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A B S T R A C T

The solar steam generation (SSG) system is a promising, sustainable, and environmentally friendly technology 
that has garnered significant attention for its ability to produce freshwater using sunlight as a renewable energy 
source. However, solar energy is inherently intermittent, as its utilization depends on factors such as time of day 
and weather conditions, with daytime cloud cover often reducing sunlight intensity and compromising evapo
ration performance. To address this, we incorporated both hydrophilic and hydrophobic phase-change materials 
(PCMs) into the top layer of a dual-layer hydrogel (DLH) SSG to enhance heat management. Under solar irra
diation, the top evaporating layer generates significant heat, rapidly elevating the surface temperature while the 
phase change material (PCM) concurrently stores thermal energy. During periods of interrupted solar exposure, 
the PCM releases stored heat, ensuring continuous water evaporation in the DLH SSG. The system achieved an 
evaporation rate of 3.52 kg m–2h–1 under one-sun irradiation, corresponding to an efficiency of 83 %, and 
sustained an evaporation rate of 26 g m–2 min–1 of lightless operation. Furthermore, the DLH SSG system fa
cilitates salt removal and sterilization via the bottom layer that contained positively charged polymers, thereby 
offering an effective and practical approach to seawater desalination or lake water treatment to address critical 
water scarcity challenges.

1. Introduction

Our ongoing water crisis presents a persistent challenge primarily 
driven by the steadily increasing demand for water. This annual growth 
of approximately 1 % in water demand can be attributed to the growing 
needs in various economic sectors, including industrial manufacturing, 
power generation, agricultural, and domestic use. Our current water 
production system may not provide a sustainable solution in the long 
term due to its high operational costs, harmful by-products, and ther
modynamic limitations [1–3].

A greener alternative water production system known as solar steam 
generation (SSG) has captured significant attention due to its promising 
potential for sustainable water production and filtration. SSG utilizes 
renewable solar energy to distill contaminated water through heat 
generated by photothermal materials (PTMs) such as plasmonic nano
particles, semiconductors, conjugated polymers, and carbon materials 

[4–6]. The reinvention of the SSG evaporation strategy from volumetric 
to interfacial evaporation has enabled more efficient evaporation by 
localizing heat production and conversion at the evaporation interface, 
thereby minimizing conductive heat loss to the bulk water [7].

Despite this, current interfacial SSG systems continue to face chal
lenges in heat management. A significant issue is the considerable heat 
loss to the surrounding environment through convection and radiation, 
leading to an inefficient water production rate [8,9]. There have been 
many methods of suppressing heat loss in SSG systems. For example, 
incorporating low thermal conductive materials or insulators as the base 
of interfacial SSGs is a simple approach to minimize heat loss to bulk 
water [10,11]. Another strategy involves using Janus SSGs with a hy
drophilic bottom layer and a hydrophobic top layer, effectively reducing 
heat loss by limiting the evaporator’s exposure to bulk water [12,13]. 
Furthermore, solar itself is characterized by intermittency, and its uti
lization efficiency is influenced by factors such as the time of day and 
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weather conditions. For instance, clouds during the day can temporarily 
reduce sunlight intensity, directly impacting the photothermal conver
sion and, consequently, the water evaporation performance of SSGs. 
Fluctuations in solar irradiance can lead to thermal instability, high
lighting the need for innovative strategies to store and manage thermal 
energy, ensuring stable performance even during periods of reduced 
solar input.

To address these challenges, this study aims to develop a cost- 
effective, dual-layer hydrogel-based SSG system integrated with phase- 
change materials (PCMs) to enhance heat retention and maintain sta
ble water evaporation rate under varying solar conditions. Additionally, 
the study seeks to evaluate the system’s scalability and effectiveness for 
practical desalination and water purification applications.

Phase-change materials (PCMs) are widely utilized in building ap
plications and battery thermal management systems due to their phase- 
transition nature of storing and releasing latent heat energy [14–17]. 
The incorporation of PCM in an SSG system potentially allows for excess 
heat storage produced by PTM’s light conversion, generating consistent 
surface temperature under the absence of light. However, PCM encap
sulation within porous materials tend to contain leakage issue due to 
PCM’s volume expansion during its solid to liquid phase transition [18]. 
In this study, we developed cost-effective, PCM containing dual layer 
hydrogels (denoted as DLHPCMs) by incorporating PTM and hydrophilic 
PCM polyethylene glycol (PEG1500) or hydrophobic PCM docosane 
PCM into the top layer of the DLH using copolymerization and vacuum 
encapsulation strategies. This strategy allows both hydrophilic and hy
drophobic PCMs to be encapsulated within a porous DLH hydrogel, 
resulting in excess heat energy generated by the PTMs to be stored in the 
DLH SSG material through the PCM, effectively reducing heat loss. It 
was demonstrated that, due to the heat storage property of the PCM, the 
surface temperature of the DLHPCM increased, achieving a water 
evaporation rate of 3.52 kg m-2h− 1 under sunlight irradiation. In the 
absence of solar irradiation, the PCM released the stored heat in 20 min, 
maintaining an evaporation rate of 0.51 kg m− 2. Moreover, DLHPCM 
exhibited stable performance in desalination and lake-water filtration, 
effectively removing over 99.9 % of metal ions and bacteria from local 
seawater and lake-water sources. Additionally, its scalability was 
demonstrated through outdoor seawater desalination tests, yielding a 
water output of 12.38 L m− 2 day− 1. This result thus underscores its 
potential for large-scale clean water harvesting applications in the 
future.

