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A solid photothermal reservoir is designed to implement solar-steam generation in the absence of bulk
water. The photothermal reservoir is composed of a water absorbing core encapsulated by a photother-
mal reduced graphene oxide based aerogel sheet which absorbs light and converts it into heat thus evap-
orating the stored water. The photothermal reservoir is able to store 6.5 times its own weight in water,
which is sufficient for one day solar evaporation, thus no external water supplement is required. During
solar-steam generation, since no bulk water is involved, the photothermal reservoir minimizes heat con-

gg{:‘r'f’sriim eneration duction loss, and maximizes both of the exposed evaporation surface area and net energy gain from the
Phototherm a‘? environment, leading to an energy efficiency beyond the theoretical limit. An extremely high water evap-
Aerogel oration rate of 4.0 kgm~2h~! (normalized to projection area) is achieved in laboratory studies over a

cylinder photothermal reservoir with a diameter of 5.2 cm and a height of 15 cm under 1.0 sun irradia-
tion. Practical evaluation of the photothermal reservoir outdoors as part of a desalination device demon-
strates a similar evaporation rate where the salinity of the clean water produced is lower than 24 ppb.
Thus the photothermal reservoir shows great potential for real world applications in portable solar-

Solar-thermal energy

thermal desalination.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Solar-steam generation offers an environmentally friendly and
cost-effective method of wastewater treatment and clean water
production driven by solar energy [1-6]. Over the past a few years,
much effort has been devoted to improving the energy efficiency of
solar evaporation and facilitating its real-world application. In a
solar-steam generation system, photothermal material is the key
platform for light-to-heat conversion and steam generation. Vari-
ous types of photothermal materials including metallic nanostruc-
tures [7-15], inorganic semiconductors [16-19], carbon-based
nanomaterials [20-39], and polymers [40-44]| with broadband
light absorption have been investigated to pursue a high evapora-
tion performance. Amongst these well-developed light absorbing
materials, carbon-based nanomaterials have become the most
prevalent due to their excellent chemical and thermal stability,
optical absorption capability, and high light-to-heat conversion
efficiency. Another crucial pathway for enhancing the energy effi-
ciency of solar steam generation is optimization of the evaporation
configuration/setup. For example, floating photothermal systems
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instead of conventional dispersion systems were developed to sig-
nificantly suppress the heat conduction loss to bulk water, thus
improving the energy efficiency for solar-steam generation
[12,14,15,19,36,42,45]. Thereafter, by introducing the spatially
separated evaporation and bulk water surfaces connected by 1D
and/or 2D water paths, the heat conduction loss during evapora-
tion process was further decreased [17,25,34,43,46]. Meanwhile,
the temperature of evaporation surface can be lowered in such
designs, contributing to less radiation and convection losses
[18,25,37,47]. Recently, by fully isolating water containing carbon
sponges from bulk water, the evaporation rate was increased up
to 118% due to the truly heat localized solar evaporation with
phased out heat conduction loss [23]. With a smart 3D design of
the evaporation surface, the light absorption could be improved
due to enhanced light trapping and decreased reflectance loss
[18,37]. In these 3D structures, energy gain from the surrounding
environment occurs when a temperature deficit exists between
the evaporation surfaces without light irradiation and the ambient
environment, which significantly improves the evaporation effi-
ciency beyond the theoretical limit.

The achieved progress to date in solar-steam generation pro-
vides a fundamental foundation for the design of solar evaporation
devices for real-world applications. Currently, the evaporation
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device design most commonly advocated requires a rigid container
filled with bulk sea/saline water for continuous water supply, a
floating photothermal material, and also a chamber to hold the
generated clean water. However, in practice, the existence of a bulk
saline water significantly increases the risk of re-contaminating
the produced clean water and increases the overall weight of the
desalination device, which are both important issues for portable
solar steam generators. Therefore, a major research goal in promot-
ing the adoption of solar steam generation technologies has been
the design of photothermal desalination systems with fewer com-
ponents and without a bulk saline water reservoir. Such evapora-
tion systems have distinct advantages for energy management
because: (1) the heat dissipation by conduction loss is cut off when
no bulk water is involved; (2) it is more convenient to design the
structure of photothermal materials to optimize the light absorp-
tion and energy gain from the surrounding environment for water
evaporation. Ideally, developing a single all-in-one component for
an in situ photothermal evaporation system which is able to simul-
taneously serve as a water reservoir, light absorber and steam gen-
erator (Fig. 1) would be a major advance in portable steam
generator design.

