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Abstract

Solar interface evaporation-assisted resource recovery is among the promising
technical solution to the water-energy-resource crisis. However, typically low lithium
concentrations in the source solution, e.g., seawater, as well as the dynamic nature of
SIE limit the performance of adsorbents. In this study, a “temporal separation” strategy
is proposed: the aerogel first concentrates Li* by solar-driven evaporation and then
captures it through selective adsorption. To achieve this, molybdenum disulfide and
lithium ion sieves are encapsulated within acrylamide, forming a hierarchically porous
aerogel. This structure enhances solar evaporation for rapid Li" concentration, followed
by efficient selective adsorption. Under 1-sun irradiation, the aerogel achieves an
evaporation rate of 2.58 kg m2 h™! with 90.4% photothermal efficiency in saline
solution, maintaining excellent stability over extended operation. Within 72 h, the Li*
concentration increases fourfold, and the embedded sieves deliver a lithium adsorption
capacity of 53.4 mg g!, with excellent performance retained after 12 cycles.
Environmental impact assessment indicates shows lower carbon emissions, energy use,

and water footprint than other solar evaporators.

Keywords: Solar interfacial evaporation; Lithium extraction; Life cycle assessment

(LCA); Sustainable Resource Recovery
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1. Introduction

With the advancement of industry and the global transition to cleaner, low-carbon
energy systems, lithium, often referred to as the “white oil of the 21st century,” has
become a core strategic resource supporting the energy revolution. According to the
report from the International Energy Agency (IEA), global lithium demand is projected
to rise from 265,000 tons (based on Li>CO3) to approximately 498,000 tons by 2050
[1], with 90% of this growth driven by the electric vehicle industry. Currently, the
primary sources of Li* supply are brine deposits and lithium ores [2, 3], with a global
total of around 34 million tons [4]. While these Li* reserves are sufficient to meet
current market demand, the extraction of Li* from such resources involves complex
processes and high costs [5], posing challenges in meeting future demand. Seawater is
a potential alternative source since it holds vast lithium resources, exceeding 230 billion
tons, that is, more than 10,000 times the total land-based reserves [3, 6, 7]. However,
the feasibility of efficiently extracting lithium from seawater remains a significant
challenge due to low lithium concentration (0.1-0.2 mg L") and the high concentration
of interfering ions (500-10,000 mg L") [8, 9].

Traditional direct lithium extraction methods mainly rely on solvent extraction
[10], electrochemical extraction [11, 12], membrane separation [13-16], and
electrodialysis [17, 18]. While these methods have addressed selectivity issues to some
extent, they still face multiple bottlenecks. Specifically, solvent extraction offers high
selectivity but is limited by issues such as impurity co-extraction, environmental risks,

and high energy consumption. Electrodialysis faces challenges in ion leakage,
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membrane fouling, and high energy consumption. Membrane separation technologies
exhibit reduced selectivity in high salinity environments and are affected by
concentration polarization and scaling. Electrochemical methods, despite their potential
for direct lithium recovery, require substantial external energy input and often produce
unwanted by-products, complicating large-scale implementation. In contrast,
adsorption methods, due to their low investment, environmental friendliness, and high
selectivity, are considered a promising and feasible approach for lithium extraction
from seawater [19]. Lithium ion sieves (LISs), primarily derived from lithium titanium
oxide (LTO), lithium manganese oxide (LMO), and lithium/aluminum layered double
hydroxides (Li/Al-LDHs), have become the primary adsorbents for lithium recovery
from brines [20-23]. However, the practical application of powdered LISs is often
severely limited due to challenges in deployment and recovery, resulting in unavoidable
material waste. Encapsulating LISs within a carrier is an effective approach to address
these issues. Hydrogels, with their three-dimensional porous networks, abundant
binding sites, and environmental benignity [24-27], have thus emerged as excellent
carriers for lithium-ion sieves. Furthermore, most methods treat seawater only as a
lithium source, overlooking its equally important role as a vast freshwater reservoir.
Therefore, developing a method capable of simultaneously recovering freshwater and
efficiently extracting lithium holds great promise [28, 29].

Solar-driven interface evaporation (SIE) enhances water evaporation by
concentrating solar energy at the air-water interface, thereby achieving low-carbon

seawater desalination and wastewater minimization [30-36]. Moreover, integrating
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lithium adsorbents into solar evaporators not only raises their local temperature but also
enriches lithium through evaporation [37, 38], thereby accelerating adsorption kinetics
and enhancing capture efficiency. For example, Liu et al. reported a photothermal
floating mat used for solar-driven lithium extraction [39], which achieved a saturated
lithium adsorption capacity of 520 mg m 2> under 2-sun irradiation. Wang et al.
developed spherical polystyrene microspheres loaded with bifunctional LTO/n-doped
mesoporous carbon nanocomposites as micro solar evaporators [40], achieving a two-
fold increase in lithium recovery under 1-sun irradiation. Despite recent advances, there
remains a clear need for an integrated approach that can simultaneously overcome
seawater’s low lithium content, ensure selectivity in complex ion matrices, and recover
freshwater in a sustainable manner.

