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Abstract

Solar-driven interfacial steam generation is considered as a sustainable and cost-effective approach to produce freshwater from
seawater or sewage, whereas unavoidable microbial contamination and low evaporation efficiency remain challenges. Herein, we
report a high-performance and antibacterial 3D Ag/MXene@chitosan hydrogel (described as AM/Ch gel) evaporator through
incorporation of two-dimensional (2D) Ag/MXene composites into three-dimensional (3D) chitosan hydrogel. Thanks to the
synergistic contributions from chitosan hydrogel matrix and Ag/MXene composites, 3D AM/Ch gel could completely eradicate
both E. coli and S. aureus under simulated solar light irradiation, ensuring the production of microbial-free drinkable water.
Benefiting from the superb photo-to-thermal conversion behavior and feasible water transportation in the 3D networks, the
prepared AM/Ch gel-based evaporator exhibits intriguing solar steam generation performances, with evaporation rate and solar
energy utilization efficiency of 3.22 kg m—2 h-1 and 94.9% under irradiation of 0.2 W cm-2, respectively. As a demonstration,
the quality of collected liquid water evaporated from seawater adopted from the Yellow Sea, China, well satisfies the require-
ment for drinking water from World Health Organization. Moreover, the AM/Ch gel exhibits high flexibility and chemical
stability, excellent dye molecules adsorption capacity and self-cleaning ability, indicating its promising potential for durable and

sustainable water distillation.
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Solar-driven interfacial steam generation is considered as a sustainable and cost-effective approach to produce
freshwater from seawater or sewage, whereas unavoidable microbial contamination and low evaporation effi-
ciency remain challenges. Herein, we report a high-performance and antibacterial 3D Ag/MXene@chitosan
hydrogel (described as AM/Ch gel) evaporator through incorporation of two-dimensional (2D) Ag/MXene
composites into three-dimensional (3D) chitosan hydrogel. Thanks to the synergistic contributions from
chitosan hydrogel matrix and Ag/MXene composites, 3D AM/Ch gel could completely eradicate bothE. coli
and S. aureusunder simulated solar light irradiation, ensuring the production of microbial-free drinkable
water. Benefiting from the superb photo-to-thermal conversion behavior and feasible water transportation
in the 3D networks, the prepared AM/Ch gel-based evaporator exhibits intriguing solar steam generation
performances, with evaporation rate and solar energy utilization efficiency of 3.22 kg m 2 h™! and 94.9%
under irradiation of 0.2 W e¢m™2, respectively. As a demonstration, the quality of collected liquid water evap-
orated from seawater adopted from the Yellow Sea, China, well satisfies the requirement for drinking water
from World Health Organization. Moreover, the AM/Ch gel exhibits high flexibility and chemical stability,
excellent dye molecules adsorption capacity and self-cleaning ability, indicating its promising potential for
durable and sustainable water distillation.

1. Introduction

The rapid growth of the world population results in freshwater scarcity one of the most problematic issues
in the twenty-first century.!'?/Besides, the ever-accelerated development of industry brings about severe
environmental pollution, especially in developing countries or some rural regions, further making the lack of
clean water a sharp problem. In addition, the emergence of drug-resistant bacteria in water resources due
to antibiotics abuse has also become a significant obstacle to the clean water supply.l®7Conventional clean
water production approaches include chemical precipitation, ozone and ultraviolet radiation, membrane
filtration, and chlorine-containing disinfectants cleaning, whereas these energy-intensive technologies may
lead to high environmental pressure and harmful by-products during the disinfection process.®%Moreover,
the water supply infrastructure installation and maintenance in remote areas are unrealistic to some extent
ascribed to the high cost and low utilization efficiency.[® Thus, exploiting innovative clean water production
technologies is highly desirable to guarantee the safe water supply.

