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ABSTRACT: Harvesting solar energy for desalination and sewage treatment has been
considered as a promising solution to produce clean water. However, state-of-the-art
technologies often require optical concentrators and complicated systems with
multiple components, leading to poor efficiency and high cost. Here, we demonstrate
an extremely simple and standalone solar energy converter consisting of only an as-
prepared 3D cross-linked honeycomb graphene foam material without any other
supporting components. This simple all-in-one material can act as an ideal solar
thermal converter capable of capturing and converting sunlight into heat, which in
turn can distill water from various water sources into steam and produce purified
water under ambient conditions and low solar flux with very high efficiency. High
specific water production rate of 2.6 kg h−1 m−2 g−1 was achieved with near ∼87%
under 1 sun intensity and >80% efficiency even under ambient sunlight (<1 sun). This
scalable sheet-like material was used to obtain pure drinkable water from both
seawater and sewage water under ambient conditions. Our results demonstrate a
competent monolithic material platform providing a paradigm change in water purification by using a simple, point of use,
reusable, and low-cost solar thermal water purification system for a variety of environmental conditions.
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Solar energy is the truly original and eventual source of all
energy on earth.1,2 As the most abundant and sustainable
source of renewable and clean energy, solar energy can

be used in many processes, such as photovoltaics,3,4 photo-
catalysis,5,6 and solar thermal conversion.7−9 For the solar
thermal conversion, harvesting solar energy as heat has played
an important role for many applications, such as power
generation, residential water heating, desalination, and sewage
treatment.1 In this regard, while much progress and many
approaches have been made, most of them still exhibit the
challenge to achieve higher efficiency, improved scalability, and
lower cost with simpler structure.7−13 On the other side, a
sanitary and clean water source has been the main limiting issue
in many regions and situations both strategically and tacti-
cally.14,15 The most important approaches to increase water
supply beyond what is available from the hydrological cycle are
desalination and sewage treatment.15 One of such platforms to
supply the fresh water is using seawater reverse osmosis
(SWRO) technology,15−20 which runs under the energy cost of

∼3 kWh m−3 and emits ∼1.4 kg CO2 per cubic meter of
produced water.15 Furthermore, SWRO also needs pretreat-
ment of a water source and cannot treat high-salinity water.15,21

With these, it would be ideal to develop disruptive
technologies to have clean water access with both high
efficiency and low cost and best by using natural sunlight
directly.15 For this goal, the key is to develop material/setup
that can absorb and convert sunlight efficiently with both low
cost and easy scalability.7 Indeed, tremendous effort and
progress have been made7−13,22,23 in this area. Most recently,
metallic nanoparticles, such as gold,24−27 alumina,9 and other
nanoparticles,23,28−32 have been proposed for steam and clean
water generation under solar irradiation. However, the high
cost, complicated fabrication process, and potential safety issue
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have been limiting their possible practical applications.21 Thus,
in recent years, carbon materials have attracted much interest,
partially due to their low cost and efficient broadband
absorption, which are the most important requirements to
enable efficient solar thermal conversion and water purification
applications in practice.7,8,10,21,33−39 For instance, Chen’s group
has developed a double-layer structure (exfoliated graphite and
porous carbon foam) for steam generation.7 Zhu and co-
workers also reported a GO-SA-CNT aerogel10 and GO film
with 2D water path33 for high-efficiency steam generation and
desalination. Hu’s group developed a 3D printing fabrication
technique using GO and CNT for solar energy harvesting for

high-efficiency steam generation.34 However, to achieve high
efficiency, almost all the current designs or systems require
costly optical concentrators and complicated systems with
multiple components including extra supporting part or
insulating layer. These thus have been limiting their both
scalability and feasibility.7,13,21,32−35

Previously, a 3D cross-linked polymer-like graphene material
(3DGraphene), obtained from graphene oxide (GO) in large
scale, has demonstrated many excellent properties based on
graphene due to its multidimensional/scale nano/micro-
structure,40−43 such as superelasticity40 and ammonia synthesis
under ambient conditions.6 Herein, we demonstrate an innately

