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A B S T R A C T

The escalating global water pollution crisis calls for advanced purification technologies that simultaneously 
enable energy-efficient water recovery and effective pollutant removal. In this study, we report a mechanically 
robust double-network hydrogel composed of polyacrylamide, polyvinyl alcohol and MXene, designed for in
tegrated interfacial solar evaporation (ISE) and advanced oxidation processes (AOPs). The incorporation of 
MXene nanosheets enhances photothermal conversion and promotes efficient solar evaporation, owing to their 
broadband solar absorption. Remarkably, according to the DFT calculation, upon introducing ammonium per
sulfate (APS) as an oxidant, MXene facilitates electron transfer under sunlight irradiation, triggering the 
decomposition of APS and the generation of reactive oxidizing species (ROSs). This synergistic system achieves a 
high solar evaporation rate of 3.07 kg⋅m− 2⋅h− 1 while simultaneously degrading 96.13 % methylene blue dye or 
91.70 % antibiotic sulfamethoxazole within 24 h. Outdoor validation demonstrates > 99 % pollutant removal 
efficiency and excellent cycling stability (~90 % after 10 cycles). This work thus offers a scalable and integrated 
platform for sustainable water treatment by harmonizing physical separation with chemical decontamination.

1. Introduction

Water pollution is an escalating global issue driven by the ever- 
increasing discharge of industrial effluents, agricultural runoff, and 
domestic wastewater [1–4]. Industrial wastewater [5,6] often contains 
chemically stable and bioaccumulative organic micropollutants, 
including organic dyes and pharmaceutical residues, which threaten 
both ecosystems and human health [7–10]. This highlights the urgent 
need for advanced water purification technologies, which are capable of 
effectively removing persistent contaminants while minimizing energy 
consumption. Advanced oxidation processes (AOPs) have been exten
sively studied as effective treatment methods for organic pollutants 
[11], owing to their ability to generate highly reactive radicals such as 
hydroxyl (⋅OH) and sulfate (⋅SO₄⁻) that can mineralize a wide range of 
contaminants [12]. In particular, persulfate-based AOPs, including those 
that utilize persulfate reagents, offer strong oxidizing power and rela
tively stable performance across diverse water conditions [13]. How
ever, conventional AOPs systems often rely on ultraviolet (UV) [14] or 

thermal activation, or transition metal catalysts [15], which can result in 
high energy consumption, secondary pollution, or complex operational 
demands [16–18]. These limitations underscore the need for alternative 
activation strategies that can be sustainably integrated into modern 
water treatment platforms.

Addressing freshwater scarcity is another pressing challenge threat
ening sustainable development [19]. Interfacial solar evaporation (ISE) 
has emerged as a promising strategy for freshwater production [20], 
offering low-carbon emissions, ease of deployment, and high 
solar-to-vapor conversion efficiency [21]. ISE leverages photothermal 
materials (PTM) to localize light and heat at the air-water interface, 
thereby minimizing thermal losses and enhancing energy efficiency. 
Nevertheless, the practical application of ISE remains largely limited to 
desalination and physical separation processes [22–24], which are 
ineffective against non-volatile organic pollutants. Recent advances in 
ISE have primarily focused on single-function designs to enhance pho
tothermal conversion efficiency [25,26], or on dual-function systems 
that combine desalination with energy generation [27–29]. Although 
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several studies have reported ISE-coupled advanced oxidation processes 
(AOP), such as ISE-persulfate activation, ISE-photocatalysis and 
ISE-Fenton reactions, for organic pollutant degradation [30–32], most of 
these approaches rely on the separate introduction of photothermal and 
catalytic materials, necessitating careful coordination to avoid mutual 
interference.

MXene, a two-dimensional (2D) transition metal carbide, has 
attracted increasing attention as a PTM due to its strong broadband light 
absorption, metallic conductivity, surface hydrophilicity, and tuneable 
surface terminations (e.g., -OH, -F, =O) [33,34]. These features make it 
a promising candidate for ISE-based desalination. At the same time, the 
presence of redox-active transition metal sites (e.g., Ti) enables MXene 
to activate oxidants such as peroxydisulfate, facilitating AOPs [35,36].