2. Experimental

2.1. Materials

All reagents including polyvinyl alcohol (PVA, Mw: 89 – 98 kDa), [2- 
(acryloyloxy)ethytrimethyl ammonium chloride (AETAC, 80 wt% in 
H2O), N,N’-methylenebis(acrylamide) (BIS, 99 %), N,N,N’,N’-tetra
methyl ethylenediamine (TEMED, 99 % aqueous solution), ammonium 
persulfate (APS), glutaraldehyde (GA, 25 % aqueous solution), graphene 
oxide (GO), polyethylene glycol (PEG1500, Mw: 1,500 Da), and doco
sane (99 %) were purchased from Sigma-Aldrich and used without 
further purification.

2.2. The synthesis of dual-layer hydrogel (DLH)

The bottom layer of DLH was synthesized by adding, mixing, and 
sonicating 44.2 mg BIS crosslinker, 0.6 mL AETAC monomer, 10 mL 10 
wt% PVA solution, and 75 µL TEMED catalyst. The evenly mixed solu
tion was then added with 1 mL of 100 mg mL− 1 APS initiator to solidify 
the mixture and form the bottom layer. Subsequently, a solution con
taining 5 mL 10 wt% PVA solution and 5 mL of 1 mg mL− 1 GO solution 
was evenly mixed and placed on top of the solidified DLH’s bottom 
layer. The mixture solution was then added with 125 µL of 25 wt% GA 
crosslinker, followed by 250 µL 1 M HCl drop-wise. The mixture was 

then gently stirred for the solution to evenly mixed, and left under room 
temperature for the solution to solidify, affording the top layer. The 
prepared DLH was then frozen overnight at − 20 ◦C and frozen dried for 
approximately 48 h.

2.3. The synthesis of dual-layer hydrogel containing phase change 
material (DLHPCM)

DLHPCM-Docosane hydrogels were synthesized by melting specific 
amounts of docosane by heating it above 50 ◦C for approximately 10 
min. The prepared DLH hydrogels were then placed in a vacuum oven at 
70 ◦C and 1 bar of pressure, where they were exposed to 1, 2, and 3 g of 
docosane until all PCM was absorbed, resulting in the formation of 
DLHPCM1g, DLHPCM2g, and DLHPCM3g respectively.

DLHPCM-PEG1500 hydrogels were synthesized by mixing 5 mL 10 
wt% PVA solution, 5 mL of 1 mg mL− 1 GO solution, and 1 g PEG1500 
PCM. The mixture was heated to 90 ◦C and stirred at 1000 rpm to fully 
melt and blend the PCM within the mixture. After an hour, various 
amounts of GA crosslinker and 250 µL of 1 M HCl catalyst were added to 
the blended mixture. The mixture was then shaken gently and left at 
room temperature to form the top layers. Thereafter, a mixture solution 
containing BIS, AETAC, PVA and EMED, and APS was added and so
lidified using 1 mL of 100mgmL− 1 APS at room temperature. Once the 
mixture is crosslinked, the prepared DLHPCM was frozen overnight to 
then be frozen-dried for 48 h. The prepared DLHCPMs containing 125, 
250, and 375 µL GA crosslinker are denoted as DLHPCM125, 
DLHPCM250, and DLHPCM375, respectively.

2.4. Characterization

Scanning electron microscope (SEM) imaging of all hydrogels was 
captured by Zeiss Supra 55VP. Fourier-Transform Infrared (FTIR) 
spectroscopy SHIMADZU MIRacle 10 single reflection ATR accessory 
was used to confirm the chemical composition of all hydrogels. The light 
absorption property of hydrogels was observed using Cary 7000 Uni
versal Measurement ultraviolet–visible-near infrared (UV–VIS-NIR) 
spectrophotometer between the range 350 – 2500 nm. The vaporization 
enthalpies and charge discharge property were measured using 
NETZSCH Differential Scanning Calorimetry (DSC) 300 Caliris. Filtered 
water obtained from water filtration of seawater and lake water was 
analayzed by Agilent 7900 Inductively Coupled Plasma Mass Spec
trometry (ICP-MS).

2.5. Indoor solar steam generation

Water evaporation performance and water filtration tests were 
conducted under an inhouse built cabinet box using a laboratory solar 
light simulator (NBeT HSX-F3000) xenon light source, adjusted, and 
calibrated to one sun irradiation (≤1 kW m− 2). The solar light simulator 
was turned on for approximately 20 min prior to the water evaporation 
testing to stabilize and equilibrate with the surrounding environment. 
Water evaporation mass loss was measured sequentially every 4 min for 
1 h cycle using an analytical mass balance (OHAUS Pioneer IC-PX124). 
The surface temperature of each hydrogel was captured and recorded 
using a thermal camera (Fluke PTi120) for every 5 min. The collected 
filtered water was obtained via a glass jar to be ICP-MS.

