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Bilayer Solar Crystallizer by a Directional Liquid Transport
Fabric for Stable Brine Treatment and lon Recycling
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Chen Jinxing, and Fan Jintu*

Directional and asymmetric liquid transport (DALT) materials are promising
for human moisture management and atmospheric water harvesting,

but they are less known for their benefits in brine transportation and salt
crystallization. Here, it is discovered a unique salt crystallization behavior of
the DALT fabric which the salt with porous structure prefers to crystallize on
the surface rather than in the inner space of the DALT fabric. Based on that, a
bilayer solar crystallizer has been engineered by integrating this DALT fabric as
an external crystalline interface with an inner adsorbent loaded wicking layer
for simultaneous brine treatment and resource recovery. This bilayer structure
separated the brine wicking channel from the crystallization interface, thereby
reducing the efficiency losses by salt scaling to maintain the stable evaporation
rate (>1.6 L/m?/h) during the brine treatment. Furthermore, the adsorbent

in the inner layer (Li,Ti;O;, (LTO)) can recover Li* by the adsorption (alkaline)-
desorption (acid) cycle, and the successful LiCl recovery from the brine

with high efficiency (>81%) and purity (94.8%) is demonstrated by this bilayer
solar crystallizer. This work fills in the understanding of brine transportation
and salt crystallization in DALT materials, demonstrating the great

potential for its application in wastewater treatment and resource recovery.
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1. Introduction

While industrialization significantly pro-
moted socioeconomic development,1:2]
the generation of hypersaline brine by-
products during industrial processes
(e.g., petrochemical manufacturing, tex-
tile dyeing, and seawater desalination)
imposes substantial environmental con-
straints. These brine by-products require
prohibitive energy expenditures and cap-
ital investments for treatment due to
their elevated salinity.>*! Meanwhile, it
concurrently serves as the reservoir of
high-value components®!(e.g., metal ions,
organic dyes, and polymer monomers)
with significant economic potential for
recovery!®’]  Consequently, developing
integrated  technologies for efficient
brine treatment coupled with selective
resource recovery represents a critical
technological challenge with both im-
mediate and long-term implications.

Solar-driven crystallizers,[®! which harvest solar energy to
generate localized heat for interfacial evaporation and salt crys-
tallization, has emerged as a sustainable and cost-effective brine
management strategy.('®) While conventional designs focus on
freshwater production and salt harvesting, progressive salt depo-
sition on photothermal interfaces inevitably obstructs light ab-
sorption and water transport,'1?] leading to system failure. Al-
though new designs of the three-dimensional (3D) crystallizer
attempt to decouple light absorption and evaporation interface
to mitigate salt shielding effects,['>!*] persistent scaling issues
caused by the actual brine,'>! particularly scaling from the di-
valent cations (Mg?*, Ca?*) remain unresolved, severely limiting
practical implementation.

Directional and asymmetric liquid transport (DALT),!
ubiquitous phenomenon observed in biological systems such as
cactus spines and butterfly wings, has inspired the development
of engineered materials capable of tunable liquid manipulation
through wettability or structural gradients.['”®] While the hy-
drodynamic principles governing DALT have been extensively
characterized,"! critical knowledge gaps persist regarding brine
transport dynamics and crystallization behavior on gradient sur-
faces, particularly under hypersaline conditions. Notably, re-
cent studies reveal that superhydrophobic-hydrophilic heteroin-
terfaces can modulate salt crystallization patterns through in-
terfacial tension engineering,'®2°1 suggesting a novel pathway
to control scaling phenomena in DALT-enabled systems. This
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Figure 1. The schematic diagram and images of the salt crystallization on the initial fabric and DALT fabric a); The optical photograph of the DALT fabric
b); and it applies to the bilayer structured solar crystallizer c); The flow diagram for the Li* recovery during the brine treatment d).

mechanistic insight motivates our hypothesis that DALT ma-
terials will fundamentally alter brine transport-crystallization
coupling compared to conventional wicking substrates, po-
tentially revolutionizing fouling mitigation strategies in solar
crystallizers.