In this study, we present a PAM-PVA-MXene hydrogel that leverages 
its hydrated 3D network to provide mechanical stability, facilitate water 
transport, and confine the dispersion of MXene nanosheets. Remarkably, 
the system relies solely on MXene to achieve a synergistic effect by 
simultaneously enabling solar-driven evaporation and ammonium per
sulfate (APS)-mediated pollutant degradation. By integrating ISE and 
AOPs within a single system, our design overcomes the long-standing 
trade-off between evaporation performance and purification capacity. 
Furthermore, the PAM-PVA-MXene hydrogel demonstrates excellent 
cycling stability, scalability, and high efficiency under real-world con
ditions, offering a robust and sustainable platform for wastewater 
treatment and advancing the practical integration of ISE and AOPs 
technologies.

2. Results and discussion

2.1. Design and fabrication

To construct a hybrid hydrogel for solar-driven water purification, 
we first synthesized Ti₃C₂Tₓ MXene by selectively etching the Al atomic 
layers from Ti₃AlC₂ [37], as shown in Scheme 1a. In our protocol, 
Ti3AlC2 powder was treated with a mixture of HCl and LiF to generate 
in-situ HF, which enabled the removal of Al atoms and initiated the 
formation of the characteristic layered structure of Ti3C2TX. After 
etching, we employed ultrasonic exfoliation to delaminate the multi
layered product into few-layer MXene nanosheets.

Following MXene treatment, we designed a two-step crosslinking 
strategy to synthesize the double network PAM-PVA-MXene hydrogel 
(denoted as APMXx, where subscript x corresponds to the amount of 
MXene added), as illustrated in Scheme 1b. The precursors, including 
acrylamide (AM), N,N′-methylenebisacrylamide (MBAm, covalent 
crosslinker), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 
photo initiator), polyvinyl alcohol (PVA), and exfoliated MXene nano
sheets, were mixed in aqueous solution. Upon UV irradiation, rapid free- 
radical polymerization of AM and MBAm occurred, yielding the primary 
PAM network. Thereafter, we immersed the UV-cured hydrogel in a 
glutaraldehyde (GA)/HCl solution. The aldehyde groups of GA reacted 
with the hydroxyl groups of PVA to generate acetal bonds, resulting in a 
chemically stable double network. The fabrication process was carefully 
designed to preserve the photothermal properties of MXene, while uti
lizing the flexible 3D PAM-PVA network to facilitate water transport and 
enhance the accessibility to both pollutants and the oxidizing agent.

2.2. Characterization

The surface morphology and internal microporous structure of the 
as-prepared MXene and APM2 hydrogel were examined by SEM and EDS 
analyses (Fig. S1-S2). As shown in Fig. 1a, the MXene nanosheets exhibit 
a typical layered and accordion-like structure, indicating successful 
exfoliation. The inset figure further confirms the thin, sheet-like 
morphology of individual flakes. Upon integration into the polymeric 
network, the APMXx hydrogel exhibits a highly porous 3D structure 
(Fig. 1c), which facilitates efficient water transport and pollutant 
diffusion. Elemental mapping was conducted to verify the distribution of 
the key elements in the composite. The EDS mappings of pristine MXene 
(Fig. 1b) show uniform distribution of Ti, C, O, and F, consistent with the 
Ti3C2TX composition [38,39]. The elemental mapping of APMXx 
(Fig. 1d) confirms the homogeneous distribution of C, O, Ti, and N 
atoms, suggesting successful integration of MXene into PAM-PVA double 
networks.

The crystalline structure of MXene was further characterized by XRD 
(Fig. 1e). The MXene shows a broad peak around 9◦, corresponding to 
the (002) plane, confirming the exfoliated layered structure. The 
diffraction peaks corresponding to (101), (102) and (105) planes either 
disappeared or significantly decreased in intensity. This result indicates 

Scheme 1. Preparation process of (a) Ti3C2Tx MXene, (b) APMX hydrogel.
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the etching of the Al layer from the MAX phase. The obvious shift of the 
(002) peak from ~13◦ in MAX to ~10.2◦ in MXene further suggests an 
increase in interlayer spacing, confirming the successful etching of the 
MAX phase into MXene [40]. In the case of APM2, the characteristic peak 
becomes broader and slightly shifted, indicating strong interfacial in
teractions and partial intercalation between the polymer network and 
MXene layers.