2.6. Outdoor solar steam generation

The outdoor solar steam generation (SSG) test was conducted using a 
custom-built device designed to evaluate the performance of hydrogel 
scaling for water production and vapor collection. The setup features 
two TEC1-12706 thermoelectric (TE) modules water-cooling condenser 
that utilized pumped recycled seawater to create a cold air environment 
within the evaporation chamber. This cold air was injected into the 
chamber using two 60x60 mm, 15 V cooling fans. Both the water pump 
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and cooling fans were powered by a Rovin 300 W portable power sta
tion, recharged via a 12 V 10 W portable solar panel. Temperature and 
solar irradiation were monitored and recorded approximately every 30 
min from 8.30 AM to 5.30 PM. The filtered seawater collected during the 
experiment was measured to assess the water production performance.

2.7. Anti-bacterial study

The bactericidal efficiency of the hydrogel was evaluated against 
Gram-positive pathogen S. Aureus ATCC 29213. Hydrogel samples were 

sectioned into small pieces, immersed in PBS for 24 h, and allowed to 
fully swell, reaching a mass of ca. 70 mg. The swollen hydrogel samples 
were then transferred to a 24-well microplate (Costar, Corning). Sepa
rately, a single bacterial colony was cultured in 10 mL of Mueller-Hinton 
Broth (MHB) at 37 ◦C with 180 rpm shaking overnight. The overnight 
culture was diluted in phosphate-buffered saline (PBS) such that the 
bacteria concentration was ca. 107 CFU mL− 1 for the killing study. The 
bacterial suspension was then added into the wells containing the 
hydrogel samples (ca. 1 mL bacteria suspension per 100 mg swollen 
hydrogel). A negative control, consisting solely of the bacterial 

Fig. 1. Schematic of DLHPCM-Docosane and DLHPCM-PEG1500 synthesis.

Fig. 2. Scanning electron microscope (SEM) cross-sectional images of DLH (a, b), DLHPCM-PEG1500 (e, f), and DLHPCM-Docosane (i, j), as well as evaporative 
surface images of DLH (c, d), DLHPCM-PEG1500 (g, h), and DLHPCM-Docosane (k, l).
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suspension without hydrogel, was also included. The microplate was 
incubated at 37 ◦C for 24 h, after which the samples were subjected to 
ultrasonication (150 W, 40 kHz, Australia) for 10 min. The viability of 
planktonic cells in each well was then determined by a drop plate 
method where the planktonic cells were serially diluted in PBS and 
plated onto Luria Bertani agar. After 24 h incubation at 37 ◦C, the 
bacteria colonies were counted and CFU analysis was performed. Each 
assay was performed in duplicate and repeated in two independent 
trials.

3. Results and discussion

3.1. Preparation and characterization of DLHPCMs

In this study, novel double-layered hydrogels (DLHs) incorporating 
hydrophobic or hydrophilic phase change materials (PCMs) were syn
thesized, alongside a bare DLH without PCM for comparison. The bot
tom water-absorbent layer of all samples was formulated using polyvinyl 
alcohol (PVA) and poly[2-(acryloyloxy)ethytrimethyl ammonium chlo
ride] (PAETAC) to optimize water absorption and mechanical proper
ties. The top layers consisted of PVA and graphene oxide (GO), with 
chemical bonding between the bottom and top layers were achieved 
through the reaction between the hydroxyl (–OH) groups of PVA and 
aldehyde (–CHO) groups of glutaraldehyde (GA), as shown in Fig. 1.

Hydrophobic docosane and hydrophilic polyethylene glycol 1500 
(PEG1500) PCMs were encapsulated within the top layer to create 
DLHPCMs. For docosane, pristine DLHs were immersed in melted 
docosane at varying concentrations (1, 2, and 3 g) under vacuum con
ditions, resulting in DLHPCM-Docosane samples designated as 
DLHPCM1g, DLHPCM2g, and DLHPCM3g, respectively. The encapsu
lation process revealed that the hydrogel, with an average mass of 2 g 
after freeze drying, could effectively incorporate up to 3 g of docosane. 
However, beyond this threshold, the absorption rate of melted docosane 
significantly declined, and leakage of encapsulated docosane was 
observed.

A customized DLHPCM-PEG1500 hydrogel was synthesized using a 
top-down approach to address the coagulation tendency of PEG1500 
during cooling, differing from conventional DLHs. The top layer was 
prepared by mixing PEG1500, PVA, and GO, followed by heating and 
continuous stirring to ensure uniform heat distribution and prevent 
coagulation. After introducing the crosslinker and catalyst, the solution 
was allowed to cool at room temperature, facilitating hydrogel forma
tion. Subsequently, the bottom layer, consisting of the same PVA and 
PAETAC composition, was prepared and layered onto the previously 
gelled top layer. In contrast, PEG1500 loading was restricted to 1 g due 

to pronounced coagulation with PVA at higher mass loading. This lim
itation arises from the encapsulation mechanism of PEG1500, where 
increased mass loadings exacerbate its tendency to copolymerize with 
PVA [19,20], leading to the formation of micelle-like particles at 
elevated temperatures.

