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Abstract
In this work, a stable physically crosslinked multi-network hydrogel was constructed using polyvinyl
alcohol (PVA)/sodium alginate (SA) mixture as the backbone framework and bacterial cellulose (BC)
nanofiber as “bridging agents.” MXene@Polydopamine (MXene@PDA) composites with high oxidation
resistance and light-to-heat conversion ability as photothermal components were incorporated into
above hydrogel networks to build a PVA/BC/SA/MXene@PDA photothermal evaporator. The as-obtained
evaporator exhibited a high evaporation rate, good cyclic stability and salt tolerance. Consequently, this
evaporator not only could harvest freshwater from dye sewage but also executed efficiently seawater
desalination.

1. Introduction
Acquisition of fresh water from sewage and seawater is a proactive and effectual solution to alleviate a
critical crisis of freshwater scarcity [1–3]. Currently, the solar-driven interfacial evaporation technology
has developed rapidly because it abandons the defects (such as high energy consumption, substantial
costs and environmental pollution) of traditional techniques [4–8]. To improve the efficiency of fresh
water acquisition, the design of interfacial evaporators has been a key issue in the scientific and
industrial field. In general, to a deal interfacial evaporator, a hydrophilic three-dimensional porous
framework with ease of fabrication, high water transport efficiency as well as strong mechanical stability,
and a photothermal material with excellent photo-thermal conversion ability are indispensable [9–11].
Among of various three-dimensional interfacial evaporators, polymer-based hydrogel evaporators have
stood out for their exceptional hydrophilicity, tunable porous architecture, and environmental friendliness
[12, 13]. Polyvinyl alcohol (PVA) containing abundant hydroxyl groups and sodium alginate (SA)
containing lots of hydroxyl and carboxyl groups have been widely used to construct hydrophilic networks
[14, 15]. MXene has also emerged as a promising photothermal material from numerous photothermal
materials due to its broad-spectrum absorption and highly efficient photothermal conversion capabilities
[16–18]. Integrating PVA/SA hydrogel with MXene to construct photothermal evaporators has been
widely studied and exhibited enormous potential for purification of sewage and seawater desalination
[19–21]

Despite their popularity, the PVA/SA/MXene evaporator still remain several shortcomings. For example,
the mechanical properties of PVA/SA hydrogels do not entirely meet the requirements under some harsh
conditions. So, the chemical crosslinking agents (such as metal salts) were usually required, whose
residual metal ions may cause secondary harm to water bodies. The irreversible crosslinked network
structure made it difficult to degrade and recycle discarded hydrogels [22–24]. MXene readily oxidizes
and agglomerates, leading to uneven photothermal absorption and poor stability [25]. Additionally, the
potential compatibility issue between PVA/SA and MXene also was concerned.

To address the aforementioned drawbacks, in this work, bacterial cellulose (BC) nanofibers were
introduced into the conventional PVA/SA hydrogel to improve the mechanical performance of the
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hydrogel. BC served as a “bridging” to connect PVA and SA, forming a more stable and stronger multi-
network hydrogel owing to the large-scale introduction of hydrogen bonds [26]. To enhance the oxidation
resistance of MXene, polydopamine (PDA) layer was covered on MXene, isolating water and oxygen from
contacting MXene and while simultaneously avoiding the agglomeration of MXene [27, 28]. Besides
these merits, the rich hydroxy groups of PDA enabled MXene@PDA composites to be toughly
immobilized within the hydrogel by forming massive hydrogen bonding with hydrogel components. By
the above strategies, the as-obtained hydrogel evaporator presented excellent photothermal evaporation
performance, including high water evaporation rates, good salt tolerance and robust structural stability.
This hydrogel evaporator also exhibited the practical potential of freshwater acquisition from sewage
containing organic dye contaminants (methylene blue, methyl orange, and rhodamine B) and brine water.