In this work, a solid photothermal reservoir was designed for
solar steam generation without the need of bulk water (Fig. 1).
The photothermal reservoir was composed of a simple cotton core
wrapped in a photothermal aerogel sheet (Fig. 1). The cotton core
which has significant water uptake capacity (~6.5 times its own
weight) served as a surrogate bulk water reservoir, while the pho-
tothermal aerogel sheet assisted in retaining the adsorbed water in
the cotton core and simultaneously acted as a light absorber and
evaporation surface for the stored water (Fig. 1). The stored water
in the photothermal reservoir was sufficient for continuous steam
generation under one sun irradiation over one day, and therefore
no extra bulk water or additional water supplement was required.
This new evaporation design thus exhibited better flexibility for
portable solar-steam generation together with an unprecedentedly

e

Fig. 1. (Color online) Cartoon illustration of an all-in-one photothermal reservoir
for solar steam generation without bulk water. The photothermal reservoir is
prepared by encapsulating a cotton core with a photothermal aerogel sheet. The
cotton core is able to uptake a large amount of water, while the photothermal sheet
contains reduced graphene oxide and agarose assists in retaining the absorbed
water and implements the steam generation under sunlight irradiation.

high energy efficiency for solar-steam generation and clean water
production.

2. Materials and methods
2.1. Materials and chemicals

Commercial cotton sheet and degreased cotton were purchased
from local market. Reduced graphene oxide (RGO) was supplied by
Huasheng Graphite Co., Ltd., China. Agarose, urea and ethanol were
purchased from Sigma-Aldrich. Unless otherwise noted Milli-Q
water with a resistance >18.2 MQ cm™' was used for all
experiments.

2.2. Fabrication process

RGO sheets (0.4 g) were dispersed into a 400 mL 7:1 mixture
solution of water and ethanol (Viyater: Vithanoi= 7:1) via ultrasonica-
tion. Subsequently, agarose (5 g) and urea (50 g) were added into
the solution, which was continuously stirred at 85 °C for 30 min.
Thereafter, the resulting hot homogenous suspension was drop-
cast onto a piece of cotton sheet (33 x 33 cm). The sample obtained
was cooled naturally and frozen at -21 °C in a refrigerator and sub-
sequently freeze dried. The final RGO-agarose-cotton aerogel sheet
generated was then washed, tailored and wrapped over the surface
of a cotton strand (5 cm in diameter) of varying length (5, 10, 15
cm).

2.3. Characterizations

Scanning electron microscopy (SEM) images were obtained on a
Zeiss Merlin scanning electron microscope. Transmission electron
microscopy (TEM) images were obtained using a JEOL JEM 2100F
transmission electron microscope. X-ray photoelectron spec-
troscopy (XPS) analysis was carried out on a Kratos Axis Ultra with
a Delay Line Detector photoelectron spectrometer using an alu-
minium monochromatic X-ray source. UV-Vis spectra were
recorded using a UV-2600 Spectrophotometer (Shimadzu). Infrared
photographs were captured using an IR camera (FLIRE64501). A
Dataphysics OCA 20 contact angle system was employed to charac-
terize the hydrophilicity of the samples. Initial concentration of
common cations present in seawater (from Semaphore Beach, Ade-
laide, Australia) were measured using an Inductively Couple
Plasma Optical Emission Spectrometry (ICP-OES, Optima 5300V,
Perkin Elmer). Following desalination residual ion concentrations
in the collected clean water were analyzed using an Inductively
Couple Plasma-Mass Spectrometry (ICP-MS) Triple Quad system
(ICP-QQQ, Agilent 8800).

2.4. Solar-driven steam generation performance

Solar-driven steam generation was first carried out under labo-
ratory conditions (ambient temperature 25 °C and 30% relative
humidity). The photothermal reservoir was initially saturated with
a test solution (e.g., fresh water or seawater) and then loaded on to
an electronic balance that was connected to a computer to monitor
mass loss in real time. A Newport Oriel Solar Simulator (class ABA,
450 W, Newport Oriel 69920) was used as the light source to shine
a collimated beam light onto the photothermal reservoir vertically.

