
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 1
1:

54
:2

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A self-regenerati
aDepartment of Materials Science and Engine

Engineering Drive 1, Singapore 117575, Sin
bInstitute of Materials Research and Enginee

Research (A*STAR), 2 Fusionopolis Way, Inn
cDepartment of Materials Science and Engin

Road, Baoshan District, Shanghai 20444, C

† Electronic supplementary infor
https://doi.org/10.1039/d2ta03452b

Cite this: J. Mater. Chem. A, 2022, 10,
15743

Received 29th April 2022
Accepted 30th June 2022

DOI: 10.1039/d2ta03452b

rsc.li/materials-a

This journal is © The Royal Society o
ng 3D sponge evaporator with
a tunable porous structure for efficient solar
desalination†

Patsaya Anukunwithaya,a J. Justin Koh,b Jayven Chee Chuan Yeo,b Siqi Liu,a

Xunan Hou,a Nanxue Liuac and Chaobin He *ab

Three-dimensional (3D) solar evaporators are known to possess high evaporation rates, typically

exceeding the theoretical limit of conventional evaporators. However, salt fouling remains

a challenging issue that plagues 3D evaporators. Herein, we demonstrated bio-based 3D sponge solar

evaporators with tailored porous architectures, fabricated with chitosan (CS), agarose (Aga) and

multiwalled carbon nanotubes (MW). By merely manipulating the CS to Aga ratio, the pore structures

of the sponge can be tuned. As such, an evaporator (5CS/Aga-MW) exhibits impressive evaporation

rates of 2.24 and 3.07 kg m�2 h�1, for 30 mm and 60 mm height, based on additional energy gained

from the surrounding environment, which exceeded theoretical limit for conventional 2D evaporators.

More importantly, evaporation performance using saline water with 3.5% salinity shows a stable

evaporation rate of �3.04 kg m�2 h�1 for the first 2 days for a height of 60 mm, and �2.19 kg m�2 h�1

throughout 10 consecutive days for a height of 30 mm, demonstrating superior anti-salt-fouling ability

with an impressive evaporation rate. The excellent performance was attributed to its unique mixed

pore structure with low tortuosity, which provided sufficient water supply and the ability to balance

out the salt concentration gradient quickly. Such a bottom-up approach in designing 3D evaporators

could be an important pathway for the fabrication of efficient 3D-structured evaporators that possess

high evaporation performance along with anti-salt-fouling ability.
Introduction

The scarcity of clean drinkable water is becoming an increas-
ingly pressing issue, driven by the perpetual population
growth and economic activities, along with its depletion due to
pollution.1,2 The situation is especially dire in arid and semi-
arid areas due to poor logistical infrastructure, lack of elec-
tricity and freshwater supply.3–5 In contrast, solar energy and
seawater are abundant in many of these regions, which are
valuable resources that can be tapped into. The use of the
solar-driven thermal distillation technique to generate clean
water from salt, brine, and contaminated water can be traced
back to a very early stage in human history until now.6–16

However, only water itself typically exhibits low evaporation
rates in the range of 0.2–0.5 kg m�2 h�1 partly due to low
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energy conversion (<50%) under one sun irradiation.17–21 As
such, devices with better photothermal conversion ability, or
solar evaporators, have been developed to improve the rate of
evaporation and energy conversion efficiency. Enhancing
light-to-heat energy conversion by incorporating light-
absorbing materials (e.g., carbonaceous materials, semi-
conducting materials, etc.) has been explored to improve light
absorption within the solar spectrum. Even though the water
evaporation rate can be approximately improved to the range
of 1.00–1.50 kg m�2 h�1.20–24 with enhanced photothermal
energy conversion (>80%), the theoretical limit remains at
�1.7 kg m�2 h�1 given 100% conversion efficiency with
minimal energy loss in the conversion process.25 Conse-
quently, some evaporators have been designed into three-
dimensional (3D) structures to gain additional energy from
the environment in order to exceed the theoretical limit of a 2D
evaporating surface.23,26–32 For instance, 3D carbonized
sunower heads have an evaporation rate of 1.51 kg m�2