To confirm the chemical structures of MXene and the polymeric 

matrix, FTIR spectra have been performed (Fig. S3, Fig. 1f). Pristine 
MXene exhibits characteristic peaks at 620 cm− 1 and 1120 cm− 1, which 
can be attributed to Ti-O stretching and C-O-C vibration, respectively 
[41]. In APMXx, new bands appear at 1540 cm− 1 (N-H bending), 
1650 cm− 1 (C––O stretching), 2922 cm− 1 (-CH₂ stretching), and -OH 
stretching at 3253 cm− 1[42], confirming the successful preparation of 
PAM-PVA hydrogels. The shift and intensity changes of key peaks 
further indicate the formation of strong hydrogen bonding and 

Fig. 1. (a) SEM, and (b) the corresponding elemental mapping (C, O, F, Ti) of the Ti3C2Tx MXene. (c) SEM, and (d) the corresponding elemental mapping (C, O, N, Ti) 
of the hydrogel. (e-f) XRD patterns and FTIR spectra of MXene and APMX2 hydrogel (All XRD analyses are based on Co-Kα radiation).

Fig. 2. Fitting curves in the O-H stretching energy region for (a) APMX0.5, (b) APMX0.75, (c) APMX1, (d) APMX1.5, (e) APMX2, (f) The IW: (IW + FW) ratios of all the 
hydrogels calculated from their Raman spectrum in the O-H stretching energy area, (g) DSC curve of water evaporation processes in hydrogels, (h) The equivalent 
water vaporization enthalpy of the water in the hydrogels.
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coordination interactions between MXene and polymer networks. 
Collectively, these results confirm the successful fabrication of APMXx, 
featuring well-dispersed MXene nanosheets embedded within a porous 
polymeric framework. The strong interfacial interactions and abundant 
functional groups are expected to promote the formation of intermediate 
water, as will be discussed in a later section.

Fig. 2a-f presents the experimental Raman spectra of the saturated 
hydrogels (APMXx) with varying MXene content, focusing on the O-H 
stretching vibration region (~2800–4000 cm− 1), along with the corre
sponding multi-peak fitting results. The spectral fitting employed mul
tiple Gaussian peaks, each representing distinct water populations 
characterized by differing hydrogen-bonding strengths. Peaks at 
3233 cm− 1 and 3401 cm− 1 are assigned to relatively strongly hydrogen- 
bonded water, typically corresponding to free water (FW, pink peaks). In 
contrast, peaks at 3514 cm− 1 and 3630 cm− 1 are attributed to relatively 
weakly hydrogen-bonded water, corresponding to intermediate water 
(IW, blue peaks) [43,44]. The relative ratio of intermediate water to free 
water (IW: FW) was calculated by dividing the integrated area of the IW 
peaks by that of the FW peaks. Alterations in MXene concentrations from 
0.5 to 2 mg⋅mL− 1 induce changes in both the relative intensity and po
sition of the fitted peaks. Analysis reveals that increasing MXene content 
significantly reduces the intensity of FW-associated peaks 
(~3233–3400 cm− 1) while enhancing the IW peak intensity 
(~3514–3630 cm− 1). Consequently, the IW/(IW+FW) ratio increases 
from 0.395 (APMX0.5) to 0.79 (APMX2) (Fig. 2f). This enhancement is 
attributed to the increased incorporation of MXene, which introduces 
additional functional groups that facilitate the formation of intermedi
ate water within the polymer network. It is worth noting that further 
increasing the MXene content in the PAM-PVA matrix leads to excessive 
aggregation of MXene nanosheets, resulting in pronounced interfacial 
incompatibility and a consequent reduction in the mechanical integra
tion of the hydrogel.