In this work, through a systematic investigation of brine trans-
port and crystallization kinetics on porous DALT fabrics, we dis-
covered a unique surface crystallization phenomenon. Contrary
to conventional fabrics, where salt precipitates within internal
pores and simultaneously on surfaces, the salt with a loose struc-
ture is preferred to be crystallized on the surface of DALT fab-
rics due to the continuous brine flow (Figure 1a). Combining
in situ microscopy, X-ray diffraction analysis, and computational
fluid dynamics simulations, we elucidated the governing mech-
anism: the wettability gradient generated in the thickness of the
DALT fabric will suppress the nucleation of salt in the inner of
the fabric while promoting surface-directed crystal growth. Build-
ing upon this discovery, we engineered a bilayer 3D crystallizer
architecture (Figure 1b) by integrating DALT fabric as an exter-
nal crystalline interface with an inner adsorbent-loaded wicking
layer. This bilayer-structured design separated the brine wicking
channel from the crystallization interface, thereby reducing the
salt scaling-induced efficiency losses to maintain the stable evap-
oration rate (>1.6 L/m?/h) for the entire brine treatment. Fur-
thermore, the adsorbent in the inner layer can absorb valuable
ions during the brine evaporation, and the ions adsorption ef-
ficiency in this solar crystallizer is significantly enhanced com-
pared to the bulk solution adsorption due to the increase in target
ions concentration with the water evaporation and the sufficient
contact with the adsorbent. Benefiting from that, the success-
ful Li recovery from the seawater and brine with high efficiency
and purity was demonstrated by integrating the Li adsorbent
(Li, Tis O,,) into this bilayer solar crystallizer (Figure 1c). The find-
ings of this work provide an insightful understanding of brine
transportation and salt crystallization in DALT materials and fur-
ther promote its application for brine transportation, desalina-
tion, salt crystallization, solar evaporation, and resource recovery
fields.
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2. Results

2.1. Crystallization Behavior of DALT Fabric

In our previous work,2!] we developed a DALT fabric, polypyr-
role modified fabric (ppy-fabric), by the interfacial polymeriza-
tion methods (Figure S1, Text S1). Briefly, the pyrrole was selec-
tively polymerized on the one side of the nonwoven fabric surface
to generate Turing patterns. The roughness of the fiber surface
was increased by the nanostructure of the Turing pattern, which
modified one side of the ppy-fabric from super-hydrophilic to a
superspreading surface. This design developed the wetting gradi-
ent between the double side of the ppy-fabric, and the liquid can
be transported from the super-hydrophilic (Figure S1a) to the su-
perspreading surface at an ultrafast rate (Figure S1b). Thus, the
initial fabric shows the same wetting area between the double
sides (Figure S1c), but the ppy-fabric shows a great difference
in wetting area between the double sides (Figure S1d). However,
the wetting gradient and the superhydrophilic surface (Figure S2)
will greatly influence the brine transportation and the salt crys-
tallization process. To investigate that, the crystallization experi-
ment of the nonwoven fabric and the ppy-fabric was tested in the
vertical wicking and evaporation device with 2 mol L~! NaCl solu-
tion (Figure 2a). It can be observed that the loose NaCl was crys-
tallized on the single surface of the ppy-fabric, while less NaCl salt
was observed on the front surface of the initial fabric (Figure 2b).
The evaporation rate of the ppy-fabric (0.130 L/m? h) is slightly
higher than that of the initial fabric (0.113 L/m? h) (Figure S3),
which means the salt crystallization rate is similar in these two
fabrics at the same time. To further study, the salt on the front
surface of the fabric was collected and weighed (Figure 2c), and
more than 81% of the salt crystal was collected on the front sur-
face of the ppy-fabric but only 53% of the salt crystal was collected
on the front surface of the initial fabric, and the residual salt is
on the back surface or the interspace of the fabric (Figure 2c).
This conclusion was further proved by the optical microscope ex-
amination, which showed that many salt crystals were observed
in the interspace of the initial fabric (Figure 2d-g), but the salt
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Figure 2. The vertical crystallization experiment a), the picture of the salt on the front surface b), and the weight ratio of the salt collected from different
fabrics c). The optical microscope of the initial fabric before d) and after e) salt crystallization. The optical microscope of the ppy-fabric before f) and
after g) salt crystallization. The red cycle in e is the NaCl salt in the inner space of the fabric.

crystals are mostly on the fiber surface of the ppy-fabric. There-
fore, the difference in salt crystallization behavior between these
two fabrics is because the salt only crystallized on the surface of
the ppy-fabric, while it was crystallized on the double sides and
the interspace of the initial fabric. Moreover, this phenomenon is
also related to salt concentration (Figure S4), and the salt is more
likely to crystallize in the inner space of the fabric under high
concentration, but most salt can still be collected (>80%) from
the front surface of the ppy-fabric at different salt concentrations.

