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Abstract

Improving the evaporation rate and energy efficiency of solar steam generation is very important to facilitate real-world
applications for clean water production. In this work, Co;0,@polydopamine (PDA) nanoparticles were synthesized and
combined with reduced graphene oxide (rGO) to fabricate a new Co;0,@PDA-rGO photothermal aerogel. The obtained pho-
tothermal aerogel sheet was thereafter used to prepare both two-dimensional (2D) and three-dimensional (3D) photothermal
evaporators for solar steam generation. Due to the excellent light absorption and hydrophilicity of the photothermal aerogel,
a high evaporation rate of 1.60 kg-m~>h~! was achieved for the 2D photothermal evaporator. While for the 3D evaporator,
the evaporation rate was dramatically increased to 3.71 kg-m~2-h~! with a corresponding light-to-vapor energy efficiency of
107%. This was attributed to an increased evaporation surface area, decreased energy loss from the top evaporation surface
to the environment, and energy gain from the environment on the side evaporation surface. The 3D evaporator also showed
excellent practical performance in seawater desalination thus demonstrating great potential for real-world applications.
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1 Introduction

Interfacial solar steam generation (ISSG) is a promising
technology for various applications including solar energy
conversion, seawater desalination, wastewater purification,
sterilization, electricity generation, and hydrogen production
[1-10]. ISSG is recognized as a green and cost-effective
approach for clean water supply, because it harvests and
converts the clean, renewable, and abundant solar energy
into thermal energy to drive water evaporation [11, 12].
Compared to traditional solar-thermal bulk water heating
systems, ISSG is able to localize converted heat at air—water
interfaces for water evaporation, thus delivering superior
energy efficiencies [13—15]. However, to facilitate future
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real-world applications, the evaporation rate and energy
efficiency of ISSG still need to be improved to obtain
higher clean water output. To achieve this, the develop-
ment of high-performance photothermal materials (PTMs)
for efficient light-to-heat conversion and rational design of
the structure of photothermal evaporator to optimize energy
management during solar steam generation are prerequisite
[16]. For ISSG, applied PTMs can be classified into four
main categories including carbon-based materials [16-27],
metallic plasmonic materials [28—33], polymers [34-36],
and semiconductors [37-39]. Among the semiconductors,
metal oxides and chalcogenides such as Cu,S,, Cu,Sb,S3,
Fe;0,4, CuO, MoO;_,, and TiO,, have the advantages of low-
toxicity, relative mild synthetic conditions, and high light
absorption [37, 39—44]. These semiconductors have shown
excellent performance when used as PTMs in ISSG. Co;0,
is also an excellent photothermal semiconductor routinely
used in concentrated solar power systems [45], where its
outstanding thermal stability allows it to function at high
temperatures > 750 °C. However, such a promising PTM
candidate has rarely been applied for ISSG [46, 47].

Apart from PTM optimization, the rational design of the
structure/configuration of the photothermal evaporator also
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significantly contributes to enhancing solar evaporation via
minimizing energy loss and maximizing energy input [16,
17, 19, 33, 48-51]. For example, one-dimensional (1D)
or two-dimensional (2D) water path has been introduced
between the PTMs (i.e., evaporation surfaces) and the bulk
water to spatially separate these two parts, and thus mini-
mizes the conductive heat loss from the evaporation surface
to the bulk water, remarkably improving the overall energy
efficiency of solar evaporation [34, 39, 52-54]. Three-
dimensional (3D) evaporators composed of both a solar
evaporation surface and a cold evaporation surface have
also been fabricated, in which the cold evaporation surface
is able to harvest additional energy from the surrounding
air to support solar evaporation [19, 49-51, 55]. In addition,
some elaborately designed 3D evaporators have also been
shown to have the ability to recycle latent heat from vapor
condensation [16, 56, 57] and extract energy from the bulk
water during solar steam generation to enhance solar evapo-
ration [58]. These merits have rendered the 3D evaporators
extremely high evaporation rates and energy efficiencies
even beyond the theoretical light-to-vapor conversion limit.