2. Experimental section

2.1 Materials
Polyvinyl alcohol (PVA, 1799), hydrochloric acid (HCl, 36%), dopamine hydrochloride (DA-HCl, 98%) and
tris(hydroxymethyl)aminomethane (Tris, 99%) were purchased from Sigma-Aldrich. Sodium alginate (SA,
CP, 200 ± 20 mPa·s) and lithium fluoride (LiF, 99%) were purchased from Macklin Biochemical
Technology Co., Ltd. Bacterial cellulose suspension (BC, 0.8 wt%) was purchased from Guilin Qixin Co.,
Ltd.; Titanium aluminum carbide (Ti3AlC2, 400 mesh, 98%) was purchased from Xinxi Technology Co.,
Ltd. Methylene blue (MB), Rhodamine B (RhB) and Methyl Orange (MO) were purchased from Shanghai
Aladdin Reagent Co., Ltd. All chemical reagents were used directly without further purification.

2.2 Preparation of MXene@PDA composites
MXene nanosheets were prepared according to the previous report [19]. 50 mL of MXene suspension
and 2.5 mL of tris buffer solution (20 mg/mL) were mixed and pH of the mixed solution was adjusted to
8.5. Subsequently, dopamine hydrochloride (DA-HCl) was added into above solution and the whole
mixture was stirred at ambient temperature. After 24 h, the precipitate was collected by centrifuging and
washing with deionized water for 2–3 cycles. Finally, the product (MXene@PDA composite) was freeze-
dried for 48 h.

2.3 Preparation of P-BC-S/MXene@PDA hydrogels
30 mL of PVA solution (3 wt%) and 10 mL of BC suspension (0.8 wt%) were homogeneously mixed,
defined as solution A. 10 mL of SA solution (2 wt%) and 10 mL of BC suspension (0.8 wt%) were
uniformly mixed, defined as solution B. Subsequently, 25 mL of solution A, 10 mL of solution B and 5 mL
of MXene@PDA suspension (3 wt%) were mixed thoroughly, and the resultant mixture was poured into a
prefabricated mold. The mold was frozen at -20°C for 6 h and thawed at room temperature, and this
freeze-thaw cycle was repeated 3 times to obtain the PVA/BC/SA/MXene@PDA composite hydrogel,
named P-BC-S/MXene@PDA hydrogel.

2.4 Characterization of P-BC-S/MXene@PDA hydrogel
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Scanning electron microscopy (SEM, Nova NanoSEM450) and transmission electron microscopy (TEM,
Tecnai F20) were employed to observe the microstructure of the samples. Wetting properties of the
samples were evaluated using a contact angle analyzer (CA, DSA 100S). Chemical composition analysis
of the samples was performed with a Fourier transform infrared spectrometer (FTIR, Nicolet 6700), X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD) and X-ray spectroscopy (EDS, Thermo Scientific).
Phase composition was characterized using X-ray powder diffraction (XRD, BRUKER D8 advance). The
evaporation enthalpy of the samples in water was measured using a differential scanning calorimeter
(DSC, Nexi). The mechanical properties of the samples were evaluated using a universal tensile testing
machine (ZwickRoll BUP 1000). The absorption spectra of the hydrogels between 200 nm and 2500 nm
were analyzed using a UV-vis-IR spectrophotometer (Lambda 850+). The absorbance of the samples
was measured by a UV-vis spectrophotometer (Lambda 850+). The concentration of metal ions in
seawater and purified water was analyzed by an inductively coupled plasma optical emission
spectrometer (ICP-OES, SPECTRO ARCOS).

3. Results and discussion

3.1 Preparation process of P-BC-S/MXene@PDA hydrogel
The preparation process of the P-B-S/MXene@PDA hydrogel is illustrated in Fig. 1. Ti3AlC2 precursor was
etched by LiF/HCl to obtain multilayer Ti3C2TX. After an ultrasonic dispersion process, the monolayer

Ti3C2TX nanosheets were obtained. Under a weakly alkaline condition, DA performed a self-
polymerization reaction and the surface of MXene nanosheets were covered by PDA. The MXene@PDA
suspension was then added to the P-BC-S solution and the P-BC-S/MXene@PDA hydrogel was yielded by
the repeated freeze-thaw cycles.

