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Efficient solar steam generation plays an important role in
various energy-related applications including water de-

salination,1−3 environmental remediation,4 and large-scale
solar-thermal power plant.5 Photothermal materials absorb
light and convert it to heat through thermalization and
nonradiative recombination of photoexcited electron−hole
pairs, and offer a promising solution for solar steam generation
with high efficiency. Several factors need to be considered for
the improvement of the solar steam generation effeciency:
broadband absorption to utilize the full solar spectrum,
localization of the thermal energy at the evaporative surface
to minimize heat loss from the bulk water, and multiple
channels for continuous water provision and vapor flow. For
example, Ti2O3 nanoparticles have been reported as a
photoabsorber material for efficient solar steam generation
owing to its narrow bandgap corresponding to absorption in
almost the full solar spectrum.6 A self-floating film based on Au
nanoparticles was designed for enhanced solar steam
generation, where most of the thermal energy was utilized to
heat up the water only at the evaporative surface.7 Recently,
carbon-based materials with inherently broad absorption
bandwidth have emerged as new candidates for efficient solar
steam genetation, such as carbon-based foam8 and graphene
oxide-based materials.9−11 However, they hardly exhibited well-
controlled nano- and microstructures that are critical for light
trapping and vapor flow, limiting the further improvement of
photothermal efficiency. Therefore, the development of
photothermal materials with both broadband absorption and
well-defined micro/nanostructures is of great importance in the
field of solar steam generation.
Graphdiyne (GDY),12 with highly π-conjugated structure of

sp- and sp2-hybridized carbons, has recently appeared as a new
allotropic form of carbon nanomaterials, and has been applied
in Li ion battery,13,14 photoelectric devices,15−17 catalysis,18,19

and environmental remediation.20 On the other hand, its
narrow band gap (0.46 eV)21 endows its remarkable potential
for solar steam generation with an optical absorption window
extending to ∼2700 nm. Unlike graphene and other nano-
carbons typically acquired by using harsh condition such as
high-temperature CVD growth,22 GDY is often obtained from
bottom-up syntehsis via wet chemical method, facilitating a
much more flexible control of structures. For example,
previously we have successfully fabricated vertical GDY
nanosheets on diverse substrates.17 Herein, a new structure
based on three-dimensional (3D) copper foam supported one-

dimensional (1D) CuO nanowires anchoring with vertical two-
dimensional (2D) GDY nanosheets was developed. In this
architecture, the copper foam provides the self-supporting
sketelon, CuO nanowires are responsible for most solar
absorption, and GDY nanosheets could simultaneously trap
the light via structual factors (by increasing the light traveling
distance inside materials) and enhance the light absorption
through its intrinsic narrow band gap. As a result, a
photothermal conversion efficiency of up to 91% has been
achieved, making this GDY-based structure promising not only
for efficient solar steam generation but also in diverse fields
such as water desalination and environmental remediation.
The fabrication process of GDY-based hierarchical architec-

ture is illustrated in Figure 1a. First, a film of Cu(OH)2

nanowires was synthesized on a copper foam via the surface
oxidation reaction.23 The formation of Cu(OH)2 nanowires
was visually observed by the color change of the copper foam
from light-yellow to light-blue (Figure S1). Scanning electron
microscopy (SEM) images (Figure S2) show that the skeleton
of the copper foam was uniformly covered by vertically grown,
hair-like nanowires with diameters in the range of 100−500 nm
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Figure 1. (a) Schematic illustration of GDY-based hierarchical
architecture. SEM images of the copper foam coated by GDY/CuO
coaxial nanowires (b−d).
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and lengths in the range of 10−25 μm. Subsequently, vertical
GDY nanosheets were in situ synthesized on the surfaces of
Cu(OH)2 nanowires via Glaser−Hay coupling reaction (de-
tailed description, see SI).24 In this way, 1D Cu(OH)2
nanowires were uniformly wrapped by a honeycomb-like
structure consisted of vertical 2D GDY nanosheets. Finally,
the as-prepared sample was annealed at 180 °C for 2 h for
complete dehydration. The X-rays diffraction (XRD) pattern of
as-prepared nanowires on copper foam (Figure 2c) could be
assigned to the monoclinic CuO phase (JCPDS No. 48-
1548),25 confirming the formation of CuO on the copper foam
substrate. As a result, a hierarchical architecture with GDY/
CuO coaxial nanowires (Figure S3) was obtained on the porous
copper foam, providing both channels for vapor flow (Figure
1b) and well-controlled nano- and microstructures for efficient
solar absorption (Figure 1c,d).
The structure and elementary composition of the GDY-based

nanowires foam were further studied. As shown by the
transmission electron microscopy (TEM) image in Figure 2a,