Figure 1. Solar thermal performance of the 3D graphene material. (a) Absorption spectrum of 3DG. It shows a blackbody-like property with
∼97% absorption across 200−2500 nm. Left part of the inset is the SEM image showing its porous morphology. Such morphology benefits
from efficient light absorption through the multiscattering effect and water transportation through the interconnected pores. Right part of the
inset is the contact angle showing it is superhydrophilic. (b) Left is the evaporation mass of water with/without 3DG under 1 kW m−2 solar
irradiation and the case without light; the middle is the schematic illustration of 3DG for the vapor generation and the temperature
distribution (cross section); the right part is the IR image of vertical and side view under 1 kW m−2. The sample is smaller than the water/air
interface to show that such a material can effectively prevent the heat conduction surrounding water. (c) Specific water production rate (water
production rate/weight of 3DG) compared with some highest performing bulk converters reported in literature. (d) Solar thermal efficiency
of the evaporation process by the 3DG under a range of optical concentrations. Error bars represent standard deviation for the same repeated
measurements. (e) Performance of the 3DG with different water quantities under 10 kW m−2. The device was in the same diameter but
different heights of water at 32 mm (red), 22 mm (green), and 12 mm (blue). (f) Reusability of 3DG under 1 and 10 kW m−2 solar irradiation
for 20 cycles with a NaCl solution, mimicking the seawater. Each cycle was tested for 2 h.
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one-component, standalone solar thermal converter, made
directly from an as-prepared graphene-based 3D cross-linked
polymer-like graphene material (3DG), with an extremely high
specific water production rate of 2.6 kg h−1 m−2 g−1 and 87%
energy efficiency under 1 sun solar radiation. More importantly,
using this simple ready-to-go material device, the solar thermal
conversion can achieve over 80% efficiency under a range of
solar flux especially ambient sunlight (from 0.25 to 1 sun,
conforming to the real outside condition). The high efficiency
is achieved due to the combination of multiple properties
simultaneously exhibited by this as-prepared bulk 3D cross-
linked honeycomb graphene material, including its intrinsic
blackbody-like high absorption, extremely low thermal loss to
environment, hydrophilicity, and automatic water transporta-
tion to the absorber by capillary force through the micro-
channels present in the structure. With these results, an efficient
and scalable desalination (4 orders of salinity decrement) and
sewage treatment device was demonstrated. A model for this
converter has been used to understand the high efficiency and
mechanism.

RESULT AND DISCUSSION

Material Structure and Properties. The as-prepared
sheet-like, porous bulk graphene material (details in Exper-
imental Section) can be used as a sunlight capture and
conversion device directly without any additional component.
Furthermore, this material could be made in large scale using a
simple and industrial solvothermal method40−43 and entirely
consists of graphene sheets as 2D atomic layer building blocks
cross-linked together mainly at the edge with a honeycomb-like
porous structure and >99.9% porosity.40−43 Thus, it is actually a
monolithic and highly porous graphene-based material. This
morphology makes it exhibit extremely low density (∼1 mg
cm−3), a high specific surface area of 218 m2 g−1 (Figure S1),
and a low thermal conductivity (dry state: 0.016 W m−1 K−1,
wet state: 0.45 W m−1 K−1; details in Supporting
Information),40 so that it could float on water alone without
any other structural support or thermal insulator attached.
The material shows a blackbody-like property with ∼97%

absorption across 200−2500 nm (Figure 1a), benefiting from
both the intrinsic absorption properties of graphene and its
honeycomb structure (left inset of Figure 1a and Figure S2)
with multiscattering effect.43 The high hydrophilicity (right
inset in Figure 1) and automatic water transportation into the
absorber via capillary force through the microchannels could
ensure an efficient water supply during the water vapor
generation. Thus, this material exhibits in nature the much
desired and multiple characteristics7 simultaneously required
for an ideal sunlight capture and conversion process, including
its blackbody-like absorption, extremely low thermal loss to the
environment, hydrophilicity, and automatic water transporta-
tion to the absorber by capillary force through the micro-
channel.
High Solar Thermal Performance under Sunlight

Illumination. With these, the solar thermal conversion
performance was evaluated for the material by simply placing
(floating) a piece of this material on water directly (detailed in
Experimental Section). Note that due to its low density and
high hydrophilicity, the material can float on the water and be
saturated with water automatically without any further
fabrication or supporting part (Figure S3). The water vapor
gets generated immediately once the light is incident on the

material (Movie S1), and the water evaporation over time with
3DG was measured by a real-time balance (Figure S3).
The typical curves of time-dependent water evaporation

under 1 sun are provided in Figure 1b for a sample with a
thickness of 500 μm (0.10 mg, 1.77 cm2), and the evaporation
rates were calculated from the slope of the curves. With this
material, the water evaporation rate reaches 1.30 kg m−2 h−1