The broadening of the endothermic peak in the DSC thermograms 
reflects the energy heterogeneity arising from the evaporation of multi- 
state water in the hydrogels (Fig. 2g). Thermodynamic analysis confirms 

that the elevated IW content substantially reduces the equivalent water 
evaporation enthalpy (ΔHvap), decreasing from 2427 J⋅g− 1 (pure water 
reference) to 1117 J⋅g− 1 (Fig. 2h). A strong negative correlation is 
observed between the IW content and ΔHvap (Fig. 2f, h), which can be 
attributed to the weaker interaction of IW with the polymer matrix, 
resulting in a lower energy requirement for evaporation and enhanced 
evaporation performance [45].

2.3. Interfacial solar evaporation performance

Solar-simulated evaporation experiments were conducted using a 
xenon lamp equipped with an AM 1.5 G filter and an analytical balance 
for real-time mass loss quantification (Fig. 3a). Given that the capture of 
broadband solar radiation by PTMs directly affects the ISE performance, 
we characterized the solar absorptivity of APMX hydrogels across 
varying MXene contents via UV–vis–NIR spectroscopy. As shown in 
Fig. 3b, these hydrogels exhibit broad-spectrum light absorption across 
250–2500 nm, with absorptivity markedly increasing with higher 
MXene content. To comprehensively assess photothermal response, we 
monitored real-time temperature distributions of evaporators under 
simulated sunlight using infrared thermography (Fig. 3c-d). Surface and 
bulk water temperature profiles under one sun irradiation (1 kW⋅m− 2) 
are presented in Fig. 3d. All hydrogel surfaces exhibited progressive 
temperature increases, reaching thermal equilibrium within ~ 40 min. 
APMX2 achieved the highest equilibrium temperature (Tequ ~ 36.5◦C), 
followed sequentially by APMX1.5 and APMX1, demonstrating enhanced 
solar-to-thermal conversion efficiency with elevated MXene loading. 
Bulk water temperatures followed similar trends but remained consis
tently lower than interfacial temperatures, confirming localized heating 
at the hydrogel-air interface.

Fig. 3e presents the water absorption kinetics of APMX hydrogels 
with varying MXene content (APMX0.5 to APMX2). All samples exhibited 
rapid initial water uptake, achieving saturation within 200 min. The 
equilibrium water content decreased with increasing MXene content, 
with APMX0.5 attaining the highest value of 3.52 g⋅g− 1. Fig. 3f compares 

Fig. 3. (a) Schematic illustration of the ISE setup. (b) UV–vis–NIR absorption spectra of the gels with various MXene contents, and the solar spectrum of air mass 1.5 
global (AM 1.5 G) with normalised spectral solar irradiance density over the wavelength range of 300–2500 nm. (c) Infrared thermal images under 1 sun illumi
nation. (d) Surface temperature profiles over time under 1 sun. (e) The water content of the gel per gram of the corresponding dry gel is plotted against water 
absorption time. (f) Water mass changes of different hydrogels and pure water without any gels during the solar vapor generation test under 1 sun irradiation.
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the temporal mass loss profiles of various APMX hydrogels and pure 
water under continuous solar illumination. All hydrogel samples 
demonstrated significantly enhanced evaporation rates relative to pure 
water. APMX2 exhibited the most pronounced decline in mass, indi
cating a superior evaporation rate of 3.07 kg⋅m− 2⋅h− 1. This improved 
performance primarily arises from the elevated surface temperature, 
reduced evaporation enthalpy and well-defined water transport path
ways established by the incorporation of MXene nanosheets in the 
hydrogel matrix. To evaluate evaporation performance across different 
water qualities, APMX2 was tested with fresh water, 10 ppm methylene 
blue (MB) solution, 10 ppm sulfamethoxazole (SMX) solution, and 
simulated seawater (Fig. S4). The near-overlapping mass change curves 
demonstrate stable and consistent evaporation performance regardless 
of aqueous media. This demonstrates that APMX2 retains its function
alities even in complex environments, confirming its robust performance 
and practical applicability.

