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a b s t r a c t

Biomass-based materials usually evolve well-developed and unique structures for the transportation of
water and nutrition to their pivotal organs. These natural intricate designs allow fascinating properties
when harnessed in specific real-world application. Herein, we demonstrate that 3D carbonized corncob
(C-corncob) harmoniously coordinates light absorption, water supply, vapor escape, and efficiently uti-
lizes the environmental energy to enhance the performance of the steam generation device due to its
multilevel inside and side surface structures. The interfacial solar steam generation based on C-corncob
achieves as high as 4.16 kg m�2 h�1 evaporation rate under 1.0 sun illumination and readily overcomes
the salt deposition problem. These findings not only demonstrate the competence of the recrement
corncob as the lost cost material for interfacial solar steam generation, but also provide inspiration for
the creation of solar steam generation devices with the new concept.

© 2021 Published by Elsevier Ltd.
1. Introduction

The contradiction between supply and demand of freshwater is
always the foremost challenge all over theworld, especially in some
drought regions, which has seriously hampered industrial and
agricultural production and development [1]. As suggested by the
World Health Organization, nearly half of the population will
possibly suffer from the freshwater resource scarcity in the near
future [2,3]. Myriad efforts have been taken in the preparation of
freshwater to alleviate the negative effect of water deficit, including
the multi-stage flash (MSF) [4], multi-effect evaporation (MED) [5],
reverse osmosis (RO) [6], and solar desalination [7,8]. Among all
available technique to seawater desalination, the conception of
interfacial solar-driven steam generation (ISSG) has been proposed
ine Chemicals, Liaoning Key
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as a low-costing, clean, and sustainable promising technology to
perfectly solve the issue of freshwater resource scarcity due to its
capability of localizing solar energy at water/air interface and
minimizing heat loss [9e11]. It is generally considered that the
photothermal conversion materials (PCMs) of ISSG play a critical
role in the interfacial solar vapor process [12e14]. Enormous PCMs
with artificial and natural structures have been fabricated and
investigated to enhance the photothermal conversion efficiency
[15]. Over the early years, a variety of artificial structures have been
designed to improve the solar absorption, minimize the heat loss
and enhance water supply, such as zero-dimensional structure
plasmonic-based noble metal nanoparticles [16e18], one-
dimensional CNTs [19e21], two-dimensional graphene [22e24],
and three-dimensional structure based on the gel and sponge with
the stable performance of thermal insulation [25e31]. However,
the poor extensibility and higher cost of artificial structures
severely restricted the further development of ISSG.

Whereas, recently the main emphasis of research has shifted
from the high cost and formulation difficulty of artificial structure
systems to the aplenty natural structure to reduce cost and achieve
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scalable production. Compared with artificial structures, natural
structures possess internal well-defined channels, excellent ther-
mal insulation performance, low-costing, and environmental
friendliness. Massive natural structures based on the biomass ma-
terials, such as woods, straw, food waste, and biomass-derived
aerogel, have been reported as new candidates for ISSG via
various carbonization treatments [32e35]. More specifically, Zhu
et al. demonstrated hierarchical porous carbonized mushrooms
with a high evaporation rate under one solar irradiation [36]. Hu
et al. achieve a high evaporation rate of 1.35 kg m�2 h�1 via 85%
solar energy under one solar irradiation by using scalable surface
carbonized woods [37]. Xu et al. developed four types of solar ab-
sorbers with different shapes and nanostructures on the basis of
recycled biomass E. prolifera after high-temperature pyrogenation
[38]. Tan et al. have developed a simple and cost-effective
carbonization process mimicking outdoor barbeque cooking for
the preparation of carbon materials from food wastes, including
rice, potato, pasta, banana peel, lotus root, and moldy bread et al.
[39,40]. However, the limited theoretical evaporation rate (only
1.47 kg m�2 h�1 under 100 mW cm�2 of solar illumination
assuming 100% solar-to-vapor energy conversion efficiency), the
discontinuity of sunlight during a day and the inevitable salt
deposition remains great challenges in satisfying further develop-
ment of ISSG on the basis of natural biomass-materials [39e41].

Corn is widely cultivated in tropical and temperate regions of
the world. Typical corn reaches maturity within months and pro-
vides people and animals with abundant foods, therefore, the
corncob is one of the most renewable resources after corn kernels
threshing [42,43]. Natural corncob (N-corncob) plays an important
role in the growth process of corn, which transports a large amount
of water and nutrient for transpiration and growth of corn kernels
depending on its unique and delicate network structure. The
mechanism of water transport in N-corncob is the synergistic effect
of transportation and storage, which ensure the healthy develop-
ment of corn grains [44e46]. In view of this, we have formulated a
new value strategy for the higher value application of N-corncob
through low-temperature carbonization. The ISSG on the basis of
corncob has been carried out for desalination and sewage treat-
ment through the utilization of N-corncob. Moreover, compared
with other biomass carbonization processes, the lower carboniza-
tion temperature makes it possible to keep the original structure,
better mechanical properties and excellent hydrophilic properties
of the corncob.

