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Because it is able to produce desalinated water directly using solar
energy with minimum carbon footprint, solar steam generation
and desalination is considered one of the most important technol-
ogies to address the increasingly pressing global water scarcity.
Despite tremendous progress in the past few years, efficient solar
steam generation and desalination can only be achieved for rather
limited water quantity with the assistance of concentrators and
thermal insulation, not feasible for large-scale applications. The
fundamental paradox is that the conventional design of direct
absorber—bulk water contact ensures efficient energy transfer
and water supply but also has intrinsic thermal loss through bulk
water. Here, enabled by a confined 2D water path, we report an
efficient (80% under one-sun illumination) and effective (four or-
ders salinity decrement) solar desalination device. More strikingly,
because of minimized heat loss, high efficiency of solar desalination
is independent of the water quantity and can be maintained with-
out thermal insulation of the container. A foldable graphene oxide
film, fabricated by a scalable process, serves as efficient solar
absorbers (>94%), vapor channels, and thermal insulators. With
unique structure designs fabricated by scalable processes and high
and stable efficiency achieved under normal solar illumination in-
dependent of water quantity without any supporting systems, our
device represents a concrete step for solar desalination to emerge as
a complementary portable and personalized clean water solution.

graphene oxide | solar steam | 2D water path | solar desalination | heat
localization

As water scarcity (1, 2) becomes one of most pressing global
challenges of our time, efficient solar desalination could
provide a promising solution to produce clean water directly out
of solar energy without extra energy input, particularly urgent for
developing countries and remote areas without basic infrastruc-
tures (3-5). With rapid development in the past few years (6-16),
it is clear that there are two key elements to enable efficient solar
desalination: broadband and efficient solar absorption and lo-
calized heat management for efficient vapor generation with
minimized parasitic thermal loss. So far, significant progress has
been made on both of these fronts. Absorbers with various ra-
tional designs have been demonstrated with efficient solar ab-
sorption (11, 14, 15). Also, from dispersed particles (6, 7, 16), to
porous carbon film (8, 9), to thin metallic absorbers (10, 11, 14,
15), there is a clear trend to confine the absorbed energy in a
thinner region for localized heating and more-efficient vapor
generation, to minimize dissipated heat to the environment and
bulk water. Impressive high-energy transfer efficiency has been
achieved, but only for a limited amount of solution, with the
assistance of both concentrators and thermal insulation.
Efficient and effective solar desalination independent of water
quantity under normal one-sun illumination without extra sup-
porting systems will fundamentally improve the scalability and
feasibility of this technology. However, there is an intrinsic bar-
rier that prevents all of the current designs from achieving this
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goal. As shown in Fig. 14, in most if not all of the current de-
signs, the absorbers are always in direct contact with bulk water,
i.e., “direct bulk water contact,” to ensure that the absorbed solar
energy can be efficiently transferred to bulk water to generate
vapors. However, even with advanced heat localization designs
with all of the other parasitic heat loss minimized, bulk water
itself (with thermal conductivity around 0.5 W/mK) becomes an
intrinsic and dominant thermal conduction path. A significant
portion of the absorbed energy will unavoidably dissipate through
bulk water, evidenced by undesirable temperature elevation of
bulk water (Fig. 14) (see Table S1 for the detailed calculation);
this is the reason that, for all of these direct bulk water contact
designs, high efficiency can only be achieved for rather limited
water quantity with increased solar irradiation (using optical
concentrators) and thermal insulation, as the heat loss through
bulk water can only be minimized under these rather strict
conditions. For the same reason, the efficiency of solar desali-
nation will decrease dramatically with increased water quantity,
as the heat loss to bulk water increases correspondingly, funda-
mentally constraining its scalability.