2.4. Degradation performance and mechanism

The adsorption and degradation performance of APMX2 toward 
organic pollutants in bulk water was evaluated using APS as an oxidizing 
agent and organic dye MB and antibiotic SMX as representative 

pollutant models. The advanced oxidation performance of APMX2/APS 
for pollutant degradation was systematically evaluated, as shown in 
Fig. 4, with a primary focus on MB and SMX. UV–vis absorption spectra 
reveal negligible attenuation of the MB peak in the absence of APMX2 or 
under dark conditions (Fig. 4a-c). In contrast, APMX2/APS-mediated 
AOPs degradation under solar irradiation induces rapid diminution of 
characteristic MB absorptions (at ~664 nm), achieving near-complete 
degradation within 24 h. The gradual disappearance of the 664 nm 
peak, without the emergence of new absorption features, confirms 
complete mineralization of MB rather than simple decolorization. Visual 
documentation of MB solution decolorization corroborates these ob
servations (Fig. 4d): solutions retain pronounced blue coloration after 
24 h under dark conditions, whereas light-exposed samples transition 
progressively from dark blue to colourless (lower panel). Quantitative 
degradation kinetics derived from C/C0 plots demonstrate more than 
96.13 % MB decomposition and 91.7 % antibiotic SMX elimination 
within 24 h under sunlight irradiation, confirming the superior solar- 
driven AOPs efficiency of APMXx/APS (Fig. 4e, g). The results 
(Fig. S6) show a significant decrease in TOC after treatment, which also 
confirming the mineralization process. The LC-MS results also indicate 
that SMX was almost completely decomposed into smaller fragments 
rather than stable intermediates (Fig. S7). Notably, the effective 

Fig. 4. UV–vis spectra showing the degradation of methylene blue of (a) no hydrogel in the dark, (b) with hydrogel in the dark and (c) with hydrogel under 1 sun 
over time. (d) The evolution of photodegradation of MB solution under visible-light irradiation. (e) C/C0 vs time profile indicating degradation efficiency of MB. (f) 
Recyclability test of the hydrogel for dye degradation over five consecutive cycles under solar illumination. (g) C/C0 vs time profile indicating degradation efficiency 
of SMX.

Y. Long et al.                                                                                                                                                                                                                                    Nano Energy 146 (2025) 111516 

5 



degradation of SMX is of critical environmental significance, as this 
widely used antibiotic is frequently detected in wastewater and poses 
serious risks to both aquatic ecosystems and public health [46]. Its 
persistence and bioactivity contribute to the spread of antibiotic resis
tance, underscoring the need for energy-efficient removal strategies, 
such as the synergistic ISE-AOPs approach, to safeguard water quality 
and mitigate long-term ecological and health impacts.

The cycling stability of APMX2 in both ISE and AOPs is shown in 
Fig. 4f. Over 10 consecutive cycles, APMX2 maintained a stable evapo
ration rate and consistently high degradation efficiency exceeding 90 %, 
demonstrating its strong synergistic performance, excellent resistance to 
photo corrosion, structural integrity, and robust long-term stability 
(Fig. S11). Collectively, these results establish the practical viability of 
APMX hydrogels for solar-driven water evaporation and pollutant 
remediation.

Finally, density functional theory (DFT) simulations were employed 
to investigate the underlying AOPs mechanisms of APMX/APS system. 
MXene with 36 Ti and 24 C with the OH termination was modelled as 
shown in Fig. S9. The APS ((NH4)2(SO4)2) was added above the Ti3C2 
layer to calculate the energy level at the same vacuum level. The 
calculated density of state (Fig. S10) indicated that the Fermi level is 
mainly dominated by the Ti and C from the MXene, while the lower 
energy level at ~ 0.75 eV is contributed by the (NH4)2(SO4)2. As shown 
in Fig. 5a-b, Wavefunction of the Fermi level and energy level at 
− 0.75 eV are apparently demonstrated by the Ti3C2 and (NH4)2(SO4)2, 

respectively. Therefore, electron transfer from MXene towards 
(NH4)2(SO4)2 is energetically favorable, as confirmed by the charge 
density difference plot of the (NH4)2(SO4)2 and MXene (Fig. 5c).