With the advance of photothermal technologies, the solar-driven interfacial water evaporation process, in
which the steam is generated just at the interfaces between the photothermal materials and water, exhibits the
feature of enhanced heat utilization and evaporation efficiency, flexible portability, low cost and feasible in-
stallation, compared with the conventional passive sea water desalination, and thus has emerged as an up-and-
coming technology for seawater desalination and wastewater treatment.'%12/Except for the heat localization
concerns in the solar evaporation process, the solar-driven steam generation efficiency largely depends on the
microstructure and components of photothermal materials. Thus, up to now, tremendous attention has been
paid to the preparation of plasmonic nanoparticles,3/conjugated polymers,'*semiconductors,*516lcarbon-
based materials,' 718l aerogels, 929 and hydrogels?12?] for potential solar desalination. Among these inves-
tigated solar steam generators, photothermal hydrogels in which photothermal materials as “micro-heaters”
are accommodated to induce solar-powered water evaporation, enjoying the merits of low cost, feasible fab-
rication and high efficiency, have shown bright prospects in water transportation and vapor production as
they could modulate the intriguing water molecule interaction states by forming hydrogen bonds between
water molecules and polymer chains which lowers the vaporization enthalpy.[?3] Besides, numerous water-
containing pores are advantageous for enhancing the multiple reflections of incident photons, which also
enhances the solar energy utilization efficiency.2!

On the other side, MXenes, a developing family of 2D materials, have drawn increased interest due to
their potential in energy storage, water desalination, light-to-heat conversion, electromagnetic shielding and



photocatalysis.[242%] Moreover, they could be readily integrated into hydrogel skeletons to form various
functional hybrid nanostructures.?$:27 Besides, the layered architecture of MXenes is also beneficial for the
perturbation of hydrogen bonding among water molecules, and thus, lower evaporation enthalpy could be
anticipated.?829Lu et al. created a 2D nanostructure-embedded hybrid hydrogel by simultaneously inter-
penetrating few-layer MXenes and reduced graphene oxide nanosheets into polymer networks, showing a
high evaporation efficiency of up to 83.5% under one sun illumination.?!] In addition, due to its superb pho-
tothermal performance, MXenes also exhibit promising antibacterial properties under light irradiation, which
conduces to the pathogen-free water supply.[?¥ Given that the photothermal antibacterial effect of MXenes
could only be triggered with the presence of light irradiation and the sterilization efficiency of chitosan to
drug-resistant microbial is rather weak, it is envisioned that by rationally embedding the 2D-structured MX-
ene nanosheets loaded with strong antibacterial agents into chitosan hydrogel matrix, optimized vaporization
enthalpy and enhanced bacterial eradiation effect could be expected.

Based on the above analysis, in this work, we successfully prepared Ag/MXene nanosheets with optimized
mass ratios and incorporated them into chitosan hydrogel, forming Ag/MXene@chitosan hydrogel composites
as an efficient interfacial solar steam generator. In the porous architecture, Ag/MXene nanocomposites acted
as photothermal centers for the solar steam generation and chitosan hydrogel platform, with abundant water-
enriched pores in micrometer scale, ensured the continuous water transportation to the evaporation sites.
Therefore, an attractive evaporation rate of 3.22 kg m2 h-'with light energy conversion efficiency of 94.9% was
achieved, which exceeded the majority of previously reported photothermal evaporators. By examining the
concentrations of main ions (Na®, Mg?*, K*, and Ca?*) in the distilled water samples from the Yellow Sea,
China, it was found that their concentrations were drastically reduced after desalination with the evaporator,
meeting the standard of drinking water according to the World Health Organization. The hydrogel also
exhibited a high capacity for dye-contaminated water purification, showing its versatile application potential
for various water cleaning purposes. Furthermore, the synergistic contributions from the uniformly dispersed
Ag nanoparticles (ca. 3712nm), MXene nanosheets and chitosan chains endowed the Ag/MXeneQchitosan
hydrogel with excellent photo-induced antibacterial performances towardsS.aureus and F.coli , revealing its
potential for pathogen-free water production. Moreover, the intrinsic bactericidal ability of chitosan and the
Ag™ ions release brought about antibacterial self-cleaning properties to the hydrogel generator, benefiting
its durability for long-term use. In summary, our work provides a new strategy for designing cost-effective,
highly portable and environmentally friendly hydrogel-based solar evaporators for bacteria-free freshwater