Here we demonstrate that, when water path is confined to be
two dimensional (2D), both efficient water supply and sup-
pressed heat loss can be achieved simultaneously. As shown in
Fig. 1B, the absorber, a graphene oxide (GO) film in the ex-
periment, is not in direct contact with bulk water. Instead, they
are physically separated by a thermal insulator (a polystyrene
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Fig. 1. Schematics and a process flow. (A) Schematics of conventional solar steam generation with direct water contact. (B) Schematics of solar desalination
devices with suppressed heat loss and 2D water supply. (C) Flowchart for the fabrication of solar desalination devices: polystyrene foam, cellulose coating, and
GO film on top surface. (D) (Left) The physical map of polystyrene foam (thermal insulator), (Middle) cellulose (2D water path) wrapped over the surface of

polystyrene foam, and (Right) GO film (absorber) on the top surface.

foam, thermal conductivity of ~0.04 W/mK) to ensure much
suppressed parasitic heat loss (Fig. 1B, zoom-in). A 2D water
path is enabled by a thin layer of cellulose wrapped over the
surface of the thermal insulator (Fig. 1 C and D). Because the
entire structure can float naturally on the surface of water, with
only the bottom side of cellulose in direct contact with bulk
water, an efficient water supply to the absorber on the top sur-
face can be enabled by a 2D surface water path within the cel-
lulose pumped by capillary force. Different from “bulk water
supply,” because of reduced dimensionality of water path, the
heat dissipation through water will be minimized (Fig. 1B).
Therefore, with a 2D surface water path, both efficient water
supply and suppressed parasitic heat dissipation can be
achieved simultaneously.

GO film, a derivative of graphene (17-21), is chosen as the
absorber of the solar desalination device for several reasons.
First, GO film fabricated by a low-cost and scalable process is an
efficient and broadband absorber. Second, it is well known that
GO film has porous structures, which can provide an efficient
path for water supply and vapor flow (22-30). Third, the cross-
plane thermal conductivity of GO film is very low (~0.2 W/mK)
(31, 32), beneficial for suppressing the parasitic thermal dissi-
pation. Fourth, GO film is highly foldable and can be naturally
attached to cellulose (33, 34), so that the water pumped by
capillary force within the cellulose can be efficiently transferred
to GO film. Each of these properties is carefully examined be-
low. Fig. 24 shows the X-ray photoelectron spectroscopy result
of GO film, prepared by Hummers’ method (35). The 1s peak of
carbon (Cls) of GO film mainly consist of four types of carbon
bonds (36, 37): C—C in aromatic rings at ~284.9 eV, C-O (hy-
droxyl and epoxy) at ~286.9 eV, C=0 (carbonyl) at ~288.1 eV,
and O—C=0 (carboxyl) at ~289.3 eV. GO film with these
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functional groups shows excellent hydrophilicity, and therefore
can be stably dispersed in aqueous solution (Fig. 24, Inset),
feasible for low-cost and scalable spray-coating (38, 39) or spin-
coating (40) processes. Fig. 2B shows a clear layered structure of
GO film (about 4 pm thick) after vacuum filtration. The ab-
sorption of GO film was carefully measured from 200- to
2,500-nm wavelength using the UV-visible spectroscopy. As
shown in Fig. 2C, GO film has efficient and broadband absorp-
tion, with ~94% weighted by standard solar spectrum of air mass
1.5 global (AM 1.5 G). To enable efficient solar steam generation,
absorbers also need to provide efficient paths for water supply and
escaping vapor (22-30). As shown in Fig. 2D, the pore size existing
in GO film, carefully examined by Brunauer—Emmett—Teller
(BET) test, is about 40 nm, due to defect-etching strategy (41).
In addition, our GO film also shows excellent foldability. As
shown in Fig. 2E, the GO film can be folded over 50 times
without causing notable damages once unfolded (Fig. 2F). This
excellent foldability is particularly beneficial for carriage and
deployment of large-scale solar desalination.