Moreover, the salt crystal on the ppy-fabric is more porous than
that of the initial fabric, which also led to a greater number of salt
crystals visually. The X-ray diffraction (XRD) patterns (Figure S5)
of the salt collected from the initial fabric and ppy-fabric show
the same peak locations of the face-centered cubic (FCC) NaCl
crystals, indicating that the crystalline phase of the NaCl has not
changed in the DALT fabric. However, the specific surface area
of the salt collected from the ppy-fabric surface is 2.13 times that
of the initial fabric (Figure S6), demonstrating that the one-way
brine transportation across the ppy-fabric reduces the size of crys-
tal particles and increases the porosity of the salt.

Besides the ppy-fabric, other commercial DALT fabrics, green
and blue-fabric, were also used for this vertical evaporation ex-
periment and observed similar results (Figure 2b). The NacCl is
preferred to crystallize on the surface of the commercial DALT
fabric to generate loose crystals, and 78%-81% salt can be col-
lected on the front surface of the DALT (Figure 2c). That means
the one-way liquid transportation properties of the porous ma-
terials alter the brine transportation and the salt crystallization
behaviors, and the crystallization location and morphology of the
salt are greatly changed in the DALT fabric.

2.2. Mechanism of the Surface Crystallization of DALT Fabric
To further investigate the crystallization mechanism in the DALT

fabric, a COMSOL simulation was conducted to investigate the
brine transportation and crystallization process in the DALT fab-
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ric. In vertical evaporation, the brine is wicked by the fabric from
the bulk solution to the top surface, and the water on the front
surfaces of the fabric is evaporated under natural volatilization,
driving the brine continually transported from the interspace to
the front surface. With the brine evaporation, the salt ions on the
front interface of the fabric will be increased to saturation and
then crystallize. At this time, the salt concentration on the front
surface is much higher than that in the interspace, and a con-
centration gradient will be developed to drive the salt ions back
diffused to the interspace. The step function (¢, Equation. 1) was
developed for the measurement of the crystallization degree of
the NaCl

¢ = step (c/cwt) M)

where the ¢ and ¢, are the actual and saturation concentration,
respectively. The ¢ = 0 means it has no crystallization, and the ¢
= 1 means the generation of the crystals.

For the initial fabric, the salt ion concentration will be
increased on the front surface with the brine evaporation
(Figure 3a,c,d). Meanwhile, the back diffusion of salt ions will
increase the ion concentration from the surface to the interspace
of the fabric, resulting in salt crystallization in the inner space of
the fabric (Figure 3d). This result is consistent with the experi-
mental phenomenon in the evaporation experiment. In contrast,
the wetting gradient in the DALT will continually drive the liquid
transported from the inner space on the front surface (Figure 3b),
ensuring fast brine flow supplies to the front surface of the fab-
ric. Thus, the ion concentration on the evaporation surface of the
DALT fabric is lower than that of the initial fabric, and the ions,
which are the main reason for the back diffusion of the salt ions
on the DALT fabric, were lower than the initial fabric. Further-
more, the salt ion concentration in the inner space of the fabric
will be decreased by this process (Figure 3b), which would sup-
press the nucleation process of salt ion crystallization. Benefiting
from that, this one-way brine transportation promoted the salt to
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Figure 3. The theoretical simulation of the NaCl solution transportation along the fabric height in the initial fabric a) and the ppy-fabric b), and the salt
concentration curve c). The theoretical simulation of the salt crystallization ratio along the fabric height in the initial fabric d), the ppy-fabric e), and the
salt crystallization ratio curve f). The salt crystallization ratio is obtained from the Brinkman equation, and the 0 represents no salt crystallization, while
the 1 represents complete crystallization. The NaCl concentration in the bulk solution is 2 mol L™,

crystallize on the front surface (Figure 3d) and minimized the
scaling of the inner space.

