resulted in a system that effectively localizes thermal energy at the 
water-air interface. This design achieved an exceptional evaporation 
rate of 2.30 kg m− 2 h− 1 with a corresponding solar-thermal conversion 
efficiency of 91.4% under 1 sun illumination. Furthermore, the evapo
rator demonstrated robust anti-salt-fouling performance, where pre- 
loaded salt crystals were completely dissolved and rejected within 
300 min, ensuring long-term operational stability. While the current 
study shows excellent salt‑rejection and stable operation during a full 
daytime cycle, future work will involve multi‑day cyclic tests under 
alternating day‑night circumstances to further validate long‑term 
durability for practical deployment. Beyond pure water production, the 
system exhibited outstanding multifunctional purification capabilities, 
effectively removing over 99.9% of common seawater ions (Na+, K+, 
Mg2+, and Ca2+) and toxic heavy metal ions (Cu2+, Co2+, Fe2+, and 
Pb2+). The evaporator also maintained stable performance across 
diverse water sources, including seawater, acidic/alkaline solutions, and 
dye-contaminated water, and under real, fluctuating outdoor condi
tions. This work presents a significant advancement in solar-driven 
water purification technology, moving beyond simple desalination to 
address complex water contamination.
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