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1. Introduction

Interfacial solar evaporation-based seawater desalination is regarded as one

of the most promising strategies to alleviate freshwater scarcity. However, the
solar evaporation rate of real seawater is significantly constricted by the
ubiquitous salts present in seawater. In addition to the common issue of salt
accumulation on the evaporation surface during solar evaporation, strong
hydration between salt ions and water molecules leads to a lower evaporation
rate for real seawater compared to pure water. Here a facile and general
strategy is developed to reverse this occurrence, that is, making real seawater
evaporation faster than pure water. By simply introducing specific mineral
materials into the floating photothermal evaporator, ion exchange at air-water
interfaces directly results in a decrease in seawater evaporation enthalpy, and
consequently achieves much higher seawater evaporation rates compared to
pure water. This process is spontaneously realized during seawater solar
evaporation. Considering the current enormous clean water production from
evaporation-based desalination plants, such an evaporation performance
improvement can remarkably increase annual clean water production,

benefiting millions of people worldwide.

Freshwater is a strategically important re-
source. However, freshwater scarcity cur-
rently threatens the survival and develop-
ment of humankind. Today, 1.8-2.9 billion
people are suffering from severe freshwa-
ter shortages for at least 4 months of the
year,[2l and the situation is likely to get
worse in the future. It is predicted that
by 2050 global freshwater demand will fur-
ther increase by 19%, and consequently
75% of the global population will face
clean water shortages.’] Seawater desalina-
tion is the most effective strategy to allevi-
ate the impending freshwater scarcity ow-
ing to Earth’s abundant seawater reserves.
Some technologies have been successfully
applied to desalinate seawater, including
membrane filtration, thermal distillation,
and reverse osmosis, but all require mas-
sive energy consumption on a large scale
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and hence have large carbon footprints.[! In comparison,
solar-powered evaporation, especially the recently developed
interfacial solar evaporation, has shown great potential as a
promising alternative desalination technology due to the con-
siderable merits of using a sustainable solar energy source,
green evaporation processes, and excellent water evaporation
performance.l’-11]

Improving the evaporation rate is one of the most important
elements for pushing forward the practical applications of in-
terfacial solar evaporation for seawater desalination. So far, en-
ergy efficiencies of interfacial solar evaporation and evaporation
rates have been significantly improved by a range of strategies
of preparing high-performance photothermal materials, ratio-
nally designing evaporators, lowering evaporation enthalpy, and
optimizing thermal energy management during interfacial so-
lar evaporation.'?-33] For practical solar evaporation of real sea-
water, salt content in natural seawater brings practical issues
such as salt fouling on evaporation surfaces, which blocks light
absorption and water transportation, thus degrading evapora-
tion performance. To address this critical issue, several effec-
tive problem-solving solutions have been developed and testified.
For example, creating sufficient ion transport channels to boost
ion diffusion capacity to alleviate the salt precipitation.[?:3+#1]
Alternatively, salt-resistant properties can be achieved by in-
corporating a Janus hydrophilic-hydrophobic structure to seg-
regate water transportation and evaporation regions.[*>*] Se-
lective regional salt crystallization and self-rotating evaporators
have also been designed to achieve long-term stable seawater
evaporation.l>0->4]

However, while salt scaling can be solved by these meth-
ods, the salt ions in seawater have another negative effect on
the solar evaporation rate. The intrinsic strong hydration be-
tween salt ions and water molecules leads to an increase in
evaporation enthalpy and hinders the escape of water molecules
from the seawater surface to the air, resulting in lower evapo-
ration rates compared to that of pure water evaporation.[>>=>7]
This phenomenon is generally well-known and has been com-
monly reported. Typically, the evaporation rate of seawater/saline
water is ~8.0% lower than that of pure water, as observed in
most of the previously reported interfacial solar evaporation and
thermal distillation processes (Table S1, Supporting Informa-
tion). Taking pure water evaporation as a benchmark, if one can
make initially slower seawater evaporation become faster than
pure water evaporation, it will substantially increase both ab-
solute seawater evaporation rate and clean water yield. Realiz-
ing this advance would represent a major step forward solving
freshwater scarcity. Considering the huge annual desalination
market and clean water production from evaporation-based de-
salination plants (~6.7 billion m? per year),®! even small de-
clines in desalination performance could potentially result in
the loss of tens of millions of tons of clean water. Therefore,
it is significantly meaningful to develop a strategy to improve
the evaporation rate of seawater to reach or exceed the evapo-
ration rates of pure water. This will directly result in additional
access to massive amounts of clean water for millions of people
worldwide.