As mentioned above, a polystyrene foam (1.6 cm thick, ther-
mal conductivity of ~0.04 W/mK; Shengnuoda Material Co.,
Ltd.) is used as the thermal insulating layer between the absorber
(GO film) and bulk water. A thin (~50 pm) hydrophilic cellulose
can be conveniently wrapped over the surface of polystyrene
foam to provide a 2D water path. To show the efficient water
supply of this 2D water path, Fig. S1 A—C capture the top view of
the wetting process once cellulose-wrapped polystyrene foam is
put on the surface of water. It is clear that cellulose-wrapped
polystyrene foam can float naturally on the surface of solution.
From the top view, it is noted that the area closest to the side-
walls got wet first, as water was pumped by capillary force
through the 2D water path on the sidewalls within the cellulose
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Fig. 2. Characterizations of GO film. (A) XPS general spectra and curve fitting of C1s spectra of GO film. (Inset) The optical image of GO solution. (B) The cross-
sectional image of the GO film. (C) The absorption spectra of the GO film in the wavelength range of 250 nm to 2,500 nm, weighted by standard AM 1.5 G solar
spectrum. (D) The pore size distribution of GO film. (E) The optical image of a folded GO film. (F) The optical image of an unfolded GO film after folding over 50 times.

(Fig. S14). The wet area spread toward the center of the surface ~ wrapped polystyrene foam. Because it is expected that water can
(Fig. S1B) very quickly until it covered the entire top surface easily get into the GO film due to its hydrophilicity, naturally,

(Fig. S1C) of the cellulose. Fig. 3 A—C shows the wetting process ~ water will come up from the initial touching point (Fig. 34), and
once GO film is placed on the upper surface of the cellulose-  then quickly spread out (Fig. 3B) until it covers the entire surface
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Fig. 3. Water supply by capillary force and tempera-
ture distribution within solar desalination devices. (A—C)
Wetted area of GO film over time once GO film is put on
the top surface (the white dashed lines represent the
wet parts; the arrows indicate the direction of water
flow). (Scale bars, 5 mm.) (D—F) Temperatures of the GO
film and the cellulose-wrapped polystyrene foam (2D
water path) over irradiation time. Beakers (without any
thermal insulation) are used in this experiment (the
black dashed lines represent the approximate edges of
the cellulose-wrapped polystyrene foam; the red dashed
lines represent the approximate edges of the GO film).
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Fig. 4. The performance of devices under solar illumination. (A) Mass changes over time with and without samples with 2D water path using Dewar
containers. (B) Temperature changes of steam and bulk water over time using Dewar containers. (C) Mass changes over time with and without devices with
2D water path using beaker containers. (D) Temperature changes of steam and bulk water over time using beaker containers. (E) Measured salinities of three
simulated sea water samples, North Sea (1.4 wt%), Red Sea (4.1 wt%), and global average salinity (3.5%) before (red) and after (black) desalination.
(F) Evaporation cycle performance of solar desalination devices over 10 cycles, with each cycle sustained over 1 h using beaker containers.

of GO film (Fig. 3C). Therefore, it is clear that the absorbers
(GO film) can be fed with continuous water flow by this 2D
water path without direct contact with bulk water.

Because the water path is confined to be 2D on the surface of
thermal insulators, heat loss from absorbers to bulk water and
other environments is significantly suppressed. Fig. 3 D—F shows
the temperatures of the GO film and the cellulose-wrapped
polystyrene foam over time under one-sun irradiation. To dem-
onstrate the suppressed heat loss to bulk water, a common
beaker was used without any extra thermal insulation such as a
Dewar container. It can be seen that, with the design of the 2D
water path, the absorbed energy was highly localized on the GO
film; the central temperature of GO film increased from 12.9 °C
to 32.1 °C very quickly (within 1 min), and stabilized at about
38.8 °C (after 45 min). Because the 2D water path enables much
suppressed heat loss, there is no significant temperature increase
in other parts of the system. As a direct indication, the tem-
perature on sidewalls of the cellulose only changed about 3.8 °C
after the irradiation for 45 min, as shown in Fig. 3F. In com-
parison, if the GO film is in direct contact with bulk water, the
central temperature of GO film only increased from 14.4 °C to
19.9 °C in 1 min, and finally stabilized at about 30.7 °C (as shown
in Fig. S2 A-C).