In this work, Co;0, nanoparticles (NPs) were synthesized
and incorporated with polydopamine (PDA) and reduced
graphene oxide (rGO) to fabricate 2D and 3D photothermal
evaporators for solar steam generation. Co;0, is a typical
p-type semiconductor with excellent light absorption across
the ultraviolet—visible (UV-Vis) regions [45]. PDA, a well-
known photothermal polymer which can grow on any sub-
strates by self-polymerization, was coated on the Co;0, NP
surface (Co;0,@PDA) to enhance hydrophilicity [33, 34,
59, 60]. Commercial rGO nanosheets were introduced to
compensate the light absorption in the near-infrared (NIR)
region, thus endowing the hybrid PTM (Co,0,@PDA-rGO)
with excellent light absorption across the UV-Vis—NIR
regions. The obtained Co;0,@PDA-rGO-based 3D photo-
thermal evaporator integrated with an oil lamp-like evapora-
tion setup (Fig. 1) showed the ability to harvest energy not
only from the incident light, but also from the surrounding
environment, thus delivering an extremely high evaporation
rate.

2 Experimental
2.1 Chemicals and materials

Cobalt chloride (CoCl,-6H,0), sodium hydroxide (NaOH),
hydrochloride acid (HCI), dopamine hydrochloride,
CuS0O,-5H,0, H,0,, ethanol, urea, and agarose were pur-
chased from Sigma-Aldrich, Australia. Commercial rGO
was provided by Huasheng Graphite Co., Ltd, China.
Commercial cellulose—cotton sheets containing 70% cel-
lulose and 30% cotton were purchased from a local market.
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Fig. 1 Schematic illustration of the oil lamp-like solar evaporation
system using a 3D Co;0,@PDA-rGO photothermal evaporator

Unless otherwise noted, Milli-Q (MQ) water with a resist-
ance > 18.2 MQ-cm™! was used for all experiments.

2.2 Fabrication process
2.2.1 Synthesis of Co;0, nanoparticles

8.8 mL of NaOH solution (10 mol-L™!) was gradually added
into 40 mL of CoCl, solution (1 mol-L~") with a constant
stirring at 400 r-min~! for 15 min. Then, the pH value of
the solution was adjusted to 7 using dropwise addition of
1 mol-L™! HCI solution. The color of the solution changes
from dark blue to light pink, indicating the formation of
Co(OH),. The pink precipitates were then centrifuged and
washed with water for three times. The obtained Co(OH),
was then transferred to a Labec Muffle furnace and calci-
nated at 450 °C for 6 h to produce a black Co;0, NP powder.

2.2.2 Synthesis of PDA-coated Co;0, NPs (Co;0,@PDA)

Co;0,@PDA NPs were subsequently prepared by self-
polymerization of dopamine on the surfaces of the
Co;0, NPs. Briefly, 5 mL of Co;0, NPs’ suspension
(200 mg-mL~") was dispersed into an aqueous solution of
dopamine hydrochloride (2 mg-mL~") in tris buffer solu-
tion (pH =8.5) with CuSO, (5x 10~ mol-L™") and H,0,
(19.6x 1073 mol-L™") with a constant stirring at 300 r-min~!
for 0.5 h. Subsequently, the obtained Co;0,@PDA particles
were centrifuged and washed with water for three times. The
sample was dried in vacuum overnight.

2.2.3 Fabrication photothermal aerogel sheets as 2D
photothermal evaporators

An aliquot of either Co;0, or Co;0,@PDA NP was ini-
tially dispersed into a mixture of water and ethanol
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(Vaater: Vethanol = 7:1) containing agarose (12.5 mg-mL™!)
and urea (0.125 g-mL_l), which was continuously stirred at
85 °C for 30 min. Thereafter, 2 mL of the obtained suspension
was dropped evenly on a piece of circular commercial cellu-
lose—cotton sheet having a diameter of 2.6 cm. The obtained
photothermal sheet was cooled naturally to room temperature
and pre-frozen at —20 °C overnight followed by freeze drying.
The resultant 2D photothermal aerogel sheets were designated
as Co30,-10, Co;0,4-15, Co30,-20, Co;0,-25, Co;0,@PDA-
10, Co;0,@PDA-15, and Co;0,@PDA-20, where the num-
ber indicated the concentration (mg-mL™") of either Co;0,
or Co;0,@PDA NPs in the suspension. For preparation of
the Co;0,@PDA-rGO photothermal aerogel, additional rGO
nanosheets (0.2 or 0.4 mg-mL~") were added into the Co;0,@
PDA suspension (15 mg-mL™"). The obtained samples were
designated as Co;0,@PDA-rGO-0.2 and Co;0,@PDA-
rGO-0.4 photothermal aerogel, respectively.

2.2.4 Fabrication of 3D photothermal aerogel-based
evaporators

A piece of 2D Co;0,@PDA-rGO-0.4 photothermal aerogel
sheet (11 cmXx 11 cm) was cut and wrapped on a polystyrene
(PS) foam cylinder to form the 3D Co0;0,@PDA-rGO pho-
tothermal aerogel-based evaporators with a consistent diam-
eter of 2.6 cm and three different heights (2, 3 and 4 cm).