Recently, Lei et al.?*l and Zou et al.>! reported faster evap-
oration of NaCl brine than pure water by regulating polymeric
network-water interactions and Hofmeister effect, respectively.
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Different from NaCl solution, real seawater has a more complex
ionic environment. We found that not all the major cations in
seawater (i.e., Na*, K*, Mg?*, Ca?") give rise to lowered evapo-
ration rates of seawater. The dark evaporation tests of the sin-
gle salt solutions at the same concentrations in natural seawa-
ter (0.529 M NaCl, 0.027 m KCl, 0.021 m CaCl,, and 0.064 M
MgCl,) revealed that compared to the pure water evaporation,
while Na* significantly decreased the evaporation rate, Mg?* and
Ca?* remarkably increased the evaporation rate (Figure S1, Sup-
porting Information). Since the concentration of Na* in seawater
is much higher than that of Mg?* and Ca’* the dominant nega-
tive effect of Na* makes seawater evaporation slower than pure
water. However, during interfacial solar evaporation, if a float-
ing evaporator can selectively enrich Mg?* and Ca?* in seawa-
ter to the evaporation surfaces, it is possible to significantly im-
prove the seawater evaporation rate even over pure water evapora-
tion rate. Based on this consideration, here we developed a sim-
ple and cost-effective method to reverse the deficit in the evap-
oration rate of seawater, that is, realizing faster interfacial so-
lar evaporation of real seawater compared to pure water. This
was achieved by simply introducing mineral materials, such as
halloysite nanotubes (HNTs), bentonite (BN), zeolite (ZL), and
montmorillonite (MN) into the photothermal hydrogel evapora-
tor composed of carbon nanotubes (CNTs, as the light absorber)
and sodium alginate (SA, as the structural framework). During
interfacial solar evaporation, the mineral component in the float-
ing evaporator could enrich Mg?* and Ca?* by ion exchange with
the ubiquitous cations of Mg?* and Ca?* in seawater,[®”] which
surprisingly decreased the evaporation enthalpy of seawater, thus
boosting seawater evaporation (Figure 1a). Consequently, this
work realized much higher evaporation rates for seawater than
that of pure water. More importantly, this process occurs sponta-
neously during solar evaporation of seawater without any special
treatment, making this strategy extremely convenient and cost-
effective for practical applications.

2. Results and Discussion

2.1. Selective lon Exchange between the HNT and Mg?*, Ca?* in
Seawater

Taking the HNT as an example, it has a layered structure com-
posed of different compositions at observe (—Al—OH) and re-
serve (—O—Si—O0) surfaces rolled into a nanotube morphology
(Figure S2, Supporting Information), where the Al** cation can
be exchanged with a number of different cations.[®! The ion ex-
change between the AI** in HNT and main cations (i.e., Na*,
K*, Ca**, and Mg?*) in seawater was investigated first. Ion ex-
change typically occurs between ions with similar charge num-
bers and ionic radii.l®*®! The charge numbers of Mg?* and Ca?*
are closer to AI’* compared to K* and Na*t in seawater. In ad-
dition, the radii of Mg?*, Ca?*, K*, and Na* are 109, 148, 162,
and 123 pm, respectively, where the radius of Mg?* is the clos-
est to AI** (98 pm). Therefore, the ion exchange is likely to oc-
cur predominantly between Mg?* and Al**. The ab initio molec-
ular dynamics (AIMD) simulations were conducted to elucidate
the ion exchange process. The evolution of the distances between
the selected oxygen in HNT and Mg?*, AlI** was monitored over
simulation time (Figure 1b). When Mg?* in seawater approached
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Figure 1. a) Schematic illustration of enrichment of Mg?* on evaporation surfaces by spontaneous ion exchange between Al3* in HNT and Mg?* in
seawater for faster seawater evaporation than pure water. b) The snapshots of different structures before (left) and after (right) the Al3*—Mg?* ion
exchange process (O, H, Al, Si, Mg in red, white, pink, yellow, and cyan, respectively). Evolution of Al=O and Mg—O bond distance of one selected ion

exchange site as a function of time.