As shown in Fig. 2, the microstructures of the DLHPCMs (Fig. 2e and 
i) exhibit a well-integrated bilayer architecture, analogous to the 
structure observed in pristine DLHs (Fig. 2a). This structural coherence 
is attributed to the incorporation of PVA in both the top and bottom 
layers, enhancing interlayer compatibility. Cross-sectional SEM images 
of all hydrogels (Fig. 2b, f, and j) reveal a combination of micro- and 
macroporous structures, which promote efficient water transport within 
the hydrogel matrix.

The upper layers of the DLHPCM-PEG1500 (Fig. 2f) and DLHPCM- 
Docosane (Fig. 2j) demonstrate successful encapsulation of the respec
tive PCMs, as evidenced by distinct PCM particles embedded within the 
matrix. Top-view SEM images reveal high surface roughness across the 
evaporative surface of all hydrogels, a feature that enhances light ab
sorption properties consistent with previous studies [2].

Notably, the encapsulation of both hydrophilic PEG1500 and hy
drophobic docosane partially obstructed water transport pathways by 
covering the large pores in the hydrogels. In addition, the DLHPCM- 
Docosane hydrogel displayed a significantly reduced porous structure 
(Fig. 2j – l). Consequently, water evaporation in the DLHPCM-Docosane 
hydrogel is confined to small openings on the surface, as depicted in 
Fig. 2k. In contrast, the encapsulation of hydrophilic PEG1500 did not 
exhibit this limitation, preserving open water transport pathways 
throughout the hydrogel structure.

The presence of PVA, PAETAC, and GO within all three types of 
hydrogels was confirmed by the FTIR spectra analysis (Fig. 3a). The 
characteristic peaks corresponding to DLH’s O-H, C=O, and C-O vibra
tional stretching were observed at 3298, 1646, and 1084 cm− 1 respec
tively, consistent with previous reports [21–23]. The successful 
encapsulation of docosane within the DLH hydrogel was verified by the 
presence of broad C-H vibrational peaks, with sub-peaks identified at 
2952, 2913, and 2847 cm− 1 [24]. In contrast, the encapsulation of 
PEG1500 was more challenging to confirm via FTIR due to its over
lapping functional groups with PVA, PAETAC and GO, such as the broad 
O-H and C-O stretching at 3298 and 1084 cm− 1 [25]. However, besides 
SEM, the presence of PEG1500 was further corroborated by DSC signals 
of DLHPCM125, 250, and 375 as discussed below. Moreover, the top 
layers of all hydrogels exhibited broad light absorption across the 
UV–VIS-NIR range, effectively converting absorbed electromagnetic 
wave into heat, as demonstrated by the UV spectra presented in Fig. 3b.

PEG1500, docosane, and DLHPCM unsaturated hydrogels were 

Fig. 3. (a) Fourier-Transform Infrared (FTIR) and (b) ultraviolet–visible-near infrared (UV–VIS-NIR) spectra showing the chemical composition and light absorption 
ability of the hydrogels, respectively.
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subjected to DSC analysis under a heating and cooling cycle between 5 
and 70 ◦C, with a heating rate of 5 ◦C min− 1, to evaluate the heat charge/ 
discharge behavior of the PCMs. As shown in Fig. 4a and b, PEG1500 
exhibited a lower latent enthalpy for both charge and discharge pro
cesses compared to docosane. Notably, PEG1500′s demonstrated com
parable latent enthalpy values during both charging and discharging. In 
contrast, docosane displayed a higher discharge latent enthalpy relative 
to its charge enthalpy, indicating a higher heat energy output. However, 
docosane discharges its stored latent enthalpy over a narrower tem
perature range, suggesting that PEG1500 retains heat for a longer 
duration despite its lower overall thermal energy output.

his charge/discharge behavior of PEG1500 and docosane was simi
larly observed in DLHPCM hydrogels, as shown in Fig. 4c – f. However, 
the encapsulation of both PCMs within the DLHs resulted in a reduction 
in latent enthalpy for both charge and discharge processes. This reduc
tion can be attributed to several factors: the high hydrogel content 
relative to the encapsulated PCM, as well as bonding interactions be
tween the PCMs and the hydrogel matrix. These factors likely create a 
thermal barrier that inhibits the heat storage and output capabilities of 
the PCMs. Additionally, the hydrogel structure confines the PCM mol
ecules, restricting their molecular mobility and impeding their ability to 
undergo a complete phase transition, ultimately reducing their latent 
enthalpy [26].

