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ABSTRACT

Solar steam generation is emerging as promising solar-energy conversion technology for potential

applications in desalination, sterilization and chemical purification. Despite the recent use of photon

management and thermal insulation, achieving optimum solar steam efficiency requires simultaneous

minimization of radiation, convection and conduction losses without compromising light absorption.

Inspired by the natural transpiration process in plants, here we report a 3D artificial transpiration device
with all three components of heat loss and angular dependence of light absorption minimized, which
enables over 85% solar steam efficiency under one sun without external optical or thermal management. It is
also demonstrated that this artificial transpiration device can provide a complementary path for waste-water
treatment with a minimal carbon footprint, recycling valuable heavy metals and producing purified water

directly from waste water contaminated with heavy metal ions.
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INTRODUCTION

Recently, solar steam and vapor generation [1-13]
have been attracting attention for their promising
prospects in the fields of desalination, sterilization
and chemical purification [14-21]. In the process
of solar steam and vapor generation, there are sev-
eral outlets for the input solar energy: total enthalpy
of the liquid—vapor phase change (sensible heat and
phase-change enthalpy), optical losses (including
reflection and transmission of light) and thermal
losses (including radiation, convection and conduc-
tion losses) (Fig. 1a). Impressive progress in the
development of light absorbers [1-6,14-18] have
led to minimized optical losses. Various heat local-
ization techniques [7-13,19-21] such as thermal
concentration [10] and confined water supply [21]
have also been developed to minimize heat con-
duction losses without compromising water supply.
With maximized solar-energy input (because of min-
imized optical losses) and minimized heat conduc-
tion losses, radiation and convection losses start to
dominate as the absorber temperatures elevate. So
far, high efficiencies (~80%) have been achieved,

but only by relying on thermal insulation [6,8,13]
and/or optical concentration [3,7,15]. Therefore, ef-
ficient solar vapor generation under normal one sun
illumination without extra thermal or optical sup-
porting systems will fundamentally improve the scal-
ability and economics of solar vapor generation.
Conveniently, nature already provides an elegant
solution for efficient evaporation. In the transpira-
tion processes of plants, water is pumped up from
the roots and carried along a confined path up to
leaves, achieving efficient water supply and evapo-
ration [22,23]. In addition, the natural 3D struc-
tures of plants maximize light absorption from a
wide range of incident angles throughout the day.
Inspired by this transpiration process and 3D mor-
phology of plants, we demonstrate a 3D artificial
transpiration device, composed of a 3D hollow cone
absorber connected with a 1D water path, as shown
in Fig. 1b (scanning electron microscopy (SEM) im-
ages of each part are shown in Fig. 1c—e. More de-
tails about the morphology of graphene oxide (GO)
film are included in Supplemental S1, available as
Supplementary Data at NSR online). During the ar-
tificial transpiration process, water is taken up by a
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Figure 1. Schematics of different solar steam generators. (a) Schematics of traditional 2D solar steam generation with direct water contact. (Here, the
conduction loss means the heat from the absorber to bulk water. The convection and radiation loss mean the heat from absorber to environment.) (b)
Schematics of the 3D artificial transpiration device with suppressed heat loss. (The red straight arrows represent the direction of heat conduction. The
red crooked arrows represent the direction of heat convection and radiation. The blue straight arrows represent the direction of water supply.) (c—e)

The SEM images of the absorber, water extended layer and 1D water path, respectively.