supply.
2. Results and Discussion

2.1. Characterizations of Materials

The Ag/MXene@chitosan hydrogel was prepared by bulk MAX etching to produce MXene nanosheets,
Ag/MXene composited sheets preparation and their incorporation into chitosan hydrogel, as depicted in
Figure 1 a. In detail, MXene nanosheets (Figure Sla-b, Supporting Information) were obtained by etching
out the aluminum layer of MAX bulk phase (Figure S2a-e, Supporting Information) with a LiF /HCI mixture
solution as etchants. After Ag nanoparticles deposition, from the scanning electron microscope (SEM) image
and corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mappings of Aggpo/MXeneg s, it
could be observed that the layered structure of MXene maintained and Ag nanoparticles were evenly dis-
tributed on the surface of MXene nanosheets (Figure 1b-d). The transmission electron microscopy (TEM)
image of the Aggo/MXeneq g further demonstrated that Ag nanoparticles with a size of 3712 nm were uni-
formly decorated on the TizCsTylayers (Figure le). Meanwhile, the high-resolution TEM (HRTEM) images
showed that the lattice fringe with an interplanar spacing of 0.236 nm corresponded to the (111) plane
of Ag nanoparticles (Figure 1f). Phase structure of the produced Ag/MXene composited nanosheets with
various mass ratios were validated by the X-ray diffraction (XRD) patterns (Figure 1g). It was clear that
Tiz3Co Ty had been successfully prepared, as evidenced by the distinctive peak at 20 = 6.1°. The characte-
ristic peaks at 20 = 38.2°, 44.4°, 64.6°, 77.6°, and 81.8° of the Ag/MXene composites could be assigned to
the (111), (200), (220), (311), and (222) planes of Ag (JCPDS no. 87-0720), respectively. To optimize the



loading of Ag nanoparticles (NPs), we prepared a series of Ag/MZXene nanocomposites with various mass
ratios. It was worth noting that when the relative proportion of Ag NPs was higher than 20 wt.%, the 2D
morphology of MXene was destroyed, which might be attributed to the oxidation effect from silver nitrate
(Figure S3a, Supporting Information).*”) Thus Agg,/MXeneg g composite nanosheets were selected for the
fabrication of AM/Ch gel. The survey scan X-ray photoelectron spectroscopy (XPS) spectra of pure MXene
and Agg.o/MXeneg s were shown in Figure 1h, in which characteristic peaks originating from Ti 2p, C 1s, O
1s, F 1s, and Cl 2p orbitals could be observed. The peak at 368.5 eV in the composites could be assigned to
the Ag 3d5/, orbital, supporting the successful loading of Ag nanoparticles on the Ti3CoTx layers. As shown
in the high-resolution Ti 2p spectra (Figure 1i), the peaks of Ti species on the surface of Aggo/MXeneq g
changed from a low valence state to a higher valence state (Ti?T, Ti** - Ti**) after Ag decoration, which
further corroborated that the introduced silver nitrate oxidized the highly reducing Ti ions on the surface
and this was believed to benefit the stability of MXene sheets.[*!! In the core-level Ag 3d doublet spectrum
(Figure 1j), the characteristic peaks at 374.51 eV and 368.51 eV could be indexed to Ag 3ds/, and Ag 3d5/,
orbitals, and the splitting between the two distinctive peaks was 6.0 eV, demonstrating the existence of
metallic Ag NPs in the Agpo/MXeneg s.