Herein, inspired by N-corncob, we demonstrate that carbonized
corncob (C-corncob) can act as an ideal ISSG device due to its
unique structure. It is informed that C-corncob possesses a multi-
hierarchical porous structure and a high capability of utilizing en-
ergy input from the environment. The solar steam generator based
on C-corncob achieves a water evaporation rate as high as
4.16 kg m�2 h�1 under one solar irradiation, as well as rapid water
evaporation without solar energy input. It is also worth noting that
the solar vapor generator exhibits superior stability without any
evaporation rate degradation after 26 days cycles and excellent
performance for salt resistance. As the byproduct of corn produc-
tion, corncob has the potentials for the creation of a new solar-
vapor steam generator due to its unique structure, large abundant
resource, and green preparation process.

2. Experimental section

2.1. Materials preparation

Fresh corns used in experiments were bought from the vege-
table market (Dalian, Liaoning Province, China). After threshing
treatment (Fig. S1), the obtained corncob was immersed into 1 M
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NaOH for 60 min. Then the corncob was washed to pH of 7 by
deionized water and dried at 80 �C for 12 h. The dried corncob was
subjected to pyrolysis in N2 atmosphere. Firstly, the dried corncobs
were heated to 300 �C and maintained for 30 min, and then further
to 450 �C for 60 min. After naturally cooling to room temperature,
the carbonized corncob (C-corncob) was washed with water and
alcohol for several times to remove impurity, finally drying in 80 �C
for 12 h. The aspect ratio of C-corncob used in the experiment was
about 6.1 (Height: 12.5 cm, Diameter: 2.5 cm). C-corncobswere also
prepared at different temperatures in addition to 450 �C, without
any special illustration, the C-corncob refers to the material pre-
pared at 450 �C.

2.2. Characterization

The microscopic morphology of natural and carbonized corn-
cobs was characterized by a field emission scanning electronic
microscope (FESEM, FEI Company, NOVA Nano SEM 450). A Lambda
950 Vis/NIR Spectrophotometer (PerkinElmer) attached with an
integrating sphere was used for the absorbance of the samples.
Fourier transform infrared spectra (FTIR) were obtained on a VER-
TEX70 spectrometer. X-ray photoelectron spectroscopy (XPS) ex-
periments were carried out on a K-Alpha spectrometer (Thermo
Fisher Scientific Inc., Switzerland) equipped with a monochromatic
Al Ka source operated at 150 W. All spectra were calibrated based
on the C 1s binding energy at 284.6 eV. Ions concentrations were
measured by inductively coupled plasma optical emission spec-
trometer (EP Optimal 8000).

2.3. Solar vapor generation

A solar simulator (CEL-S500) equipped with an AM1.5 filter for
the standard air mass 1.5-G spectrumwas used as the illumination
source. A white heat shield is place on directly above the sample to
ensure that the size of the light spot is equal to that of the absorber,
which avoid the heat to the environment or container. Once the
light was projected on the surface of the sample, the weight change
of the evaporation system was recorded by a 4 decimal electronic
precision analytical balance (CP214) without wind shield, which
was connected to a desktop computer by a serial communication
module (RS232). The illumination intensity was calibrated with a
light intensity meter (air cool thermopile sensor with a 10 mm
diameter detector, CEL-NP2000). An infrared camera (FOTRIC 237)
was used to capture the temperature files and was calibrated using
thermocouples. The measurement uncertainty of the calibrated IR
camera was about 1.0 �C.

2.4. Test of thermal conductivity

The Flash Method technique was used for the determination of
thermal diffusivity on a Netzsch LFA 447 Nanoflash. The thermal
conductivity of the C-corncob can be calculated with the formula,
which is showed below.

a ¼ l/cr

where a is thermal diffusion coefficient (0.369 mm2 s-1), l is heat
conductivity, r is density of the material and is specific heat (0.3 J g-
1 �C �1).