confined 1D water path (a cotton rod is used as an
example) by capillary force all the way up to the con-
nection point at the top of a hollow cone absorber
(GO film [24-26] with >95% absorption weighted
by AML.S G, Supplemental S1, available as Sup-
plementary Data at NSR online). Water then flows
down along the thin side-wall of this cone (details in
the Methods section), receiving absorbed solar en-
ergy for evaporation to the atmosphere through the
pores in the GO film [26] (Fig. 1b).
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There are several unique features in these ar-
tificial transpiration devices. (i) Combining a 3D
cone absorber with a 1D water path, this artificial
transpiration device enhances the evaporation area
and rate. This lowers the operating temperature, re-
ducing radiation, convection and conduction losses.
This pushes solar vapor efficiency to >85%, using
only one sun irradiation without extra thermal insu-
lation. (ii) Similarly to plants, 3D artificial transpira-
tion devices can receive light from a wide range of
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Figure 2. Temperature distributions within different solar steam generators. (a—c) The
optical images of 2D direct contact, 2D indirect contact (the inserted blue dash line
represents the embedded 1D water path) and 3D artificial transpiration devices, re-
spectively. (d—f) Temperatures of the GO films in the 2D direct contact, 2D indirect
contact and 3D artificial transpiration devices, respectively, before irradiation. (g—i)
Temperatures of the GO films in the 2D direct contact, 2D indirect contact and 3D artifi-

cial transpiration devices,

respectively, after 30-min irradiation under one sun. Beakers

(without any thermal insulation) are used in this experiment. Ambient temperature is

~30°C.

angles of incidence, and do not suffer the cosine
losses of horizontal 2D receivers. (iii) The artifi-
cial transpiration device has a fast thermal response,
which reduces the influence of detrimental factors in
real applications (such as inconsistent sunlight due
to partial cloud cover). All of these features are care-
fully examined below.

RESULTS AND DISCUSSION

To clearly illustrate these features, our 3D artificial
transpiration device is carefully evaluated in compar-
ison with two other devices: 2D absorbers with di-
rect water contact (2D direct contact) and 2D ab-
sorbers with 1D water contact (2D indirect con-
tact), as shown in Fig. 2a-c. Without any light il-
lumination, the surface temperature of the 2D di-
rect contact device is maintained at around 28.7°C,
with the environment at ~30°C (Fig. 2d). For
comparison, under the same conditions, the tem-
peratures of 2D indirect contact and 3D artificial
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transpiration devices are 25.5°C and 23.7°C (Fig.
2e and f), respectively, indicating the cooling effect
due to the evaporation of water. After 30-min ir-
radiation under one sun, the surface temperatures
at the center of the absorbers for 2D direct con-
tact, 2D indirect contact and 3D artificial transpira-
tion become 39.5°C, 43°C and 32.7°C, respectively
(Fig. 2g-i). Compared with the 2D direct contact,
the 2D indirect contact has higher surface temper-
ature because of suppressed heat conduction due
to 1D water contact (more analysis below). While
the 3D artificial transpiration device also has sup-
pressed heat conduction, the surface temperature of
the absorber is the lowest because of the increased
surface area for efficient evaporation (evaporation
mechanism in Supplemental S2, available as Supple-
mentary Data at NSR online), which lowers radia-
tion and convection losses. According to absorber
temperatures measured by infrared radiation (IR)
camera (Fig. 2g-i), the radiation losses of 2D di-
rect contact, 2D indirect contact and 3D artificial
transpiration devices are estimated to be 7%, 11%
and 7%, respectively (more details about calculation
in Supplemental S3a and the simulation in Supple-
mental S4, both available as Supplementary Data at
NSR online). The convection losses are estimated
to be 5%, 9% and 6%, respectively (Supplemental
S3b and S4, available as Supplementary Data at NSR
online). Meanwhile, the conduction loss for 2D di-
rect contact, 2D indirect contact and 3D artificial
transpiration were measured to be 43%, 2% and 1%,
respectively (Supplemental S3c and S4, available as
Supplementary Data at NSR online). The minimized
conduction loss is also evident by the much reduced
temperature of the water beneath the devices over
time under illumination (Supplemental S, available
as Supplementary Data at NSR online). Our experi-
ments show that, by combining 3D hollow cone ab-
sorbers with 1D water paths, the 3D artificial tran-
spiration device can minimize radiation, convection
and conduction heat losses.