h�1—,33 while carbonization of naturally occurring materials,
such as sunower heads, mushrooms, wood and food wastes
to fabricated solar evaporators is a sustainable approach, and
their architectures are limited by how they appear in
nature.33–35 In contrast, modied nature-based 3D evaporators
have been investigated to achieve better performance.29,30,36
J. Mater. Chem. A, 2022, 10, 15743–15751 | 15743
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For this reason, a bottom-up approach would allow more
tailored designs of morphologies and polymer microstruc-
tures, which could alter factors such as water transport ability
so as to achieve better performance. For example, the inter-
connected porous structure and hydrophilicity of the 3D
structure of a squid ink–starch hydrogel enhanced water
diffusion through pore channels and functionalized polymers,
leading to an impressive evaporation rate of 2.62 kg m�2 h�1

beyond the theoretical limit of a 2D evaporator.37

Besides the high evaporation rate, having anti-salt-fouling
properties is also a key for an efficient solar evaporator. While
it is crucial for saltwater to be continuously pumped from the
reservoir to the surface for a continuous supply of water, it is
also necessary for the highly concentrated salt ions at the
evaporating surface to be transported down through diffusion
to the low concentrated reservoir. This is to prolong the oper-
ation of the solar desalination system without intervention. It
has been shown that self-regenerating solar evaporators can be
achieved by enhancing ion diffusion, for example, by having
large capillary channels.38 Nevertheless, most 3D evaporators
require periodic washing for the removal of accumulated salts,
which would require human intervention, and interrupt water
production.39,40 Impressively, there have been several recent
reports on efficient 3D evaporators that exhibit both a high
evaporation rate along with anti-salt-fouling ability.41–44 Indeed,
there is huge practical potential for 3D-structured evaporators if
they are to achieve both a high evaporation rate and anti-salt-
fouling ability.

Herein, tailor-made sponge evaporators using chitosan (CS)
and agarose (Aga) composited with multiwalled carbon
nanotubes (MW) were fabricated. The sponge evaporators
were prepared by mechanical blending followed by freeze-
casting and drying, yielding monolithic aerogel structures.
The 3D-porous structure and hence, water absorption/
diffusion/transport, can be tailored through the manipula-
tion of the CS to Aga ratio. All the samples were denoted as 1, 3,
5, and 7CS/Aga-MW for CS to Aga ratios of 1 : 1, 3 : 1, 5 : 1, and
7 : 1, respectively. At 60 mm above the water reservoir, 5CS/
Aga-MW presented an outstanding water evaporation rate of
3.07 kg m�2 h�1, corresponding to energy utilization of
125.51% under one sun irradiation. More importantly, the
unique mixed pore structure, containing both isotropic and
anisotropic pores, allows the evaporator to achieve an evapo-
ration rate of 3.04 kg m�2 h�1 under one sun irradiation,
which only dipped slightly, starting from the third cycle to 2.62
kg m�2 h�1. Nevertheless, by reducing the height to increase
ion diffusion, the 30 mm height evaporator can maintain an
evaporation rate of 2.19 kg m�2 h�1 under one sun irradiation
for 10 cycles consecutively without observable reduction,
exhibiting an extremely stable perpetual desalination system.
Furthermore, it was also capable of performing stably at an
evaporation rate of 1.96 kg m�2 h�1 in high salinity water
(20%), indicating an extremely effective anti-salt fouling
ability. Therefore, the bottom-up design provides an effective
pathway to fabricate 3D solar evaporators with a tailored
porous structure for high and stable water production.
15744 | J. Mater. Chem. A, 2022, 10, 15743–15751
Results and discussion
Fabrication of 3D – CS/Aga-MW and mechanical properties