2.3 Characterization

Scanning electron microscopy (SEM) images were captured
on a Zeiss Merlin scanning electron microscope. Transmis-
sion electron microscopy (TEM) images were obtained using
aJEOL JEM 2100F transmission electron microscope. Light
absorption capability of the photothermal aerogel was meas-
ured using a Shimadzu UV-2600 Spectrophotometer. The
X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out on a Kratos Axis Ultra with a Delay Line Detec-
tor photoelectron spectrometer using an aluminum mono-
chromatic X-ray source. Contact angle measurement was
conducted on a Dataphysics OCA 20 contact angle system.

2.4 Solar-steam generation test

Solar-steam generation tests were conducted under con-
trolled laboratory conditions (ambient temperature 25 °C
and relative humidity 30%). The solar evaporation system
was placed on an electronic balance which was connected
to a computer to monitor mass loss in real time. A New-
port Oriel Solar Simulator (class ABA, 450 W, Newport
Oriel 69920) was used to provide simulated sunlight with an
intensity of 1.0 kW-m~2. An IR camera (FLIR E64501) was
used to monitor the temperature of all evaporation surfaces.
Seawater for desalination tests was collected at Semaphore

Beach in Adelaide, Australia. The concentrations of major
ions in seawater and collected clean water were analyzed
using an Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) Triple Quad system (ICP-QQQ, Agilent 8800).

3 Results and discussion

The synthetic procedure for the Co;0,@PDA-rGO-based
photothermal aerogel is shown in Fig. 2a. Initially, Co(OH),
was synthesized and calcinated to form Co;0, NPs. Then,
a PDA layer was coated on the surfaces of Co;0, NP by
self-polymerization of dopamine. The synthesized Co;0,@
PDA NPs and rGO nanosheets were then dispersed in a hot
agarose solution and cast onto a piece of cotton—cellulose
sheet (CCS) followed by self-gelation to form the Co;0,@
PDA-rGO-based photothermal aerogel sheet. The obtained
photothermal aerogel sheet was either directly applied as 2D
evaporator or utilized to fabricate 3D cylindrical evaporators
(Fig. 2a). Figure S1 shows the X-ray diffraction (XRD) pat-
tern of the synthesized Co;0, NPs. All the diffraction peaks
can be indexed to a cubic phase Co;0, (JCPDS 43-1003).
SEM images of the synthesized Co;0, showed a particu-
late shape with sizes ranging from 38 to 70 nm (Fig. 2b).
After PDA coating, the shape and size of the Co;0,@PDA
NPs did not significantly change (Fig. 2¢), implying that a
very thin layer of PDA was grown on the surfaces of the
Co;0, NPs. High-resolution TEM image of the Co,0,@
PDA NPs confirmed that the thickness of the amorphous
PDA layer was only about 1.4 nm (Fig. 2d). The SEM image
of the commercial rGO used showed the characteristic 2D
nanosheet structure (Fig. S2). Element N was detected in the
XPS survey spectrum of the Co;0,@PDA NPs (Fig. 2e),
also confirming the formation of a PDA coating on the
Co;0, surface. High-resolution XPS spectrum (Fig. 2f) of
Co 2p for the Co;0,@PDA NPs showed two characteris-
tic peaks attributable to Co 2p5,, (778.4 eV) and Co 2p,;,
(793.6 eV) [46]. The C 1 s peak observed for Co;0,@PDA
NPs could be deconvoluted to C=0 (288.6 eV), C-N/C-O
(286.0 eV), and C-H (284.8 eV), corresponding to the major
peaks expected for PDA (Fig. 2g) [34].

Commercial CCS served as a good substrate for the load-
ing of photothermal materials because of its superhydrophi-
licity which favored water transportation during solar steam
generation. As shown in Fig. S3a, b, due to strong capillary
action, water could be quickly transported upward to reach
a height of 6.4 cm within 60 s. In addition, the abundant
surface structure of the CCS led to a relatively large surface
area for light absorption and water evaporation. As shown
in Fig. 3a, the top surface of the CCS was composed of both
1D and 2D structures. High-resolution SEM images revealed
that the 1D fiber had a diameter of 9.7-17.8 um (Fig. 3b),
which was corresponded to cotton fiber components, while
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Fig.2 a Schematic illustration of the fabrication process of the
Co;0,@PDA-rGO-based photothermal aerogels. SEM images of b
Co30, and ¢ Co;0,@PDA NPs. d High-resolution TEM image of