Besides that, the continuous transport of the brine across the
thickness of the DALT fabric will break the balance of the crys-
tal solution. According to the crystallization theory,2?! the size of
the NaCl crystal is controlled by the nucleation and growth pro-
cesses, which are strongly related to the supersaturation degree of
the brine. The higher supersaturation degree of the brine is ben-
eficial to the crystal nucleation and growth, resulting in a larger
size of the salt crystal. Meanwhile, the fast one-way transporta-
tion along the thickness of the ppy-fabric compresses the crystal
growth space and shortens the crystal growth time (Figure 3d),
thus it will have a small crystal size with a porous structure on
the surface for the DALT fabric (Figure 3e,f).

2.3. Develop a Bilayer Solar-Based Crystallizer for Stable Brine
Evaporation

Based on the above results, the salt will crystallize in the inner
space of the initial fabric under high concentration, which will
block the wicking channel to hinder the brine transportation. In
contrast, the DALT fabric only crystallizes the salt on the surface,
and it is beneficial for continual brine wicking and evaporation.
Therefore, this unique brine transportation and salt crystalliza-
tion behavior of DALT inspired us to apply it to the solar crys-
tallizer for stable brine evaporation. In the traditional 3D-cup so-
lar crystallizer, a single layer of the nonwoven fabric is wrapped
around the solar-absorbed cup, and the heat from the photother-
mal conversion of the solar-absorbed cup can be transferred into
the nonwoven fabric for the brine evaporation. This design sep-
arates the photothermal conversion interface (inner space of the

Adv. Funct. Mater. 2025, 35, 11412 e11412 (4 0f9)

cup) from the brine transportation channel (nonwoven fabric).
Nevertheless, the accumulation of salt crystals in the interspace
of the nonwoven fabric, especially under high salt concentration,
will suspend the brine wicking and evaporation. This work uses
the ppy-fabric to wrap around the non-woven fabric to develop the
bilayer 3D solar crystallizer (Figures 1b and 4a), and the carbon
black coated inside of a cup is used as the photothermal material.
The ppy-fabric can rapidly transport the brine from the inner sur-
face (non-woven fabric) to the outer surface for water evaporation,
and the salt will crystallize on the outer surface of the ppy-fabric.
This design separates the wicking channel for the brine (non-
woven fabric) from the crystallization surface (outer surface of
the ppy-fabric), thus the salt accumulation has less influence on
the brine evaporation efficiency in this bilayer system. Further-
more, such a bilayer design will also facilitate the extraction and
recovery of the Li*, which will be shown and discussed in the
following part.

As shown in Figure 4b, the water evaporation rate of the sin-
gle and bilayer solar evaporator is similar in the dark. However,
under one sun irradiation, the evaporation rate of the bilayer so-
lar crystallizer is 2.63 L m™2 h, which is 1.25 times that of the
single-layer solar crystallizer. The main reason is that the outer
surface of the ppy-fabric is black, and it will absorb the scat-
tered light to further increase the evaporation efficiency. Fur-
thermore, the outer surface temperature measured by the in-
frared camera shows that the temperature on the outer surface
of the bilayer solar crystallizer is 0.2 to 1.3°C higher than that
of the single-layer(Figure 4c), and the temperature difference
is more obvious in the bottom of the solar crystallizer, indicat-
ing that the black ppy-fabric can absorb the scattering light for
the photothermal conversion to enhance water evaporation rate.
Since the bottom of the cup receives more reflected light, it also
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Figure 4. The device a), the evaporation rate b), and the surface temperature c) of the single-layer and bilayer solar-based crystallizer. The evaporation
rate d) and the surface salt accumulation picture e) of the solar-based crystallizer for the seawater and brine evaporation. The surface salt accumulation
picture (e) and the three-dimensional reconstruction by the solar-based crystallizer's micro-computerized tomography f) for the brine evaporation.