The 3D – CS/Aga-MW evaporators consist of two main natural
polymers with 4 wt% of CS/Aga polymer composites.
Throughout the experiment, 0.2 wt% MW and 4 wt% glycerol
were added as the solar absorber and plasticizer, respectively.
During the preparation process, sodium dodecyl sulfate (SDS)
was added to improve MW dispersity in the polymer matrix
(Fig. S1a†). Typical monolithic 3D – CS/Aga-MWs were prepared
by freeze-casting of the hydrogel to induce ice template forma-
tion and subsequent freeze-drying for ice-crystal removal as
shown in Fig. 1a. A 5CS/Aga-MW shown in Fig. 1b was able to
maintain its structural integrity aer 24 h of stirring in water at
room temperature; aer that, the fully swollen sample can be
compressed and released without any apparent damage to its
structure. In contrast, Aga-MW easily disintegrated in water and
was rather fragile (Fig. S1b†). The FT-IR spectra shown in
Fig. S1c and d† indicate the intermolecular hydrogen bond
between CS and Aga of the CS/Aga-MW composited aerogel,
leading to improved stability of the composited sponge
evaporators.45–48

In terms of mechanical properties, the aerogel evaporators
are extremely lightweight and mechanically robust. For
instance, 5CS/Aga-MW has a density of 0.0760 � 0.01 g cm�3.
Fig. 1c shows that 5CS/Aga-MW retained its structural integrity,
despite being deformed repeatedly with a 1 kg load 10 times. In
addition, Fig. 1d shows the 5CS/Aga-MW cyclic compressive
stress–strain curve. As expected, a non-linear hysteresis loop
with three segments was observed. The initial segment repre-
sents the linear elastic phase (strain 0–15%), followed by the
plateau segment with relatively constant stress (strain 15–55%),
and lastly, the densication segment with maximum compres-
sive stress observed (55–80%). The mechanical properties of the
sample as a function of compression cycles display a steady and
gradual reduction within 100 cycles with 80% compression
strain, indicating a stable composite aerogel with high elasticity
(Video S1†).
The effect of chemical compositions on the interconnected
porous structure

The topological structure of the sponge evaporators can be
tailored by manipulating the CS and Aga ratio, so as to improve
evaporation performance. According to the literature, pure CS
and Aga typically form anisotropic porous structures upon the
freeze casting process.49–52 However, an isotropic porous struc-
ture can also be obtained by the addition of a plasticizer and
ller, in this case, glycerol andMW, as shown in Fig. S2a and b.†
The porous structures of the various CS/Aga-MW investigated by
SEM are presented in Fig. 2. The horizontal cross-sectional SEM
image of 1CS/Aga-MW shown in Fig. 2a reveals squarish pore
shapes, while that of 7CS/Aga-MW shows a big lamellar struc-
ture. The vertical cross-section of SEM images shows that 1CS/
Aga-MW has isotropic, non-directional pore structures, in
contrast to 7CS/Aga-MW, which has a highly anisotropic, verti-
cally aligned porous structure (Fig. 2b). Whereas the 3 and 5CS/
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematic of the proposed molecular structure and the preparation process, (b) the stability test of 5CS/Aga-MW after 24 h stirring in
water at room temperature, and then compression test for swollen 5CS/Aga-MW, (c) the 10 cycles of continuous compression with a 1 kg knob
weight of dried 5CS/Aga-MW, and (d) the cyclic compression test of 1, 2, 10, 50, and 100 cycles for dried 5CS/Aga-MW.
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Aga-MW contained intermediate level of CS content, their
structures feature both squarish pores and lamellar sheet-like
structures.

The compositional effect on the porous structure of the
aerogel can be understood from the microstructure of the
polymer composite. To discuss these phenomena, X-ray
diffraction (XRD) patterns of CS/Aga shown in Fig. 2c can be
explained in term of crystal inuence. The XRD patterns show
that the %crystallinities of CS/Aga sponges are 7.9, 18, 19.1 and
26.1% for 1, 3, 5 and 7CS/Aga sponge aerogels, respectively. This
result suggests that a higher chitosan concentration generally
leads to higher crystallinity, whereby most chitosan crystals are
trapped by the moving water-ice front upon freezing. The CS
crystals then conne themselves to a vertical alignment, and
subsequently, the sublimation process on ice removal initiated
crystal compaction, thereby inducing a capillary porous struc-
ture.53,54 The formation of different pore structures with
different CS and Aga ratios is illustrated in Fig. S3.†