AM/Ch gel was synthesized by cross-linking chitosan chains through hydrogen bonding with Agg o/MXeneq s
as additives. As shown in Figure S4a-c (Supporting Information), after cross-linking, the fluidity of the
added solution disappeared. Figure 1k showed cross-sectional SEM images of freeze-dried AM/Ch gel,
demonstrating the porous networking structure, which was believed to enhance the water transportation
during the solar steam generation process. AM/Ch gel also showed adhesive features and high stability
(Figure Sba-b, Supporting Information). Additionally, the shape and size of the AM/Ch gel could be readily
manipulated by changing the shape of mould, and in our case, we fabricated a toy rabbit with white chitosan
hydrogel (described as Ch gel) as body and black AM/Ch gel as eyes, indicating the high flexibility of the
hydrogel for various application purposes (Figure 11). The phase structure of hydrogel samples after being
freeze-dried was analysed using XRD (Figure 1m). The peaks at 20 = 6.1°, 38.20°, 44.40°, 64.60°, 77.60°,
and 81.76° of frozen AM/Ch gel could be attributed to above-mentioned characteristic peaks of TizCoTy
and Ag nanoparticles. In addition, the peak intensity of chitosan significantly decreased after cross-linking,
which could be attributed to the reduced crystallinity. All these texture property characterizations clearly
indicated the successful fabrication of flexible AM/Ch gel.
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Figure 1. (a) Schematic illustration of the fabrication process of the AM/Ch gel. SEM image of
AgpoMXeneg g(b) and the corresponding EDS elemental mapping of (¢) Ag and (d) Ti in the AgpoMXeneg g
nanocomposites. (¢) TEM image of the Agy2MZXeneg s (The inserted magnified image shows the histogram
for size distribution of Ag nanoparticles). (f) HRTEM image of the AgpaMXeneps. (g) XRD patterns of
pure MXene, AggoMZXeneg s, AgosMXeneg g and pure Ag. (h) Survey scan XPS spectra of pure MXene and
AggaMXeneg g. (i) Core-level XPS spectra of Ti element in pure MXene and AgyoMXenegs. (j) Core-level
XPS spectrum of Ag element in Agg sMXenepg. (k) SEM image of the freeze-dried AM/Ch gel. (1) Different
shapes kneaded from AM/Ch gel and Ch gel. (m) XRD patterns of chitosan power, freeze-dried Ch gel and
AM/Ch gel.

2.2. Photothermal sterilization properties ofAg/MXene composites

The dispersion of Ag/MZXene nanocomposites with different component ratios in water was shown inFigure
2 a. The optical property investigation showed that Ag/MXene composites could efficiently absorb the light
across the UV-Vis-IR region, hinting its high capacity for solar light utilization (Figure 2b). Therefore,
their photo-to-thermal conversion efficiency was evaluated. Ag/MXene composites aqueous suspensions
(150 pg mL 1) were exposed to irradiation of 0.3 W c¢cm™, and the real-time temperature was recorded



using an infrared thermal camera. In Figure 2c and Figure 2d, as the irradiation time grew, the tem-
perature of Ag/MXene composites aqueous suspensions gradually increased. After 15 min of illumination,
the temperature of MXene suspension went up to 55.2 °C ([?]T = 31.1 degC), while the temperature of
Aggo/MXeneg g reached 53.2 degC ([?]T = 29.2 degC), demonstrating that the introduction of Ag brought
in no enhancement in photo-to-thermal conversion due to the inferior photothermal effect of silver nanopar-
ticles. With the increase of silver content to 40%, the photothermal performance of the corresponding
suspension decreased drastically, which could be attributed to the destruction of the lamellar structure of
Ago.4/MXeneg ¢(Figure S3a, Supporting Information). In contrast, the phosphate-buffered saline (PBS) ex-
hibited negligible temperature change, which further confirmed that the temperature rise could be attributed
to the photo-to-thermal conversion over MXene-based composites. Furthermore, the photo-induced heating
curves of Agyo/MXeneg gfor five cycles under the light on/off cycles demonstrated excellent photothermal
stability (Figure 2e), showing its prospective potential for long-term photothermal applications.