has a higher temperature from the photothermal conversion of
ppy-

The initial seawater and the concentrated seawater (ion con-
centration shown in text S1) were used as the brine to test the
long-term evaporation performance of the single-layer and the
bilayer solar-based crystallizer. As shown in Figure 4d, the sea-
water evaporation rate of the single-layer solar crystallizer gradu-
ally reduces to less than 0.1 L m~2 h during the 40 h irradiation.
Meanwhile, the available evaporation can only maintain 24 h for
the high concentration brine by the single-layer structure solar
crystallizer. In contrast, the bilayer solar crystallizer can achieve
steady evaporation over 40 h in the seawater and brine, and the
decrease of evaporation rate in the initial stage (10 h) is mainly
due to the salt accumulation shielded the light absorption of the
ppy-fabric. Meanwhile, it can be observed that the salt crystal in
the bilayer structured solar crystalized looser than that on the sin-
gle layer (Figure 4e), and it is probably the main reason for the
stable brine wicking and evaporation in the bilayer solar crystal-
lizer. Besides Na*, the Ca** and Mg?*, will generate the scaling to
blockage the pores of the wicking channel, which is the main rea-
son for the out of the work for the solar crystallizer in the actual
brine. The bilayer structure with the ppy-fabric facilitated the salt
to crystallize on the outer surface of the solar crystallizer, reduc-
ing the influence of the scaling on the brine wicking and evapo-
ration. After the evaporation process, the salt on the outer layer
of the solar crystallizer can be easily removed by the mechanical
method,[**! and the detachable and replaceable ppy-fabric is con-
venient for the concentrative salt removal or collection treatment.

To accurately analyze the morphology of salt crystals on the fab-
ric surface, micro-computerized tomography (CT)[2 was used to
reconstruct salt crystals in three dimensions on the single-layer
and bilayer solar crystallizer (Figure 4f). Based on the calcula-
tion of the three-dimensional model of salt crystals, the poros-

Adv. Funct. Mater. 2025, 35, 11412 e11412 (5 0f9)

ity of the fabric/salt compound is first decreased and then recov-
ered along the thickness of the nonwoven fabric (single layer)
and ppy fabric (double layer). The ppy-fabric has a similar poros-
ity to the nonwoven fabric because the ppy film on the cellulose
fiber has less change in its structure. However, the porosity of
the first 400 um single-layer structure is lower than that of the
bilayer structure, mainly due to the higher salt concentration in
the inner space of the nonwoven fabric. This result is consistent
with the phenomenon in Figure 2 that the salt was crystallized
in the inner space and surface of the nonwoven fabric, while it is
preferred to crystallize on the surface of the ppy-fabric. Further-
more, the porosity of the bilayer structure is higher than that of
the single-layer structure on the top 100 um (Figure 4f), which
is only from the porosity of the single salt, further demonstrat-
ing that the salt crystals on the ppy-fabric surface are looser than
those of the non-woven fabric. Thus, due to the separation of the
wicking channel from the crystallization interface and the porous
salt crystals, the bilayer solar-based crystallizer shows more stable
performance during the brine evaporation. Recent studies have
designed a novel structure for the stable long-term evaporation
of seawater or brine,[?>-2°] but the high solar absorption efficiency
and the zero-liquid-discharge properties are still the advantages
of this bilayer structure solar evaporator. Furthermore, this DALT
fabric could also be applied to other solar evaporators as the wick-
ing material to further enhance its evaporation stability.

2.4. Selective lon Adsorption by the Bilayer Solar Crystallizer

The traditional solar crystallizer has poor selectivity for salt crys-
tallization, and the collection of mixed salt has low value for fur-
ther utilization.[?! Meanwhile, salt recovery is more challenging
for ions with low concentrations in brine, although it has high
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Figure 5. The picture of the bilayer solar-based crystallizer and the scanning electron microscope (SEM) picture of the fiber with Li adsorbent a); The Li
adsorption kinetics of the LTO under different pH b); The Li adsorption kinetics of the LTO loaded ppy-fabric under different pH c); The Li* adsorption
under different height of the bilayer solar-based crystallizer with and without adsorbent, Li concentration in bulk solution is 100 pg L=" d); The Li/Na
ratio of the single- and the inner layer of the bilayer solar crystallizer under different Li concentrations €). The ions’ adsorption in the inner layer of the
bilayer solar crystallizer under different Li concentrations f). The concentration of Na* in the bulk solutionis 10 g L™".

economic value, such as Li*, Au*, Ag®, etc. In this work, we
integrated the lithium adsorbent, Li,Ti;O,, (LTO), into this bi-
layer solar crystallizer to extract lithium from seawater to proof-
of-concept the low-concentration ions recovery by the bilayer
solar-based crystallizer. Projections indicate an eightfold to ten-
fold increase in lithium demand from 2023 to 2050, reaching
1,607 kilotonnes, predominantly driven by the electric vehicles
industry. Lithium extraction from low-quality brine sources is a
promising path due to the huge reserves of lithium in brine and
seawater. Li* can occupy the tetrahedral 8a sites of the LTO with
a spinel structure,[?’] and these sites will exchange the Li* cycle
under alkaline and acidic conditions. After integrating the LTO
into the fabric, the fabric can adsorb Li* under alkaline condi-
tions (pH 9-11) and desorb the Li* under acid conditions (pH
3-5), thereby realizing the reversible absorption and desorption
for lithium extraction.