3.2 Characterization and antioxidant properties of
MXene@PDA composites
The TEM image of MXene was exhibited in Fig. S1, confirming the successful preparation of MXene
nanosheets [29]. XRD patterns of the relevant samples were shown in Fig. S2. After etching, the 38.8°
(104) crystal plane diffraction peak of Ti3AlC2 disappeared, and the 9.5° (002) crystal plane diffraction
peak shifted to 6.8°, indicating the entire exfoliation of Al layers. Compared with MXene, the crystal plane
(002) of MXene@PDA composites shifted to 5.4°, hinting the successful surface modification of MXene
with PDA. This result could be further demonstrated by the FTIR spectrum (Fig. S3). In FTIR spectrum of
MXene@PDA composites, a characteristic peak at 1300 cm⁻² attributed to C-N group of PDA was
obviously observed [28]. The peak at 1679 cm⁻¹ was corresponded to C = O groups, confirming the
successful formation of a hydrogen-bond network on the MXene surface. The peaks at 865 cm⁻¹ and
3457 cm⁻¹ were attributed to PDA's phenolic hydroxyl groups and O-H stretching vibrations. PDA layer
could effectively protect MXene from being oxidized. Digital images documenting the color evolution
over time of MXene and MXene@PDA suspension stored at room temperature for 30 days were
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presented in Fig. S4. The MXene dispersion initially exhibited a black color, and gradually faded after 30
days because of the progressive oxidation of MXene in the aqueous-oxygen environment. Conversely,
MXene@PDA suspension basically maintained its original color, which might be explained that the dense
PDA layer prevented direct contact between H2O and O2 with the MXene surface. Moreover, the plentiful
phenol and quinone groups of PDA could capture and quench the reactive oxygen species within the
system, effectively blocking the oxidative reaction targeting MXene [30].

3.3 Characterization of the P-BC-S/MXene@PDA hydrogel
evaporator
The microstructure of hydrogel samples was characterized using SEM. In Fig. 2(a, a1), the P-BC-S
hydrogel revealed the multi-level interconnected network structure. As shown in Fig. 2(b, b1), the P-BC-

S/MXene@PDA hydrogel maintained the integrity of the porous framework. The encapsulation effect of
PDA on MXene enhanced the surface roughness of the pore walls within the hydrogel. In the EDS
spectrum of the P-BC-S/MXene@PDA hydrogel shown in Fig. 2c, the distribution of C elements
corresponded to the three-dimensional network framework of the P-BC-S hydrogel and the carbon
skeleton structure of the MXene@PDA composites. The uniform distribution of Ti and F elements
confirmed that MXene@PDA composites were uniformly dispersed throughout the hydrogel. Wetting
performances of the hydrogels were revealed in Fig. 2d. The P-BC-S hydrogel exhibited good hydrophilic
performance due to the abundant -OH groups and porous structure. After introduction of MXene@PDA
composites, the P-BC-S/MXene@PDA hydrogel still maintained excellent hydrophilicity, which was
favorable for the water transport in solar interface evaporation process.

The full XPS spectra of the samples were shown in Fig. 2e. After in situ etching of MAX phase with
LiF/HCl, MXene surface retained Ti-C (454.2 eV) bonds and the etching byproduct TiF3 (459.8 eV) phase
[31]. The PDA on MXene surface introduced -N= (398.2 eV) and -NH- (400.1 eV) bonds (Fig. S5a, b). The
P-BC-S hydrogel exhibited two characteristic peaks in the C 1s region: C-C (284.8 eV) and C-O (286.3 eV),
attributed to the carbon backbones of PVA, BC, and SA, as well as the hydroxyl groups of PVA and SA
(Fig. S5c). Following the incorporation of MXene@PDA, the C 1s region showed broadened C-Ti (283.6
eV) and C-C (284.8 eV) peaks (Fig. S5d) [32]. These results undoubtedly confirmed the coexistence of
MXene@PDA in the P-BC-S hydrogel.