Subsequently, seawater evaporation performance was also con-
ducted outdoor in a glass dome (with a hole on the base as clean
water outlet) to mimic the real evaporation process over the pho-
tothermal reservoir in a natural environment, thereby identifying
its practical potential performance for clean water production.
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3. Results and discussion

The photothermal aerogel sheet was prepared by a facile drop
casting method (Fig. 2a, b). The commercial RGO was used as the
photothermal material (Fig. 2c). TEM image reveals that the RGO
sample is consisted of free-standing 2D thin sheets with lateral
sizes ranging from several hundred nanometers to several microm-
eters (Fig. 2c). XPS analysis elucidated the reduction degree and
chemical state of RGO (Fig. S1 online). XPS peaks at 284.5 and
532.5 eV were attributed to C 1s and O 1s, respectively (Fig. S1a
online). The C 1s peaks were evidence of C—C (284.5eV), C—0
(285.7 eV), C=0 (286.5eV) and O—C=0 (287.8 eV) functionality
in the materials (Fig. S1b online). In comparison to the commonly
reported C/O ratio ~2 for GO material [48], element analysis from
the survey XPS spectra gave a C/O atomic ratio of 8.84 which
demonstrated that the GO was very well reduced. The commercial
cotton towel/sheet was used as the flexible substrate. It had a
rough hierarchical surface constructed from well-proportioned
fabric bundles composed of cotton fibers with width of 8.1-
16.5 pm (Figs. 2d and S2 (online)), which resulted in a large surface
area, suitable for both enhancing the adhesion of photothermal
materials and water evaporation.

By simply casting a hot agarose solution containing RGO onto
the cotton sheet followed by self-gelation and freeze drying, a dark
black photothermal RGO-agarose-cotton aerogel sheet was

(a)

RGO+agarose

é

6

prepared (Fig. 2b). It is noticed that coating of cotton sheet with
RGO-agarose changed the surface morphology of the fibers of the
cotton sheet and a coating layer could be observed (Fig. 2e, f).
The inter-fiber space was filled with 2D substance consisting of
the RGO and agarose. The surface of the cotton fibers became rough
and wrinkled (Fig. 2f), which further increased the surface area,
benefiting water evaporation. While the obtained RGO-agarose-
cotton aerogel sheet was flexible, lightweight and washable, the
RGO was also firmly adhered on the cotton fibers by the agarose.
No peeling of black RGO was observed after continued strong fin-
ger abrasion over the wetted photothermal sheet (Fig. 2g and
Video S1 online). Even after sonicating a piece of RGO-agarose-
cotton sheet for 2 cycles (5 min each cycle and the photothermal
sheet was kept immersing in water overnight between the two
cycles of sonication), no black particles were detached from the
photothermal sheet (Fig. S3 online), confirming an excellent
mechanical stability. The obtained RGO-agarose-cotton aerogel
was hydrophilic due to the hydrophilicity of the constitute cotton
and agarose. As shown in Fig. 2h and Video S2 (online), a water
droplet was immediately absorbed when it was dropped onto the
surface of the photothermal aerogel sheet.

In contrast to the conventional photothermal evaporation sur-
face which is either directly or indirectly in contact with bulk
water, in this work, a new evaporation system without bulk water
was demonstrated. To realize this, a cotton core made from

Fig. 2. (Color online) (a) Schematic illustration of the preparation of photothermal RGO-agarose-cotton sheet by a drop casting method; (b) photograph of a obtained
photothermal aerogel sheet, (c) TEM image of the commercial RGO sheets. SEM images of the cotton fibers (d) before and (e) after coating of RGO and agarose; (f) high
resolution SEM image showing the wrinkled fiber surface after coating of RGO and agarose. (g) Finger abrasion test of the photothermal RGO-agarose-cotton sheet; (h) time-