Saturated DLH and DLHPCM hydrogels were then heated from 30 to 
200 ◦C at a rate of 5 ◦C min− 1 via DSC to examine and compare their 
water evaporation enthalpy characteristics with those of pure water, as 
shown in Fig. 5a. The result revealed distinct differences in the water 
evaporation process between the hydrogels and bulk water. The heat 
flow signal of water reached its maximum peak at roughly 100 ◦C, 
indicating complete water evaporation, followed by a sharp decline. In 
contrast, all hydrogels exhibited broader heat flow signal peaks 
compared to water. The DLHPCM-Docosane hydrogels displayed a slight 
reduction in the maximum evaporation enthalpy relative to water, 
indicating a decrease in evaporation enthalpy. In contrast, the DLHPCM- 

PEG1500 hydrogels exhibited the lowest evaporation enthalpy, followed 
by DLH, DLHPCM-Docosane and pure water (Table S3). In addition, the 
peak of the heat flow signal for all hydrogels shifted to a lower tem
perature range compared to pure water, suggesting that the water 
molecules within the hydrogels experienced early water release due to 
the presence of weak molecular interactions, known as intermediate 
water [1,2,27–29]. Importantly, the DSC analysis of the DLHPCM125 
heat flow signal confirmed complete water evaporation, with an early 
water release peak at temperatures below 100 ◦C, followed by a higher 
temperature peak, indicative of the strong bonding of bound water 
molecules within the DLHPCM125 polymeric matrix.

The interactions of water molecule vibrational modes within their 
surrounding can be observed through the Gaussian sub-bands in the 
Raman spectral OH-region (2500 – 4000 cm− 1). These sub-bands can be 
differentiated into different donor (D) and acceptor (A) bonding species, 
including DAA-OH (2950 – 3100 cm− 1), DDAA-OH (3200 – 3350 cm− 1), 
DA-OH (3400 – 3500 cm− 1), and DDA-OH (3500 – 3600 cm− 1), with an 
additional free OH2 sub-band (3600 – 3700 cm− 1) [30–32]. These 
vibrational stretching modes can be categorized into either strongly 
bonded free water (FW) containing DAA-OH and DDAA-OH vibrations, 
as well as weakly bonded intermediate water (IW) containing DA-OH 
and DDA-OH vibrations [33,34]. Weakly bonded IW molecules have a 
lower energy barrier, making them more susceptible to dissociation at 
finite temperatures. Their metastable nature promotes frequent proton 
exchanges with neighboring water molecules, forming H3O* units. This 
dynamic exchange weakens the hydrogen bonds, enabling IW to break 
free with minimal energy input and be released as small water clusters, 
which leads to faster water evaporation [2]. These modes are also pre
sent in the Raman spectra of DI water, DLH, and all DLHPCMs as shown 
in Fig. 5b ¡ i. All hydrogels exhibited a higher IW:FW molar ratio 
compared to pure water, which facilitates a faster water evaporation 
rate as previously discussed. This observation also applies to DLHPCM- 
Docosane, further supporting the argument. Additionally, the IW:FW 
ratio results reflect the DSC evaporation enthalpy outcomes, 

Fig. 4. Differential Scanning Calorimetry (DSC) charge discharge results of (a) PEG1500, (b) Docosane, (c) DLHPCM1g, (d) DLHPCM125, (e) DLHPCM250, and 
(f) DLHPCM375.
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demonstrating the correlation of IW content to lowering the hydrogel’s 
evaporation enthalpy.

3.2. Enhanced heat management

The frozen-dried samples of DLH and DLHPCMs were initially 
weighted to obtain their dehydrated mass. Each of the samples was then 
submerged within water to investigate each the water uptake rate. The 
mass was measured and recorded for every 5 min in an hour period to 
obtain its water absorption rate. To quantify the water evaporation 
performance of each hydrogel, solar steam generation (SSG) experiment 
was conducted using an in-house laboratory setting. As shown in Fig. 6a, 
a hydrogel sample was placed on a thermal insulating polystyrene (PS) 
foam to avoid any unnecessary water evaporation. A highly saturated 
tissue was wrapped on to the hydrogels to facilitate water transport for 
continuous water distillation (Fig. S1). The SSG process was initiated by 
a laboratory solar light simulator with an intensity of 1 kW m− 2 (one sun 
irradiation). This setup was placed on top of a polyethylene (PE) foam to 
avoid any heat conduction from the mass balance base plate. The surface 
temperatures of all samples were determined via IR measurements. Mass 
loss was then recorded sequentially to determine each hydrogel’s 
evaporation performance. Water evaporation under light exposure was 
conducted for 60 min, after which the light source was turned off. 
Subsequently, water evaporation was measured in the dark for 20 min to 
assess and compare the heat storage performance of each phase change 
material (PCM).

As shown in Fig. 6b, increasing the concentration of docosane 
significantly boosts heat generation rates in DLHPCM-Docosane hydro
gels. However, further increasing the concentration from 2 g to 3 g ap
pears to yield no additional improvement in heat generation. In contrast, 
within the DLHPCM-PEG1500 hydrogels, increasing crosslinking den
sity allows the hydrogel to generate heat at a faster rate. This is because 
heat conduction primarily occurs through nonbonding (van der Waals) 
interactions and covalent bonding. Higher crosslinking density reduces 
the polymer interchain distance, therefore increasing the rate of heat 
conduction [35]. Specifically, the incorporation of hydrophobic PCM 
significantly increased the surface temperature of the DLHPCM- 
Docosane samples to 60–65 ◦C, compared to the surface temperatures 
of DLHPCM125 to DLHPCM375, which were ~ 48 ◦C (Fig. 6b). Never
theless, the surface temperatures of all DLHPCM samples exceeded that 
of the control DLH, which remained below 40 ◦C after one hour irradi
ation. When light exposure was blocked, all DLHPCM hydrogels retained 
relatively high surface temperatures after 1 h, with DLHPCM-3 g 
achieving the highest temperature at 27 ◦C. This indicates that the PCMs 
effectively released stored heat for continued utilization.