The key to utilizing hydrogels as evaporators lies in harnessing their internal water confinement and
regulating water's phase transition behavior to reduce evaporation enthalpy and enhance evaporation
rates. DSC characterization of water evaporation enthalpy from hydrogels (Fig. 2f) revealed that water
within the hydrogel could form “bound water” through hydrogen bonding interactions with PVA, BC and
SA. This increased the proportion of activated water, leading to a decrease in the enthalpy of
evaporation. The MXene@PDA composites could further enhance the interactions within the hydrogel
network, resulting in a slightly higher enthalpy of evaporation, yet it remained significantly lower than that
of pure water. In practical applications, the mechanical properties of hydrogel interfacial evaporators are
particularly crucial. The mechanical performances of the hydrogels were evaluated through compression
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testing. As shown in Fig. 2g, the mechanical performance of the P-BC-S/MXene@PDA hydrogel was
more excellent than that of the P-BC-S hydrogel. The result could be attributed to the following reasons:
(1) MXene@PDA composites served as an effective physical crosslinking point within the hydrogel
network. (2) the abundant active functional groups (-OH and -NH2 groups) on the MXene@PDA surface
could form extensive hydrogen-bond networks with -OH groups of PVA, BC, and SA.

3.4 Photothermal conversion performance of the P-BC-
S/MXene@PDA hydrogel evaporator
The light absorption capacity of materials determines the efficiency of the photothermal conversion.
Figure 3a showed the UV-Vis-IR absorption spectrum of the hydrogel evaporator in the 200–2500 nm
range alongside the standard solar radiation spectrum. The P-BC-S hydrogel exhibited extremely weak
full-spectrum absorption, rendering it nearly incapable of capturing solar energy. In contrast, the P-BC-
S/MXene@PDA hydrogel achieved over 87% full-spectrum absorption, with an absorption rate exceeding
92% in the 400–1500 nm range (visible-near-infrared region). This was attributed to MXene being a zero-
bandgap two-dimensional conductor, where electrons could transition across a broad energy range,
inherently covering UV-Vis-IR light absorption. In addition, the three-dimensional porous framework
caused multiple scattering or reflection of incident light, extending its propagation path within the
hydrogel and enhancing interaction with MXene@PDA as the light-absorbing component. To visually
demonstrate the light absorption capability of the P-BC-S/MXene@PDA hydrogel, we simulated standard
1 sun illumination (1 kW·m⁻²) using a xenon lamp and monitored the hydrogel surface temperature with
an infrared camera. As shown in Fig. 3c, under 1 sun irradiation, the surface temperature of the P-BC-
S/MXene@PDA hydrogel rapidly increased to 49.6°C within 15 seconds and reached 66.5°C within 180
seconds, exhibiting nearly uniform temperature distribution. This indicated that MXene@PDA
composites were uniformly dispersed within the hydrogel matrix, ensuring rapid and homogeneous
thermal conduction throughout the material. After 3 minutes of illumination, the temperature of the P-BC-
S/MXene@PDA hydrogel gradually stabilized, showing no significant change within 20 minutes. In
contrast, the P-BC-S hydrogel only increased from 25°C to a maximum of 32.8°C within 20 minutes due
to the lack of photothermal materials (Fig. 3b). The surface temperature variation of the P-BC-
S/MXene@PDA hydrogel undergoing three illumination cycles under 1 sun illumination was displayed in
Fig. 3d. After 10 min of illumination, the hydrogel surface reached 69.7°C. Upon light removal, the
surface temperature decreased to 26.9°C within 10 min. Repeating this process three times, the surface
temperature consistently reached approximately 68°C. This demonstrated the robust interface bonding
between the MXene@PDA photothermal material and the P-BC-S scaffold, ensuring good reliability for
long-term photothermal applications.