the HNT surface, the Mg—O distance kept decreasing until the
Mg—0O bond formed and stabilized into an oscillating state.
Conversely, the Al-O distance began to increase after 200 fs,
reaching over 2.8 A after 350 fs, confirming the break of Al—O
bonds and the ion exchange between Mg?* and AI**. Similar
trends were observed in Ca—O and Al—O distance plots but at
a slower pace, suggesting a weaker ion exchangeability between
Ca?* and AI** (Figure S3, Supporting Information). The ion ex-
change between Na* and Al** was also investigated (Figure S4,
Supporting Information). No Na—O bond was formed while the
Al—O bond exhibited stable fluctuations without a bond break,
indicating that Na* did not exchange with A** in HNTs. The
calculated adsorption energy between the cations in seawater
and HNTs followed the order of Mg** < Ca’* < Na* < K*
(Figure 2a,b), indicating that Mg?* has the most significant ad-
sorption ability on the surface of HNT, which is favorable for
subsequent ion-exchange steps. Moreover, assuming Mg?t, Ca?*,
Nat, and K* all successfully exchanged with AI** in HNT struc-
ture, the dissociation energy of the formed metal-oxygen bond
followed the order of Mg?* > Ca** > Na* > K* (Figure 2c),
confirmed that the stability of Mg?*-HNT after ion exchange
was the highest. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis confirmed selective ion ex-
change between the HNTs (i.e., AI’**) and Mg?*, Ca?* in sea-
water (Figure 2d). After rinsing in seawater, the A}* content in
HNTs decreased, while the Ca** and Mg?* contents both signif-
icantly increased. Specifically, the increase in Mg?* content was
the greatest, aligning with the simulation results. Therefore, the
HNTs exhibited a strong capability to exchange Al** with Mg?*
to accumulate Mg?* on the surfaces, despite the initial concen-
tration of Mg?" in seawater is not the highest. Since Mg** can
improve water evaporation rate (Figure S1, Supporting Informa-
tion), if the HN'T5 are loaded in a photothermal evaporator float-
ing on seawater surfaces, the enriched Mg?* on evaporation sur-
faces should be able to boost the seawater evaporation rate.
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2.2. Characterizations and Solar Evaporation Performances of
HNT-Photothermal Hydrogels

The HNT-photothermal hydrogel was synthesized by gelation of
a well-dispersed mixture of HNTs, CNTs, and SA, followed by
freezing drying, and crosslinking, to explore the effect of ion ex-
change for solar evaporation performance. The obtained pho-
tothermal hydrogel showed low density with vertically aligned
layered structures (Figure 2e), providing channels for water trans-
portation, vapor escape, and salt diffusion during solar evapora-
tion. The HNTs were randomly distributed on the hydrogel walls
(Figure S5, Supporting Information). X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared (FTIR) spectra, and X-
ray diffraction (XRD) analysis confirmed the integration of HNT,
CNT, and SA into the hydrogel (Figure S6, Supporting Informa-
tion). The obtained HNT-photothermal hydrogel showed good
mechanical strength for interfacial solar evaporation (Figure S7,
Supporting Information). The CNT renders the hydrogel excel-
lent photothermal property. The surface temperature reached
65.9 °C under 1.0 sun irradiation in air (Figure S8, Support-
ing Information). The light absorption efficiency of the hydro-
gel can be up to #97% in a wet state (Figure S9, Supporting
Information).l®”) The obtained photothermal hydrogel showed
excellent hydrophilicity and water transportation, providing a
continuous water supply for solar evaporation (Note S1, Figures
$10,S11, Supporting Information).

The solar evaporation performance of the HNT-photothermal
hydrogel was evaluated under one sun illumination (Figure 2f).
The solar evaporation rate for pure water using the HNT-
photothermal hydrogel was 1.76 kg m= h™' (Figure 2g). Ac-
cepted practice suggests that the evaporation rate for a salt so-
lution should be less. However, the HNT-photothermal hydrogel
delivered a higher evaporation rate of 2.09 kg m~2 h~! for real sea-
water with a lower surface temperature (Figures S12,S13, Sup-
porting Information), which is 18.9% higher than that of pure
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Figure 2. Evaporation performance of the HNT-photothermal hydrogel. a) Structure models of HNT-cation interactions (O, H, Al, Si, Mg, Ca, Na, K in
red, white, purple, yellow, cyan, pink, orange, and green, respectively). b) The corresponding DFT calculated absorption energy between Mg?*, Ca?*, Na*
and K* and HNT. ¢) The DFT calculated four metal-oxygen bond dissociation energy for HNT with one Al substituted by another ion including Mg?*+
Ca%*, Na*, or K*. d) lon concentrations of the original, water-treated, and seawater-treated HNTs. €) SEM image, inset: photograph of the hydrogel. f)
Mass loss of water and different concentrated seawater during interfacial solar evaporation under one sun. g) Evaporation rate of water and different
concentrated seawater under one sun. h) Raman spectrum showing the fitting peaks of IW and FW in the HNT-photothermal hydrogel with seawater and
pure water, respectively. i) Schematic illustration of reduction in evaporation enthalpy of the HNT-photothermal hydrogel in pure water and seawater.