(calculated from the slope of the curves, and the rate of water
evaporation under the dark environment is subtracted), more
than double (0.59 kg m−2 h−1) without this material on water.
Importantly, the specific water production rate per absorber
weight (rate/weight), a more practical indicator for the real
application, is as high as 2.6 kg m−2 h−1 g−1, more than 1 order
higher than that of the highest performing bulk converters
reported in literature, as shown in Figure 1c.7,10,23,33 The water
evaporation rates of 3DG with different size (Figure S4) and
humidity (Figure S5) under 1 sun were also carried out.
The energy conversion efficiency (η) is defined as η = ṁhfg/

Aqsolar, where ṁ denotes the water evaporation rate (the rate of
water evaporation under the dark environment is subtracted),
hfg is the enthalpy of the liquid−vapor phase change, A is the
surface area of the absorber facing the sun, and qsolar is the
power density of solar illumination.8 Under 1 sun illumination,
the efficiency of 3DG can achieve 87.04 ± 2.61%, superior to
most of the previous reports,7−9,21,33−36 as detailed in Table S1.
Furthermore, this material can also work well with a high
efficiency in a wide range of sunlight intensities, particularly
under the situation of ambient/natural sunlight with low solar
flux. As shown in Figure 1d, the energy efficiency is greater than
>80% under different low solar fluxes (<1 sun), even down to
0.25 sun. These results carry more significance for real industry
application as no costly and complicated optical concentration
equipment is required to achieve high efficiency and water
production under ambient sunlight flux. The heat localization
caused by the 3DG was investigated using an infrared camera
and a temperature probe to monitor the temperature on
vertical and side view, as shown in Figure 1b. After 1 h
illumination, the surface temperature of the 3DG (measured by
temperature probe, shown in Figure S6) was up to above 40
°C. However, water temperature around and underlying the
3DG was still maintained around 30 °C, indicating little heat
loss due to its low thermal conductivity.

Independence of Water Quantity and in Bulk Water.
To more closely mimic the realistic situation where bulk
amounts of water is used, a series of experiments with different
quantities of water under 10 sun were carried out. As shown in
Figure 1e, with increased water quantity, from 12 to 32 mm for
its height, the water evaporation rates remain almost
unchanged. On the contrary, the rate without the 3DG
decreased significantly with the increased water quantity
(Figure S7), owing to the heat loss to bulk water. This
indicates that the 3DG can be used efficiently with different
scales and water quantities, important for large-scale
application.

Reusability. To characterize the reusability of our 3DG, we
prepared saline water with 3.5 wt % NaCl to mimic the
seawater and also performed the solar water evaporation
experiment repeatedly using the same sample. As shown in
Figure 1f, the evaporation rates of 20 cycles in saline water were
stable under 1 and even high 10 sun illumination,
demonstrating the reusability of the 3DG. During each cycle,
the water was evaporated and 3DG shrank with salt deposition
on the sample surface. After adding the salt water again, the
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deposited salt dissolved, and the 3DG recovered to its initial
shape floating on the water surface and was ready for the next
cycle. The structure of the material after 20 cycles was
characterized, showing that the structure barely changed in
spite of the NaCl crystal continuously depositing on the
graphene sheet (Figure S8). These results also indicate that the
performance is not impacted by the salt concentration (see
Supporting Information). Meanwhile, a long-time test over 5 h
with a large amount of bulk water was also carried out (Figure
S9), and the rate remained nearly unchanged. Note, such a
3DG material also has a highly reversible elasticity (Figures S10
and S11)40 and can be packed/squeezed to a real small volume
for a long time for storage and then used directly and

repeatedly. Considering its excellent dry and wet strength as
well as the thermo-mechanical stability, it is particularly
attractive for long-term and harsh/remote environment solar
desalination and sanitary water production application.