To confirm the generation of reactive oxygen species (ROS), 5,5- 
dimethyl-1-pyrroline-N-oxide (DMPO) was employed as a spin- 
trapping agent, and electron paramagnetic resonance (EPR) spectros
copy was used to detect the free radicals formed during the decompo
sition of APS. As shown in Fig. S8, a distinct •OH signal was observed 
upon the addition of MXene to the APS solution, a weak SO4•

− signal 
was also detected, which may be due to the latter being consumed by 
H2O [47].

Based on the DFT results and experimental observations, the AOPs 
reaction mechanism of APMX/APS system is proposed (Fig. 5d). The 
low-valent transition metal active sites (e.g. Ti³⁺) and structural defects 
exposed on the MXene surface preferentially adsorb peroxydisulfate 
(S2O8

2-) in the hydrogel. The S2O8
2- species withdraws electron density 

from MXene, facilitating the heterolytic cleavage of the peroxide bond 
(-O-O-). In this process, Ti3+ is oxidized, generating highly reactive 
sulfate radicals (SO4•⁻) along with sulfate ions (1) [48]. The generated 
SO4•⁻ radicals rapidly desorb from the MXene surface and initiate the 
oxidative degradation of pollutant molecules through electron transfer, 
hydrogen atom abstraction, or addition reactions, thereby triggering 
chain oxidation degradation processes. Notably, the highly reactive 
sulfate radical (SO4•⁻) can also react with water molecules to produce 
another powerful oxidant, hydroxyl radicals (•OH) for oxidation 

Fig. 5. (a) Wavefunction of the Fermi level, which is dominated by the Ti3C2, (b) while the − 0.75 eV is contributed by the (NH4)2(SO4)2. (c) Charge density dif
ference between (NH4)2(SO4)2 and MXene. Brown, azure, white, red, yellow, and light grey spheres are C, Ti, H, O, S, and N atoms, respectively. Electron density 
isosurface = 0.002 |e|/Bohr3). The colored regions from cyan to yellow represent the loss and gain of electrons, respectively. (d) Proposed mechanism of MXene 
activating APS for the degradation of MB and SMX.
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degradation, along with bisulfate ions (HSO₄⁻). This reaction broadens 
the oxidation capacity of the system by introducing multiple types of 
reactive oxygen species (ROS) (2) [49]. Additionally, SO4•⁻ can engage 
in non-radical oxidation pathways by reacting with hydroperoxyl radi
cals (HO2⁻), leading to the formation of singlet oxygen (1O2) (3) [15]. 
Finally, this Ti3+ regeneration occurs through the reduction of Ti4+ by 
electrons supplied either from the highly conductive MXene substrate 
itself or from electron-donating organic pollutants (4) [48]. This syn
ergistic radical and non-radical pathway enables efficient and sustain
able pollutant degradation, while the regeneration of Ti3+ ensures 
long-term catalytic activity. 

Ti3+ + S2O8
2⁻ → Ti4+ + SO₄•⁻ + SO4

2⁻                                              (1)

SO4•⁻ + H₂O → •OH + HSO4⁻                                                        (2)

SO₄•⁻ + HO₂⁻ → O₂•⁻ → ¹O₂                                                            (3)

Ti4+ + e⁻ → Ti3+ (4)

Overall, this AOPs system operates efficiently under ambient con
ditions, with the unique electronic structure of MXene facilitating 
electron transfer for sulfate radical generation and enabling an effective 
catalytic platform for energy-efficient pollutant removal.

2.5. Real-sunlight validation of the evaporation-oxidation system

Following successful laboratory validation, an outdoor experiment 
was conducted on 6th May, 2025 (09:00–16:30), to demonstrate the 
APMX hydrogel’s capability for concurrent solar-driven water evapo
ration and pollutant degradation under natural sunlight. Fig. 6a illus
trates the experimental configuration under sunlight illumination, 