As shown in Fig. 6c, DLHPCM375 achieved the highest water evap
oration rate of 3.52 kg m-2h− 1 compared to pure water, the DLH control, 
and other DLHPCMs. This is primarily because it increases the IW con
tent, lowers the evaporation enthalpy of water, and optimizes the sur
face temperature, facilitating rapid water evaporation. The DLHPCM375 
hydrogel outperformed the DLH and other DLHPCMs by achieving 
higher dark water evaporation when the light source was removed, with 

Fig. 5. Differential Scanning Calorimetry (DSC) analysis on water evaporation enthalpy of pure water and hydrogels. Raman spectra of (b) water, (c) DLH, (d-f) 
DLHPCM-PEG1500, and (g-i) DLHPCM-Docosane.
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an additional 0.51 kg m–2 of water evaporated over a 20-minute period 
which is 35 % and 75 % higher compared to DLH and pure water, 
respectively. Despite the good water evaporation performance of the 
DLH under sunlight, the DLHPCM125 and DLHPCM250 demonstrated 
faster water evaporation rates during light-cutoff conditions, as sum
marized in Table S1. These findings demonstrate that incorporating 
PCM materials into the SSG systems not only raises the evaporation 
surface temperature but also stores excess heat, enabling water evapo
ration even in the absence of sunlight. Additionally, Table S2 presents 
the evaporation rates following irradiation shutdown for state-of-the-art 
PCM-containing SSG systems. The DLHPCM375 hydrogel stands out, 
achieving the highest surface temperature of 48 ◦C and an evaporation 
rate of 26 g m–2 min–1 among 2D evaporators, which is comparable to 
the evaporation rate of the 3D hydrogel/ fiber evaporator with solid
–solid phase change materials (SPCM).

As shown in Fig. 6d, we further investigated the dark water evapo
ration properties of all the hydrogels and found that DLHPCM375 
exhibited the highest dark evaporation rate. This superior performance 
was attributed to the encapsulated PCM PEG1500, which contains a 
greater number of hydrophilic functional groups. These groups 
increased the IW content and significantly reduced the enthalpy of 
evaporation (refer to previously discussion and shown in Fig. 5b – i).

It is important to note that the enthalpy of evaporation obtained from 
DSC measurements differs from the theoretical enthalpy of evaporation 
derived from dark water evaporation. This discrepancy arises because, 
in DSC testing, the saturated hydrogel undergoes complete dehydration, 
whereas only partial evaporation occurs during the dark water evapo
ration process. Consequently, the hydrogel’s theoretical evaporation 
enthalpies are lower than the value determined by DSC.

The theoretical enthalpy can be thermodynamically determined 
through the water and hydrogels dark water evaporation rate as shown 
in Eq. (1). 

Uin = ṁwΔHw = ṁhΔHvap (1) 

where ΔHw represents the bulk water theoretical evaporation enthalpy 

ΔHvap denotes the evaporator’s equivalent evaporation enthalpy, ṁw is 
the mass change of bulk water, and ṁh is the hydrogel’s water mass 
change [1,2,29,36].

Both DLHPCM-PEG1500 and DLHPCM-Docosane showed the same 
enthalpy trend for both DSC obtained and theoretical value. DLH and 
DLHPCM125 theoretical enthalpy demonstrated the opposite effect 
compared to their obtain DSC enthalpy. This explains why DLH would 
have a higher dark water evaporation rate than DLHPCM125. This 
phenomenon is caused by the reduction of DLHPCM125 water saturated 
content and transport rate caused by the PCM encapsulation. This is 
demonstrated by the first 25 min of DLH and DLHPCM125 similar dark 
water evaporation performance. The similarity in performance indi
cated that DLHPCM125′s low evaporation enthalpy effectively offsets 
DLH’s high saturated water content and transport rate. However, due to 
DLHPCM125 low water absorption rate, DLH outperforms it within the 
remainder of the 1-hour continuous distillation period.

The water evaporation performance efficiency of each hydrogel can 
be determined as shown in Eq. (2). 

η =
ṁh(CpΔT + ΔHvap)

coptIAΔt
(2) 

where Cp is the specific heat capacity of water (4.18 kJ kg− 1 K− 1), ΔT is 
the liquid temperature change, copt is the optical concentration, I is the 
solar irradiation, A is the evaporator’s exposed surface area and Δt is the 
evaporation period [1,2,29,36].