To systematically evaluate the solar vapor gener-
ation efficiency, the evaporation rates are measured
by recording the mass change over time under both
one sun solar illumination (1 kW/m?) and dark un-
illuminated conditions. The various evaporation de-
vices were placed within beakers without any ex-
tra thermal insulation (Fig. 3a—c). The evaporation
rates of 2D direct contact, 2D indirect contact and
3D artificial transpiration under dark conditions are
0.09 kg/m?h, 0.28 kg/m*h and 0.47 kg/m?h, respec-
tively. The increased water evaporation rate of the
3D artificial transpiration device is attributed to the
increased surface area. The evaporation rate under
dark conditions is subtracted from all the measured
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Figure 3. The performance of solar steam generators under solar illumination. (a) Mass changes over time with and without illumination using the
2D direct contact device. (b) Mass changes over time with and without illumination using the 2D indirect contact device. (¢) Mass changes over time
with and without illumination using the 3D artificial transpiration device. (d) Mass changes over time outdoors using the 2D direct contact device, 2D

indirect contact device and 3D artificial transpiration device, respectively.

evaporation rates under irradiation to evaluate the
solar thermal efficiency. The efficiency formula

n=m(Lv+Q)/Py

is employed for calculating the efficiency(n), in
which m is the mass flux (m = mypigy — Mpark)
kg/m*h, Lv is the latent heat of vaporization of wa-
ter (Lv (T) =1.91846 x 10° [T/(T-33.91)]*]/kg,
where T is the temperature of vaporization) [27],
Q is the sensible heat of water of unit mass (Q =
¢ (T, _ T1) J/kg, where c is the specific heat of wa-
ter, which can be assumed as a constant (4.2 J/gK),
T, is the temperature of vaporization and T; is
the initial temperature of the water) and P;, is the
incident solar power on the device surface. The so-
lar vapor generation efficiency of the 3D artificial
transpiration device can reach 85%, which is higher
than values for the 2D indirect contact (76%) and
2D direct contact (49%) devices (more details about
heat losses and efficiencies are in Supplemental S2,
available as Supplementary Data at NSR online). The
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devices with a 1D water path (2D indirect contact
and 3D artificial transpiration) can reach a steady
state in much shorter periods, typically after a few
hundred seconds (Fig. 3c). This characteristic can
reduce the influence of detrimental factors in real ap-
plications such as inconsistent sunlight due to partial
cloud cover (simulation and calculation shown in
Supplemental S6, available as Supplementary Data
at NSR online). The lumped capacitance model is
used to illustrate the benefits of fast thermal perfor-
mance. The devices with a 1D water path (2D indi-
rect contact and 3D artificial transpiration) reached
a steady state quickly due to the low thermal mass
of the system. However, in the 2D direct contact de-
vice, the device’s thermal mass is coupled with the
thermal mass of the whole beaker of water.

Another feature in our 3D artificial transpiration
device is the ability to collect more sunlight through-
out the day, compared with a flat horizontal device.
In contrast to the fixed, simulated sun light used in
the lab, the sun’s sky position is constantly changing.



Furthermore, around 10-50% of the sunlight is
diffuse, arriving at the receiver from all directions
(about 10 ~ 20% on sunny days and 50% on cloudy
days) [28,29]. Compared with 2D devices for so-
lar vapor generation, our artificial transpiration de-
vice with 3D absorption structure performs better in
real-world applications due to better light absorption
(~24% improvement, calculation in Supplemental
S7, available as Supplementary Data at NSR online)
from a wide range of incident angles during any pe-
riod of the day and large dark evaporation (Fig. 3c).
As shown in Fig. 3d, the outdoor solar vapor experi-
ment was conducted from 8:00 am to 4:00 pm (the
experimental parameters are shown in Supplemental
S8, available as Supplementary Data at NSR online).
The total evaporation of 3D artificial transpiration
device is 16.1 Kg/m?, which is 1.43x that of the 2D
indirect contact device and 2.52x that of the 2D di-
rect contact device with the same ground-occupied
area. It is clear that the 3D artificial transpiration de-
vice has advantages for real-world applications com-
pared with 2D devices. Because of scalable processes
(spray-coating [30]), materials and structures (wa-
ter can be supplied to heights of several meters [31]),
single stand-alone 3D artificial transpiration devices
can be magnified from several centimeters to several
meters, offering higher water output given limited
footprint, compared with 2D structures.