3. Result and discussion

Fig. 1 presents the design concept of a solar-vapor steam gen-
eration device based on C-corncob. N-corncob is prepared after the
removal of kernels from corn ear and transformed into C-corncob



Fig. 1. Schematic of C-corncob based solar vapor steam generator. (a) Corn ears. (b)
N-corncob. (c) C-corncob based solar vapor generation device. (d) cross-section of C-
corncob. (e) aligned porous sheet on side surface of C-corncob. (f) carbon microfiber
arrays on the side surface of C-corncob. (A colour version of this figure can be viewed
online.)
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by carbonization at low temperature (as shown in Fig. 1 a and b). As
presented in Fig. 1c, the C-corncob is fixed onto the surface of water
withmost of its body (90%) exposed in the air. As revealed in Fig.1d,
the cross-section of the C-corncob can be divided into three parts,
including the central section, the sheath section and the side sec-
tion. The side surface of the C-corncob is decorated with aligned
porous sheets (Fig. 1e) and carbon microfiber arrays (Fig. 1f).

As well known, grain arrays of corn orderly grow on the surface
of N-corncob along its axis. After the removal of corn grains from
the corn ear, the exposed side surface of the N-corncob is decorated
with well-defined arrays of pits inherited from original grain arrays
and sheet-like materials (Fig. 2e and Fig. S1). As shown in Fig. 2a,
the cross-section of the N-corncob exhibits a soft white sponge
structure in its center, which is embraced by a hard shell.
Fig. 2. Structures of the C-corncob. (a) Digital photo of N-corncob cross-section. (bed) and
structure with microchannels; (d) interlinking junction of microchannels in sheath; (e) Digit
three-dimensional channel structure in a split sheet; (h) microfiber arrays grown on the side
figure can be viewed online.)
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Meanwhile, the hard shell is grown outmost with the sheet-like
materials. After low-temperature carbonization, N-corncob is
transformed into black C-corncob (as shown in Fig. S2) with nearly
20% volume shrinkage. Correspondingly, the resultant C-corncob is
consisted of three parts from inside to outside in the cross-section,
including the central section, the sheath section concentrically
surrounded the center and the rough side surface grown with
perpendicular sheet-like materials. The center section of the C-
corncob exhibits a sponge-like structure with the closed-packed
interconnected pores ranging from 70 to 120 mm (as shown in
Fig. 2b), which is conducive to water storage and solar light ab-
sorption for solar steam formation. Fig. 2c shows the microstruc-
tures of the sheath, which consists of well-defined microchannels
along the axis of C-corncob, similar to thewood structures reported
by Hu’s group previously [35]. It is reasonable to believe that these
microchannels in the pristine N-corncob are responsible for the
transportation of water and nutrients during the growth of corn.
Therefore, these microchannels in the C-corncob will guarantee
adequate water transportation and supply during the solar steam
generation process and also benefit solar energy capturer. Fig. 2d
further presents the detailed structures of the microchannels, there
exist abundant micropores with a diameter of about 5 mm in their
interior wall, forming a three-dimensional interconnected network
structure within the sheath.

As presented in Fig. 2e, sheet-like arrays are grown on the side
surface of the N-corncob perpendicular to its axis. These arteries
and vein-like structures constitute a three-dimensional network
within the sheet (the schematic as shown in Fig. S3c), guaranteeing
rapid and directional water transmission from the interior to the
side surface of C-corncob. Based on the pore diameter measure-
ment (Fig. S4), these microchannels and branch connection chan-
nels are dominated with 8 mm and 1.5 mm diameter pores,
respectively. Interestingly, there are abundant carbon microfibers
grown on the side surface of C-corncob in addition to the sheet-like
structure (Fig. 2h and Fig. S5). The length of microfibers is about
400 mm and the diameter is nearly 12 mm (Fig. 2h). It should be
noted that the microfibers possess cone-like end, hollow interior
structure (as shown in the insert of Fig. 2h), and micro-grooves
(feh) FESEM images of C-corncob structures: (b) sponge-like porous center; (c) sheath
al photo of N-corncob side view; (f) a porous sheet grown on side surface; (g) the inner
surface (Insert: showing the microfiber with hollow structure). (A colour version of this
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embedded surface. In this sense, these carbon microfibers in the C-
corncob might be beneficial to the escape of vapor during solar
evaporation. In summary, the hierarchical and ingenious structures
of C-corncob are consisted of sponge-like center, microchannel
containing sheath, porous sheet-like structure, and hollow micro-
fibers, which are precisely integrated together to compose a well-
developed network, enabling smooth water transport and vapor
escape during the process of solar steam evaporation.