water. The improved seawater evaporation could be attributed to
the enrichment of Mg?* on evaporation surfaces by the selective
ion exchange processes during seawater evaporation. We mon-
itored the time-dependent concentrations of Mg?* in the HNT-
photothermal hydrogel throughout the interfacial solar evapora-
tion processes (Figure S14, Supporting Information), which re-
vealed that Mg?" started to enrich in the hydrogel during the
initial 30 mins, after which it reached saturation state. This re-
sult suggested that the ion exchange between AI** in HNT and
Mg?* in seawater was completed within the first 30 mins of the
seawater evaporation process. More surprisingly, the evapora-
tion rate of seawater actually increased when the seawater was
concentrated (Figure 2g). For instance, when the initial seawa-
ter (C,) was concentrated to 1.5 and 2 C,, the solar evaporation
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rate increased from 2.09 to 2.28 and 2.38 kg m™? h~! respec-
tively, much higher than that of pure water (1.76 kg m=2 h™').
The evaporation rate slightly decreased to 2.02 kg m= h=! when
the seawater was further concentrated to 3 C,, which was still
higher than that of pure water. The change in the evaporation
rates of different concentrated seawater is due to the different
concentrations of Mg?* (positive to seawater evaporation rate)
and Na*, K* (negative to seawater evaporation rate) on evapo-
ration surfaces. The concentration of Mg?* on evaporation sur-
faces is determined by the ion exchange between the AP** in
HNT and Mg?* seawater, while the concentration of Na* and
K* directly increases with the increase in seawater concentra-
tion. Limited by the ion exchange capacity, when the seawater
concentration increased, the increase in Mg?* concentration was
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smaller compared to that of Na* and K* (Figure S15, Support-
ing Information). Therefore, the positive effect of Mg** can’t
offset the negative effect of Na*, K* in 3 C, seawater, leading
to a slower evaporation rate of 3 C, seawater than 2 C, seawa-
ter. The HNT-photothermal hydrogel was tested before and af-
ter immersion in seawater for one month. The evaporation per-
formance remained unchanged, which confirmed the excellent
stability of the hydrogel after ion exchange (Figure S16, Sup-
porting Information). During long-term evaporation tests (90 h
across 15 days), the HNT-photothermal hydrogel demonstrated
good stability in terms of evaporation performance and structure
(Figures S17,S18, Supporting Information). Even after immers-
ing the HNT-photothermal hydrogel in seawater for 4 months, no
structural damage or deformation was observed (Figure S19, Sup-
porting Information). Outdoor tests were carried out to assess
the water evaporation and collection performance under natural
sunlight. A home-made device was designed and fabricated to ac-
commodate six HNT-photothermal hydrogel evaporators (Figure
S20a—c, Supporting Information). Weather conditions during the
outdoor evaporation tests were recorded (Figure S20d, Support-
ing Information). Over 8 h of outdoor solar evaporation, 51.45 g
of clean water was collected, corresponding to a water collection
rate of 12.16 kg m~2. The concentrations of Na*, K*, Ca**, and
Mg?* in the collected condensed water were much lower than the
guideline salinity levels for drinkable desalination water (Figure
S21, Supporting Information).!®*]

2.3. Mechanism of the Faster Evaporation in Seawater than Pure
Water

To exclude the possible effect of the SA hydrogel on accelerating
seawater evaporation, HNTs and CN'Ts were directly deposited on
a piece of filtration paper to produce an HNT-CNT film without
SA hydrogel. The solar evaporation rate for seawater over this
HNT-CNT film was still higher than that of pure water (Figure
S22, Supporting Information), confirming that the higher sea-
water evaporation rate did not originate from the SA hydrogel.
For comparison, a photothermal hydrogel with only CNTs and
SA (denoted as N-hydrogel) was also prepared (Note S2, Figure
S23, Supporting Information). As was observed with many pre-
vious studies, without the presence of the HNTs, the N-hydrogel
had a 9.8% lower solar evaporation rate (1.47 kg m=2 h~!) for
seawater compared to the pure water (1.63 kg m~2 h™!), which
indicated that it was the enriched Mg?*, Ca’* after the ion ex-
change between HNTs and Mg?*, Ca’* in seawater making the
solar evaporation of seawater faster than that of pure water. To
further verify this hypothesis, artificial seawater without Mgt
was prepared and tested. The evaporation rate for this artificial
seawater remarkably decreased to levels similar to that of pure
water (Figure S24, Supporting Information). If both Mg?** and
Ca** were removed from the artificial seawater, the evaporation
rate was further reduced and became much lower than that of
pure water. These results confirmed that the enrichment of Mg?*
and Ca’* via ion exchange between HNTs and seawater led to
faster seawater evaporation than pure water. Moreover, HNT-
photothermal hydrogels with different HNT contents were pre-
pared to demonstrate the positive effect of the HNTs on seawa-
ter evaporation. The seawater evaporation rate increased from
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2.09 to 2.78 kg m~? h~! with an increase in HNT content from
500 to 1000 mg (Figure S25, Supporting Information). To fur-
ther demonstrate the effect of enriched Mg?* after ion exchange
on evaporation rate, we directly immersed the pristine HNT-
photothermal hydrogel in a 0.064 m MgCl, solution for 24 h to
artificially introduce Mg?* into the hydrogel. Following this treat-
ment, the hydrogel was retested with pure water, resulting in an
increased evaporation rate from 1.76 to 2.02 kg m=? h™! (Figure
S26, Supporting Information).