integrated with a temperature and humidity monitor to record envi
ronmental parameters. As illustrated in Fig. 6b, during the experimental 
period, the environmental temperature fluctuated between 22 and 38◦C 
(red line), relative humidity ranged from 25 % to 60 % R.H. (black line), 
and solar irradiance varied from 0.0028 to 0.64 kW m− 2 (blue bars). The 
APMX2 hydrogel achieves near-complete elimination (98.56 %) of the 
characteristic MB absorption peak at 664 nm within one daylight period 
(Fig. 6c), confirming the significant oxidation degradation efficacy of 
APMX/APS. We also quantified the APMX hydrogel’s outdoor water 
evaporation performance. As presented in Fig. 6d, we observed an 
evaporation rate of 11.95 kg⋅m− 2⋅d− 1 and a water collection rate of 
6.68 kg⋅m− 2⋅d− 1. The observed discrepancy between these values pri
marily arises from inherent system closure limitations and condensation 
efficiency constraints. The collected water samples were further 
analyzed by UV-Vis spectroscopy, which shows that the distilled water 
was completely free of dyes, confirming their high quality (Fig. 6c). 
Collectively, these results demonstrate that the APMX2 hydrogel enables 
efficient, integrated solar water treatment and pollutant purification 
under real-world conditions, presenting a promising strategy for sus
tainable water resource management.

3. Conclusions

In conclusion, this work addresses the long-standing trade-off be
tween evaporation efficiency and decontamination capacity in solar- 
driven water purification by pioneering a MXene-based hydrogel/APS 
system that synergistically integrates ISE with AOPs technologies. The 
double-network hydrogel spatially confines both MXene nanosheets and 
APS oxidants, enabling MXene to function dually as a broadband pho
tothermal converter and an activator that triggers persulfate 

Fig. 6. (a) Photographs of outdoor solar desalination and pollutant degradation. (b) Real-time recording of humidity, temperature, and solar intensity. (c) APMX2 
composite hydrogel for MB degradation. (d) Evaporation rate of APMX2 composite hydrogel outdoor tests.
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decomposition into sulfate radicals. This dual functionality drives 
simultaneous solar-driven water evaporation and pollutant mineraliza
tion. Crucially, the hydrogel’s engineered hydration structure elevates 
the intermediate water ratio to 79 %, significantly lowering the evapo
ration enthalpy by 54 %. The APMX system achieves a high outdoor 
evaporation rate of 11.95 kg⋅m⁻²⋅d⁻¹ and over 98.56 % contaminant 
degradation under natural sunlight. Simulation studies further validate 
the proposed AOPs mechanism. With robust reusability (~90 % effi
ciency over 10 cycles) and strong scalability, this integrated platform 
establishes a new paradigm for sustainable off-grid wastewater 
remediation.

4. Experimental section

4.1. Materials

Acrylamide (AM), polyvinyl acetate (PVA, (MW = 89 000–98  
000 g⋅mol− 1), N, N′-methylenebis(acrylamide) (MBAm), lithium phenyl- 
2,4,6-trimethyl benzoylphosphinate (LAP), glutaraldehyde solution 
(GA, 25 wt% in DI water), hydrochloric acid (HCl, 32 wt% in DI water), 
methylene blue (MB), sulfamethoxazole (SMX), and ammonium per
sulfate (APS) were purchased from Sigma-Aldrich Australia and used 
directly without any further purification.

4.2. Synthesis of hydrogels

This double network hydrogel is constructed by photo-crosslinking 
and chemical crosslinking. In a typical synthesis, 10 g of PVA powder 
was dissolved in 100 mL of deionized (DI) water at 90 ◦C for 5 h to 
obtain a 10 wt% PVA solution. 161.16 mg of AM, 38.84 mg of MBAm, 
1 mL of the above PVA solution and different contents of MXene (0.5, 
0.75, 1, 1.5, 2 mg) were mixed thoroughly with the help of a vortex 
mixer. Then 2 mg of LAP powder was added, mixed together and placed 
under UV light for 10 min to complete crosslinking. The obtained 
hydrogel was placed in a − 20℃ refrigerator and frozen overnight. After 
that, the frozen hydrogel was thawed naturally and then immersed in a 
solution containing 3 vol% GA and 0.5 vol% HCl for 30 min for sec
ondary crosslinking, and then the process was repeated twice. The 
hydrogel was washed with deionized water again to remove all residues. 
The resulting hydrogel was frozen at − 20℃ overnight and freeze-dried 
to obtain a pure PAM-PVA-MXene (APMXx) hydrogel. Prior to the solar 
vapor generation test, all samples were fully saturated in deionized 
water.