Fig. 6e highlights the water evaporation rate and efficiency summary 
of DLH and each DLHPCM hydrogel. Among the DLHPCM-PEG1500, it 
appears that increasing the crosslinking density seems to increase the 
water evaporation rate. As mentioned, DLHPCM375 showed the highest 
water evaporation rate, followed by DLHPCM250 and DLH. Despite its 
fast evaporation rate, DLHPCM375 and DLH showed relatively lower 
efficiencies of 83 % compared to DLHPCM125, which had the highest 
efficiency at 91 %, and DLHPCM250, which displayed the lowest effi
ciency at 80 %. The reduced efficiency of DLHPCM375 can be attributed 
to its high surface evaporation temperature and low evaporation 

Fig. 6. (a) Schematic diagram of water evaporation test setup. (b) Saturated hydrogels’ surface temperature throughout water evaporation test exposed under 1 sun 
(≤1 kW.m− 2). (c) Light and (d) dark water evaporation rate performance of water, DLHPCM-PEG1500, and DLHPCM-Docosane hydrogels. (e) Water evaporation 
performance and efficiency summary of all hydrogels. (f) Summary of water transport rate of hydrogels.
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enthalpy, which promote rapid water release. However, its limited 
saturation capacity and insufficient water absorption rate, as shown in 
Fig. 6f, hinder water replenishment within the hydrogel, thereby 
decreasing its overall efficiency. In contrast, DLH, with its lower surface 
temperature and higher evaporation enthalpy, possesses a high satura
tion capacity and water absorption rate, ensuring sufficient water 
replenishment for evaporation. Nevertheless, its inefficiency is likely 
due to oversaturation, which results in heat loss and higher evaporation 
enthalpy, negatively impacting its performance. Meanwhile, 
DLHPCM125 achieves an optimal balance of water absorption, heat 
generation, and water absorption. This combination enables a favorable 
surface temperature, evaporation enthalpy, and sufficient replenish
ment, resulting in the highest efficiency despite its slower evaporation 
rate. On the other hand, DLHPCM250, while having a water absorption 
rate similar to DLHPCM375, generates heat a slower rate, which con
tributes to its comparatively lower efficiency among the DLHCPM- 
PEG1500 hydrogels.

For DLHPCM-Docosane, the water evaporation performance of all 

hydrogels significantly decreased, showing low evaporation efficiency 
despite achieving very high surface temperatures. This decline is pri
marily attributed to the incorporation of hydrophobic docosane. As 
confirmed by the FTIR results discussed earlier, the presence of doco
sane reduces the abundance of hydrophilic functional groups, thereby 
increasing evaporation enthalpy. Additionally, its hydrophobic nature 
limits the hydrogel’s water absorption capacity, resulting in inadequate 
water replenishment and further diminishing evaporation efficiency.

Hydrogel’s water absorption rate can be measured by their water 
transport rate (V), half-saturation time (t), and saturated water content 
(Q) as shown in Eq. (3) and Eq. (4). 

Q = W/Wdry (3) 

V = 0.5Qs/t (4) 

where W/Wdry is the ratio between the saturated and dry state of the 
hydrogel and 0.5Qs is the hydrogel’s half-saturated state.

As shown in Fig. 6f, the addition of PCMs to DLHs reduces their water 

Fig. 7. Desalination/lake-water filtration SSG indoor testing: (a) Evaporation rates of DLHPCM375 over 50 cycles test in lake water and seawater water distillation 
tests. (b) The ionic concentrations of the collected clean water. Up-scale DLHPCM375 outdoor testing. (c) Weather condition throughout the day. (d) Schematic 
prototype SSG device. (e) Water evaporation and collection results.
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absorption capacity. This reduction is primarily due to PCM encapsu
lation, which limits the hydrogel swelling capacity. PCM remains in a 
solid state at room temperature, obstructing the micro/macro-porous 
structure as previously shown by the SEM cross-sectional images. For 
DLHPCM-PEG1500 hydrogels, water absorption rates decrease with 
increasing crosslinking density. Conversely, in DLHPCM-Docsoane 
hydrogels, a higher concentration of docosane reduced the hydrogel’s 
half-saturation time while increasing its water transport rate. This in
crease in water transport rate may be attributed to the formation of a 
thin water film on the hydrophilic/hydrophobic polymeric matrix sur
face within the hydrogel [37]. The thin water film likely contributes to 
the reduced half-saturation time, as it evaporates before fully saturating 
the hydrogel. Despite this, DLHPCM-Docosane does not exhibit a low 
evaporation enthalpy, indicating that the presence of a thin water film 
does not necessarily promote rapid water evaporation process. Instead, 
the presence of hydrophilic functional groups remains the most critical 
factor for forming IW, which is essential for efficient water release/ 
evaporation.

3.3. Solar steam generation applications

DLHPCM375, which demonstrated the highest water evaporation 
rate, was tested for its stability and filtration capability by consecutively 
filtering DI water, seawater, and lake-water, obtained within the local 
coastal and creek area of Sydney. Similar to the indoor SSG setup, the 
hydrogel was wrapped with a water absorbing tissue and placed on a PS 
foam positioned on the surface of DI water, seawater, or lake-water. 
DLHPCM375 demonstrates stable evaporation and thermal perfor
mance, maintaining consistency through 30 DI water evaporation cycles 
of continuous heating and cooling before washing, with no observed 
decline in maximum surface temperature and heat retention property 
(Fig. S3). The system was then placed inside a sealed glass container to 
capture condensed vapor, which was subsequently analyzed via ICP-MS, 
as shown in Fig. 7. The desalination and lake-water evaporation stability 
tests consisted of 50 evaporation cycles, each lasting 1 h and an average 
evaporation rate was recorded. The results showed no salt accumulation 
or hydrogel fouling (Fig. S2), quantitatively demonstrating effective salt 
and bacterial rejection, as well as long-term stability and reusability.