lapse snapshots of absorbing a water droplet by the photothermal aerogel.
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commercial degreasing cotton was adopted as a water reservoir
(Fig. 3a, b). The cotton core was wrapped in the photothermal
RGO-agarose-cotton aerogel sheet to form a single component
photothermal reservoir (Fig. 3a, b). Due to the flexibility of the pho-
tothermal aerogel sheet, it could be readily cut into the required
shapes to fit and wrap the cotton core (Fig. 3b). The prepared cylin-
der photothermal reservoir could be operated as an all-in-one sys-
tem, where, with the exception of the bottom surface, light
absorption and energy conversion for steam generation was able
to take place directly over all of the cylinder surface. This was pos-
sible because no part of the cylinder had to be immersed in bulk
water. Due to the superhydrophilicity of both the degreasing cot-
ton core and the photothermal aerogel, the photothermal reservoir
could easily absorb as much as 6.5 times its own weight in water
without visual shape distortion (Fig. 3¢, d). For instance, a dried
cylinder photothermal reservoir with a diameter of 5.2 cm and a
height of 10 cm weighed only 29.70 g (Fig. 3¢), making the dried
photothermal reservoir light and easy to be carried. However,
when it absorbed water to its full capacity, the weight increased
to 223.91 g (Fig. 3d), which meant that 194.21 g of water was
absorbed and stored ready for solar evaporation. In addition, the
photothermal aerogel sheet was able to retain the water securely
so that even when the photothermal thermal reservoir was fully
absorbed with water, it could be swung and slightly squeezed
without any leakage of the stored water (Video S3 online). These
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merits show excellent benefits for portability and mobility of the
device during solar-thermal desalination.

Different from either the 2D flat light absorber floating on water
surface or the 3D photothermal cylinders standing in bulk water,
the cylinder photothermal reservoir used here requires neither
immersion in nor contacting with an external bulk water. The
direct result of this is that the available surface for water evapora-
tion and energy absorption both from incident light and environ-
ment are greatly enlarged, directly leading to a better
evaporation performance. The light absorption ability of the pho-
tothermal aerogel sheet was measured across the ultraviolet-
visible-near infrared regions (290-1400 nm). As shown in Fig. S4
(online), the photothermal aerogel sheet showed a consistently
strong light absorption of >97% across the entire measurement
wavelength range, which guarantees the excellent light-to-heat
energy conversion.

Solar steam generation over the photothermal reservoir was
initially tested under a laboratory condition (Fig. 4a). A Newport
Oriel Solar Simulator (class ABA, 450 W, Newport Oriel 69920)
with a constant energy output of 1.0 kW m~2 was adopted as the
light source. The cylinder photothermal reservoir (5.2 cm in diam-
eter and 10 cm in length) was initially saturated with water and
placed onto an electronic balance to record mass changes in real-
time. An infrared (IR) camera was employed to monitor the surface
temperature of the photothermal reservoir during evaporation

Photothermal reservoir

Fig. 3. (Color online) (a) Cartoon illustration of the preparation of a photothermal reservoir; (b) digital photograph of a cotton core and the photothermal aerogel
encapsulated cotton core as photothermal reservoir; photograph illustration of the weight change the photothermal reservoir (c) before and (d) after water uptake.
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Fig. 4. (Color online) (a) Photography of the solar-steam generation setup; (b-g) IR camera images of the photothermal reservoir during evaporation under 1.0 sun
irradiation, the irradiation time is (b) 0 min, (c) 1 min, (d) 5 min, (e) 10 min, (f) 20 min, (g) 30 min, and (h) the corresponding time-dependent average surface temperatures of

the top and side surfaces under 1.0 sun irradiation.

process (Fig. 4b-g). Upon light irradiation, the top surface of the
cylinder immediately absorbed the incident light and converted
it into heat, leading to a rapid increase in surface temperature.
As shown in Fig. 4h, the average temperature of the top surface
increased to 22.7 °C within 1 min. The average temperature of
the top surface became higher than the ambient temperature
(25 °C) after 2 min (Fig. 4d, h) and reached a stable temperature
of 29.2 °C after 30 min (Fig. 4g, h). Throughout this process, the
average surface temperature of the side wall remained at about
19.4 °C (Fig. 4b-h), which was constantly lower than the ambient
temperature (25 °C). This temperature deficit resulted in a net
energy gain from the surrounding environment [18,37,47], con-
tributing to the overall water evaporation of the cylinder pho-
tothermal water reservoir. The applicability of the photothermal
reservoir device for practical use was evaluated over a period of
8-hours (1 day) continuous evaporation under 1.0 sun irradiation
without additional water supply. The evaporation rate was almost
maintained between 3.3 and 3.4 kg m~? h™! (Fig. 5a). This is a very
high value compared to those of the 2D and 3D evaporators in the
presence of bulk water. About 57 g of water was evaporated over
the 8 h period under 1.0 sun irradiation, equivalent to 29.4% of
the stored water in the photothermal reservoir. This confirmed
that the proposed photothermal reservoir could be safely used
for one day solar-steam generation without additional external
water supply. During the evaporation, the stored water in the cot-
ton core could be constantly transferred to the photothermal RGO-
agarose-cotton aerogel shell to continuously support the evapora-
tion. Fig. 5b depicts the weight loss (i.e., the absorbed water) of the