The surface compositions and functional groups of the corncob-
based materials are analyzed by the X-ray photoelectron spec-
troscopy (XPS) and Fourier transform infrared (FTIR) spectroscopy.
The XPS survey spectrums of the corncob-based materials (Fig. 3a)
present three main elements including carbon element (284.6 eV),
oxygen element (532.2 eV) and nitrogen element (399.4 eV) in both
N-corncob and C-corncob [47]. After carbonization, the intensity of
C1s peak significantly increases, accompanied by the peak intensity
reduction of both O1s and N1s. The C 1s XPS spectrums of N-
corncob and C-corncob all show three peaks entered at 284.6, 285.6
and 289.1 eV (as shown in Fig. 3b and c), corresponding to the CeC,
CeOH/CeN and C]O bonds, respectively [48]. Obviously, the in-
tensity of C]O peak significantly increases in C-corncob compared
with that in N-corncob. The FTIR spectrum (as shown in Fig. 3d) of
the obtained C-corncob further confirms the existence of the CeN/
NeH functional groups with the corresponding peak of 1041 cm�1

and 3415 cm�1, respectively. Meanwhile, the strong peaks at
1124 cm�1 and 1605 cm�1, corresponding to the CeOH stretching
peak and C]O stretching peak, respectively, are observed in both
N-corncob and C-corncob [49]. The surface of the C-corncob is
highly hydrophilic due to the functional groups and elementary
composition, which is beneficial for efficient water absorption and
transportation. In addition, as shown in Fig. S6, we present the
wetting property of C-corncob in different sections, including the
centric section, the sheath section in the top side, and the side
surface. The contact angle of the side surface in the C-corncob is
about equal to 5�, indicating the superhydrophilicity of this section
(Fig. S6a). We also observed the similar phenomenon in the sheath
section consisting of many microchannels (Fig. S6b). Therefore, the
superhydrophilicity of the sheath section and the side surface
Fig. 3. Characterization of N-corncob and C-corncob. (a) XPS survey spectra. (b) XPS surv
spectra. (e) Light absorption spectra for N-corncob, C-corncob (dry) and C-corncob (wet) (f) T
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guarantees adequate water transportation and supply for the solar-
vapor steam generation. However, the measured contact angle of
the centric part with foam-like structure (Fig. S6c) was about 67�,
suggesting that the center section possessed medium hydrophi-
licity. Considering the wettability and structure of the center part,
the main function of the center section is supposed to as water
reservoir and solar energy absorption rather than water trans-
portation during solar steam generation.

Optical absorption is another critical feature impacting solar-
vapor generation. The optical absorption properties of the
corncob-based materials are evaluated by an ultra-
violetevisibleenear-infrared (UVeViseNIR) spectrophotometer. As
presented in Fig. 3e, the C-corncob exhibits high (94e98%) light
absorption over the whole wavelength range of 300e2500 nm
while the pristine N-corncob shows much lower (about 15e20%)
light absorption over the wavelength range of 500e1500 nm.
Furthermore, we also compare the optical absorption ability of dry
with that of wet C-corncob. It is obvious that both the dry and wet
C-corncobs show a similar light absorption in the visible wave-
length region, while the latter shows stronger light absorption in
near-infrared wavelength region. As reported in the previous
literature [50,51], the wavenumber dependence of the NIR optical
absorption is determined by the difference between the relative
refractive index of the material surface and the surrounding me-
dium. Accordingly, the great refractive index difference between
porous dry C-corncob and air leads to strong reflectivity, however,
the light absorption in the NIR region of the wet C-corncob is
enhanced by replacing air with thewater thin layer in the pores due
to the reduced difference of the relative refractive index between
water film and materials surface. In addition, the sponge-like
structures in the center of the C-corncob can act as traps for
photon capture and thus benefits solar absorption.

As presented in Fig. S7, the density of dry C-corncob is only
188.7 kg m�3, ~50% that of pristine corncob (350.2 kg m�3), while
the density of wet C-corncob in the solar evaporation is
~700 kg m�3, suggesting the excellent water adsorption capability
of this material. Although the thermal conductivity of C-corncob is
higher than that of the N-corncob regardless in dry or wet state, the
ey spectra of C 1s for N-corncob. (c) XPS survey spectra of C 1s for C-corncob. (d) FTIR
hermal conductivity of materials. (A colour version of this figure can be viewed online.)
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wet C-corncob still shows a much lower thermal conductivity
(0.27 W m�1 K�1) than that of pure water (~0.6 W m�1 K�1) [45]
(Fig. 3e). This lower thermal conductivity of wet C-corncob benefits
the heat localization during the solar evaporation and efficiently
suppresses the heat dissipation to bulk water. The mechanical
property of materials is critical for the long-term performance of
solar evaporator, therefore, the mechanical properties of the C-
corncob were evaluated, as shown in Fig. S8. The maximum load of
N-corncob is up to nearly 2300 N, indicating the excellent me-
chanical property of the original material (Fig. S8a). Although the
compressive property of C-corncob decreases after low-tempera-
ture carbonization, its maximum load is still as high as about 300 N
(Fig. S8b). In addition, the C-corncob barely deforms under heavy
pressure for 1 h (Fig. 1c), revealing the good stability of C-corncob
(Fig. S8c). Compared with some other carbonized biomass mate-
rials (such as wood, mushroom and bamboo, Fig. S8 d-f), the
compressive strength of the C-corncob is weaker than that of
wood-derived carbon, similar to that of bamboo-derived carbon
and much better than that of mushroom derived carbon. The good
mechanical property of C-corncob guarantees continuous steam
generation of device under harsh conditions.