the 2D film had more pores which were typical structures for
a cellulose sponge (Fig. 3c). The cross-sectional SEM image
of the CCS showed a multilayered structure (Fig. S4a).
After drop-casting, the thickness of each layer increased
(Fig. S4b). The top surface of the obtained Co;0,@PDA-
rGO aerogel sheet was fully covered by a combination of
Co;0,@PDA, rGO, and agarose (Fig. 3d). The interspace
between the cotton fibers and the pores of the cellulose film
were all filled with PTMs and agarose (Fig. 3e). Wrinkled
agarose gel and Co;0,-PDA NPs were also observed distrib-
uted across the surface (Fig. 3f). Compared to the pristine
CCS, the XPS survey spectrum of the Co;0,@PDA-rGO
photothermal aerogel sheet indicated the additional pres-
ence of elemental Co from Co;0,@PDA NPs and significant
increases in both elemental O and C, which was attributed
to 1GO, Co;0,@PDA and agarose (Fig. S5), confirming the

@ Springer

the Co;0,@PDA NPs. e XPS survey spectrum of the Co;0,@PDA
NPs, and high-resolution XPS spectra of f Co 2p and g C 1s for the
Co;0,@PDA NPs

successful loading of PTMs on the CCS surface. Accord-
ingly, the color of the pristine CCS changed from white
to dark black (Fig. 3g). The Co;0,@PDA NPs and rGO
nanosheets were firmly adhered to the surface of CCS by
agarose, so that followed repeated strong finger abrasion, no
black materials were detached from the aerogel sheet (Fig.
S6). The photothermal aerogel sheet also displayed excel-
lent mechanical strength. As shown in Fig. S7, a small piece
of aerogel sheet (2.0 cm X 2.2 cm) could easily hold about
1.0 kg weight. The obtained Co;0,@PDA-rGO aerogel
sheet was also hydrophilic due to the innate hydrophilicity of
the CCS, agarose, and Co;0,@PDA NPs. As shown in Fig.
S8, during contact angle measurement, a water droplet was
quickly absorbed by the photothermal aerogel within 1.0 s.
The water transportation ability of the photothermal aerogel
sheet was slightly better than that of the pristine CCS. Water
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Fig.3 SEM images of the top surface of a—c pristine CCS and d—f
Co03;0,@PDA-rGO photothermal aerogel sheet. g Photographs of
CCS before and after drop-casting. f Light absorption of the pristine

could be quickly transported upward by 6.5 cm within 60 s
(Fig. 3c, d). The solar absorbing capabilities of photother-
mal aerogels were measured to evaluate their light-to-heat
conversion performance. As shown in Fig. 3h, the Co;0,@
PDA-rGO aerogel sheet showed the strongest light absorp-
tion of 93.8-96.4% across the UV—Vis—NIR regions, which
was better than that of the pristine CCS and the aerogels
prepared using both Co;0, and Co;0,@PDA NPs.

The evaporation performances of the fabricated pho-
tothermal aerogel-based evaporators were tested using an
oil lamp-like design under 1.0 sun irradiation (Figs. 4a and
S9). Initially, 2D photothermal aerogel sheets, prepared with
different PTMs (Co0;0,4, Co;0,@PDA, and Co;0,@PDA-
rGO), were investigated to identify the optimal material for
subsequent experiments. For the Co;0, NP-coated aerogel
sheets, the evaporation rate increased with the Co;O4 NPs
concentration (Fig. 4b). For example, when the concentration
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gel sheets, respectively

of Co,0, NPs was 10 mg-mL™"', the evaporation rate of
the Co;0,-10 aerogel sheet was 1.21 kg:m~2-h~!, but the
evaporation rate increased to 1.28 kg:m~2-h™! (Co30,-15)
and 1.32 kg:-m~2h~! (Co;0,-20) when the NP concentra-
tion increased to 15 and 20 mg-mL ™!, respectively. Further
increase in the concentration of Co;0, NPs to 25 mg-mL ™!
led to no additional increase in the evaporation rate. Using
Co;0,@PDA NPs as PTMs could remarkably enhance solar
steam generation. The evaporation rate of the aerogel pre-
pared with 10, 15, and 20 mg-mL'1 of Co;0,@PDA NPs
(Co;0,@PDA-10, Co;0,@PDA-15, and Co;0,@PDA-15)
were 1.36, 1.51, and 1.51 kg-m_z-h‘l, respectively, which
were all higher than that of the Co;0,-20 aerogel prepared
with 20 mg-mL~" Co,0, NPs (1.32 kg:-m™>h~"). Therefore,
the optimized concentration of the used Co;0,@PDA was
identified as 15 mg-mL~'. When additional small amounts of
rGO (0.2 or 0.4 mg-mL~") were added, the evaporation rates
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Fig.4 a Digital photographs of the 2D Co;0,@PDA-rGO-0.4 aero-
gel with a diameter of 2.6 cm and the fabricated 3D cylindrical evap-
orators with heights of 2, 3, and 4 cm. b Evaporation rates of different