cotton core and photothermal RGO-agarose-cotton aerogel shell
separately during the 8 h solar-steam generation, from which one
can see that the absorbed water in the cotton core linearly
decreased. However the weight of photothermal shell only slightly
decreased initially and became stable after 7 h, with a weight
(4097 g) much larger than that of the dried aerogel shell
(12.28 g). This confirmed that the water transportation from cotton
core to the photothermal aerogel shell was sufficient to support the
water evaporation.

Evaporation without light irradiation (dark evaporation) over
the same photothermal cylinder was measured to estimate the
energy efficiency of the system. A dark evaporation rate of
3.37 g h~! was recorded, thus the net evaporation (with dark evap-
oration subtracted) over the photothermal reservoir under 1.0 sun
irradiation was calculated to be 1.9-2.0kgm 2 h™1.

The solar energy conversion efficiency (1) was estimated using
the follow equations:

n:m(HE:_ Q)7 (1)
Hiyr = 1.91846 x 10°[T; /(T, — 33.91)]7, 2)
Q =c(Ty - To), 3)

where m is the water evaporation rate (kgm 2 h™!) (with the dark
evaporation over the sample subtracted), Hyy is the latent heat that
is required for vaporization of water (] kg™ '), T; is the temperature
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Fig. 5. (Color online) (a) Water evaporation rate of the photothermal reservoir (5.2 cm in diameter and 10 cm in height), (b) mass loss of the cotton core and photothermal
RGO-agarose-cotton aerogel shell during the solar-steam generation, and (c) rate of mass loss over the vertically and horizontally placed photothermal reservoirs.

of evaporation (K), and Q is the heat for increasing water tempera-
ture (J kg "), c is the specific heat of water whichis 4.2]Jg 'K, T,
is the initial temperature of water, and E;, (kf m~2 h™!) is the energy
input of the incident light. Accordingly, assuming 100% energy effi-
ciency of solar-steam generation, the corresponding evaporation
rate should be 1.43 kg m~2 h™'. Therefore, the actual evaporation
rate of the photothermal reservoir under 1.0 sun is about 133%-
139% of the theoretical limit.

To explain the extremely high energy efficiency, energy
exchange between the evaporation surface and the environment
was investigated. During solar-steam generation, the top evapora-
tion surface had a higher temperature T; than that of the environ-
ment Tg (Fig. 4), energy loss to the environment by convection and
radiation occurred, while the side evaporation surface with a lower
temperature (T, < Tg) could gain energy from the environment. The
net energy gain (Eenvironment) ffom the environment can be esti-
mated by the following calculation:

Eenvironment = -Aieo <T14 — TE4) —Ayeo (T24 — TE4>
—A1h(Ty — Tg) — Ah(T, — Tg), (4)