Inspired by the outstanding photothermal properties of Ag/MZXene composites, we evaluated their broad-
spectrum antibacterial capability against Gram-positive S. aureus and Gram-negative E. coli in dark or
under light through plate counting method (Figure S6, Supporting Information). As shown in Figure 4f-g,
pure MXene and pure Ag both showed inferior killing effects against E. coli and S. aureus in dark. The
low antibacterial behaviors of pure Ag nanoparticles may be attributed to the poor dispersion and heavy
agglomeration in aqueous suspensions (Figure S3b, Supporting Information).!3? However, for the Ag /MXene
composites, it could be clearly observed that the introduction of Ag could significantly decrease the survival
rate of both E. coli and S. aureus , which was beneficial for the self-cleaning ability of the materials in dark.
Given that the Ag/MXene composites will be used for photothermal purposes, we further evaluated the
bacterial inhibition capacity of these composites under irradiation (0.3 W cm™), and the results indicated
that both E. coli and S. aureus growth was dramatically inhibited and the survival rate was dramatically
reduced correspondingly. For the MXene-based materials, over 90% of the bacteria were inactivated under
the irradiation density of 0.3 W c¢cm™, indicating the brilliant antibacterial effect of photothermal therapy
(PTT) arising from the photothermal effect of MXene. Although Ag has been widely used as an antibacterial
agent, its antibacterial effect is relatively low compared with MXene. However, when Ag and MXene are
combined, especially Agy2/MZXenegs, showed much enhanced antibacterial efficiency compared to pure
MZXene, indicating the synergy between PTT and Ag™ ions release in bacterial killing. Up to 99.76% of
E. coli and 99.41% ofS. aureus were killed within 15 min under irradiation of 0.3 W cm2. Additionally,
it was evident thatE. coli , as previously reported, was more susceptible to antibacterial treatments, which
was owing to its thinner peptidoglycan layers of the cell wall in Gram-negative bacteria.l334As discussed
earlier, the synergistic bactericidal effect could be attributable to increased permeability of the bacterial cell
membrane and sensitivity to heat by PTT, as well as the constant Ag™t ions release from Ag nanoparticles
which in-situ grew on TizgCy Ty lamellar structures. To further investigate the antibacterial mechanism, we
used SEM to observe how FE. coliand S. aureus morphology changed in response to various treatments. As
shown in Figure 2h, both E. coli and S. aureus, before being treated (control group), showed smooth and
intact cell membranes. However, after antibacterial treatment, the cell membrane of both E. coliand S.
aureus showed severe wrinkles and damage with the presence of Agy2/MZXeneg g, confirming the remarkable
bactericidal activity. Based on the high photothermal effect, well-maintained 2D structure and superb
bactericidal performance, Aggo/MXenegg (referred as Ag/MXene) was utilized to fabricate photothermal
AM/Ch gel for solar steam generation.
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Figure 2. (a) Digital photo of aqueous suspensions of pure MXene, AgyoMXeneps, AgysMXenegs and
pure Ag. (b) UV-Vis absorption spectra of pure MXene, AggoMZXenegs, AgosMXenegg and pure Ag.
(¢) Temperature changes of pure MXene, AgooMXeneg s, Ago4MXeneg g, pure Ag and PBS buffer solution
under irradiation (0.3 W cm™). (d) IR thermal images of pure MXene, AggoMXeneq g, Agg4MXeneg g, pure
Ag and PBS buffer solution. (e) Photothermal heating curves of AggoMZXeneg g for five light on/off cycles
(0.3 W em™2). Antibacterial activity againstE. coli (f) and S. aureus (g) with pure MXene, AgyoMXeney g,
AgysMXeneg g, and pure Ag in dark or under irradiation (0.3 W cm™2). (h) SEM images of the dead E. coli
and S. aureus treated with AggoMZXeneg g.

2.3. The photothermal sterilization andself-cleaning property of AM/Ch gel

Since in most cases, there are lots of microbes in seawater or polluted water, the sterilization capacity of
AM/Ch gel solar evaporator is quite essential to ensure the production of clean and drinkable water. As such,
we first evaluated the antibacterial effect of AM/Ch gel under irradiation of 0.2 W cm™, as illustrated in
Figure 3 a. As presented in Figure 3b—e, after being treated for 15 min, the pure chitosan hydrogel displayed
a 9.23% antibacterial efficiency towardsFE. coli and a 8.14% antibacterial activity against S. aureus , respec-
tively, which could be explained by inherent antibacterial properties of chitosan, brought by the numerous
functional groups including positively charged quaternary ammonium salt groups that might interact with
the negatively charged bacteria cell membranes to trap and inactivate pathogens.**/In contrast, AM /Ch gel
exhibited much enhanced bactericidal ability, with a killing rate of 58.34% against E. coli and 35.09% against
S. aureus after 15 min treatment. After light irradiation for an extra 15 min, the pure chitosan hydrogel
showed inferior antibacterial ability, killing only 74.31% of E. coliand 35.44% of S. aureus . Notably, all
the E. coli andS. aureus were apparently inactivated after treatment with AM/Ch gel, which demonstrated
its potential for producing bacteria-free clean water. The excellent antibacterial activity of AM/Ch gel was
partially ascribed to the effect of PTT arising from MXene. Besides, the constant release of Ag™ ions may
contribute to the long-term antimicrobial effectiveness of AM/Ch gel system. Specifically, as shown in Figure
3f, the concentration of Ag™ ions increased from 0 to 0.35 ppm in 15 min and achieved 0.70 ppm in 30 min
under irradiation. As the Ag™ ions concentration increased, the antibacterial activity against E. coli and S.



aureus both rose to 100% after 30 min irradiation. These results revealed that, with the synergistic effect of
the chitosan hydrogel matrix (inherent sterilization) and Ag/MXene nanosheets (photothermal sterilization
and Ag" ions release), the designed AM/Ch gel system exhibited robust antibacterial activity.