Thermal management is of critical importance in improving the
overall photothermal conversion efficiency in solar interfacial
steam generation devices. The thermal properties of the C-corncob
are evaluated with an Infrared camera. The overall temperature
profile of the cross-section in dry C-corncob under one solar irra-
diance is shown in Fig. 4a. The temperature increases from the edge
and reaches a maximum in the center, then decreases symmetri-
cally in the opposite. It should be noted that the maximum tem-
perature in the center of dry C-corncob is closed to 85 �C under one
solar irradiation, which is higher than most photothermal conver-
sion materials reported so far [52], indicating the excellent photo-
thermal properties of the C-corncob. Furthermore, the side
temperature profile along the longitudinal direction in dry C-
corncob under one solar irradiance on top is also examined, as
shown in Fig. 3b. The maximum temperature at the top is about
60 �C and decreases rapidly to about 26 �C within 2 cm in the
longitudinal direction, indicating the poor thermal conduction
along this direction and effective thermal confinement of N-
corncob.

The temperature profiles over the top and along the side surface
of the wet C-corncobs both in dark and under solar irradiation (one
sun) are investigated and compared (as shown in Fig. 4c and d). In
the case of dark (Fig. 4c), once the C-corncob was put in contact
with water (25 �C), the temperature over the top and along the side
surface reduces to 19 �C and 18 �Cwithin 12.5min, respectively. The
temperature is decreasing results from the water evaporation on
the surface of C-corncob owing to the intervention of environ-
mental energy. The resultant temperature difference between the
surface of C-corncob and environment would further enhance the
input of environmental energy fromboth top and side surface. Once
upon the introduction of one solar irradiation (on top), the tem-
perature over the top surface increases to 37.8 �C within 7.5 min
due to the impact of light irradiation, while the temperature of the
side surface keeps invariably 18.5 �C (Fig. 3d), much lower than the
environmental temperature (25 �C). This means the occurrence of
water evaporation along the side surface of the C-corncobs by
utilizing environmental energy. In other words, for the C-corncob
under solar irradiation, water evaporation takes place both on the
top surface driven by the light and on the side surface driven by the
environmental energy, respectively.

The experimental results reveal that the optimum carbonization
temperature for the preparation of C-corncob is about 450 �C based
on water evaporation performance of the materials prepared at
different carbonization temperatures under one sun irradiation (as
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presented in Fig. S9). C-corncob prepared from a lower temperature
(350 �C) exhibit poor light absorption ability due to incomplete
carbonization (Fig. S10), while higher temperature (550 �C)
carbonization causes reduced hydrophilicity (Fig. S11). As a result,
the materials from lower temperature and higher temperature
carbonization show a slow evaporation rate (Fig. S9). Moreover, as
shown in Fig. S12, according to the infrared digital photograph,
water can be quickly pumped up to the top of the C-corncob within
5 min by capillary force with almost 90% length of the C-corncob
exposed in the air. And the N-corncob can absorb three times
weight of water compared with itself weight (as shown in Fig. S13).
This phenomenon indicated that the capillarity effect in C-corncob
could pump the water rapidly from bottom up to the evaporation
area, which was crucial to the solar-vapor steam generation pro-
cess. Furthermore, once the evaporation rate reaches stability, the
mass of the wetted C-corncob keeps unchanged with time during
evaporation under one solar irradiation, which indicates the
adequate supply of water for evaporation (as shown in Fig. S14).

The evaporation rates under different solar illumination in-
tensities are shown in Fig. 5a. The evaporation rate for the C-
corncob under the illumination intensity of 20, 40, 80, 100,
140 mW cm�2 is 1.58, 2.24, 3.35, 4.16, 4.49 kg m�2 h�1, respectively.
It is worth mentioning that the ISSG based on C-corncob exhibits a
high evaporate rate under low solar intensity, indicating the po-
tential application in actual conditional environment. The
enhanced factor is estimated through the following equation [53]:

Enhanced factor ¼ v/ 1.47s

where v is the water evaporation rate under different solar
irradiation, 1.47 is the theoretical evaporation rate under
100 mW cm�2 of solar illumination assuming 100% solar-to-vapor
energy conversion efficiency, and s is the solar intensity. Accord-
ing to the above equation, as shown in Fig. 5b, the estimated
enhanced factor under different illumination intensity of 20, 40, 80,
100, 140 mW cm�2 is 5.41, 3.87, 2.85, 2.74 and 2.31, respectively,
indicating the significant contribution of environmental energy
during C-corncob solar evaporation process. However, the
enhanced factor decreases with the increase of solar intensity. The
effect of C-corncob length exposed in the air on the evaporation
rates under one solar illumination is investigated. Obviously, the
evaporation rate decreases with the increase of length submerged
in water. To further clarify the relative contribution from environ-
mental energy input, the side surface evaporation is excluded by
completely immersing C-corncob into water with only its top sur-
face exposed in the air or fully sealing the side surface with adhe-
sive tap during solar steam evaporation. As shown in Figs. S15 and
S16, the corresponding evaporation rate for the immersed and
sealed C-corncob under one solar irradiation is 1.98 and
1.93 kg m�2 h�1, respectively. In other words, the evaporation rate
from the top surface is much lower than that from the simultaneous
top and side surface evaporation. Therefore, we demonstrate the
great contribution from the environmental energy during solar-
driven water evaporation over the C-corncob. However, it should
be noted that the evaporation rate from top surface is still above the
theoretical solar evaporation limit value. Differential scanning
calorimetry experiments exhibit a reduced vaporization enthalpy
(1774 J g�1) over C-corncob compared with that of free evaporation
water (2406 J g�1), shown in Fig. S17 and Table S1. As reported by Yu
et al. [27], whenwater molecules are confined to three-dimensional
through hole, the water can escape from the samples surface in
form of water cluster rather than single molecule. The water mo-
lecular cluster mediated evaporation results in significant reduc-
tion in water vaporization enthalpy (from 2406 to 1774 J g�1). In
addition, the Raman analysis of water (Fig. S18) and Liþ content



Fig. 4. Temperature profiles of C-corncob under different conditions. (a) top surface under one solar irradiation in dry state. Inset: IR image of top surface. (b) side surface
temperature profiles under one solar irradiation on top surface in dry state. Inset: IR image of side surface. (c) top and side temperature change of C-corncob as the function of time
during water evaporation under dark condition. Inset: IR images of top surface and side surface under dark. (d) top and side surface temperature change of C-corncob as a function
of time during water evaporation under one solar irradiation. Inset: IR images of top surface and side surface. (A colour version of this figure can be viewed online.)
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measurement in evaporation water from LiCl aqueous solution
(Fig. S19) further confirm the water molecular cluster mediated
evaporation. As summarized in Fig. 5c, the evaporation rate and
efficiency of ISSG based on C-corncob have been compared with
results recently reported. Obviously, the ISSG based on C-corncob
achieved highest evaporation rate with high evaporation efficiency.
Based on these above-mentioned factors, the excellent water
342
evaporation performance of C-corncob can be attributed mainly to
several factors, including the efficient solar thermal conversion,
excellent restriction of thermal heat loss, rational water trans-
portation pathway, energy gained from the environment and the
reduced evaporation enthalpy of water. Most importantly, the re-
sults show the weaker the light intensity, the more the relative
contribution from the environmental energy. Taking into



Fig. 5. Performance of corncob-based solar vapor steam generator. (a) Water mass changes as a function of time over C-corncob under different light intensities. (b) Evaporation
rates over C-corncob under different light intensities and corresponding enhanced factors. (c) Comparison of evaporation efficiency and evaporation rate over C-corncob with
previous reports under one solar irradiation. (d) Infrared images of the C-corncob under different light intensities (for 60 min). (e) Temperature profile of the side surface of the C-
corncob under one solar illumination on top after water evaporation for 60 min. The top of the C-corncob is set as the zero point of the height. (f) The mass changes of water over C-
corncob and N-corncob as the function of time under one solar illumination and in dark. (g) Water mass changes over C-corncob under one solar illumination and in dark alternately
for 12 h. (A colour version of this figure can be viewed online.)
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consideration of the general low light intensity in real weather, the
C-corncob based vapor generator is conducive to practical
application.

The effect of solar illumination density on the temperature of
both the top surface and side surface of the C-corncob (Room
temperature 25 �C) during steam generation was investigated
(Fig. 5d). An infrared camera was used to measure the temperature
profile of the top and the side surface of the vapor generator under
different illumination intensity of 20, 40, 80, 100, 140 mW cm�2. As
shown in Fig. 5d, the corresponding average temperature of top
(and side) surface was 25.5 �C (17.8 �C), 29.7 �C (18.0 �C), 33.7 �C
(18.1 �C), 37.7 �C (18.1 �C) and 43.7 �C (19.1 �C), respectively.
Evidently, the temperature of the top surface increases with the
increase of light illumination intensity, while the temperature of
the side surface almost keeps constant and much lower than the
environmental temperature. The top surface of the C-corncob
directly absorbs the light energy, which results in the increasing
temperature. However, the water evaporation on the side surface
leads to its temperature decreasing (Fig. 5e) and temperature
gradient between the side surface of C-corncob and environment.
As a result, the side surface inputs energy from the surroundings via
thermal conduction, convection, and radiation, greatly enhancing
the water evaporation.