As water pollution, especially heavy-metal pol-
lution, has become a pervasive and severe problem
worldwide [32-34], several methods such as chemi-
cal precipitation, adsorption, ion-exchange, electro-
chemical treatment and membrane purification have
been pursued for effective water treatment [35].
However, further development of these approaches
is needed to address issues related to energy
consumption, intrinsic costs, second pollution and
efficiency. In contrast, solar vapor is a promising
solution to these issues. Our 3D artificial transpira-
tion device has high output (Fig. 3c,d), compared
with 2D devices, enables effective water treatment
through two pathways, producing clean water
condensed from vapor and recycling precious heavy
metals.

As a demonstration, water treatment perfor-
mance was evaluated using various solutions of
CuS0O4-5SH,0, CdSO,, PbCl, and ZnSO4, which
have heavy-metal ions (Cu?t, Cd**, Pb**, Zn?™").
The ion concentrations are carefully tracked by
atomic absorption spectroscopy (more experimen-
tal details in the Methods section). As shown in
Fig. 44, starting with water with Cu?t, Cd*t, P2+
and Zn*" concentration as high as 5000 mg/L
(5000 times higher than World Health Organization
(WHO) drinking-water standards), the extracted
water from the condensed steam is pure enough to
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meet WHO drinking-water standards. It is also con-
firmed that the effect of decontamination is not de-
pendent on pH values (Fig. 4b). The stable clean-
water production performance of the 3D artificial
transpiration device over 50 cycles (with 1 hour each
cycle) was demonstrated, as shown in Fig. 4c.

Heavy-metal recovery is another important strat-
egy for waste-water treatment, particularly for water
contaminated by valuable heavy-metal ions [34,36].
Here, CuSO,4-SH,0 (Fig. 4d) and HAuCly-4H,0
(Supplemental S9, available as Supplementary Data
at NSR online), common pollutants found in waste
water from the electroplating industry, were cho-
sen as examples. When the artificial transpiration
device was put in contact with solution of heavy-
metal salt, the solutions were wicked up through
capillarity to the 3D artificial transpiration devices.
Under solar illumination, the heavy-metal salt pre-
cipitates. As shown in Fig. 4d, the CuSO4-5H,0
is precipitated on the surface of our device after 5
hours of solar irradiation (note: the CuSO4-SH,0O
with 200 g/L was selected as a representative heavy-
metal ion contaminant to evaluate the service cy-
cle. However, real electroplating waste water is about
0.02 ~ 0.1 g/L, and thus the device does not re-
quire frequent replacement (expected lifetime of
~300 days when the concentration is 0.1 g/L and
the output is 30 L/m?d). It is expected that similar
approaches can be applied to other heavy-metal ions
(such as Pt**, Cr*™, Ni?T, etc.).

CONCLUSIONS

In summary, we demonstrate a 3D artificial tran-
spiration device with innately minimized radiation,
convection and conduction losses which enables
over 85% solar vapor efficiency under one sun irradi-
ation without external thermal insulation and optical
supporting systems. This approach will fundamen-
tally improve the scalability and economics of solar
vapor generation. In the future, the 3D structure de-
sign can be optimized to increase storage capacity for
heavy-metal salts, to increase device lifetime. To ac-
complish this, the thickness of the conical GO film
could be increased, or the porosity increased. The
conical shape could be replaced with different ge-
ometries such as north-south-oriented tent-shapes
to further improve optical absorption at low inci-
dence angles. Using high-efficiency and low-cost ma-
terials, together with scalable fabrication processes,
our developed 3D artificial transpiration device en-
ables promising pathways for effective water treat-
ment, recycling valuable heavy metals and purify-
ing contaminated water, and opens up many other
possibilities for solar thermal energy harvesting and
utilization.
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Figure 4. Two pathways of solar waste-water treatment. (a) Concentrations of different metal ions before and after treatment. The blue-colored
lines refer to the WHO standards for drinkable water. (b) Concentrations of Cu?* before and after treatment under different pH conditions. The blue-
colored lines refer to the WHO standards for drinkable water. (e) Stable cycling performance of the 3D artificial transpiration device for treating
Pb?*-contaminated water over 50 cycles, with each cycle sustained over 1 hour (y-axis, T; means output of purified water in the first cycle and Tx

means output of purified water in the X cycle). (d) The output of purified water over irradiation time (insert, the optical image of the absorber after 5-h
irradiation and recovered CuSQ,-5H,0 crystal).