Except for the capacity to produce bacteria-free clean water, the self-cleaning antibacterial property of
AM/Ch gel is also important for its recyclable and sustainable use, as shown in Figure 3g. To investigate
its self-cleaning property, AM/Ch gel was first placed into a PBS buffer solution containing mixed bacteria
of E. coli and S. aureus for 24 h (Figure 3h). The supernatant was then diluted for 10,000 times and coated
on the Luria-Bertani (LB) medium for 18 h to quantify the number of colonies. The growth of colonies on
LB media under various conditions was shown in Figure j-o. The treatment with AM/Ch gel significantly
reduced the number of colonies, demonstrating its outstanding self-cleaning capacity. Figure 3i showed that
the concentration of Ag™ ions released from the hydrogel reached 15.01 ppm within 24 h, which might account
largely for the high antibacterial behavior in the dark. In addition, the self-cleaning property of AM/Ch gel
might also be attributed to the chitosan chains with intrinsic bacterial killing capacity originating from the
abundant positive amino groups (NHy), which could engage in electrostatic interaction with the negatively
charged germs, killing them in the end.
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Figure 3. (a) Schematic diagram of the photothermal antibacterial mechanism of AM/Ch gel. Image of
bacterial colonies formed by E. coli (b) and S. aureus(c) treated with PBS buffer solution, Ch gel and
AM/Ch gel under irradiation (0.2 W cm2, 30 min). Curve of antibacterial activity of E. coli (d) and S.
aureus (e) after treatment with PBS buffer solution, chitosan hydrogel and AM/Ch gel with time increasing.
(f) Comparison of the concentration of Ag* ions released with time under irradiation (0.2 W ¢cm™, 30 min).
(g) Schematic diagram for self-cleaning process of AM/Ch gel. (h) Digital photo of AM/Ch gel soaked in a
bacterial solution. (i) Comparison of the concentration of Ag™ ions released in dark. Antibacterial tests: (j)
spread plate results of E. coli from the original bacterial solution, (k) the untreated bacterial solution for 24



hour, and (1) the bacterial solution after treatment with AM/Ch gel for 24 hour; spread plate results of (m)
S. aureus from the original bacterial solution, (n) the untreated bacterial solution for 24 hour, and (o) the
bacterial solution after treatment with AM/Ch gel for 24 hour.

2.4. The water evaporation property of AM/Ch gel solar evaporator

Considering the superior photothermal performance of the Ag/MXene composites, the solar evaporation
performance of the AM/Ch gel evaporator was investigated. As illustrated in Figure 4 a, the water evap-
oration system was fabricated by the growth of the hydrogel on the top of expandable polyethylene (EPE)
foam as a thermal insulator. An electronic analytical balance was utilized to quantify the change in water
mass caused by the vapor escape. The filled AM/Ch gel in the two holes of EPE foam could act as sustained
water transportation channels, mimicking the roots of trees in nature. During the water evaporation test,
an IR camera was used to record the surface temperature of solar steam generator under light irradiation
(incident angle: 0°). As shown in Figure 4b, the weight of water almost kept constant in dark, indicating
that the natural evaporation could be negligible. And under light irradiation, the water evaporation was
enhanced and the presence of chitosan hydrogel brought no further enhancement of steam generation. In
comparison, the water weight in the presence of AM/Ch gel exhibited an almost leaner decrease as the
irradiation time prolonged, an indicator of constant and stable steam generation. Figure 4c showed that the
evaporation rate of the AM/Ch gel evaporator reached 3.22 kg m™2h!, which was approximately 3.7 times
for the Ch gel evaporator (0.86 kg m™ h™!) and 3.88 times compared to pure water control sample (0.83 kg
m2ht). Similarly, the evaporation rate of the AM/Ch gel evaporator in seawater obtained from the Yellow
Sea, China, was 3.10 kg m™2h!, which was also much higher than the rate of natural evaporation (Figure
S7a-b, Supporting Information). As shown in Figure 4d-e, the surface temperature of the device increased
quickly and then stabilized for the irradiation period from 0 to 60 min. In particular, the surface temperature
increased to 52.3 degC (T = 30.0 degC) over AM/Ch gel, which was considerably higher than Ch gel and
pure water due to the strong photothermal effect of Ag/MXene composites. To assess the energy utilization
potential of AM/Ch gel evaporator, the solar evaporation efficiency () was also calculated (Supporting In-
formation). According to Figure S8a-b (Supporting Information), the evaporation efficiency of the AM/Ch
gel evaporator could reach 94.9%, which was much higher than that of the Ch gel evaporator (22.8%) and
even most photothermal evaporators previously reported in the past five years (Figure 4f and Table S1,
Supporting Information). Such an excellent evaporation rate and energy conversion efficiency demonstrated
the potential of AM/Ch gel for durable and sustainable water distillation, which could be mostly attributed
to its outstanding photothermal conversion capability, lowered evaporation enthalpy, and sustained water
molecules transportation in the networks.