of the corresponding Co;0,@PDA-rGO-0.2 and Co;0,@
PDA-rGO-0.4 photothermal aerogels were further increased
to 1.55 and 1.60 kg-m~2-h™", respectively (Fig. 4c). There-
fore, the Co;0,@PDA-rGO-0.4 aerogel showed the best
performance during solar steam generation which was then
tailored to fabricate 3D cylindrical photothermal evapora-
tors with heights of 2, 3, and 4 cm for further tests (Figs. 4a,
and S10).

It has been proved that compared with the 2D photothermal
evaporator, the 3D counterpart could offer more evaporation
surface area and also introduce cold evaporation surfaces to
harvest additional energy from the surrounding air, which sig-
nificantly enhance solar steam generation. Herein, the Co;0,@
PDA-rGO-0.4 aerogel-based 3D evaporators with heights of 2,
3, and 4 cm delivered extremely high evaporation rates of 2.85,
3.37,and 3.71 kg-m~2-h~!, respectively (Fig. 4c), which were
much higher than that of the 2D Co;0,@PDA-rGO-0.4 photo-
thermal aerogel (1.60 kg-m~>-h™"). The evaporation rate of the
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4 cm-tall photothermal evaporator was higher than that of most
recently reported 3D evaporators (Table S1). Theoretically, the
evaporation rate would further increase with the increase in
height of the 3D evaporator [17, 33]. For example, when the
height of the 3D evaporator was increased from 4 to 6 cm, the
evaporation rate was increased from 3.71 to 4.35 kg-m~>-h™!
(Fig. S11a). However, to achieve such a 17% increment in the
evaporation rate, the material consumption was increased by
43% (Fig. S11b). Therefore, considering the balance between
the evaporation rate and material cost, the 4 cm-tall 3D evapo-
rator was selected for further study.

The light-to-vapor energy conversion efficiency () for solar
steam generation was estimated using the following equations
(Egs. 1-3):

_ mty +0)
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Hyy = 1.91846 x 10%[T, /(T, — 33.9D)]* )

0=c(Ty - Ty,), 3)

where m is the net water evaporation rate (with dark evapo-
ration rate deducted, 0.38 kg-m~2-h~! for 2D aerogel and
2.16 kg:-m~2-h~! for 4 cm-tall 3D evaporator), H,y is the
latent heat required for vaporization of water (J-kg™1), T is
the stable evaporation temperature of the top evaporation
surface (K), Q is the heat for increasing water temperature
on evaporation surface (J-kg™!), ¢ is the specific heat of water
(4.2 J.g7".K™), T, is the initial temperature of the top sur-
face before solar evaporation (K), and E;, (kJ-m~>h7") is the
energy input of the incident light (1.0 kw-m~2). According
to the above equations, 1 of the 2D Co;0,@PDA-rG0O-0.4
photothermal aerogel was calculated to be 84%, while n of
the 3D evaporator (4 cm tall) was 107%, exceeding the theo-
retical limit.

To explain the extremely high energy efficiency of the 3D
photothermal evaporator (4 cm tall), the energy exchange
between the evaporation surfaces and surrounding environ-
ment was calculated according to following equation (Eq. (4)):

where A| is the area of top evaporation surface, A, is the side
evaporation surface area, T is the ambient temperature (K),
€ is emissivity of the evaporation surface (~0.90), o is the
Stefan—Boltzmann constant (5.67 x 10~ W-m™2.K™), and
h is convection heat transfer coefficient (10 W-m~>K™1).
During solar evaporation, for the 2D photothermal aero-
gel (Fig. 5a—e), the stable average temperature was around
30.9 °C, which was significantly higher than the ambient
temperature (25 °C). The calculated energy loss by convec-
tion and radiation from the top evaporation surface to the
surrounding environment was about 0.05 W. For the 3D
photothermal evaporator, the side surface served as cold
evaporation surfaces which could draw energy from the top
evaporation surface, thus lowering the temperature and con-
sequent energy loss thereof [17, 33]. The measured steady
temperature of the top evaporation surface of the 3D evapo-
rator was only 26.2 °C (Fig. 5f—j), which was much lower
than that of the 2D aerogel (30.9 °C). The temperature of
the top evaporation surface was only slightly higher than
the ambient temperature (25 °C). Therefore, the calculated
energy loss from the top evaporation surface to the envi-
ronment was only 0.01 W. The average surface temperature
of the side surface of the 3D evaporator was only 18.4 °C