The water evaporation rate comparison over C-corncob and N-
corncob under one solar illumination and in darkwere summarized
in Fig. 5f. The C-corncob exhibits a much higher evaporation
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capacity than the N-corncob both under solar irradiation and in the
dark. It is worth mentioning that the mass change of water over the
C-corncob in dark is nearly 50% the value under one solar illumi-
nation. Furthermore, we alternately switched on and turned off the
light source to simulate daytime and night, as shown in Fig. 5g, the
generator maintained stable evaporation efficiency during the test
time (12 h) even in the absence of light, which indicates that the C-
corncob steam generator could overcome the limitation of sunshine
duration by efficiently utilizing external energy. This feature is
critical for real application as a full-time vapor generator. Further-
more, we also investigated the water evaporation performance of
C-corncob at different ambient temperatures (as shown in Fig. S20).
The surface temperature of C-corncob is always lower than the
environmental temperature, indicating the side surface still could
harvest energy from the environment even in harsh ambient
temperatures. The mass change measurement under different
environmental temperature (as shown in Fig. S21) exhibits that the
evaporation amount of water over C-corncob was much higher
than that of free water evaporation whether in dark or under one
solar irradiation, indicating the high capability of C-corncob as an
ideal candidate for the steam generator.

Desalination over the ISSG based on C-corncob is carried out
with real seawater from the Bohai Gulf (average salinity, 35‰). As
shown in Fig. 6a, the evaporation rate of the seawater is as high as
3.74 kg m�2 h�1, which is nearly 13 times higher than the seawater
free evaporation rate (0.27 kgm�2 h�1) in the absence of C-corncob.



Fig. 6. Environmental energy-enhanced ISSG based on C-corncob for the purification of different types of water sources. (a) Evaporation rates of seawater over C-corncob and N-
corncob under one solar illumination. (b) Measured concentrations of four primary ions in seawater before and after desalination. The dotted lines refer to the WHO and EPA
standards for drinkable water. (c) Evaporation rates of dye solution (Methylene blue) over C-corncob and N-corncob under one solar illumination. (d) The UVeViseNIR spectra of
Methylene blue solution before and after solar thermal purification. (e) The cycle stability of C-corncob in heavy metal solution (insert: measured concentrations of five primary ions
in seawater before and after desalination). (f) Removing efficiency of C-corncob comparison with previous technologies in heavy metal solution. (g) The cycle stability of C-corncob
in acid or alkali solution. (h) Measured concentrations of Hþ and OH� in acid or alkali solution before and after irradiation. (A colour version of this figure can be viewed online.)
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The evaporation rate of seawater over C-corncob is surely lower
than that of the pure water (4.16 kg m�2 h�1), which results from
the increase of evaporation enthalpy of seawater caused by the
existence of main ions. As shown in Fig. 6b, the concentrations of
the main four ions (Kþ, Naþ, Mg2þ, Ca2þ) in seawater and the
formed water from evaporation are measured. After desalination, it
is found that the concentrations of these ions are all significantly
reduced (approximately four orders ofmagnitude), which are about
two orders of magnitude lower than the drinking water standards
formulated by the World Health Organization (WHO, 1‰) and the
United States Environmental Protection Agency (EPA, 0.5‰). To
further confirm the purity of water after desalination, we measure
the Ohmic value of the water from a resistance test using a multi-
meter at constant distance between electrodes (as shown in
Fig. S22), the resistance value of seawater, purified water and do-
mestic water (from an urban water-supply company of Dalian,
Liaoning, China) is 0.19 MU, 1.5 MU and 0.6 MU, respectively, sug-
gesting effective purification of seawater via ISSG based on C-
corncob. Salt durability of the C-corncob is indispensable for
practical application. Our results show that (as shown in Fig. S23)
the C-corncob solar vapor generator exhibits a stable evaporation
rate under one solar illumination during 26 days for seawater
desalination process. Importantly, the evaporation performance on
the 1st day and 26th day keeps almost the same, indicating the high
stability of C-corncob in the harsh seawater environment (as shown
in Fig. S24).