Further conformational formation of CS crystals and their
corresponding morphologies come from an optical microscope
study of freeze-dried CS/Aga lms without the addition of
MWCNTs (Fig. 2d and e), where the birefringent from polarized
microscopy indicates ordered CS crystalline domains. At a lower
concentration of CS (i.e., 1CS/Aga), the CS crystals are appar-
ently less and randomly scattered in the composited lm.
Increased CS in 3CS/Aga led to increased CS crystal formation in
the CS crystalline network. For 5CS/Aga and 7CS/Aga, the
amounts of CS crystals are more apparent and they are arranged
to form the walls of the networks with well-dened lamellar
This journal is © The Royal Society of Chemistry 2022
morphology, whereas CS crystals form the core of the lamellar
strucutre and agarose sits on the surface of the CS, interacting
with water.47,55,56 In addition, the formation of water-
impenetrable CS crystals during the freeze-drying process
would act as physical crosslinks, providing the monolithic
sponge evaporator with mechanical robustness. Also, the
formation of the CS crystals during the freeze-drying process
maintains their corresponding pore structures in the CS/Aga
composited aerogel, which would ultimately provide mechan-
ical strength and affect water diffusion and transport to the
evaporating surface, thereby inuencing the evaporation rate
and self-regeneration ability.
Water diffusion/transport effect toward water evaporation
efficiency

As shown in Fig. 3a, the water evaporation rates for bulk water,
1, 3, 5, and 7CS/Aga-MW were measured to be 0.51, 0.92, 1.27,
1.48 and 0.89 kg m�2 h�1 under one sun irradiation, respec-
tively. Since the evaporator height was �0 mm above the
reservoir, the evaporation performance was mainly affected by
factors such as heat localization, water transport, and possibly
lower vaporization energy from the polymer matrix (Fig. S4†).
Energy conversion efficiencies of the CS/Aga-MW evaporators,
in terms of light-to-heat conversions using eqn (2),†57,58 were
calculated to be 35.69%, 54.18%, 75.97%, 85.28%, and 52.13%
for bulk water, 1, 3, 5, and 7CS/Aga-MW, respectively (Fig. 3a).
Indeed, the higher energy conversion efficiency can be largely
attributed to the incorporation of MW, whereby over 97%
absorbance in the visible light range can be achieved (Fig. S5a†).
J. Mater. Chem. A, 2022, 10, 15743–15751 | 15745
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Fig. 2 SEM images of 1, 3, 5, and 7CS/Aga-MW in (a) the horizontal and (b) the vertical cross-section, (c) XRD patterns of the swollen state of 1, 3,
5, and 7CS/Aga without MW, (d) optical images and (e) polarized images of the 1, 3, 5, and 7CS/Aga without MW.
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Only 2–3% of the energy was lost by reection in the same range
(Fig. S5b†). Even though 5CS/Aga-MW shows the best evapora-
tion rate and energy conversion efficiencies among all the
sponge evaporators, its evaporation rate only reaches close to
the theoretical evaporation rate limit.20,59–61 Energy loss, with
regard to light reection, heat radiation, convection, and
conduction lowers the efficiency of light-to-heat conversion and
hence, the evaporation rate of the sponge evaporators. These
phenomena can be thermodynamically explained from an
energy conservation perspective, as expressed in eqn (3) and
(4).†62–64