CuO nanowires were uniformly wrapped by the GDY
nanosheets. High-resolution TEM (HRTEM) image of the
GDY/CuO interface is shown in Figure 2b. A fringe spacing of
0.252 nm was clearly observed, consistent with the (−111)
lattice planes of CuO.26 In addition, the fringe spacing of 0.365
nm corresponds to the layer-to-layer distance of GDY
nanosheets.27 To confirm further the formation of the core−
shell nanowire structure, a high-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM)
image of a GDY/CuO coaxial nanowire is shown in Figure S4.
Corresponding energy-dispersive X-ray (EDX) elemental
mapping showed the presence of three elements (C, Cu, and
O) in the GDY/CuO coaxial nanowire, which is consistent with

the X-ray photoelectron spectroscopy (XPS) result (Figure 2e),
indicating that GDY shells were successfully coated on the
surface of the CuO nanowires. The growth of GDY could be
further evidenced by the Raman spectrum shown in Figure 2d,
where the peak at 2178.9 cm−1 can be assigned to the vibration
of conjugated diyne links, indicating a successful coupling
reaction.27,28 The C 1s peak in Figure 2e can be deconvoluted
into four subpeaks at 284.5, 285.1, 286.3, and 288.0 eV,
corresponding to CC (sp2), CC (sp), CO, and CO,
respectively (Figure 2f). The area ratio of the sp- and sp2-
hybridized carbon atoms was about 2, consistent with the
model structure of graphdiyne in which the benzene rings link
with each other by the conjugated diyne links in GDY.29

As mentioned above, GDY/CuO coaxial nanowires with
uniformity and porous microstructures have been formed on
the surface of a copper foam. With a narrow band gap (0.46
eV) of GDY and uniformly porous microstructures, GDY-based
nanowires are expected to exhibit superior optical absorption
properties. As schematically shown in Figure 3a, the ray of light

shined on the surface could be reflected and refracted for many
times, and is eventually absorbed by the hierarchical structure.
The multiple interaction between light and the materials greatly
improves the utilization of the solar irradiation.
The optical absorption properties of as-prepared GDY-based

structures were carefully examined by optical diffuse reflection,
transmittance, and absorption spectra, respectively, shown in
Figure 3b and Figure S5. The GDY-based hierarchical
nanowires coated copper foam (GDY/CuO CF) shows an
average absorption of 92% in the visible to near-IR range and
86% over the whole range of the solar spectrum. The absorded
energy density over the whole solar spectrum is also shown in
Figure S6, from which the absorption of solar energy by the
samples was calculated (more details in SI). The GDY/CuO
CF can achieve 94% energy absorption under 1 kW m−2

illumination. This is in contrast with blank copper foam
substrate which showed a high reflectance (∼60%) and

Figure 2. (a) TEM image of GDY/CuO nanowires. (b) HRTEM
image of the GDY/CuO interface. (c) XRD patterns of CuO and
GDY/CuO nanowires film on copper foam. (d) Typical Raman
spectrum of GDY nanowalls grown on nanowires. (e) XPS spectrum
of GDY/CuO coaxial nanowires. (f) Corresponding high-resolution
core level XPS spectrum of C 1s.

Figure 3. (a) Schematic illustration of the multiple reflection effect.
(b) Absorption spectra of commercial copper foam (CF), copper foam
with a film of GDY nanowalls on the surface (denoted as GDY CF),
copper foam with a film of CuO nanowires (denoted as CuO CF), and
copper foam with a film of GDY/CuO coaxial nanowires (denoted as
GDY/CuO CF). (c) Infrared (IR) images of GDY/CuO CF under 1
kW m−2 (Copt= 1), 3 kW m−2 (Copt= 3), and 5 kW m−2 (Copt= 5)
irradiation from a solar simulator. (e) Plot of irradiation density and
sample temperature under different solar irradiations (irradiation
density denoted as Copt).
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transmittance (∼5%), with the energy density absorption of
only 47%. Moreover, the GDY-based nanowires arrays showed
low reflective losses compared to GDY nanowalls film (SEM
images shown in Figure S7).
To show that the vertical GDY nanosheets played a critical

role in the high absorption of energy density, the GDY/CuO
nanowires arrays were replaced by single component CuO
nanowires arrays (SEM images shown in Figure S8). The CuO
CF showed a lower average absorption of 84% in the visible to
near-IR range and 75% over the whole range of the solar
spectrum (Figure 3b and Figure S6). The absorded energy
density over the whole solar spectrum was also calaulated. The
CuO CF can only achieve 86% energy absorption (Figure S6),
8% less than that of GDY/CuO CF. Photothermal conversion
performance was investigated by the temperature elevation of
the as-prepared samples under solar irradiation. The temper-
ature increase and thermal images were characterized by an
infrared (IR) camera (Figure 3c and Figure S9). Upon the same
irradiation density (5 kW m−2), the temperature of the GDY/
CuO CF rose sharply and reached an equilibrium temperature
of about 126 °C, indicating great photothermal performance. In
the absence of the GDY layer, the CuO nanowires substrate
showed a lower equilibrium temperature of 108 °C under
irradiation due to the less light harvest efficiency. For
comparison, the equilibrium temperature of the undecorated
copper foam (41 °C) is also shown in Figure 3d.
The outstanding light absorption of GDY-based nanowires