4.3. Characterization

A scanning electron microscope (SEM, 10–30 kV) can be used to 
observe the microscopic morphology of the material surface. Energy 
dispersive spectroscopy (EDS) spectra were obtained using an energy- 
dispersive spectroscopy detector. X-ray diffraction (XRD) patterns 
were recorded using a XRD-Empyrean II (Co). Functional groups of the 
hydrogels are studied using Raman (Renishaw Raman spectroscopy) and 
FTIR (Shimadzu MIRacle 10 FT-IR). Measurements were performed at 
room temperature in the FTIR wavenumber range of 500–2500 cm− 1 

with 64 scans at a resolution of 4 cm− 1. Raman spectroscopy was per
formed in the wavenumber range of 2800–4000 cm− 1. A Netzsch DSC 
300 Caliris can be used to track the heat change of hydrogels from room 
temperature to 200 ◦C at a heating rate of 5◦C⋅min− 1. A PerkinElmer 
Lambda 950 UV-Vis-NIR spectrophotometer was used to record UV-Vis- 
NIR absorption spectra from 300 to 2500 nm. Measure the absorbance of 
MB and SMX in the solution using a UV-1900i spectrophotometer. The 
total organic carbon (TOC) analyzer (Shimatzu TOC-L analyser) was 
used to measure the TOC values before and after degradation, while 
liquid chromatography–mass spectrometry (Shimadzu LCMS-8060) was 
employed to identify the degradation products of SMX. EPR measure
ments were performed on a Bruker EMX X-Band ESR spectrometer to 

detect short-lived radical species using the spin trap DMPO.

4.4. Interfacial solar evaporation tests

Solar radiation was simulated using a solar simulator (NBeT HSX- 
F3000 Xenon light source). A portable power and energy meter con
sole with thermal power sensors (PM100D and S405C, Thorlabs, Ger
many) calibrated the solar irradiance on the hydrogel surface to one sun 
(1 kW⋅m− 2). The hydrogel was secured to floating EPE foam above a 
beaker of deionized water or simulated wastewater. Parafilm sealed 
small gaps between the foam and the beaker to minimize water evapo
ration. An electronic balance (OHAUS Pioneer IC-PX 124) measured 
water mass loss during the ISE test. Another EPE foam layer insulated 
the balance from the beaker’s heat transfer. Linear regression on the 
mass loss data determined the evaporation rate. The evaporation rate of 
pure water is obtained by testing the mass change of a beaker containing 
water under the same conditions. The evaporation area is calculated 
according to the diameter of the beaker. A Fluke PTi120 thermal imager 
recorded hydrogel surface and bulk water temperatures every 5 min 
during solar steam generation testing.

4.5. Wastewater purification tests

This study investigated the wastewater purification capabilities of an 
evaporator using MB and SMX as target pollutants. The photocatalytic 
activity of various hydrogel samples was assessed by measuring changes 
in absorbance. The experiment involved placing hydrogel in a beaker of 
simulated wastewater (50 mL, 10 ppm), adding APS, and allowing it to 
sit in the dark for 30 min to reach adsorption-desorption equilibrium. 
Photocatalytic advanced oxidation degradation was then initiated using 
a solar simulator. Samples were taken every 0.5 h or 1 h, filtered (0.22 
μm), and analysed using UV-Vis spectrophotometry to measure absor
bance at the maximum absorption wavelength. The absorbance ratio 
(Ct/C0) was used to evaluate the photocatalytic degradation efficiency.

4.6. Theoretical calculations

The static DFT calculation was performed through the Vienna Ab 
initio Simulation Package (VASP) [50–53] based on the generalised 
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 
[54] function as the exchange-correlation energy function. We used the 
projector augmented wave potentials with a cutoff energy of 450 eV 
[55]. The conjugate gradient scheme optimises the atom coordinates 
until the force is less than 0.01 eV Å− 1. The 3 × 3 × 1 of k-points were 
given for Monkhorst-Pack BZ calculations to achieve energy conver
gence. Meanwhile, the D3 correction was applied for all the layer 
structure calculations to consider the Van der Waals effect.
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