Based on these insights, we designed a “temporal separation” strategy to overcome
the low lithium concentration barrier in seawater. The idea is to first concentrate lithium
ions via solar-driven evaporation and then selectively capture them through embedded
adsorbents, achieving both freshwater recovery and lithium extraction in a single
system (Scheme 1). To realize this, we developed a hydrogel-based aerogel platform by
encapsulating MoS; as the photothermal component and H>TiO3 (HTO) as the lithium-
ion sieve within an acrylamide matrix. The hierarchical porous network ensures rapid
water transport, stable evaporation, and eftective ion diffusion. In the following sections,
we detail the synthesis of this material, characterize its structural and photothermal
properties, evaluate its performance in solar evaporation and lithium adsorption.

Moreover, the synthesis of photothermal components and adsorbents typically involves
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energy-intensive procedures or hazardous chemicals. A quantitative life cycle
assessment (LCA) is therefore essential to verify the overall sustainability of the
proposed technology. By integrating LCA, we systematically assess the environmental
impacts associated with both material synthesis and aerogel utilization, enabling a

comprehensive and transparent evaluation of its sustainable resource recovery potential.

Clean water

Li* P
- Li* concentration !
i increased
Li* salt __ » i
solution 500 sl
I. Concentrate the solution II. Adsorption extraction of Li*

Scheme 1. Schematic diagram of the solar evaporation and lithium concentration

platform.

2. Experimental methods

2.1. Materials

All chemicals were used as received, without further purification. Titanium dioxide
(TiO2, AR) and lithium carbonate (Li2CO3, AR) were purchased from Chengdu Kelong
Chemical Co., Ltd. (China). Molybdenum disulfide (MoS,, <2 um, AR, >99.5%), N,N'-
Methylenebisacrylamide (MBA, AR, >99.0%), N,N,N',N'-Tetramethylethylenediamine
(TMEDA, AR, >99.0%), sodium dodecyl sulfate (SDS, AR, >99%), and ammonium

persulfate ((NH4)2S208, AR, >99.0%) were obtained from Shanghai Aladdin

6
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Biochemical Technology Co., Ltd. Acrylamide (AM, AR, >99%), magnesium chloride
(MgCly, 99.0%), calcium chloride (CaClo, AR, >97.0%), sodium chloride (NaCl, AR,
>99.5%), potassium chloride (KCIl, AR, >99.5%), and lithium chloride (LiCl, AR,
>99%) were purchased from Shanghai Macklin Biochemical Co., Ltd. Hydrochloric
acid (HCI, AR, 37%) was supplied by Tianjin Kemeier Reagent Co., Ltd. Deionized
water (DI) from a commercial ultrapure water system (Sichuan Youpu Ultrapure
Technology Co., Ltd.) was used for all experiments.

2.2. Preparation of H,TiO; (HTO)

Li,TiO3 powder was synthesized via a conventional solid-state reaction. Specifically,
Li,CO3 and TiO; with a stoichiometric ratio of Li:Ti = 2:1 were first thoroughly ground
and mixed to obtain a homogeneous precursor. The mixture was then transferred to a
muffle furnace, where it was calcined at 800 °C for 4 h with a heating rate of 5 °C-min"
I, After cooling to room temperature, Li>TiOs powder was obtained. The as-prepared
Li>TiOs was subsequently immersed in 0.5 mol L' HCl solution at 70 °C under gentle
stirring for 24 h to ensure complete Li'/H" ion exchange. The resulting solid was
washed with deionized water until neutral, followed by freeze-drying, to finally obtain
Li,TiOs ion sieves.

2.3. Preparation of MTH hydrogel

MTH was prepared via a cross-linked foaming polymerization method. First, 7.0 g of
molybdenum disulfide (MoS2) was dispersed in 25 mL of deionized water and stirred
vigorously for 1 h. To this suspension, 4.2 g of acrylamide (AM) and 0.3 g of N, N'-

methylenebisacrylamide (MBA) were added, and the mixture was stirred and sonicated
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for 30 min to ensure thorough mixing. Subsequently, 0.06 g of sodium dodecyl sulfate
(SDS) was introduced as a pore-forming agent, the suspension was rapidly stirred, and
once foaming occurred, TMEDA (1.2 mL) was added as a catalyst; stirring was
continued until the foam dissipated. Different amounts of HTO were then added,
corresponding to mass fractions of 1.5 wt%, 2.5 wt%, and 3.0 wt%, respectively. The
suspension was sonicated to remove air bubbles, after which ammonium persulfate (3.0
mL) was added to initiate cross-linking. The resulting hydrogel was then immersed in
deionized water for 24 h to remove residual reagents. The resulting material was first
obtained as a hydrogel. After freeze-drying, it was converted into an aerogel (MTH),
which was used for structural characterization. Unless otherwise specified, evaporation
and adsorption experiments were carried out with the hydrated hydrogel form.