where A; is the area of the top surface of the photothermal reservoir
(21.23 cm?), T, is the average surface temperature of the top surface
(~29.2 °C), A, is the surface area of the side wall of the photother-
mal reservoir (163.2 cm?), T, is the average surface temperature
of the side wall (~19.4 °C), Tg is the ambient temperature (25 °C),
¢ is emissivity of the absorbing surface (~0.90), ¢ is the Stefan-
Boltzmann constant (5.67 x 1078 W m~2K™*), and h is convection
heat transfer coefficient (assumed to be 10 W m—2 K™!). According
to the above equation, for our evaporation system, radiation loss
from the top evaporation surface was estimated to be 0.049 W,
while radiation energy gain of the side evaporation surface from
surrounding environment was 0.534 W. Convection loss from the
top evaporation surface was estimated to be 0.089 W, and convec-
tion energy gain of the side evaporation surface from surrounding
environment was estimated to be 0.914 W. Therefore, the net
energy gain of the photothermal reservoir from the environment
was about 1.31 W, which is on the same order of magnitude as
the solar light input E;,, of 2.06 W, thus significantly enhanced the
solar-steam generation of the photothermal reservoir. Heat conduc-
tion from top surface to the stored water was investigated. A ther-
mocouple was inserted into the middle of the photothermal
reservoir to monitor the temperature change of the absorbed water
during evaporation (Fig. S5 online). The initial temperature of the
stored water was 25.1 °C (Fig. S5a online). Surprisingly, the temper-
ature did not increase but quickly dropped to 19.9 °C after 1 h evap-
oration (Fig. S5b-d online). This result indicated that during the
solar-steam generation, the evaporation surface extracted energy
from the stored water because the temperature of the side surface

(19.4 °C) was lower than that of the stored water (25.1 °C). It is rea-
sonable to infer that part of the heat from the top evaporation sur-
face may be transferred to the stored water, but it will eventually be
extracted by the side surfaces to drive the cold evaporation which
has been proved to be with a higher energy efficiency [37,47].

As there is no extra bulk water involved in the solar-steam gen-
eration, the photothermal reservoir can be loaded horizontally
rather than vertically (Fig. S6 online), which presented a larger sur-
face for light absorption compared to the vertically standing
arrangement, contributing to improved water evaporation. Overall
a 21% increase in mass loss (i.e, the amount of evaporated water)
was achieved for a horizontal evaporation arrangement (Fig. 5¢).
This advantage renders flexibility in evaporation setup based on
the available space. For instance, when there is enough space, hor-
izontal evaporation arrangement could be selected to target more
clean water production. Due to the tailorability of both the pho-
tothermal aerogel sheet and the cotton core, the height of the pho-
tothermal reservoir can be easily adjusted to tune the stored water
and evaporation surface area for desirable output. As show in Fig. S7
(online), photothermal reservoirs with a height of 5, 10 and 15 cm
(diameter of 5.2 cm) were prepared for steam generation under
one sun irradiation. For the 5 cm tall photothermal reservoir, the
dry weight was 13.78 g, and it could absorb and store 87.08 g water
(Fig. S8a online). The evaporation rate (2.5-2.6 ke m~2h~') was
lower than both of the 10 and 15 cm tall counterparts due to the
smaller side area for evaporation and energy gain from environ-
ment (Fig. S9 online). The 15 cm photothermal reservoir with a
water storage capacity of 262.14 g (Fig. S8b online) achieved the
best evaporation performance with an evaporation rate of 3.9-
4.0kgm 2 h~' (Fig. S9 online). It should point out that although
after subtracting the dark evaporation, the 15 cm photothermal
reservoir has a similar net evaporation rate as the 10 cm one, its
absolute evaporation rate of 3.9-4.0 kg m~2 h~ ! is a very high value
for practical applications under 1.0 sun irradiation.

To evaluate the efficacy of the photothermal reservoir, the qual-
ity of the clean water produced from seawater desalination over
the photothermal reservoir was investigated via evaporation of a
real seawater from Semaphore Beach (Adelaide, Australia). About
33% of the stored seawater was evaporated during the test which
was conducted over 10 h under 1.0 sun irradiation, simulating
the typical daily natural sunshine irradiation in the Australia envi-
ronment. As shown in Fig. 6a, no salt deposition on the evaporation
surface was observed after 10 h continuous operation. This was
because the salt ions in the photothermal reservoir were not satu-
rated after evaporation. Concurrently, because of the excellent
water transportation between the photothermal aerogel sheet
and cotton core (Fig. 5b), the salt ions could be quickly transferred
from the surface to the water reservoir due to the salt concentra-
tion gradient, offsetting the localized salinity increase on the
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evaporation surface. This was proved by the increased salinity of
the water in the cotton core. It was found that after 10 h evapora-
tion, the salt concentration of the remained water in the cotton
core was increased by 43.2%, corresponding to a Na* concentration
of 15,720 ppm which was far below the saturation level
(~36,000 ppm at 20 °C). This confirmed that salt ions diffused from
the evaporation surface to the stored water during the solar evap-
oration, thus no salt crystallization and deposition occurred on the
evaporation surfaces. The steam generated during the evaporation
process was collected and the salinity was measured by ICP-MS. As
shown in Fig. 6b, the concentration of Na*, Ca?*, K* and Mg?" in the
collected water were only 23.9, 7.34, 25.3 and 0.5 ppb, which was
well below the salinity level of drinkable desalinated water defined
by the World Health Organization (WHO) standard (https://www.
who.int/water_sanitation_health/publications/dwq-guidelines-4/