To systematically evaluate the energy transfer efficiency of our
solar desalination device, the evaporation rates are first mea-
sured by recording the weight change over time under normal

13956 | www.pnas.org/cgi/doi/10.1073/pnas.1613031113

solar illumination (1 kW/m?) within a thermal insulated system
(Dewar container). As shown in Fig. 44, the evaporation rates of
our device and pure water are 1.45 kgm™>h~" and 0.24 kgm™=h~",
respectively. The formula # = mhy /Py, is used for calculating the
efficiency (17) (8), in which m is the mass flux, /;y is total liquid—
vapor phase-change enthalpy (sensible heat + phase-change en-
thalpy), and Py, is the received power density of the solar irradiation
on the absorber surface. The energy transfer efficiency with 2D
water path can reach 80%, which is much higher than the 50% of
the one with direct water contact (Fig. 24). (Fig. S34). The much
suppressed heat loss in our design can also be confirmed by the
temperature changes of the water surface. As shown in Fig. 4B,
the temperature of the water surface has risen only by 0.9 °C with
the 2D water path design, much lower than the 13.7 °C in the case
of direct bulk water contact (Fig. S3B). Because of much sup-
pressed heat loss and therefore reduced water temperature in-
crease, our device can achieve 78% energy transfer efficiency (see
Heat Loss for detailed calculation), without any thermal insulation
(beaker instead of Dewar container) (as shown in Fig. 4C), much
higher than the 39% achieved in GO-based direct bulk water
contact designs under the same conditions (Fig. S34). The tem-
perature of the water surface has risen only by 0.6 °C (as shown in
Fig. 4D), which is much lower than the 11.4 °C in the case of direct
bulk water contact (Fig. S3B). It should be also noted that, different
from most of the previous studies, there is a linear mass change
over irradiation time (a few hundred seconds) as shown in Fig. 4 4
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Fig. 5. The performance of devices with different water quantity. (A) Schematics of devices using beakers with the same diameter (~2.6 cm) but different
water height; 1.3 cm, 5cm, and 10 cm in height correspond to 7 mL, 26.5 mL, and 53 mL in volume, respectively. (B) Mass changes over time with the 2D water
path device using different water quantity. (C) Mass changes over time with direct bulk water contact device using different water quantity. (D) The de-
pendence of the efficiency on the water quantity, for 2D water path (black curve) and direct bulk water contact (red curve).

and C, which is also a direct indication of much reduced heat loss
and therefore reduced time to reach steady state.

To carefully examine the effect of desalination, three water
samples with representative simulated salinities, north sea (sa-
linity 1.4%), red sea (salinity 4.1%), and averaged salinity of the
sea (salinity 3.5%), were used and carefully tracked by in-
ductively coupled plasma spectroscopy (ICP-OES, 0.1 mg/L in
accuracy, PTIMA 5300 DV; PerkinElmer Instrument). (more
experimental details are provided in Methods). As can be seen
from Fig. 4F, after desalination, the sodium ions decreased from
5,200 mg/L, 1,5228 mg/L, and 13,000 mg/L to 0.12 mg/L, 0.99 mg/L,
and 0.56 mg/L, respectively, far below drinking water standards
(200 mg/L) (42, 43). As shown in Fig. 4F, stable performance of
our device over 10 cycles is demonstrated, with each cycle lasting
for 1 h using beakers without any thermal insulation. Although a
little salt can precipitate on the surface of GO film (which can be
easily washed away by sea water), there is no obvious change in
the morphology of GO film after 10 cycles (Fig. S4), and the
ratio of carbon and oxygen of GO film has not changed after 24 h
of work under one sun (Fig. S5).