Another key factor that can affect the evaporation perfor-
mance of the evaporators is water transport to the evaporation
surface. As such, water absorptivity and diffusivity of each
sample were studied. The absorbed water contents at equilib-
rium of 1, 3, 5, 7CS/Aga-MW are more than 93 wt%, and are
presented in Fig. S6.† The saturated water content per unit gram
(SWG) of 1, 3, 5, 7CS/Aga-MW and CS-MW (as the control) is
16.66, 18.00, 18.25, 14.84, and 6.49 g g�1, respectively (Fig. 3b).
Coincidentally, the highest water content belongs to 5CS/Aga-
MW, which also corresponds to the best performing evapo-
rator in terms of the evaporation rate. While the SWG increases
as a result of increasing CS content from a CS to aga ratio of 1 : 1
to 5 : 1, it was dramatically reduced for 7CS/Aga-MW (CS : Aga¼
7 : 1) and CS-MW. The drastic reduction in the SWG could be
due to the formation of large, water impenetrable CS crystals, as
discussed previously.
15746 | J. Mater. Chem. A, 2022, 10, 15743–15751
The morphology and microstructure are key factors affecting
water transport from the reservoir to the evaporating surface.
Snapshots at various time intervals at which the cellulose paper
on top of each sample turning wet were taken and are shown in
Fig. 3c. The rate of water diffusivity follows this order: Aga-MW >
7CS/Aga-MW > 5CS/Aga-MW > 3CS/Aga-MW > 1CS/Aga-MW >
CS-MW (Fig. 3d). The evaporation rate and efficiency of 7CS/
Aga-MW was lower than expected despite having the most
rapid water transport mechanism. Several factors could have
contributed to this phenomenon. Therefore, optimal water
supply should be pursued to achieve the best energymatching.65

According to the energy mismatch concept, the surface water on
the top of the evaporators was observed. When a brous cellu-
lose paper was immediately placed on the top surface of the
evaporator aer the solar evaporation test, it turned fully wet
immediately for 7CS/Aga-MW, indicating very rapid water
transport, likely due to the more vertically aligned channels
(Fig. 3e). Therefore, the anisotropic porous structure in 7CS/
Aga-MW brought about rapid water diffusivity leading to more
energy loss compared to 5CS/Aga-MW (Table S1†).
Improvement of the water evaporation rate due to the 3D
structure with an increased height

Increasing the height of 5CS/Aga-MW above the reservoir
surface would enhance water evaporation since the exposed
surface area of the material could gain energy from the
surrounding environment to boost the water evaporation rate.
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) The water evaporation efficiency related to energy conversion efficiency, (b) the saturated water content per unit gram (SWG) of the
composited sponge evaporators, (c) photographs of water transport, (d) illustrated diagram representing the time period when the samples
started to become wet, and (e) photograph of the top surface wettability of 5 and 7CS/Aga-MW after the 1 h solar evaporation test.
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To accurately measure the water evaporation rate, the spotting
size of incident light was controlled to be identical to the
surface area at the top of the evaporator. An IR thermal camera
was used to capture the temperature activity for 5CS/Aga-MW
during the solar evaporation process, as presented in Fig. 4a.
The evaporation rate with various exposed heights calculated
based on mass change under one sun irradiation is present in
Fig. 4b. Indeed, an increased evaporator height results in
a higher steady-state water evaporation rate, which is 2.24 and
3.07 kg m�2 h�1 for 30 and 60 mm height, respectively (Fig. 4c).

As a result, it was observed that the increased exposed
surface area leads to a lower average temperature at the top
surface. The top surface temperature of the 0 mm photothermal
sponge during solar evaporation under one sun irradiation was
33 �C. However, when the height was increased to 30 and 60
mm, the temperature at the top surface decreased to 32 and
30 �C, respectively (Fig. 4d). This possibly led to lesser energy
loss at the top evaporative surface due to smaller temperature
differences with the surroundings. On the other hand, the side
surface has a lower temperature than its environmental
temperature, due to the absence of light irradiance and
constant evaporation taking place (Fig. 4e). Moreover, the
temperature in the water reservoir decreased with increasing
evaporator height (Fig. S7a†), indicating lesser conduction and
possibly some convection heat loss. This would allow additional
This journal is © The Royal Society of Chemistry 2022
convection and radiation heat gain from the environment to the
system as illustrated in Fig. S7b.†