foam offers unique opportunity for the development of highly
efficient solar steam generation systems. A GDY-based solar-
driven water steam evaporation system was demonstrated by
using a solar simulator and a GDY/CuO CF floating on the top
of water in a quartz beaker (Figure 4a). The GDY/CuO CF

floated on the water because of its hydrophobicity (Figure
S10), with a static contact angle of 137° on the surface of water.
Under illumination, GDY and CuO absorbed light and
converted it to the thermal energy, which conducted via the
copper skeleton and quickly distributed throughout the whole
foam. The water was directly heated at the interface between
the material and water surface, accelerating the process of

evaporation and offsetting the heat loss due to thermal
exchange with bulk water.
A picture of the system is shown in Figure S11, where the

GDY/CuO nanowires foam with a diameter of 45 mm and a
thickness of 1 mm floated on the surface of water. The heat
localization of GDY/CuO CF was investigated by correspond-
ing IR images (Figure 4b), which can improve the solar vapor
generation by preventing energy losses during the heating
process of bulk water. Under the solar illumination of 5 kW
m−2 for 10 min, the temperature at the surface of water
increased to about 59 °C while that at the bottom was about 30
°C (Figure S12), with a temperature difference of 29 °C. In
contrast, under the identical solar illumination, the temperature
difference in the unit without GDY/CuO CF was less than 3
°C, showing a negligible rise in temperature (Figure S13).
These results confirmed that the hot zones were strongly
localized on the surface of water with the floating GDY-based
foam, accelerating the water evaporation. Figure 4c shows the
picture of water evaporation under 8 kW m−2 solar
illumination. A movie of the solar steam generation by heat
localization is shown in the SI. This structure shows great
potential for desalination and water purification using sunlight
as the only energy source by collecting the condensed water
from the steam.
The performance of solar vapor generation of our samples

was monitored by the weight loss of water during the
evaporation process. As expected, GDY/CuO CF induced the
highest evaporation efficiency under the solar illumination of 1
kW m−2 among various as-prepared samples (Figure S14). We
observed an evaporation rate of 1.55 kg m−2 h−1 for GDY/CuO
CF at 1 kW m−2 solar illumination, which was 3.69 times higher
than pure water evaporation (Figure 4d). The GDY-based foam
presented stable performance during 20 evaporation cycles
(Figure 4e), and the morphology after solar irradiation was
characterized by SEM (Figure S15), indicating the good
stability. The water evaporation rate with free-floating CDY/
CuO CF in a dark environment was 0.10 kg m−2 h−1, which was
subtracted from all the measured evaporation rates under the
solar illumination.
To study further the solar vapor generation performance of

the GDY-based nanowires foam, the photothermal efficiency
(η) of as-prepared foam was estimated using the following
equation:30

η = Δm H
Q (1)

where η is the photothermal efficiency, m is the mass flux of
evaporated water, and ΔH is the total enthalpy of liquid−vapor
phase change. Q is the solar illumination density on the
samples. The efficiency of GDY/CuO CF can achieve 91% at
power density of 1 kW m−2, higher than most of previous
reports8,9,22,30−32 under 1 kW m−2 illumination (Figure S16).
The efficiencies of the controls (CuO CF, GDY CF, and CF)
are shown in Figure S17 for comparison. Because of the
minimized surface reflection and the promoted multiple
absorption of light and the large specific surface area for heat
exchange, GDY/CuO CF showed the highest efficiency.
Moreover, the photothermal efficiency of GDY/CuO CF was
also investigated under various solar illumination conditions
(Figure S18, 19).
In conclusion, we reported a GDY-based free-floating foam

with a multidimensional architecture, which exhibited highly
efficient solar steam generation. GDY/CuO coaxial nanowires

Figure 4. (a) Schematic illustration of the solar steam generation
experiment. (b) IR image of GDY/CuO CF on the top of the water
surface under the solar illumination of 5 kW m−2 for 10 min. (c)
Optical image of enhanced steam generation by the GDY/CuO CF
under the solar illumination of 8 kW m−2. (d) Plot of the weight loss
through water evaporation under solar illumination as a function of
irradiation time. (e) Evaporation cycle performance of the GDY/CuO
CF.
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were obtained on the robust copper foam via a low-cost and
scalable solution process. Such a structure showed excellent
solar energy absorption over the whole solar spectrum, and
possessed porous networks for efficient vapor flow. The GDY/
CuO CF can achieve 91% photothermal efficiency under 1 kW
m−2 illumination. With the cost-effective solution process and
high photothermal efficiency, this type of GDY-based solar
steam generation promises a wide range of applications such as
desalination and related technologies.
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