Raman analysis was conducted to identify any changes in
the water state of the pure water and seawater in the HNT-
photothermal hydrogel. The water constrained within the HNT-
photothermal hydrogel network can be classified into three types
according to the different hydrogen bonds (HB): bound water
(BW); intermediate water (IW); and free water (FW).[%) Com-
monly, BW is strongly bound to surfaces/ions (such as water
molecules in the first solvation shell) and is less prone to evap-
orate, while FW (water molecules beyond the second solvation
shell) is less affected by ions and behaves more like bulk wa-
ter. IW characterized by weak interactions with surfaces/ions and
less HB with other water molecules (probably located in the sec-
ond solvation shell) mainly contributes to the observed differ-
ence in water evaporation rates. Raman spectrum of the seawater
within the HNT-photothermal hydrogel revealed peaks of FW at
3212,3316 cm™! and IW at 3434, 3558 cm™! in the region of O—H
stretching (Figure 2h). The ratio of IW to FW was 1.295, which
was much higher than that of pure water (1.055) in the HNT-
photothermal hydrogel network (Figure 2h). Since IW involves
only weak hydration, higher IW content contributes to a lower
evaporation enthalpy, leading to a higher evaporation rate.[?’] The
equivalent water evaporation enthalpies for free pure water, and
pure water, seawater constrained in the HNT-photothermal hy-
drogel were measured using dark evaporation experiments (Note
S3, Figure S27, Supporting Information), which were 2442, 1953,
and 1708 kJ kg™, respectively (Figure 2i). The evaporation en-
thalpy of seawater in the HNT-photothermal hydrogel was much
lower than that of the pure water in the same hydrogel. Based
on the measured evaporation enthalpy, energy efficiencies of the
HNT-photothermal hydrogel for seawater and pure water evap-
oration were calculated (Note S4, Supporting Information). Dif-
ferential scanning calorimetry (DSC) analysis also confirmed a
lower evaporation enthalpy for seawater compared to pure wa-
ter in the HNT-photothermal hydrogel (Note S5, Figure S28,
Supporting Information). The dark evaporation experiments also
confirmed the decrease in seawater evaporation enthalpy with the
increase in HNT content (Figure S29, Supporting Information),
where more Mg?* were enriched at the air-water interfaces.

To reveal the underlying mechanism of the influence of cations
in seawater on water evaporation, molecule dynamics (MD) sim-
ulations were carried out to investigate the ion-specific effect on
the distributed situation of water molecules and their intrinsic
interactions. Four model solutions consisting of Na*, K+, Ca?*,
or Mg?* were built for the simulations (Figure 3a). Radical distri-
bution functions (RDF) analysis was conducted to elucidate the
local structure of water molecules in these simulated solutions.
As depicted in Figure 3b, the RDF of Mg?* exhibited a much
stronger and well-defined peak at 2.06 A associated with the first
solvation shell compared to all other cations. The variation in
solvation of different cations further impacted the water—-water
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Figure 3. Mechanism of the faster evaporation of seawater than pure water. a) Four different model salt solutions for MD simulations. b) The RDF
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interactions (Figure 3c). The pronounced solvation effect of Mg+
led to a substantial weakening of the interactions between wa-
ter molecules compared to other cations (Figure 3c), illustrating
that Mg?* had the greatest ability to disrupt the pristine water
structures. In good agreement with the above results, the average
HB number (N,;;) of the water molecules in the first and second
solvation shells followed the order of K* > Nat > Ca?" > Mg?*
(Figure 3d). This explained the better evaporation behavior of
water with Mg?* than that with Na*, and K* because water
molecules with weaker intermolecular interactions and fewer
HB numbers are more conducive to reducing the evaporation
enthalpy.

Nuclear magnetic resonance (NMR) was also employed to in-
vestigate changes in HB amongst water molecules (Figure 3e).
Notably, the 'H peak of water molecules in different solutions
was shifted to a lower field position following the order of
K* < Nat < Ca** < Mg?*. This suggested that Mg?* induced the
most pronounced disruption to the original HB network of FW,

Adv. Mater. 2024, 2414045

2414045 (6 of 11)

consistent with the MD simulation results. Low-field NMR (LF-
NMR) spectra were further measured to investigate the relaxation
dynamics and distribution status of water in different salt solu-
tions (Figure S30, Supporting Information). The Mg?* solution
showed the lowest FW content and the highest IW content. In
addition, Raman spectra also confirmed that the MgCl, solution
exhibited the highest ratio of IW/FW (Figure 3f,g; Figure S31,
Supporting Information), which agreed well with the NMR re-
sults. Collectively, these results confirmed that Mg?* is more ef-
fective than K*, Na*, and Ca®* in disturbing HB of water to lower
the evaporation enthalpy.