The desalination and lake-water evaporation stability tests consisted 
of 50 evaporation cycles, each lasting 1 h with the average evaporation 
rate recorded for each cycle. As Illustrated in Fig. 7a, DLHPCM375 
maintained a high and stable evaporation rate in lake-water, with only a 
slight decline to 3.25 kg m-2h− 1 over the test cycles. In contrast, its 
performance during desalination exhibited a gradual decrease of 
approximately 0.02 kg m-2h− 1 per cycle. This decline is attributed to the 
electrostatic attractions between the cation groups of PAETAC and the 
salt ions, which led to hydrogel shrinkage during the desalination pro
cess [38]. Nevertheless, this effect can be mitigated by rinsing in fresh 
water. Seawater and lake-water vapor samples were collected on days 1, 
3, and 7. Standard solutions containing various metal ions were 
analyzed using ICP-MS to detect metal ions in the collected samples. As 
shown in Fig. 7b, five metal ions (Na+, Mg2+, K+, Ca2+, and Al3+) were 
identified in the seawater and lake-water used for filtration testing of 
DLHPCM375. The filtration results demonstrated that DLHPCM375 
effectively reduced the concentration of these metal ions over time, with 
levels decreasing consistently across the testing period. The metal ions 
concentration of the filtered seawater and lake-water were detected to 
be below the WHO drinking water standards [39–42].

The scaled-up outdoor water evaporation test was conducted in an 
open field under real-world conditions. Outdoor temperature and 
varying solar intensity were recorded (Fig. 7c). As shown in Fig. 7d, the 
setup included a water-cooling condenser and a fan powered by an 
external outlet connected to a solar panel, which remained exposed to 
sunlight throughout the day. The condenser and fan worked together to 
accelerate vapor condensation, resulting in a higher freshwater yield. 
Despite relatively low sunlight intensity (average solar intensity = 0.44 

kW m− 2), DLHPCM375 achieved a remarkable freshwater yield of 12.4 L 
m− 2 day− 1 or 13.10 L kWh− 1, with an impressive condensation effi
ciency exceeding 80 % (Fig. 7e). The estimated material and production 
cost were at $47.72 m− 2 and $3.98 L-1 day− 1 respectively.

The Gram-positive pathogenic bacteria Staphylococcus. aureus is 
commonly found in food products and environmental water samples 
[43,44]. To evaluate antibacterial properties, this bacteria strain was 
exposed to DLH and all DLHPCM hydrogels and incubated for 24 h. As 
shown in Fig. 8, hydrophilic hydrogels such as DLH and DLHPCM- 
PEG1500 eliminated 99.99 % of S. aureus, likely due to the entrap
ment of the bacteria by the cationic PAETAC in the hydrogels that 
eventually led to cell death [45,46]. In contrast, DLHPCM-Docosane 
hydrogels only partially reduced bacterial activity, with higher doco
sane concentrations worsening antibacterial performance. This suggests 
that incorporating hydrophobic materials may not necessarily result in 
better antimicrobial performance (especially against Gram-positive 
pathogens), as certain bacteria can degrade n-alkanes and aromatic 
hydrocarbons, either enzymatically or through other metabolic path
ways to generate energy and sustain bacterial growth [47–49].

4. Conclusion

In this study, we developed a novel DLH structure incorporating 
hydrophobic or hydrophilic PCM to address the thermal instability of 
SSGs under intermittent sunlight exposure. While PCM encapsulation 
partially clogs the hydrogel pores, reducing the water absorption ca
pacity of DLHPCM, the introduction of hydrophilic PCM in the 
DLHPCM-PEG1500 hydrogel offsets this limitation by increasing the IW 
content, thereby lowering the enthalpy of water evaporation. The 
resulting DLHPCM375 demonstrates superior thermal management, 

Fig. 8. (a) DLHPCM-PEG1500′s anti-bacterial mechanism illustration. (b) S. 
Aureus colony-forming unit (CFU) results of DLH and DLHPCM hydrogels.
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achieving a rapid water evaporation rate of 3.52 kg m–2h–1 with an ef
ficiency of 83 %. Its cationic functional groups effectively re-dissolve 
salts formed during desalination into the saline source and entraps 
and kills Gram-positive bacteria. Outdoor testing under fluctuating 
weather conditions confirmed the system’s robustness, with the scale-up 
DLHPCM375 producing a freshwater yield of 12.4 L m–2 day–1. All in 
all, the capacity of DLHPCM to mitigate thermal instability under 
varying solar irradiance offers a promising pathway for the practical 
implementation of SSG technology.
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