The relation between the evaporator height and energy
exchange is best illustrated using the energy conservative rule,
which includes the solar energy input, vapor output, heat
capacity of water, and heat exchange with the environment, in
the form of either energy gain or loss, as shown in Fig. S7c, and
eqn (8) and (9) in the ESI.† At 0 mm-height of the 5CS/Aga-MW
sponge, the energy utilization for evaporation is only 1.2350 W,
whereas those of the 30 and 60 mm height are 1.4723 and
1.8451 W, respectively, due to contribution from environmental
heat radiation and convection. In typical, only solar energy with
reection loss is taken into account to drive water evaporation
for 2D evaporators. Thus, we assume that 100% energy utiliza-
tion would be 1.4700 W given our 2D projection area of irradi-
ation. This would correspond to energy utilizations of 84.01,
100.16, and 125.51% for 0, 30 and 60 mm height. The calcula-
tion of energy utilization is shown in the ESI.† The increase in
height results in signicant improvement in the evaporation
rate, beyond the theoretical limit of a conventional 2D solar
evaporator. Nevertheless, there is an issue in anti-salt-fouling
during the solar desalination process when the height was
increased to 60 mm. For this reason, the height of 5CS/Aga-MW
is limited to provide a good water evaporation rate with long-
term use under salt desalination. This issue will be discussed
more in the subsequent section.
J. Mater. Chem. A, 2022, 10, 15743–15751 | 15747
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Fig. 4 (a) IR thermal images for 5CS/Aga-MW at different heights and bulk water during 1 h solar evaporation under one sun irradiation, (b) the
water evaporation rate and mass change due to 5CS/Aga-MW at different heights per unit time, (c) the water evaporation rate due to 5CS/Aga-
MW at different heights, (d) the temperature change at the top surface of 5CS/Aga at different heights and (e) the temperature change at the side
surface of 5CS/Aga at different heights.
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Solar desalination and the self-regeneration test

Anti-salt-fouling properties are crucial for stable water produc-
tion without the need for human intervention. The evaporation
performance of 3D – 5CS/Aga-MW with 60 mm and 30 mm
above a saltwater reservoir of 3.5% salinity was studied. The
experiment was done by running the test under one sun irra-
diation for 8 hours and a dark environment for 16 h for 10
consecutive days. The performance of the 60 mm evaporator
shows a superior evaporation rate which is maintained at
approximately 3.04 kg m�2 h�1 for the rst 2 days as shown in
Fig. 5a. Similarly, the evaporation test was also carried out with
30 mm-5CS/Aga-MW. Impressively, the stable evaporation rate
was recorded to be �2.19 kg m�2 h�1 throughout the 10 day
experiment as shown in Fig. 5b, which was similar to its evap-
oration performance in pure water. The water evaporation rate
of the 60 mm evaporator was lowered because of salt precipi-
tation at the surface evaporator. (Fig. S8a and b†) and possibly
at the evaporator ducts. The poor self-cleaning property could
be assumed to be due to the long water pathway from the
reservoir to the top surface of the evaporator, resulting in poor
advection-diffusion of ions inside the evaporator. In contrast,
no salt crystallization can be observed on the surface of the
30 mm evaporator even aer ten days (Fig. 5c).

On the other hand, while maintaining the same height, the
effect of the pore structure on anti-salt-fouling ability was
investigated. A self-regeneration test for 5CS/Aga-MW and 1CS/
Aga-MW with a height of 30 mm was conducted. As shown in
Fig. 5d, there was no salt found at the top of the evaporator
15748 | J. Mater. Chem. A, 2022, 10, 15743–15751
surface for 5CS/Aga-MW aer 6 h. On the other hand, 1CS/Aga-
MW shows salt residue at the top of the evaporator aer 6 h
(Fig. 5e). This conrms that 5CS/Aga-MW has better anti-salt-
fouling or self-regeneration properties than 1CS/Aga-MW,
most probably due to the low tortuosity of the 5CS/Aga-MW
pore structure. In contrast, the high tortuosity of 1CS/Aga-MW
slowed down water transport, and the salt concentration
cannot be easily redistributed in this structure. More impor-
tantly, this shows that the mixed pore structure not only allows
a high water evaporation rate with good water transport, but the
salt concentration gradient can also be easily balanced, simul-
taneously. For a better understanding of water transport, the
video still for the water transport test of the 30 mm – 1CS/Aga
and 5CS/Aga sponge (without MWCNTs), using methylene
blue solution to monitor vertical transport is presented in Fig
S9a and b.† The vertical transport of methylene blue in the 5CS/
Aga sponge was faster than that in 1CS/Aga. Within 25 min,
methylene blue can be transported to the top of the 5Cs/Aga
sponge while 2/3 of the height of the 1CS/Aga sponge was l-
led with methylene blue. The schematic diagram in Fig. 5f
illustrates the water transport mechanisms in the different pore
structures. Due to the low tortuosity of 5CS/Aga-MW, advection
and diffusion occurred easily, leading to salt exchange between
the vertical and horizontal pore channels.25,38,66 At the same
time, an efficient water evaporation rate and self-regeneration
property could be achieved.