MD simulations were further conducted to mimic the solar
evaporation behavior of pure water and seawater in the presence
of HNT-photothermal hydrogel (Note S6, Figures S32,S33, Sup-
porting Information). The snapshots showed different evapora-
tion behaviors of water and seawater on the surfaces of the orig-
inal HNT and ion-exchanged HNT (Figure 4; Figures S34,S35,
Supporting Information). A total of 378 water molecules were
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Figure 4. a) Snapshots of water loss on the original HNT surface and b) seawater loss on ion-modified HNT surface at 0, 50, 100, and 200 ps, respectively.

lost from seawater on the surface of the ion-exchanged HNT at
200 ps, while only 354 water molecules were lost from pure wa-
ter on the surface of the original HNT. These results confirmed
the improved evaporation performance of seawater over HNT af-
ter ion exchange, which agreed well with the experimental re-
sults (Figure 3c). In addition, simulation results also confirmed
that the seawater evaporation over the ion-exchanged HNT was
also faster than that over the original HNT (353 water loss,
Figures $36,S37, Supporting Information), further confirming
that the Mg?*, Ca?* enrichment after ion exchange is the main
reasons making the seawater evaporation faster than pure water
evaporation.

2.4. Universality of the Strategy for Faster Evaporation of
Seawater than Pure Water

To investigate the universality of the mechanism for enhancing
the evaporation rate of seawater relative to pure water, three other
minerals (BN, ZL, and MN) with ion exchange capability were
also investigated. The phase structures of these minerals were
investigated by XRD (Figure S38, Supporting Information). Us-
ing the same synthetic method for HNT-photothermal hydrogel
fabrication, BN, ZL, and MN-photothermal hydrogels were pre-
pared for evaporation tests. Figure 5a—c confirmed the formation
of similar vertically aligned channels for these hydrogels. After
immersing in seawater, the Mg?* enrichment was observed in
all the BN, ZL, and MN-photothermal hydrogels (Figure 5d—f). As
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expected, these three hydrogels also showed higher evaporation
rates for seawater relative to pure water (Figure 5g—i; Figure S39,
Supporting Information). From these results, we can conclude
that by this simple, spontaneous, and general strategy, Mg?* ions
in seawater can be enriched on the photothermal evaporation
surfaces (i.e., air—water interfaces), which significantly improves
the evaporation rate of real seawater, making it even faster than
pure water evaporation. This strategy is also applicable to other
photothermal materials and evaporators. For example, by simply
adding HNTs into rGO-SA and CNT-PVA photothermal hydro-
gels (Notes S7,S8, Supporting Information), the obtained HNT-
rGO-SA and HNT-CNT-PVA hydrogels all showed faster seawa-
ter evaporation than pure water evaporation (Figures S40,S41,
Supporting Information). In addition to the above 2D evapora-
tors, we also fabricated different 3D evaporators by coating HNTs,
CNTs, and SA on 3D sponge surfaces (Note S9, Supporting Infor-
mation) and wrapping HNTs and CNTs-coated bamboo paper on
a cotton cylinder (Note S10, Supporting Information). The ob-
tained HNT-sponge 3D evaporator showed a seawater evapora-
tion rate of 4.63 kg m=? h~!, which was higher than that of pure
water (4.00 kg m~2 h~!, Figure S42, Supporting Information).
Similarly, the HNT-cotton 3D evaporator also delivered a higher
evaporation rate for seawater (4.91 kg m=2 h™') relative to pure
water (4.15 kg m~ h~!, Figure S43, Supporting Information),
confirming the generality of this strategy. Large-sized photother-
mal materials can also be fabricated by a modified spray coating
method to target large-scale applications (Figure S44, Note S11,
Supporting Information).
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In addition to interfacial solar evaporation, we also tested the
thermal distillation behavior of the HNT-photothermal hydro-
gels in pure water and seawater at 50, 60, and 70 °C, respectively
(Note S12, Figure S45, Supporting Information). The evaporation
rates of the HNT-hydrogel in pure water were 1.12, 1.60, and
2.32 kg m~2 h7! at 50, 60, and 70 °C, respectively. In compari-
son, the evaporation rates of the hydrogel in seawater increased
to 1.29, 1.80, and 2.48 kg m~2 h! at 50, 60, and 70 °C, respec-
tively, which were higher than that of pure water at the same tem-
peratures. This result indicated that this strategy could also be
generally extended to thermal distillation-based seawater desali-
nation. Considering the huge capacity of the current evaporation-
based seawater desalination, it is thus expected that this technol-
ogy could remarkably increase clean water production annually.