2.4. Characterization

The morphology and elemental composition of the hydrogel were analyzed using
scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS). Contact angle was measured by depositing a 2 uL DI water droplet on the
hydrogel surface. UV-Vis-NIR measurement tested the transmittance and reflection of
MTH hydrogel. Differential scanning calorimetry (DSC) was used to determine
evaporation enthalpy (20—100 °C, heating rate5°C min'). The chemical composition
of hydrogel was analyzed by X-ray photoelectron spectrum (XPS) using a Thermo
Scientific: ESCALAB250Xi. Ion concentrations in solution were measured using ICP—
OES.

2.5. Swelling measurement
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The acrylamide-based hydrogel was submerged in deionized water to assess its swelling

behavior. After reaching equilibrium, the swollen hydrogel was carefully taken out,

blotted with filter paper to remove excess surface water, and weighed using an

electronic balance. The swelling ratio was then determined using the following equation:
Swelling ratio = u (Eq.1)

4}

where Wi and W, are the weights (g) of the dry hydrogel and swollen hydrogel,

respectively.

2.6. Solar steam generation

Solar evaporation experiments with MTH were conducted in a glass vessel containing

80 mL of simulated saline water. The MTH aerogel was cut into 2 x 2 x 2 cm cubes and

irradiated under a 1000 W m™ solar simulator at room temperature and a humidity of

approximately 50%. During the experiment, mass changes of the system were

monitored using an electronic balance, while temperature variations were continuously

monitored using an infrared camera. The heat losses calculation in SIE process can be

obtained according to supporting information.

2.7. Adsorption efficiency and capacity

20 mg MTH and 20 mL of 100 mg L ™! Li" solutions were added into plastic centrifuge

tube and shaken in a water bath. After reaching the adsorption equilibrium, the

supernatant was collected using 0.22 um filter membrane and the concentration of

filtered supernatant was measured by atomic fluorescence spectroscopy. To investigate

the profound adsorptions properties of MTH, the effect of pH (7-12), contact time (0-

20 h), initial concentration of Li* ions (50-300 mg L") and temperature (298, 318 K)



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

was conducted. The removal efficiency (Eq. 2) and the adsorption capacity (Eq. 3) were

calculated by the following formula [41, 42]:

Cy—C
Re: OC e
0

(CO_CG)

Qo= —"——"—V (Eq.3)

(Eq.2)

where R. (%) and Q. (mg g ") represent the removal efficiency and adsorption capacity
for the Li*; Co (mg L") and C. (mg L") are the initial concentration and the equilibrium
concentration of Li", respectively; V (L) is the volume of solution; and m (g) is the
amount of adsorbent (MTH).

2.8. Adsorption Kinetics

To investigate the adsorption processes, the kinetic data were fitted by pseudo-first-
order and pseudo-second-order kinetic models. The pseudo-first-order (Eq. 4) and
pseudo-second-order models (Eq. 5) were used to analyze and fit the experimental data
[43]:

In(Qe — Qp) =InQ, — kit (Eq.4)

t 1 t

e e Q.

In which Q. and O (mg g ') are the adsorbed amounts of Li* on MTH at equilibrium

(Eq.5)

and time t (min); and ki (min"') and k> (g (mg h) ') refer to the rate constant of pseudo-
first-order and pseudo-second-order models, respectively.

2.9. Adsorption isotherms and thermodynamic study

In order to further study the adsorption behavior and thermodynamic properties, the
adsorption performance between MTH and Li" were carried out at two different
temperatures (293, 313 K) and two well-known models (Langmuir, Freundlich) were

10



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

also employed to simulate the adsorption isotherm. The formulas of Langmuir (Eq. 6)

and Freundlich models (Eq. 7) are described as follows [29]:

QmKLCe
=— Eq.
Qe =17 1K, (Eq.6)
1
InQ, = HlnCe + InKp (Eq.7)

where Q. and Om (mg g ') represent the adsorbed amount of Li* ions on MTH at
equilibrium and the maximum adsorption capacity; C. (mg L™') represents the
equilibrium concentration of Li" ions; Ki and Kr are the Langmuir and Freundlich
constant related to the adsorption capacity; # is relevant to the adsorption intensity.
2.10. Calculation of separation factors

The separation factor () in lithium extraction quantifies the selectivity of a lithium-ion
sieve (LIS) toward Li* over competing cations in a multi-ion system. It is defined as the

ratio of the distribution coefficients (Kq) of Li* and a competing ion (Me), expressed as

[29]:
K4
a@= e (Eq.8)
where the distribution coefficient (Kq) is given by:
(CO - Ce)V
Ky =———— Eq.9
d Com (Eq.9)

Co 1s initial concentration of the ion in solution before adsorption (mg/L); Ce. is
equilibrium concentration of the ion after adsorption (mg/L); V is the volume of the
solution used in the adsorption experiment (L); m is the mass of the LIS adsorbent (g).
A higher separation factor («) indicates stronger Li" selectivity, which is critical for
efficient lithium recovery from brine solutions containing competing ions.