METHODS

Fabrication of 3D artificial transpiration
device

Fabrication of GO film: GO was prepared from
graphite powder by a modified Hummers’ method.
GO aqueous solution at a concentrations of
3 mg/mL was added to a commercial airbrush
(nozzle diameter of 0.3 mm, Ustar CD-601, Taiwan,
China). Spray-coating was performed by toggling
the air valve, and the GO solution was atomized
into small droplets which were carried by air toward
the preheated substrate. Finally, GO films were
obtained on filter paper by spray deposition of GO
aqueous solution. The GO films (the diameter of
the 2D direct contact is 4.5 cm; the diameter of the
2D indirect contact is 4.5 cm; the diameter of the
3D is 4.5 cm and the angulus parietalis is 90°) as
absorbers were used in this experiment.
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Fabrication of a 1D water supply path for the 2D
indirect contact and 3D artificial transpiration struc-
ture: as shown in Fig. 1b, a commercial absorbent
cotton rod (as a 1D water supply path, diameter:
7 mm, height (above bulk water): 6 cm) was inserted
into polystyrene foam for mechanical support, with
one end immersed under bulk water and the other
end connected to a water extended layer (cellulous
paper) under GO film, to ensure the efficient water
supply by capillary force.

Characterizations

Morphologies and structures of the absorbent cot-
ton core, water extended layer and GO film were
characterized by SEM (Dual-beam FIB 235, FEI
Strata). The atomic ratios of carbon to oxygen and
the existence of functional groups of GO were char-
acterized using X-ray photoelectron spectroscopy



(XPS, PHI 5000 Versa Probe), equipped with a
monochromatic Al Ka X-ray source operated in a
residual vacuum of § x 10~ Torr. The absorption
of the wet GO film was measured from 200 nm
to 2500 nm wavelength using UV/vis spectroscopy
(UV-3600, Shimadzu). The thermal images were
captured by using a FLUKE Ti 100 infrared cam-
era. The content of heavy-metal ions of purified wa-
ter was characterized by atomic absorption spec-
troscopy (AAS, 180-80, Hitachi).

Solar vapor generation and solar
waste-water treatment

The 3D artificial transpiration device was floated
on solutions in a beaker. The samples were irradi-
ated by a solar simulator (Newport 94043A, Class
AAA) with an optical filter for the standard AM 1.5-
G spectrum. The temperature of the water surface
was recorded by thermocouples (placed on top of
the surface of the water), and the temperature of
the GO film was monitored using an infrared cam-
era. The weight change was monitored by an elec-
tronic analytical scale (FA 2004 ), real time recorded
by computer (with RS-232 serial ports) and then
used to determine the evaporation rate of solar vapor
generation. The evaporation rate under dark condi-
tions (“dark evaporation’) is subtracted from all the
measured evaporation rates under the irradiation.
CuS04-5H,0, CdSOy, PbCl, and ZnSO,4 were se-
lected as model heavy-metal ion (Cu?*, Cd**, Pb**,
Zn2+) contaminants to evaluate clean-water gener-
ation performance. All experiments were conducted
with dark and light evaporation at the same ambient
temperature and humidity.

The collection of purified water: as shown in Sup-
plemental S10 (available as Supplementary Data at
NBSR online), the solar vapor generation device was
placed in a double-slope solar still setup (a clean
glass plate was used as the roof to allow light to pass
through) for steam condensation and purified water
collection. Under solar illumination, the steam from
the absorber will condense into water when it arrives
at the cold chamber wall. Finally, the purified water
was obtained.

SUPPLEMENTARY DATA

Supplementary Data are available at NSR online.
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