3. Conclusion

A new facial and effective strategy was developed to make seawa-
ter evaporation faster than pure water evaporation by the simple
addition of inexpensive and ubiquitous clay minerals to the pho-
tothermal hydrogel. Enhanced evaporation of seawater occurred
because Mg?* and Ca’* ions in seawater can be accumulated at
the photothermal interfaces by spontaneous ion exchange, which
directly disturbed the HB of water molecules, leading to a reduc-
tion in the evaporation enthalpy and consequentially much faster
seawater evaporation compared to pure water. Furthermore, this
mechanism for seawater evaporation enhancement seems gen-
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erally applicable to a range of minerals (e.g., HNT, BN, ZL, and
MN) that share similar ion adsorption and exchange capabilities.
In addition, this strategy has been verified in various material sys-
tems and evaporators. In this work, without the addition of ion
exchange clay to the photothermal hydrogel, the seawater evapo-
ration was 9.8% slower than that of pure water evaporation. How-
ever, with the addition of HNTs (i.e., HNT-photothermal hydro-
gel), seawater evaporation became 18.8% faster than pure water
evaporation. This simple amendment to photothermal hydrogel
fabrication by adding the required low-cost Mg?* absorbing min-
erals (Note S13, Table S2, Supporting Information) has the po-
tential to significantly improve practical clean water production
from existing evaporation-based seawater desalination technolo-
gies, benefiting millions of people worldwide currently suffering
from water insecurity.

4. Experimental Section

Materials and Chemicals: Halloysite nanotubes (HNTs), bentonite
(BN), zeolite (ZL), sodium alginate (SA), and sodium dodecylbenzenesul-
fonate (SDBS) were purchased from Sigma-Aldrich. AlCl; was purchased
from Chem-Supply. Carbon nanotubes (CNTs) were purchased from Blue
Nano, China. Unless otherwise indicated, Milli-Q water with a resistance
>18.2 MQ cm™! was used for all experiments.

Preparation of HNT-CNT-SA Dispersion: Initially, a 25 mg mL™' SA so-
lution was prepared by heating and magnetic stirring a mixture of SA pow-
ders (2.5 g) and water (100 mL) at 80 °C for 2 h. Then, 20 mg CNTs and
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20 mg SDBS were dispersed in 8 mL water with ultrasonication for 30 min.
HNTs (500 mg) were added into the CNT dispersion and ultrasonicated
for another 10 min. Finally, the SA dispersion (2 mL) was added into the
above prepared CNT-HNT solution and sonicated for another 10 min to
produce a well-dispersed HNT-CNT-SA mixture.

Preparation of the HNT-Photothermal Hydrogel: The HNT—CNT-SA
dispersion was transferred into a cylindrical PTFE mold (diameter: 3 cm)
and placed on the surface of a copper block under liquid nitrogen. After the
dispersion was fully frozen, it was freeze-dried for 24 h to obtain the ini-
tial aerogel. The freeze-dried aerogel was then immersed into a 5.0 wt.%
AICl; solution for 48 h to form an AP* cross-linked HNT-photothermal
hydrogel. The hydrogel was washed with water to remove any resid-
ual AB*. The diameter of the hydrogel after cross-linking decreased
to 2.7 cm.

Characterizations: The morphologies of the HNT-, BN-, and ZL-based
aerogels were investigated by SEM (Zeiss, GEMINI 2) and TEM (JEOL,
JEM-2100). XRD data were collected on an X-ray diffractometer (D8 Ad-
vance, Bruker) with Cu Ka radiation (4 = 1.5418 A). FTIR spectra were
recorded with an FTIR spectrometer (PerkinElmer, Llantrisant, UK). The
composition and surface oxidation state were probed by XPS (Kratos
Analytical, Manchester, United Kingdom). Raman spectroscopy was per-
formed using a Via-Reflex spectrometer 309 (Renishaw) with a laser exci-
tation wavelength of 532 nm. The laser power was 5%. The concentrations
of different ions were measured by ICP-OES (Agilent 7500). Heat flow was
recorded by DSC analysis (TA instruments Discovery TGA/DSC). UV-vis
spectra were recorded using a UV-3600 Spectrometer (Shimadzu). A con-
tact angle system (Dataphysics OCA 20) was utilized to investigate the
hydrophilicity. The LF-NMR analyzer (NMI20-030H-I, Shanghai Niumag
Corporation, Shanghai, China) was used to obtain the T, relaxation spec-
tra. The resonance frequency was 12 MHz and the T, relaxation spectra
were measured with CPMG sequence. The 'H chemical shift was obtained
from nuclear magnetic resonance imaging (NMR) spectroscopy by Bruker
advance 11 600 Plus system.

Solar-Driven Steam Generation: Indoor evaporation testing was con-
ducted under laboratory conditions with a constant ambient temperature
of 25 °C and a humidity of 32%. A Newport Oriel Solar Simulator (Model:
69 907) was used as the light source. A white PS foam with a hole was
employed to hold the hydrogel evaporator and cover the water surface.
The mass change of water/seawater was recorded by an electronic bal-
ance (Videos S1 and S2, Supporting Information). The mass change of
water/seawater was recorded by an electronic balance. An infrared (IR)
camera (FLIR E64501) was used to monitor the surface temperature of
evaporators. Natural seawater for evaporation tests was collected from
the Adelaide Sea Semaphore Beach (Note S14, Supporting Information).