2.11. Reusability measurement
11
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The regeneration performance of the MTH was evaluated at room temperature. The
adsorbent (20 mg) was added to 20 mL of a 100 mg L™! Li" solution and allowed to
adsorb for 20 h. The adsorbent was then immersed in 50 mL of 0.5 mol L™ HCl solution
and shaken at 293 K for 24 hours to facilitate the desorption and regeneration of Li".
Finally, the adsorbent was washed thoroughly with deionized water and the regenerated
hydrogel was used for another adsorption cycle.
3. Results and discussion
3.1. Preparation and characterization of MTH

The MTH hydrogel was prepared by encapsulating HTO and MoS; within an AM
matrix. MoS», with its strong light absorption properties, served as the photothermal
component, while HTO functioned as Li* adsorbent. SEM images (Fig. 1a-c) showed
that the aerogel exhibited a rich macroporous structure, which should facilitate the
transport of water to the surface of MTH [44]. Furthermore, incident light can reflect
within the abundant pores, thereby promoting effective light transmission and
enhancing absorption efficiency [45]. The presence of macropores should also improve
the storage capacity, preventing the accumulation of salts on the surface of MTH [46].
SEM-EDS suggested that both Mo and Ti elements were evenly distributed across the
aerogel skeleton, indicating the successful integration of MoS. and HTO. Nitrogen
adsorption-desorption isotherms (Fig. 1d) displayed a type IV profile with an H3
hysteresis loop, consistent with the coexistence of interconnected macropores and
mesopores. These results corroborated the effective incorporation of HTO into the

matrix, in line with the SEM observations..

12
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The surface hydrophilicity of MTH was evident from the rapid absorption of a
water droplet within approximately 1.15 s (Fig. le). FTIR spectra (Fig. 1f) revealed

characteristic peaks at 1594 cm'

, associated with amide groups (-CONH-), which
readily form hydrogen bonds with water molecules. These functional groups contribute
to the excellent hydrophilicity of the material and sustain continuous water transport
and evaporation [47]. Additional peaks at 2360 cm™' and 2162 cm! are attributed to the
stretching vibrations of C-S and C-N, respectively. An absorption peak at 1992 cm’!
was also observed, likely arising from the interaction between the functional groups
within the aerogel and MoS». The aerogel color also changed from colorless to black
upon MoS: incorporation, indicating broad solar absorption (Fig. S1). UV-Vis-NIR
spectra (Fig. 1g) further confirmed efficient light capture across the solar spectrum.
DSC analysis (Fig. 1h) showed that the evaporation enthalpy of water confined in
the hydrogel was lower than that of bulk water, suggesting that water molecules within
the polymer network required less energy to vaporize. This effect is attributed to
hydrogen bonding and capillary forces within the micro- and nanochannels of the
material, which disrupt the bulk water structure. Finally, compression tests (Fig. 11)

indicated that MTH was elastic at strains below 50% and exhibited higher compressive

strength at larger strains (>60%), supporting its good mechanical robustness.

13



269
270

271

272

273

274

275

276

277

278

279

—o—Adsorption
54 —o—Desorptiom (d) b

(f) 1594.22

i

aVidiog(D) Pore Volume (cmY/g)

i

2360.05
2162.01

Transmittance (%)

% % E
Pore Diameter (vm) g MTH
—MH

Quantity absorbed (cmalg STP)
w

0.0 0.2 " 0.4 0.6 0.8 1.0 4000 30'00 zo'oo 10'00
Relative pressure (P/P)

Wavenumber (cm™)

() e (h) (i)
=8 9 0.06
& 801 = ’
(=]
@ ©
o
£ 6ol £ £ o004
2 3 =
5 8 2
» 404 = 2
g S 204 £ 0.02
20 L 3 —Pure water | @ —
—MTH
0.00{ —
T T T v -30 T T T T T T T T
500 1000 1500 2000 250 50 100 150 200 0 20 40 60 80
Wavelength (nm) Temperature (°C) Strain (%)

Fig. 1. Characteristics of MTH aerogel/hydrogel. (a-c) SEM images of MTH at different resolutions;
(d) Particle size distribution of MTH; (e) Contact angles of water on MTH at different contact times;
(f) FTIR spectrum of MTH; (g) UV/Vis-NIR absorption spectrum of MTH; (h) DSC curves of pure
water and MTH; (i) Compressive stress-strain curve of MTH.