Performance under Different Wavelengths. For the
effect of light with different wavelengths, the solar thermal
performance of 3DG in different wavelength ranges including
monochromatic light was systematically investigated. Optical
images of vapor generation under different monochromatic
lights (450, 532, and 650 nm) are shown in Figure 2a (Movie
S2). The efficiencies and corresponding rates under a typical
wavelength (650 nm) with different light intensities are shown
in Figure 2b, and the performance of other wavelengths of

Figure 2. Solar thermal performance of 3DG in different wavelength ranges. (a) Optical images of vapor generation under different
wavelengths (450, 532, and 650 nm) of the visible light. (b) Efficiency (left-hand side axis) and corresponding water evaporation rate (right-
hand side axis) under different optical concentrations with wavelength of the 650 nm monochromatic light. Error bars represent standard
deviation for the same repeated measurements. (c) Evaporation mass loss of water with 3DG under 1 sun solar irradiation of visible and
infrared light. (d) Evaporation mass loss of water with 3DG under 100 W microwave (2450 MHz).

Figure 3. Mechanism and modeling for high performance. (a) Energy balance and heat transfer diagram in 3DG architecture during vapor
generation process. (b) Zoomed-in diagram for the thermal environment of the 3DG during vapor generation process. (c) Experimental vapor
generation efficiency vs different thickness of the 3DG (simulated layers of graphene). The predicted efficiency profile is also included in (c),
showing good agreement with experimental results. Error bars represent standard deviation for the same repeated measurements.
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monochromatic light are shown in Figure S12. Overall, the
material works well under different wavelengths. A side-by-side
comparison test with NIR and visible light indicated that the
higher water production rates were obtained for NIR under the
same condition (Figure 2c) due to the better thermal effect of
NIR compared to that of visible light.7 Furthermore, the
production rates of water with 3DG under a microwave
radiation of 2450 MHz at different power densities were also
measured (Figure 2d and Figure S13; details in Supporting
Information). As shown in Figure 2d, after irradiation of 4 min
under 100 W, water with 3DG has a more than 3 times higher
water evaporation than that without 3DG, indicating another
efficient application scenario using microwave energy when
sunlight is not available.
Mechanism. The thermal environment and heat transfer

mechanism under light (10 sun) is analyzed in Figure 3a, and it
involves several processes, including radiative (∼4.4%) and
convective (∼2.9%) heat loss to the ambient and conductive
(∼2.7%) heat loss to the underlying water (detailed calculation
shown in Supporting Information). A zoomed-in diagram is
illuminated in Figure 3b to analyze the microscopic thermal
environment. First, the combination of the intrinsic wide range
and strong absorption of an individual graphene sheet with the
cumulative effect due to the honeycomb multiple-layer stacked
morphology ensures an efficient and broad absorption in the
entire sunlight wavelength range all the way to the micro-
wave.43 Then, the absorbed solar energy by 3DG would

efficiently exchange the thermal energy with water saturated
within the porosity of the material to generate the water vapor.
Note that the hydrophilicity and porous structure cause an
automatic water transport from the bulk water around into the
sample. Furthermore, the ultralow density and low thermal
conductivity make such a material work as a standalone solar
thermal converter without the need for any extra insulator and
effectively prevent the heat conduction to the underlying and
surrounding water.

Modeling. As discussed above, the efficiency and specific
water production rate are important in the practical application.
So modeling was carried out to predict the ideal performance as
well as to find the relationship of efficiency with the sample
thickness. For an absorber, the efficient broadband absorption
is a key factor for the solar thermal conversion efficiency. Based
on the morphology analysis above, a structural model of a cube
composed of single-layer graphene is built as the modeling unit
(inset of Figure 3c) to show the relationship of absorption with
the sample thickness (Figure S14; details in Supporting
Information). Then an isothermal model is used to
demonstrate the relationship between the efficiency and
thickness of the 3DG (details in Supporting Information).
The theoretical results agrees well with the experimental data
(Figure 3c), showing that the efficiency of the 3DG material
increases with the increased thickness, and the best
experimental performance was achieved for 500 μm with a
specific water evaporation rate of 2.6 kg m−2 h−1 g−1.