The vapor generated by light irradiation was condensed, and the liquid water was collected to assess the
purification effectiveness of AM/Ch gel evaporator. After being measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES), the concentrations of four primary ions (Nat, Mg?*, K+ and
Ca?T) were greatly reduced by three to four orders of magnitude after desalination when we used the
seawater samples from the Yellow Sea, China, (Figure 4g), which meet the requirement for drinking water
quality on World Health Organization,% revealing the excellent performance of AM /Ch gel evaporator for
seawater desalination. Furthermore, water evaporation experiments were also conducted using wastewater
containing dyes as simulated contaminants, including methyl orange and methylene blue dyes. Figure 4h
showed the color of the sewage turned transparent, and the strong absorption peaks of methyl orange (~ 465
nm) and methylene blue (7 665 nm) were almost eradicated after purification with AM/Ch gel evaporator,
showing its potential for clean water production from sewage.
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Figure 4. Solar vapor generation under irradiation of 0.2 W cm™. (a) A schematic diagram of the system
for measuring water evaporation. (b) The mass change of water for AM/Ch gel, Ch gel and pure water. (c)
The evaporation rate of the AM/Ch gel, Ch gel and pure water. (d) Temperature changes of the AM/Ch
gel, Ch gel and pure water. (e) IR thermal images of the surface temperature of the AM/Ch gel, Ch gel
and water with irradiation time. (f) A multi-dimensional comparison of AM/Ch gel evaporator with other
photothermal material evaporators, including carbon quantum dots (CQDs),*" Lag 5Srg.5CoO3(LSC), 1]
reduced graphene oxide (rGO),] polyaniline (PANT),[*] carbon nanotubes (CNT),*!) nickel oxide (NiO),?l
MXene,*3ICoy 6784 [*Y/polydopamine (PDA).1*5 (g) Concentration changes of Nat, Mg?t, KT, and Ca*t
ions before and after treatment with AM/Ch gel evaporator. (h) Absorption intensity curve and digital
photos of methyl orange and methylene blue contaminated water before and after evaporation purification.

3. Conclusion

In conclusion, by crosslinking chitosan chains through hydrogen bonding with Ag/MXene composites as
additives, the obtained AM/Ch gel based solar steam generator exhibits features of high antibacterial and self-
cleaning ability, satisfying solar energy conversion efficiency and promising clean water production capacity,
due to the superb photo-to-thermal conversion behavior of Ag/MXene photothermal centers and feasible
water transportation in the biomimetic 3D networks. As such, high solar steam generation rate of 3.22
kg m2h'! with a solar energy utilization efficiency of 94.9% has been achieved under irradiation of 0.2
W cm2, outperforming most of the previously reported solar evaporators. Besides, the concentrations of
four primary ions (Nat, Mg?t, K* and Ca?") were reduced by three to four orders of magnitude after
desalination using seawater samples from the Yellow Sea, China, meeting the requirement for drinking water
quality according to World Health Organization, and this reveals the bright prospects of our AM/Ch gel
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evaporator for seawater desalination.
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water production. The porous networking structure enables light-trapping, photo-to-thermal conversion and
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m 2h ! and 94.9% under irradiation of 0.2 W cm™2, respectively.
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