More strikingly, this “2D water path” design with suppressed
heat loss can enable stable energy transfer efficiency with much
reduced dependence on water quantity. We carefully examine
the dependence of efficiencies on water quantity for the 2D
water path device and the one with direct bulk water contact, as
shown in Fig. 54. With increased water quantity, from 7 mL
(corresponding to 1.3 cm in height) to 53 mL (10 cm in height), the
efficiency of our device is kept to ~80%, as shown in Fig. 5 B and D.
In comparison, with increased water quantity, the efficiency of the
device with direct bulk water contact decreases dramatically from
61% to 27%, as the heat loss to bulk water increases significantly,
as shown in Fig. 5 C and D.

Conclusions

In summary, enabled by a unique design of 2D water path, we
demonstrate an efficient and effective solar desalination device
under one sun, with stable performance independent of water

Li et al.

quantity without supporting systems of thermal insulators and op-
tical concentrators. This entire device is based on low-cost materials
and scalable processes, therefore providing a complementary por-
table water solution, particularly beneficial for developing countries
and remote areas (see Comparison Between Our Solar Desalination
for details). The design concept of a 2D water path also provides a
general guideline for advanced thermal management and water
supply, which is critical for many other potential applications, such
as sterilization and chemical purification.

Methods

Fabrication Processes of Solar Desalination Devices. For the fabrication of GO
film, GO was prepared from graphite powder by a modified Hummers’
method. The graphite oxide was filtered and washed with 1:10 hydrochloric
acid aqueous solutions followed by water cleaning to remove the acid until
the pH of solution became neutral. The 0.4 g of graphite oxide was dis-
persed in 100 mL of deionized water by ultrasonication for 3 h to make an
aqueous dispersion. Then, 3 mL of GO solution at the concentrations of
4 mg/mL was deposited onto a porous mixed cellulose membrane filter
(50 mm in diameter, 0.02-mm pore size) to form a GO film through vacuum
filtration followed by vacuum drying at 60 °C for 5 h.

For thermal insulators with a 2D water path, ~1.6-cm-thick polystyrene
foam was chosen as the thermal insulating layer. Hydrophilic cellulose was
wrapped over the surface of polystyrene foam to make sure that the water
could reach the upper surface of the polystyrene foam by capillary force.

Characterizations of GO Film. The morphologies and structures of the GO film
were characterized by scanning electron microscopy (SEM) (Dual-beam FIB
235; FEI Strata). The atomic ratios of carbon to oxygen and the existence of
functional groups of GO film were characterized using the X-ray photoelectron
spectroscopy (XPS) (PHI 5000 VersaProbe), equipped with a monochromatic Al
K, X-ray source operated in a residual vacuum of 5 x 10~ Torr. The absorption
of wet GO film was measured from 200- to 2,500-nm wavelength using the
UVNis spectroscopy (UV-3600; Shimadzu). Pore sizes of the GO film were measured
by the BET method using a surface area and porosity analyzer (Tristar; Micro-
meritics) at —196 °C. The thermal images were captured using an infrared camera
(Ti 100; Fluke). The salinities of water were characterized by ICP-OES (0.1 mg/L
in accuracy, PTIMA 5300 DV; PerkinElmer Instruments).
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Steam Generation and Solar Desalination Experiments. A cellulose-wrapped
polystyrene foam (~1.6 cm thick) was floated on the surface solution in a
Dewar flask (Shanghai Glass Instrument Co.) or a beaker. A paper-based GO
film (~3.5 mm thick) was placed on the surface of cellulose-wrapped poly-
styrene foam. The samples were irradiated by a solar simulator (Newport
94043A, Class AAA) with an optical filter for the standard AM 1.5 G spec-
trum. The temperatures of the steam and surface water were recorded by
two thermocouples (placed on the top surface of the GO film and on the
water surface). The weight change was monitored by electronic analytical
scale (FA 2004), real-time recorded by a desktop computer (with RS 232 serial
ports), and then used to determine the evaporation rate and efficiency of
solar steam generation. The evaporation rate of the dark field (Fig. S6) was
subtracted from all of the measured evaporation rates under the irradiation.
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