3.5 Interfacial evaporation performance of the P-BC-
S/MXene@PDA hydrogel evaporator
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As shown in Fig. 4a, pure water exhibited negligible mass loss in darkness. The evaporation rate of the P-
BC-S hydrogel was 0.62 kg·m⁻²·h⁻1, while the evaporation rate of the P-BC-S/MXene@PDA hydrogel
reached 1.80 kg·m⁻²·h⁻1. The incorporation of the photothermal material MXene@PDA composites
significantly enhancesd photothermal conversion efficiency, thereby accelerating water evaporation. As
solar radiation intensity increased from 0.6 to 2 sun irradiation, the water evaporation rate of the P-BC-
S/MXene@PDA hydrogel markedly rose from 1.10 kg·m⁻²·h⁻1 to 2.74 kg·m⁻²·h⁻1 (Fig. 4b). The
evaporation efficiency reached as high as 107.1% under 1 sun irradiation, which was attributed to
MXene's plasmonic light absorption combined with efficient water transport facilitated by the porous
structure (Fig. 4c). To investigate the cyclic performance of the P-BC-S/MXene@PDA hydrogel, a water
cyclic evaporation test was conducted under 1 sun irradiation. The average evaporation rate over 10
consecutive cycles was 1.80 kg·m⁻²·h⁻1 with minimal fluctuations (Fig. 4d), indicating excellent cyclic
evaporation stability and meeting the demands of long-term interfacial water evaporation applications.
This evaporation rate was also higher than most of those of the evaporators reported in the literatures [2,
33–41] (the relevant evaporation rates were shown in Table S1). Purification of industrial wastewaters
was an important way for harvesting fresh water. In this work, the fresh water acquisition capacity of the
P-BC-S/MXene@PDA hydrogel evaporator towards wastewater containing organic dyes was
investigated. Three solutions of MB, MO and RhB were prepared at an initial concentration of 30 mg/L
for photo-distillation treatment. After photothermal evaporation, the collected water were all transparent
liquids, and the characteristic UV absorption peaks of MB, MO, and RhB were completely eliminated by
comparing the absorbance curves as well as actual images (Fig. 5d-f).

3.6 Photothermal seawater desalination performance of
the P-BC-S/MXene@PDA hydrogel evaporator
The evaporation performances of the P-BC-S/MXene@PDA hydrogel evaporator in NaCl solutions with
different concentrations were revealed in Fig. 5a. By calculation, the evaporation rate of this evaporator
could reached 1.57 kg·m⁻²·h⁻1 in simulated seawater (3.5wt% NaCl solution). Even under high-salinity