3.2. Solar-driven water evaporation performance

The solar evaporation performance of MTH was evaluated under a standard solar
simulator while mass changes of the brine were recorded with an electronic balance.
Additionally, an infrared camera was used to monitor the surface temperature variations
during the evaporation process (Fig. 2a). To assess the impact HTO loading, hydrogels

containing 0, 1.5, 2.5, and 3.0 wt% HTO were tested under 1-sun irradiation in 3.5 wt%

14



280 artificial seawater. The water evaporation rate increased with HTO content up to 2.5 wt%
281  but decreased at 3.0 wt% (Fig. 2b). At 3.0 wt% HTO, the evaporation performance of
282  MTH was lower than that of the HTO-free hydrogel, likely because excess HTO
283  blocked internal pores and hindered water transport. Consequently, subsequent studies
284  utilized MTH containing 2.5 wt% HTO.

285 The adaptability of MTH was then assessed under different solar intensities of 0.5,
286 1, and 2 sun. As expected, the evaporation rate rose with increasing intensity, reaching
287 ~3.25kgm? h'! at 2 sun (Fig. 2c). The corresponding, average surface temperature
288 also increased with light intensity, stabilizing at 42.5 °C under 1 sun after 30 min (Fig.
289  2d). Thermal imaging confirmed that heat was concentrated at the evaporator surface,
290  with minimal transfer to bulk water (Fig. S2). A photothermal conversion efficiency of
291  90.4% was calculated, with only 2.0% of the heat dissipated into the brine (Fig. S3).
292 At approximately 25°C and 45% relative humidity, the water evaporation
293  performance was systematically evaluated under stable solar intensity (1 sun) (Fig. 2e).
294  To isolate the photothermal effect, the dark evaporation background rate of 0.25 kg m >
295 h! was subtracted from the total evaporation rate. The evaporation rate of MTH
296  reached 2.5 kg m 2 h™!, exceeding that of pure water, and remained above 2.0 kg m>
297  h7!'even after 12 h of continuous operation (Fig. 2g). As the salinity increased from 3.5
298  wt% to 20 wt% NaCl, the evaporation rate gradually decreased (Fig. 2f), which can be
299  attributed to trace salt precipitation that hinders water transport and vapor escape (Fig.
300 S4).

301 As reported in previous desalination studies, solar evaporation materials often

15
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accumulate large amounts of salt crystals on their surfaces due to insufficient water
supply [48]. This crystal accumulation impairs solar thermal conversion, reduces light
absorption, and, in severe cases, blocks the water channels within the hydrogel.
Therefore, the salt resistance and self-cleaning performance of MTH were also
evaluated. In 20 wt% brine, only minor salt crystals appeared at the edges of MTH after
12 h, with no accumulation in the main evaporation area (Fig. S4). Notably, when a 2
X2 cm? piece of MTH was placed in 3.5 wt% brine and 0.5 g of NaCl powder was
spread on the surface of the material, the NaCl crystals dissolved and completely
disappeared into the saltwater within 210 min under 1 sun irradiation (Fig. S5). This
rapid dissolution can be attributed to the uniform distribution of macropores and
mesopores within the hydrogel. Due to the retention by the macropores, salt ions do not
accumulate on the surface of MTH but instead diffuse downward along the
concentration gradient. For comparison, similar evaporators such as squid ink/chitosan
required ~8 h for complete salt dissolution under the same conditions [49].

To further evaluate the long-term stability of MTH, a 10-day continuous
evaporation test was conducted under 1 sun irradiation in a 3.5 wt% brine (Fig. 2h).
The evaporation rate of MTH remained stable throughout, SEM analysis revealed that
after prolonged operation, the layered porous network structure of MTH remained
intact, with no sign of salt deposition (Fig. S6). Leveraging this evaporation capability,
MTH was also tested with a LiCl solution (100 mg L™!) under 1 sun irradiation. After
72 h of evaporation, the concentration of LiCl increased fourfold to approximately 400
mg L' (Fig. 2i), providing favorable conditions for subsequent lithium extraction.
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The practical feasibility of the MTH evaporator is crucial for addressing the global
freshwater crisis. To evaluate its seawater desalination performance under real-world
conditions, the actual evaporation rate of MTH was tested under natural sunlight using
simulated seawater (3.5 wt% NaCl). The device was placed in an open area on the west
side of the Environmental Building at Sichuan University in Chengdu, China (Fig. S7).
The experiment was conducted from 9:00 to 18:00 on October 15, 2025, with the mass
change of water recorded hourly during MTH operation. The solar radiation peaked
between 12:00 and 14:00 (=0.7 kW m™). As shown in Fig. S7, the MTH evaporator
exhibited a rapid increase in evaporation rate under natural sunlight from 10:00 to 14:00,
reaching 5.10 kg m? h'! between 13:00 and 14:00. Remarkably, despite the solar
irradiance being only 0.7 kW m-lower than that of the laboratory solar simulator (1
sun)-the outdoor evaporation rate exceeded the laboratory value of 2.58 kg m™ h™!. This
enhancement can be attributed to lower ambient humidity and higher wind speed in the
outdoor environment [50]. The results demonstrate the substantial potential of the MTH