As shown in Figure 5a, the LTO is loaded on the inner layer of
nonwoven fabric by spraying coating (Figure S7), and the single
layer of nonwoven fabric with and without the LTO is also used
for the comparison. The scanning electron microscope (SEM)
images show the LTO uniformly loaded on the fiber surface of the
nonwoven fabric (Figure 5a). Furthermore, the adsorption capac-
ity of the LTO-loaded fabric increased from 20.4 to 31.6 mg/g with
the pH increase from 9 to 11 (Figure 5b), indicating that a higher
pH is beneficial for Li adsorption. Meanwhile, the LTO-modified
nonwoven fabric shows 153.6 to 436.5 mg m~2 adsorption capac-
ity under pH 9 to 11 (Figure 5c), which is 32-48 times that of the
nonwoven fabric without LTO.

In the bilayer solar crystallizer, the Lit adsorption shows a dif-
ference along the height, and more Li is absorbed by the bot-
tom side due to the prioritized contact with the brine (Figure 5d).
To study the Li adsorption performance under different types of

Adv. Funct. Mater. 2025, 35, 11412 e11412 (6 0f9)

brine, the mixed solution of LiCl and NaCl with gradient ratios of
10/107, 100/107, 500/107, 1000/107, and 10000/107 were used for
the simulation of the brine with a low concentration of Li*, and its
pH was adjusted to 10 before the experiment. It can be observed
that the Li* adsorption capacity by the bilayer solar crystallizer
is increased from 63.7-229.1 mg m~? with the Li concentration
increasing from 10-10000 pg L' (Figure S8), and the ratio of
Li*/Na* is also increased due to the higher adsorption amount.
In contrast, the ratio of Li* /Na™ is lower than 10% in the single-
layer solar crystallizer, even though the adsorption quantity is also
increased from 12.5-109.7 mg m~? with the Li* concentration
increased (Figure 5e). That means the bi-layer structured solar
structure is beneficial to the selectivity for Li adsorption. Com-
pared to the bulk solution adsorption, the LTO loading on the
non-woven fabric has a much higher exposure probability to the
Li* due to the continuous brine flow on the non-woven fabric.
Notably, the enthalpy change of the LTO chemical adsorption is
positive (68.741 k] mol~!), thus, the high temperature during the
solar-based crystallizer is beneficial for the Li* adsorption. Mean-
while, the concentration of Li* and Na* on the surface of the non-
woven fabric will increase with water evaporation, and the Na*
will rapidly reach saturation while the concentration of Li* is far
from saturation. Therefore, both the concentration of Li* and the
ratio of Li* /Na* will be increased, which is beneficial for the ad-
sorption of Li* by the LTO. This is the main mechanism for the
advanced Li* adsorption capacity compared to bulk adsorption.
Furthermore, the bilayer structure solar crystallizer separated the
NaCl crystallization from the minor Li* ions’ adsorption in the
different layers, which is convenient for reducing the Na+ con-
centration in the inner layer to promote selective Li adsorption.
Moreover, the selectivity of the divalent ions, particularly Mg?*,
with the Li* is important for the lithium extraction in the actual
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Figure 6. The schematic diagram for the recovery of the Li* in the solar-based system a); The Li recovery efficiency in different solar-based systems
under different Li concentrations b); The cycling performance for the Li recovery efficiency of the bilayer solar-based crystallizer under 100 ug L= Li*
concentration c); The Li and Na element XPS mapping of the inner layer for the bilayer solar-based crystallizer after the acid solution evaporation d);
The Li recovery efficiency in the actual seawater e) and the surface element analysis of the ppy-fabric after the desorption f).

brine, thus, the Li* extraction in the mixed brine was conducted.
It is shown in Figure 5f that the Li* concentration in the inner
layer of the solar-based crystallizer is 18.5 to 47.8 times that of
the Mg?" and Ca?*, indicating that the chemical adsorption of the
LTO has high selectivity for the Li*. Meanwhile, the bilayer struc-
ture of this solar crystallizer separated the crystallization of the
Nat, Mg?*, and Ca** in the outer surface of ppy-fabric with the
Li* adsorption in the inner space of the nonwoven fabric, which
is also attributed to the high selectivity for the Li* extraction.