environment (15 wt% NaCl solution), an evaporation rate of 1.41 kg·m⁻²·h⁻1 solution still could be
obtained. Salt resistance was a key indicator for evaluating the long-term evaporation stability of
evaporators in seawater. In this study, cyclic tests were conducted in 3.5 wt% NaCl solution. After five
cycles, the maximum evaporation rate loss was only 7.5%, confirming the evaporator's excellent salt-
repellent properties (Fig. 5b). The robust salt resistance of the evaporator also was verified through the
following experiment: NaCl particles were artificially covered on the surface of the hydrogel evaporator
at the beginning of photothermal evaporation in seawater. As time progressed, the amount of NaCl on
the surface of the hydrogel evaporator did not increase. On the contrary, NaCl particles increasingly
disappeared and was invisible after 240 min (Fig. S6). The result indicated that sufficient water could
continuously reach the surface of the evaporator through its internal channels to dissolve NaCl particles,
further demonstrating the evaporator's robust salt resistance. An outdoor real seawater evaporation
experiment was carried out to estimate the practicability of the evaporator under natural conditions. The
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evaporation and water recipient apparatus were shown in Fig. 5c, and the daily temperature and
irradiance data were presented in Fig. 5d. The maximum irradiance and temperature reached 0.9 solar
intensity and 35°C, respectively. Over the 4 consecutive days, no salt accumulation was observed on the
surface of the P-BC-S/MXene@PDA hydrogel evaporator (Fig. S7). From 10:00 a.m. and 16:00 p.m. in
every day, the water production of the P-BC-S/MXene@PDA hydrogel evaporator was shown in Fig. 5e,
the maximum water production was up to 5.642 kg·m⁻² (Fig. 5e). Detection results of the ion
concentrations in the collected freshwater were revealed in Fig. 5f. Metal ion concentrations decreased
from 11980 (Na⁺), 465 (K⁺), 1250 (Mg²⁺), and 572 (Ca²⁺) mg/L to 5.282, 0.268, 0.154, 0.867mg/L with ion
removal efficiencies of about 99% (Fig. 5f), meeting the WHO drinking water salinity standard (1000
mg/L). Above results demonstrated the significant application potential of this hydrogel evaporator in
practical seawater desalination.

4. Conclusion
In summary, the P-BC-S/MXene@PDA hydrogel evaporator using BC nanofibers as “bridging agents” and
MXene@PDA composites as photothermal components was designed. The as-obtained evaporator
owned excellent photothermal performance, strong durability and salt resistance. The evaporation rates
of 1.80 kg·m⁻²·h⁻² and 1.57 kg·m⁻²·h⁻1 in pure water and in simulated seawater, repectively, were
obtained. Meanwhile, the evaporator also exhibited its practical potential of freshwater harvesting
capacity from dye sewage and seawater.
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Figures

Figure 1

Schematic illustration of the preparation process of the P-BC-S/MXene@PDA hydrogel.
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Figure 2

SEM images of the P-BC-S hydrogel (a, a1) and P-BC-S/MXene@PDA hydrogel (b, b1). SEM image and
corresponding EDS spectra of the P-BC-S/MXene@PDA hydrogel (c). The hydrophilic properties of the
hydrogels (d). XPS spectra of MXene@PDA composites, P-BC-S, and P-BC-S/MXene@PDA hydrogels (e).
DSC curves of pure water, P-BC-S, and P-BC-S/MXene@PDA hydrogel (f). Compressive stress-strain
curves of the samples (g).
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Figure 3

UV-Vis-IR spectra of the hydrogel in the 200-2500 nm range (a). Temperature rise curve of the hydrogel
surface under 1 sun irradiation (b). Infrared thermal imaging of the temperature rise on the surface of P-
BC-S/MXene@PDA hydrogel under 1 sun irradiation (c). Surface temperature variation of P-BC-
S/MXene@PDA hydrogel during light cycles under 1 sun illumination (one cycle consists of 10 min
illumination followed by 10 min removal of light source) (d).
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Figure 4

Evaporation rate of hydrogel under 1 sun irradiation (a). Evaporation rates under different solar irradiance
levels (b). Evaporation rates and evaporation efficiencies under varying solar irradiance conditions (c).
Pure water cyclic evaporation performance of P-BC-S/MXene@PDA hydrogel under 1 sun irradiation (d).
UV-vis absorption spectra and digital images before and after organic pollutant evaporation (e-g).
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Figure 5

Water evaporation performance testing of NaCl solutions at different mass fractions (a). Cyclic testing
of the evaporation performance in 3.5 wt% NaCl solution (b). Home-made evaporation apparatus in
outdoor photothermal evaporation experiment (c). The variations of temperature and light intensity in
outdoor (d) (Zhenhai District, Ningbo, October 10, 2025). Daily total water production (e). Comparison of
ion concentrations between seawater and evaporatived freshwater (f).
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