E. viconment = —A 166(T14 — TE4) — Azgc( T,* - TE4) (Fig. 5f—j), which was much lower than the environmen-
—Ah (T ) — Ah(T. ( _T ) tal temperature, thus harvesting energy from the environ-
! ! 2 E “ ment (0.33 W). Therefore, the 3D evaporator achieved a net
energy gain of 0.32 W from the environment, which led to
B b® L cP s d e . “35‘70 € 350l —— Top surface

Fig.5 IR images of the 2D aerogel evaporator under 1.0 sun irradia-
tion fora 0, b 1, ¢ 5, and d 30 min, and e the time-dependent temper-
ature curve of the evaporation surface. IR images of the 3D evapora-
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Fig.6 a Concentrations of the major irons in the original seawater and condensed water collected during solar steam generation. b Stability test
for the 3D evaporator with a height of 4.0 cm under 1.0 sun irradiation for eight cycles

an extremely high evaporation rate and an energy conversion
efficiency beyond the theoretical limit.

To evaluate the feasibility of using the Co;0,@PDA-
rGO aerogel-based 3D evaporator (4 cm tall) for desalina-
tion, solar evaporation of real seawater under 1.0 sun was
investigated. ICP-MS was utilized to test and compare the
concentrations of the major ions of Na*, K*, Ca®*, Mg?*
in seawater and the condensed water collected during solar
evaporation. As shown in Fig. 6a, the concentrations of Na*,
K, Ca?*, Mg?" in the condensed water were dramatically
lowered to 0.19, 0.07, 0.12, and 0.02 mg~L_', respectively
which were well below the salinity level of drinkable desali-
nated water defined by World Health Organization (WHO)
[61]. Co ions were not detected in both condensed water
and residual seawater, confirming the excellent chemical sta-
bility of Co;0, against seawater. Cycling evaporation tests
under 1.0 sun were also performed to assess the stability of
the Co;0,@PDA-rGO aerogel-based 3D evaporator during
repeated seawater desalination. The evaporation rates over
eight cycles (1 h per cycle) remained relatively constant
within the range of 3.73 to 4.03 kg-m~2h~". The slight vari-
ation in evaporation rate was due to the fluctuation of the
ambient humidity (26-29%) [19, 51]. The overall average
seawater evaporation rate was 3.87 kg-m~>h~! which was
slightly higher than that of the pure water evaporation due
to the lower ambient humidity [19, 51]. The 3D evaporator
also showed good salt resistance properties. As shown in
Fig. S12, after 1 h seawater desalination test, no salt crystals
were observed on either the top or side evaporation surfaces.

4 Conclusion
In summary, Co;0,@PDA NPs were synthesized and uti-

lized together with tGO nanosheets to prepare new Co;0,@
PDA-rGO photothermal aerogel sheets. The obtained

@ Springer

photothermal aerogel sheet could be tailored to fabricate
both 2D flat and 3D cylindrical evaporators. Due to the
strong light absorption and superhydrophilicity, both the
obtained 2D and 3D evaporators showed excellent perfor-
mance during solar steam generation. The evaporation rate
of the 2D aerogel was 1.60 kg:m~2-h~!, with a correspond-
ing energy efficiency of 84%. While for the 3D evaporator
(4 cm high), due to the enlarged evaporation surface area,
decreased energy loss from top evaporation surface to the
environment, and the energy gain on the side evaporation
surface from the environment, the evaporation rate was dra-
matically increased to 3.71 kg-m~2-h~", with a light-to-vapor
energy efficiency of 107%. The Co;0,@PDA-rGO photo-
thermal aerogel-based 3D evaporator also showed excel-
lent performance and stability during continuous seawater
desalination, where the concentration of Na% in the collected
condensed water was only 0.19 mg-L~". Thus, the Co,0,@
PDA-rGO aerogel-based evaporators are promising for prac-
tical applications.
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