2.5. Selective lon Recovery by the Bilayer Solar Crystallizer

The LTO can desorb the Li* under the acid condition, thus, this
solar-based crystallizer can directly recover the LiCl by the evap-
oration of the acid water (Figure 6a). After the adsorption, the
acid water (pH = 4) was used to replace the brine for the desorp-
tion and recovery of the LiCl, and the outer layer of the ppy-fabric
was removed to reduce the influence of any residual NaCl in the
ppy-fabric for the enhancement of the Li salt purity. It can be di-
rectly demonstrated that the loading of the LTO greatly promoted
Li* recovery, which is 1-3 orders of magnitude higher than that
of the nonwoven fabric without LTO (Figure 6b). Furthermore,
the Li* recovery efficiency of the bilayer structure is 4-11.5 times
that of a single-layer solar-based crystallizer (Figure 6b), proba-
bly due to the separation of the salt crystallization (NaCl) with
the ions adsorption in the bilayer is helpful for the high-purity
ions recovery. Before the desorption process, the outer layer of
the ppy-fabric was removed to decrease the NaCl influence, thus
the Dbi-layer structure solar crystallizer will increase the purity
and the desorption efficiency of the Li ions. Meanwhile, the Li
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recovery proportion gradually decreased with the rise of the Li*
concentration in the brine. This implies that the adsorption-
based ions recovery technology is more suitable for recovering
the low concentrations of ions in the brine. Meanwhile, this sys-
tem can be cycled with the change of the bulk solution of brine
and acid solution for the ions recovery, and the ions recovery ef-
ficiency is maintained during the five times cycle (Figure 6c).
Meanwhile, the textile is corrosion-resistant to acid, alkaline, or
seawater, thus it will be stable during the adsorption-desorption
cycle. These results demonstrate that the ITO on the nonwoven
fabric can directly adsorb the Li during the brine wicking and
evaporation process, and the increase of the Li/Na ratio with the
water evaporation is helpful for its recovery. After the desorption,
X-ray photoelectron spectroscopy (XPS) was conducted for the Li
and Na element mapping on the nonwoven fabric with or without
LTO to directly demonstrate the adsorption of Li by the LTO on
the nonwoven fabric. The results show the uniform distribution
of the Li element on the fiber profile (Figure 6d), while it has a
mixed and weak single peak for the Li element on the nonwoven
fabric without adsorbent.

Moreover, the actual seawater was used for the demonstra-
tion of Li* recovery by this bilayer solar crystallizer. As shown
in Figure 6e, 68% Li* can be recovered by this bilayer solar
crystallizer through the adsorption-desorption cycle, which is
3-15 times that of the single-layer structure and 18-59 times
that without the adsorbent, respectively. Furthermore, the salt
component of the inner space of the bi-layer solar crystal-
lizer ppy-fabric surface after the desorption process was ana-
lyzed by XPS (Figure 6f), and it directly proved that the high-
purity LiCl (94.8%) can be crystallized in this bilayer solar
crystallizer.
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3. Discussion

3.1. DALT Fabric Promoted Stable Solar Evaporation

In this work, a unique salt crystallization behavior of the DALT
fabric is discovered and investigated, that is, the salt with a loose
structure is preferred to be crystallized on the surface of the fab-
ric. The wetting gradient in the inner space of the DALT fabric
is the main reason for this crystallization behavior. In the brine
evaporation process, the wetting gradient in the DALT fabric en-
sures the fast liquid flow from the bulk solution to the evapora-
tion interface, thus the nucleation process of salt ions is inhib-
ited in the inner of the DALT fabric. Meanwhile, this fast liquid
flow compresses the crystal growth space and shortens the crystal
growth time (Figure 3d), thus it will have a small crystal size with
a porous structure on the surface of the DALT fabric (Figure 3e,f).
This salt crystallization behavior is beneficial to solve the scal-
ing problem during the desalination process, which is further ap-
plied and demonstrated in the bilayer solar crystallizer. Neverthe-
less, all surfaces of the DALT fabric in this work are hydrophilic,
while the salt crystallization has some abnormal phenomena on
the hydrophilic surface. In our future work, the salt crystalliza-
tion behavior in the DALT fabric with a hydrophobic interface,
such as skin-like fabric, will be further investigated.