hydrogel evaporator for practical seawater desalination applications.
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Fig. 2. Solar interface evaporation (SIE) performance and stability of MTH. (a) Schematic diagram
of the solar-driven steam generation setup; (b) Mass loss of brine over time with materials
characterized by different HTO loadings; (c) Mass loss of brine over time under different solar
intensities; (d) Average surface temperature of MTH over time under different solar intensities; (e)
Mass change over time of pure water and brine over time under different conditions; (f) Mass change
over time of brines with different concentrations; (g) Evaporation rate of MTH during 12 h of
continuous operation under 1 sun; (h) Long-term stability test over 10 days under 1 sun; (i) Increase
in LiCl concentration for 72 h of evaporation under 1 sun (nominal Co = 100 mg L™!). [All the above
experiments were conducted under the conditions of a temperature ranging from 25.0 to 25.5 °C, a
humidity of 50 % to 52 %, and a light area of 2x2 cm)].

3.3. Li" adsorption performance

After Li" enrichment by evaporation, the adsorption performance of MTH toward
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Li" was systematically investigated. Since pH plays a critical role in regulating ion-
exchange kinetics and stabilizing the structural integrity of the adsorbent, it was first
evaluated as a key parameter. As shown in Fig. 3a, the adsorption capacity increased
with pH, reaching a maximum of 29.0 mg g' at pH 12.0 (298 K). This enhancement is
primarily attributed to the neutralization of H* by OH’, which facilitates Li*/H*
exchange in HTO (Eq. S1). Conversely, under acidic conditions, the high concentration
of H' suppresses adsorption: according to Le Chatelier’s principle, excess H' drives the
equilibrium toward desorption and protonation of exchange sites, reducing accessibility
of Li" to the HTO lattice. Thus, pH 12.0 was identified as the optimal condition to
maximize Li" uptake.

The effect of contact time on Li" adsorption was also investigated. Adsorption
capacity increased rapidly in the initial stage and reached equilibrium within
approximately 15 h (Fig. 3b). At higher temperatures, the adsorption rate was slightly
enhanced, likely due to increased kinetic energy of Li* ions and improved diffusion
toward active adsorption sites [51]. Kinetic modeling showed that the data fitted well
with pseudo-second-order model (R?=0.996), consistent with chemisorption as the
dominant mechanism (Fig. 3¢, S8, and Table S2). Equilibrium adsorption studies were
conducted using Li'-concentrated solutions collected after 24 h, 48 h, and 60 h of
evaporation. As shown in Fig. 3d, the Langmuir model (R?>=0.993, at 318 K) provided
a superior fit compared to the Freundlich model (R?=0.960, Fig. S9), indicating
monolayer adsorption (Table S3). The maximum adsorption capacities of MTH derived
from Langmuir fitting were calculated as 36.5 mg g ! (24 h), 49.2 mg g ! (48 h), and
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53.4mg g ! (60 h), outperforming many reported adsorbents (Table S4). The desorption
efficiency and dissolution loss of MTH are critical factors for evaluating its stability
and reusability. The Li" desorption efficiency and Ti dissolution loss rate of the MTH
hydrogel in 0.5 M HCI were investigated, as shown in Fig. S10. Owing to the excellent
memory function of the LIS and its uniform dispersion within the hydrogel [52, 53],
MTH achieved a desorption efficiency exceeding 85% and a Ti dissolution loss rate
below 0.5% after five cycles. The reduction in Ti dissolution can be attributed to the
formation of hydrogen bonds between HTO and the hydrogel matrix, which enhances
the interfacial compatibility and structural stability of HTO within the hydrogel [54].
To evaluate the adsorption performance under conditions more relevant to pre-
concentrated real seawater, additional experiments were conducted at a lower initial Li"
concentration of 5 mg L'!. As shown in Fig. S11, MTH achieved an adsorption capacity
of 1.32 mg g’!, validating its potential for real-world applications. Since natural brines
typically contain multiple competing ions, particularly Mg?* and Na*, competitive
adsorption tests were performed by introducing Na*, K*, Ca?*, and Mg** into the Li*
solution. MTH showed a clear preference for Li* (Fig. 3¢), owing to the contribution of
HTO. Separation coefficients (Fig. 3f) confirmed strong selectivity of Li* over
competing cations. The reusability of MTH was assessed through adsorption-
desorption cycles using Li"-concentrated solutions evaporated for 24 h (Fig. S12). Even
after 12 successive cycles, MTH retained a high adsorption capacity of 30.7 mg g,
highlighting the structural stability of HTO. Overall, these results demonstrate that
MTH combines high adsorption capacity, strong selectivity, and excellent recyclability,
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Fig. 3. Lithium adsorption performance of MTH. (a) Effect of pH 7-12 (298 K, Co=100 mg L!) on
Li* adsorption capacity. (b) Adsorption kinetics as a function of contact time (pH 12, Co=100 mg L-
1. (¢) Kinetic fitting with the pseudo-second-order model at different temperatures (pH 12, Co=100
mg L). (d) The adsorption capacity of MTH at different Li* concentrations (pH 12). (¢) Adsorption
capacities for Li* and competing cations (Na*, K*, Ca?", Mg?*, pH 12, C\™=100 mg L). (f)
Separation factors of Li* relative to other cations.
3.4. Li" adsorption mechanism