en/), confirming that this new photothermal reservoir is entirely
applicable for practical solar-thermal desalination. After 1 day
solar evaporation, the photothermal reservoir can be fully
recharged by simply immersing it in seawater for <5 min. The sta-
bility of the photothermal reservoir for seawater evaporation was
evaluated through cycling performance tests (1 h each cycle) under
1.0 sun irradiation. It is showed that during the 74 cycles of test
across 9 days, the evaporation rates were stabled in the range of
(2.7-3.4) kg m—2 h™! (Fig. 6¢). The slight fluctuation in evaporation
rate was due to the variation of environmental humidity (24%-44%
RH, Fig. 6¢). A higher environmental humidity led to a lower evap-

oration rate (Fig. 6¢) [47]. However, at the similar environmental
humidity level, the evaporation rates in different testing cycles
are almost the same, indicating an excellent stability of the pho-
tothermal reservoir.

To further demonstrate the potential practical application of the
photothermal reservoir for seawater desalination under natural
sunlight, a prototype solar-thermal desalination device was subse-
quently designed. Since no bulk seawater was needed, no water
container and water inlet are required and consequently the
desalination device could be drastically simplified requiring only
a transparent glass shell, a holder for the photothermal reservoir
and a base with a hole in the middle to drain and collect the clean
water (Fig. 7a). Using this setup, a 10 cm (Fig. S10 online) and
15 cm (Fig. 7b) photothermal reservoir were tested. The outdoor
testing occurred from 10 am to 6 pm. After placing the desalination
device under natural sunlight, water vapour was quickly generated
and condensed on the glass shell (Fig. 7c). The weather conditions
including the sunlight intensity and environmental temperature
are shown in Fig. 7d. During the tests, 68.13 and 52.72 g of
clean water were generated from the devices containing the
photothermal reservoir with height of 15 and 10 cm respectively,
corresponding to the average evaporation rate of 4.01 and
3.10kgm~2h~'. In addition, no salt crystals were observed on
the surface of the photothermal reservoir after 1 day outdoor evap-
oration. These results indicate that the photothermal reservoir has
great potential for portable seawater desalination.
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4. Conclusion

In summary, a photothermal reservoir was successfully devel-
oped as an all-in-one evaporator for highly efficient solar-steam
generation without bulk water. The photothermal reservoir was
composed of a cotton core which is able to absorb and store a large
amount of water, encased in a photothermal RGO-agarose-cotton
aerogel sheet which served as water retainer, light absorber and
evaporation surfaces. An unprecedentedly high solar-steam gener-
ation with energy efficiency beyond theoretical limit and a maxi-
mum evaporation rate of 4.0kgm2h~! over the photothermal
reservoir with a height of 15 cm were achieved under 1.0 sun irra-
diation. The excellent energy efficiency above the theoretical limit
was due to the net energy gain from the environment and the
stored water through the cool side walls with large surface areas,
and the cessation of heat conduction loss. When fully absorbed
with water, the photothermal reservoir was sufficient for one day
solar-steam generation without additional water supply, leading
to a significantly simplified design of the device and the conve-
nience of running the solar-thermal desalination since a bulk sea-
water container was not required. The photothermal reservoir can
be easily recharged by immersing in seawater for a couple of min-
utes. In addition, there was no risk of the re-containment of the
clean water due to spillage of seawater. The Na* concentration of
the clean water produced from seawater evaporation was only
about 23.9 ppb. Thus overall considering these merits, the pho-
tothermal reservoir and the proposed device have great potential
for practical portable solar-thermal desalination in real world
situation.
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