Figure 4. Clean water generation and outdoor performance under natural sunlight. (a) Salinities (the weight percentage of ions) of Na+, K+,
Mg2+, and Ca2+ before and after desalination. After the desalination, the concentration is below the values obtained through membrane-based
seawater desalination (10−500 mg L−1). (b) Sewage treatment performance by 3DG under solar illumination. The contaminated water has a
strong absorption peak around 465 or 663 nm due to the methyl orange (MO) or methylene blue (MB) absorption, respectively. After the
solar treatment, the water contained no MO or MB, as evidenced by the near zero optical absorbance, showing an excellent sewage treatment
performance. (c) Twenty-four hour (17 May 2017) continuous measurement of the solar flux and clean water generation. The ambient solar
flux (red line), the quantity of the generated vapor (blue line) using open device, and condensed water (green line) using a covered device
were recorded for one whole day (0:00−24:00).
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Demo Application. As shown in Figure S15, a practical
device was set up for the desalination and sewage treatment.
The 3DG material and salt (waste) water were placed at the
center of the chamber. The steam was generated under the
irradiation and then condensed into liquid when it arrived at
the cold condenser. The condensed water automatically flowed
along the container glass surfaces into the condensing
receptacle under gravity (Movie S3). A saline water with four
primary ions (Na+, K+, Ca2+, and Mg2+) was used for the
desalination. As can be seen from Figure 4a, after desalination,
all the ions show 4 orders of ionic concentration decrement
(Table S2), indicating an outstanding result better than that
using industrial SWRO.9 Meanwhile, the effect of sewage
treatment was examined in the same way, and the quality of the
generated clean water was verified using optical absorption
spectra, which shows that the water contained negligible
contaminant as evidenced by the near zero optical absorbance
(Figure 4b).
Outdoor Experiment. Similar experiment was carried out

using a large-scale device (15 cm in diameter) with 3DG (∼170
mg) and natural sunlight outdoors for one whole day (0:00−
24:00, 17 May 2017) to assess the real performance under the
real factors such as varying solar flux and incident angles. The
red line in Figure 4c shows the solar flux on a typical sunny day,
and it reached the maximum from 10:00 to 15:00 of ∼550 W
m−2 (0.55 sun, 38 °C). The 24 h continuous measurement was
accomplished using both open (Figure S16) and covered
(Figure S17) devices for comparison, and the quantity of the
generated vapor (blue line) and water (green line) was
recorded. Strikingly, the open and covered device achieved a
high clean water generation of 8.84 and 6.97 kg per square
meter all day, respectively. These results demonstrate its super
sunlight capture and conversion ability to generate water under
real and natural solar flux scenarios.

CONCLUSIONS
In summary, we have demonstrated that a simple sheet of
standalone graphene foam can act as efficient solar thermal
capture and conversion device. The 3DG material can be used
directly in an easy and scalable manner as a clean water
generator with high efficiency under normal (1 sun) and even
weaker sunlight (down to 0.25 sun). Furthermore, different
from other desalination materials, our lightweight and elastic
material is also highly portable for point of use and would be
ideal for both personal and industrial application. This easy-to-
use carbon material could provide many possibilities for high
efficient solar energy harvesting and application opportunities
for simplified water treatment.

EXPERIMENTAL SECTION
Synthesis of the 3D Graphene Material. The starting material,

graphene oxide, was synthesized by the oxidation of natural graphite
powder using a modified Hummers’ method based on references
published elsewhere.40−42 Three dimensionally cross-linked graphene,
denoted as 3DG, was prepared following our previous procedures. A
GO ethanol solution (30 mL, 0.5 mg mL−1) was sealed in a 50 mL
Teflon-lined autoclave and heated to 180 °C and maintained at this
temperature for 12 h. The autoclave was then naturally cooled to room
temperature. Then the as-prepared ethanol-filled intermediate product
was carefully removed from the autoclave to have a slow and gradual
solvent exchange with water. After the solvent exchange process was
totally completed, the water-filled product was freeze-dried and then
dried in a vacuum oven at 100 °C for 2 h. Then the sample was
annealed at 800 °C for 1 h in H2/Ar mixture gas (5/95, v/v). Finally,

the sample was treated in a UV ozone system for 15 min to obtain the
final graphene material (3DG).42

Solar Vapor Generation Experiment. 3DG materials of 15 mm
in diameter were floating on the interface of the water/air with
thicknesses from 150 to 2000 μm, which were easily obtained using a
laser (450 nm, 2 W) cutting. The solar beam from a solar simulator
(7ILX500P, SOFN Instruments Co., LTD) was illuminated on the
surface of the sample, and the weight loss was recorded. The
temperature was measured using an IR camera (Fluke TiS65), and
temperature probe and the weight change from evaporation were
measured using an electronic mass balance (OHAUS, AX224ZH) with
an accuracy of 0.1 mg. The evaporation mass loss of the receiver under
dark conditions was measured and subtracted from the measured mass
loss under solar illumination.
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