To elucidate the adsorption mechanism of Li* by the MTH hydrogel, a schematic
illustration (Fig. 4a) was first employed to visualize the process. The hydrated lithium
ions in solution are captured by hydroxyl groups (-OH) within the hydrogel matrix and
by hierarchical HTO nanoparticles. The three-dimensional porous network and high
hydrophilicity of MTH provide rapid ion transport pathways, facilitating the diffusion
of Li* toward the adsorption sites. Spectroscopic analyses supported this mechanism.

FTIR spectra (Fig. 4b) showed a new vibrational band in the 3600-3900 cm™! region

21



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

after adsorption, indicating the involvement of hydroxyl groups. Due to the intrinsic
selectivity of HTO, the combined action of -OH groups and HTO favored efficient Li*
capture. As hydrated Li" ions approach the HTO nanoparticle surface, they initially
coordinate with the (1,1,0) and (1,1,1) crystal planes of HTO and subsequently undergo
partial dehydration through interactions with lattice hydroxyls [55]. The partially
dehydrated Li" ions then participate in a solid-state ion-exchange process with
structural protons (H*) in the HTO lattice, forming Li;TiO; (the key process for
selective Li" capture). The spinel-type framework of HTO provides size- and affinity-
based selectivity for Li" over other competing cations (Eq. S1). The released H" ions
migrate into the aqueous phase to maintain charge neutrality. Moreover, adsorption
performance is influenced by the density of adsorption sites and the lattice parameters
of the adsorbent. The intra-particle diffusion model was also employed to illustrate the
internal diffusion mechanism during the adsorption process. As shown in Fig. S13, the
adsorption process is divided into three stages: rapid adsorption, intra-particle diffusion,
and adsorption equilibrium. In the rapid adsorption stage, the K; value is highest,
indicating that the adsorption capacity is greatest when Li" rapidly adsorbs onto the
surface of the hydrogel. During the intra-particle diffusion stage, the Li* adsorbed on
the MTH surface slowly diffuse into the internal pores. Finally, in the adsorption
equilibrium stage, the HTO within the MTH is fully occupied, and the adsorption
process halts. To provide further evidence of Li-adsorbent interactions, XPS was
conducted before and after adsorption. The survey spectrum (Fig. 4c) showed the
appearance of a distinct Li 1s signal after adsorption, which was absent in the pristine
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sample. High-resolution Li 1s spectra (Fig. 4d) revealed a new adsorption peak,
attributed to the transformation from -OH to Li-O bonding, indicating a change in the
electronic environment of lithium and corroborating the ion-exchange mechanism.
Similarly, the O 1s spectrum (Fig. 4e) prior to adsorption exhibited two peaks,
corresponding to distinct oxygen chemical environments at 528.44 eV and 529.17 eV.
Following adsorption, these peaks shifted to 528.31 eV, 528.91 eV, and 529.72 eV,
accompanied by an intensity redistribution. These changes reflect alterations in the
local oxygen environment induced by Li* adsorption. By contrast, the strong peak
observed at 458.7 eV in the Ti 2p3/2 spectrum (Fig. 4f) remained unchanged before and
after adsorption, indicating that the oxidation state of titanium was preserved, ruling
out redox processes and highlighting the ion-exchange nature of the mechanism.
Together, these results confirm that Li* adsorption by MTH proceeds through a Li*/H*
ion-exchange mechanism, mediated by both the HTO lattice and hydroxyl groups in the

hydrogel matrix [55].
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Fig. 4. Mechanism of Li* adsorption and ion exchange. (a) Schematic diagram of the mechanism of
lithium uptake through hydroxyl groups and HTO sites. (b) FTIR spectra before and after Li*
adsorption. (c¢) XPS survey spectra showing the emergence of a Li 1s signal. (d) High-resolution Li
Is spectrum indicating Li-O bonding. (e) O 1s spectra before and after adsorption. (f) Ti 2p3/2
spectra showing unchanged titanium oxidation state.
3.4. Environmental impact assessment of MTH