A highly stable evaporator can be demonstrated in terms of
the salt-resistant evaporation test. Interestingly, 5CS/Aga-MW
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Water evaporation performance for the long-term evaporation rate of the evaporator in 3.5%w/v. NaCl under one sun irradiation, using (a)
60 mm-5CS/Aga-MW for 5 days and (b) 30 mm-5CS/Aga-MW for 10 days, (c) salt crystallization observation for cycles 1, 5 and 10, simulated salt
regeneration test of the (d) 5CS/Aga and (e) 1CS/Aga sponge evaporator, (f) schematic of water diffusion for low and high tortuosity structures, (g)
water evaporation rate and mass change in the NaCl solution at 3.5, 10 and 20 wt%, using 5CS/Aga-MW with 30 mm height and (h) the 4 main
ions in seawater before and after desalination.
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with 30 mm height shows a stable evaporation rate with effi-
ciency between 1.96 and 2.19 kg m�2 h�1 for different salinities
(3.5, 10, and 20 wt% of NaCl) (Fig. 5g). Even though salt
precipitation was found on the top surface of the evaporator for
20% salinity due to the extremely high salt concentration
(Fig. S10a†), it recovered aer being le for 12 hours at ambient
temperature (Fig. S10b†). To investigate the water quality aer
This journal is © The Royal Society of Chemistry 2022
desalination using 5CS/Aga-MW, a solar desalination system
prototype was fabricated to collect puried water. The experi-
ment was conducted using actual seawater from West Coast
beach, Singapore. The concentration of four kinds of ions (Na+,
K+, Ca2+, and Mg2+) was selected for evaluation. Aer the
desalination process, the concentrations of each ion were
reduced by about 3 to 4 orders of magnitude, achieving a level
J. Mater. Chem. A, 2022, 10, 15743–15751 | 15749
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way below the necessary concentration required in drinking
water as dened by the World Health Organization (WHO)
(Fig. 5h). As compared to other 3D solar evaporators, not many
3D evaporators could reach such a high evaporation rate and yet
maintain a suitable salt concentration gradient for self-
regeneration to take place (Table S2†).
Conclusions

In conclusion, 3D-structured sponge evaporators fabricated
using natural polymers embedded with multi-walled carbon
nanotubes are presented. The physical structure, and most
importantly, the pore structure of the evaporators can be
tailored through the manipulation of the chemical composi-
tion, in particular, the CS to Aga ratio. The mixed pore structure
of 5CS/Aga-MW shows the best evaporation performance,
having steady-state evaporation rates of 2.24 and 3.07 kg m�2

h�1 for 30 mm and 60 mm above the water level. Such an
impressive performance would correspond to an energy utili-
zation of 100.16% and 125.51%, exceeded the theoratical limit
of conventional 2D evaporators, which was achieved through
harvesting additional energy from the surrounding environ-
ment. Furthermore, 60 mm and 30 mm-5CS/Aga-MW maintain
an evaporation rate of 3.04 and 2.19 kg m�2 h�1, for 2 and 10
days, respectively, using saline water with 3.5% salinity, which
has rarely been reported for monolithic 3D-structured solar
evaporators with anti-salt-fouling properties. The excellent
performance of 5CS/Aga-MW was attributed largely to its mixed
pore structure that has low tortuosity, thereby providing suffi-
cient water supply together with the ability to balance out the
salt concentration gradient rather quickly. Such a bottom-up
approach in utilizing bio-based materials to fabricate solar
evaporators with controllable pore structures could be a valu-
able pathway to fabricate 3D-structured evaporators with good
performance in terms of both the evaporation rate and anti-salt-
fouling ability, utilizing sustainable resources with sustainable
materials for sustainable life.
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