The DFT-Based AIMD Simulations: The DFT-based AIMD simulations
of the ion exchange process were performed using the CP2K package.[646°]
The PBE functional and Kohn-Sham DFT were used to describe the sys-
tem and electronic structure in the framework of the Gaussian and plane
waves methods, respectively. The DZVP basis set along with Goedecker—
Teter—Hutter (GTH) pseudopotential and PBE functional with Grimme D3
dispersion correction was used. A plane-wave energy cut-off and relative
cut-off of 500 and 60 Ry were employed, respectively. The simulation boxes
were set to 20.8 X 18.1x 30.0 A3, The simulations were carried out at 350 K
temperature. The NVT ensemble was used with a CSVR thermostat, and
the time step was set to 1 fs.

The adsorption energy and bond dissociation energy calculations be-
tween different ions and HNTs were also carried out with the CP2K pack-
age. The GTH pseudopotentials and DZVP-MOLOPT-SR-GTH basis set
were conducted. A plane-wave energy cut-off and relative cut-off of 500
and 60 Ry were employed, respectively. The energy convergence criterion
was set to 10-6 Hartree. Geometry optimization for the HNT (001) slab
was carried out within a 20.8700 x 18.1442 x 30.0000 A? box under a pe-
riodic boundary condition with dense Monkhorst—Pack k point meshes of
1 1x 1. On the Z-direction, there was a 15 A vacuum layer for avoiding
the effect of periodic conditions for the slab model in the z-axis. Different
ions were placed on the side with Al-O octahedron and the actual charge
of various ions was taken into account during the whole geometry opti-
mization process.
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The adsorbed energy between the HNT slab and ions was defined as
the following equation:

Ezds—ion = EHNT—slab+ion — ErinT=slab — Eion Q]

As for the dissociation energy, the structures of HNT with one Al atom
substituted by different ions and losing one Al atom were optimized and
compared by the following equation:

Edis = EHNT—/ose—AI + Efon - EHNT—sub—ion (2)

Molecular Dynamics Simulation: MD simulations were performed us-
ing the GROMACS software.[%¢] To integrate the equations of motion, a
leapfrog integrator with a time step of 1fs. A 1.0 nm cutoff distance was
applied for both van der Waals and electrostatic interactions, while the
particle mesh Ewald method was utilized to compute the electrostatic in-
teractions. In the NVT simulations, the V-rescale thermostat with a charac-
teristic time of 2 ns was implemented to maintain a constant temperature,
while in the NPT simulations, an isotropic Parrinello Rahman barostat was
used to maintain a pressure of 1 atm. The cubic box with periodic bound-
ary conditions had dimensions of 7.0 x 7.0 x 7.0 nm3. The simulation
systems consisted of 8593 water molecules, 10 cations (K*, Na*, Ca?*, or
Mg2+), and 10 CI~ for the NaCl and KCl systems, or 20 CI~ for the CaCl,
or MgCl, systems. The OPC3[®7] water model was utilized, and the ion
interaction parameters were taken from the Merz force field.[%8] Four sim-
ulation systems were run for 20 ns to ensure equilibrium was achieved,
and the last 5 ns of the equilibrium state was used for final analysis. The
hydrogen bond (HB) calculation was based on the geometrical configura-
tion in which the distance between two O atoms was <3.5 A and the angle
of O—H---O was <30°.

The evaporations of pure water and seawater on unmodified HNT sur-
faces and ion-modified HNT surfaces were also studied by molecular dy-
namics simulation. The Forcite Plus module in Materials Studio was used
to set up the pure water and seawater systems through the Amorphous
Cell module. The solution surface and HNT surfaces were spliced through
a build layer, in which the number of water molecules was 500. Before
dynamic evaporation simulation, the model energy was minimized by ge-
ometric optimization. Among them, the force field was the Universal Force
field, and the charge distribution method was charge equilibration. In or-
der to study the non-bond interaction of the system, the Ewald tracing elec-
trostatic summations method, and the Atom Based van der Waals sum-
mations method were applied. The total kinetic time was 200 ps, with a
time step of 0.2 fs.

Afacile and general strategy was developed to make real seawater evap-
oration faster than pure water. By simply introducing specific mineral ma-
terials into the floating photothermal evaporator, Mg?* and Ca?* ions
in seawater were accumulated at the photothermal interfaces by sponta-
neous ion exchange, which directly disturbed the hydrogen bonds of water
molecules, leading to a reduction in the evaporation enthalpy, and conse-
quently achieved much higher seawater evaporation rates compared to
pure water.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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