3.2. Bilayer Structure Solar Crystallizer for the lons’ Recovery
Recently, some work>2$-32] also integrated the ion recovery sys-
tem into the solar evaporation system (Table S2). For exam-
ple, Han et al. constructed a photothermal fabric adsorbent for
lithium extraction by encapsulating graphite powder and lithium-
ion sieves with polyvinyl alcohol (PVA),[** which is then simul-
taneously coated onto commercial cotton fabric. This system can
remove 55% Li* from the solution after 0.5 h of adsorption. Chen
et al. developed a high-performance solar-driven, direct lithium-
extraction felt (DEF) for Li extraction in seawater and achieved
12 mg g~ adsorption capacity under 1 sun irradiation.®*] The
consensus from these works is that the high temperature from
the photothermal conversion facilitates the Li adsorption, and the
brine flow driven by the solar evaporation provides continuous
and sufficient contact of the Li ions with the adsorbent. However,
the scaling problem caused by the bivalent ions in the brine will
hinder the brine evaporation and ions recovery efficiency, and the
unique crystallization behavior of the DALT fabric is an effective
solution for this problem. More importantly, the adsorption of the
Li ions and other ions (Na*, K+, Ca’*, Mg?*) crystallization in the
same fabric or system will impair the purity of recovered Li, and
multiple steps are needed for the following Li salt recovery. In
contrast, the separation of the Li adsorption and salt crystalliza-
tion in the different layers (nonwoven fabric and ppy-fabric) will
significantly reduce the concentration of non-target ions in the
inner layer of the fabric for the high-purity Li extraction.

In general, the desalination of brine and recovery of low-
concentration ions with high value can be simultaneously real-
ized in this bilayer solar crystallizer. This bilayer structure of the
solar-based crystallizer separated the brine-wicking channel with
a salt crystallization interface, and most salt is crystallized on the
surface of the DALT fabric with a loose structure rather than on
the inner side, thereby promoting the long-term stable evapora-

Adv. Funct. Mater. 2025, 35, 11412 e11412 (8 0f9)

www.afm-journal.de

tion of the solar-based crystallizer. More importantly, the water
evaporation in this bilayer solar crystallizer increases the concen-
tration of trace ions (Li*) as well as the relative ratio to the major
ions, cooperating with the heat from the photothermal conver-
sion to facilitate Li* adsorption and recovery. All these advantages
of the bilayer solar crystallizer make it superior in terms of recov-
ery efficiency compared to bulk solution adsorption. Moreover,
the different layers for the adsorption and crystallization make
the minor ions adsorption (Li*) and the major ions (Na*) crystal-
lization completely separated in space, thus improving the recov-
ery efficiency and the purity of high-value ions.

4. Conclusion

In this study, we discovered and systematically analyzed the
unique brine transport and salt crystallization behavior within
DALT fabric. Our findings reveal that the internal wetting gra-
dient of DALT encourages porous salt to crystallize predomi-
nantly on its surface rather than within its inner layers. This
phenomenon mitigates the blockage of wicking channels typi-
cally caused by salt crystallization. Leveraging this insight, we
integrated DALT fabric into a solar crystallizer to develop a bi-
layer solar crystallizer for simultaneous brine evaporation with
ion recovery. This bilayer solar crystallizer facilitates stable evap-
oration and crystallization of brine by effectively separating the
crystallization surface from the wicking channel. Furthermore,
by incorporating lithium adsorbent (LTO) into the inner layer of
the bilayer solar crystallizer, we demonstrated efficient recovery
of valuable Li* from seawater or brine during the desalination
process, promising substantial economic benefits for brine treat-
ment. Our results not only expand the application scope of DALT
materials but also offer new insights into the fields of water-
wicking materials and resource recovery within photothermal
systems.
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