Life cycle assessment (LCA) has long been a fundamental approach for evaluating
the environmental impacts associated with material preparation and utilization [56-58],
Our analysis considered multiple categories, including human health, ecosystems, and
resource use, using the production of 1 kg of functionalized gel as the reference unit.
For benchmarking, MTH was compared with four reported aerogel-based solar

evaporators (Table S5) [59-62]. MTH exhibited lower impacts in several key categories.
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Global warming potential and water consumption were reduced relative to other
evaporators (Fig. 5a, b), largely because the preparation of MTH required only a single
soaking step for reagent removal rather than repeated washing with large volumes of
deionized water. Terrestrial ecotoxicity was also significantly reduced (Fig. 5¢), with
environmental burdens more than 95% lower than those of 3D LPE. Stratospheric
ozone depletion was mitigated as well (Fig. 5d), since MTH fabrication avoided
halogenated solvents and chlorinated reagents commonly used in energy-intensive
processes.

Other categories showed similar advantages. MTH demonstrates markedly lower
nitrogen emissions to marine ecosystems (Fig. 5e). Nitrogen-related emissions to
marine ecosystems were negligible (Fig. 5e) because nitrogen-containing groups were
incorporated into the polymer framework without generating liquid effluents. Impacts
on human health were also lower: PM2.5 emissions and photochemical oxidant
formation were reduced compared with CM-FSS evaporators (Fig. 5f, h). These
benefits are attributed to the absence of high-temperature carbonization in MTH
synthesis, which otherwise releases particulate matter, and to negligible NOx emissions
compared with evaporators based on nitrogen-containing monomers. The MTH system
also demonstrated sustainability in fossil resource consumption (Fig. 5g), underscoring
its reduced dependence on fossil fuel energy. Finally, ionizing radiation impacts (Fig.
51) were diminished relative to other evaporators, consistent with avoidance of energy-

intensive separation steps.
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Fig. 5. Life cycle assessment (LCA) comparison of MTH with other reported solar evaporators.
Impact categories include (a) global warming potential, (b) water consumption, (c) terrestrial
ecotoxicity, (d) stratospheric ozone depletion, (¢) marine eutrophication, (f) fine particulate matter

formation, (g) fossil resource scarcity, (h) photochemical oxidant formation, and (i) ionizing

radiation.
4. Conclusions
This study proposes a “temporal separation” strategy to enhance the synergistic
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interaction between solar interface evaporation and lithium extraction. By
encapsulating MoS; and HTO within an acrylamide matrix, a hierarchical porous
aerogel (MTH) was developed, enabling sequential freshwater generation and lithium
recovery. The unique macro-mesoporous network structure of MTH ensured the
uniform distribution of MoS,, which efficiently captured solar energy and confined heat
at the interface. Under 1 sun irradiation, its evaporation rate reached 2.58 kg m2 h™!,
with a photothermal conversion efficiency of 90.4% in 20 wt% brine, maintaining
stability over a 10-day period. Additionally, MTH exhibited excellent salt resistance
and self-cleaning properties, ensuring continuous operation in high-salinity
environments. Importantly, MTH concentrated Li* fourfold within 72 h, with embedded
HTO providing a high lithium adsorption capacity of 53.4 mg g !, with excellent
reusability over 12 cycles. Beyond performance, LCA confirmed the environmental
advantages of MTH. Compared to other solar evaporators, it reduced carbon emissions,
energy consumption, and water footprints. Together, these results demonstrate that
MTH provides a scalable and sustainable route to harnessing seawater both as a
freshwater source and as a lithium resource, contributing to future clean energy supply
chains. Although the present study demonstrates the excellent laboratory-scale
performance of MTH in sequential solar evaporation and lithium extraction, several
aspects should be further considered for large-scale deployment. Firstly, while the
constituent materials are low-cost and commercially available, further optimization of
synthesis routes will be required to ensure cost-effectiveness at industrial scales.

Process intensification and sustainable precursor utilization could further reduce
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manufacturing expenses. Secondly, long-term stability under real marine conditions
remains a key challenge. The material's mechanical robustness, as evidenced by
compression tests, provides a solid foundation; however, its resistance to biofouling,
hydrodynamic stress, and prolonged photothermal cycling under natural sunlight must
be validated through extended outdoor and oceanic field trials. Thirdly, developing a
continuous and self-sustaining operational architecture will be essential for large-scale
application. Future system designs may involve modular MTH arrays deployed in solar
evaporation ponds or floating marine platforms, integrated with autonomous water
supply, in-situ regeneration, and periodic adsorbent recovery mechanisms to enable
uninterrupted operation.
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