In addition, solute accumulation at the heating interface
severely impacts the performance and long-term stability of solar
evaporation systems. Specifically, the precipitated salt from satu-
rated water will accumulate at the evaporation interface and
gradually block the water transport path, resulting in a significant
decay of solar absorption and deterioration of steam generation.
Generally, salt must be removed by backwashing or other post-
treatment to regenerate the evaporator, thus reducing efficiency
and increasing water production cost. However, the present ISSG
based on C-corncob possesses excellent resistance to salt deposi-
tion due to its unique channel structure. In addition, as presented in
Fig. S25, no salt deposition is observed at the surface of the evap-
orator after 20 h continuous under 1 sun irradiation or in dark,
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confirming the excellent self-regeneration properties of the three-
dimensional C-corncob. FESEM further examination is used to
evaluate salt deposition at the evaporator surface in the process of
saltwater evaporation after 20 h continuous testing in 20 wt% NaCl
solution under 1 sun irradiation (as shown in Fig. S26). Obviously,
negligible salt deposition takes place at the sponge-like center
section, while the microchannels in the side surface keep
completely clean. The evaporation rate and stability in 20 wt% NaCl
solution under one sun irradiation are shown in Fig. S27. The
evaporation rate is about 2.7 kgm�2 h�1, which is lower than that in
pure water due to the higher surface tension in brine solution.
However, the C-corncob presents excellent stability performance in
20 wt% NaCl solution under one sun irradiation for long time,
indicating the potential application in harsh conditions with strong
brine. Based on the results reported previously [54e58], it is
speculated that spontaneous salt exchange between the channels
leads to the salt dilution in the inner channels of the evaporation
device. The good salt-resistance property of our C-corncob can be
attributed to its interconnected hierarchical structures. For
example, rapid transportation of the brine solution within the
channels during the solar desalination process can be achieved.
Specifically, the sheath section possesses abundant microchannels
well-aligned along the corncob growth direction, which guarantees
the sufficient brine solution upward. Meanwhile, the sheet-like
arrays consist of abundant aligned microchannels and connect
with the sheath section, which enables the formation of well-
developed networks and allows lateral brine solution trans-
portation, diffusion, and convection during desalination. As a result,
the unique structure of the C-corncobmakes it possible to avoid salt
accumulation during solar desalination. In addition, the excellent
hydrophilicity of C-corncob surface benefits the rapid replenish-
ment of brine and avoids salt crystallization. In order to prove the
salt-rejection ability of C-corncob, 0.6 g solid NaCl was put on the
top surface and 1.0 g of solid NaCl on the side surface of the C-
corncob, respectively (as shown in Fig. S28). It can be observed that
most of the solid salt on both top surface and side surface disap-
pears under one solar irradiation for 8 h. This experiment further
demonstrates the C-corncob possesses excellent salt resistance
ability.
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To further expand the application of the ISSG based on C-corn-
cob toward wastewater treatment, we evaluate the performance of
C-corncob in the treatment of water containing Methylene blue
(200 mg L�1). In this case, the purification of Methylene blue so-
lution can also be achieved by ISSG with an evaporation rate of
3.85 kg m�2 h�1 (Fig. 6c). As presented by an ultra-
violetevisibleenear-infrared (UVeViseNIR) spectrophotometer in
Fig. 6d, the characteristic absorption peak (about 664 nm) of
Methylene blue completely disappears in contrast to the raw
Methylene blue. Clearly, the purified water becomes colorless after
solar evaporation (as shown in Fig. S29). In addition, the recycle
stability of C-corncob against heavy metal solution is investigated.
As revealed in Fig. 6e, the C-corncob still maintains a stable evap-
oration rate after 25 h of continuous testing and the concentrations
of the main five ions (Pb2þ, Cd2þ, Cu2þ, Ni2þ, Fe3þ) in heavy metal
solution are all significantly reduced (as shown in insert of Fig. 6e).
Compared with the main technique of treatment of water [59e62],
as shown in Fig. 6f, the technology of ISSG based on C-corncob has a
great advantage in removing efficiency of heavy metal ions.
Furthermore, we also explore the cycle stability of C-corncob in acid
or alkali solution. As presented in Fig. 6g, the C-corncob exhibits
excellent evaporation stability in acid or alkali solution after 10 h
irradiation under one solar intensity. As shown in Fig. 6 h, it is found
that the concentrations of Hþ and OH� are all significantly reduced
six orders of magnitude after irradiation, indicating potential
application of C-corncob in treating wastewater in harsh condi-
tions. Therefore, the C-corncob based solar steam generator can be
employed in the preparation of high-quality water regardless of
seawater or wastewater.

Solar desalination based on C-corncob is performed outdoor to
explore practicability. The digital photograph of the solar desali-
nation device is illustrated in Fig. 7a. The prototype solar desali-
nation device is divided into three parts, including water supply
system, solar evaporation system and water reclamation system.
The detailed structure of the solar evaporation system is presented
in Fig. 7b. We adopt the structure of double-acrylic. The seawater
comes through inlet into the upper container, then purified water
condenses to the outer container by evaporation process based on
Fig. 7. Performance of C-corncob in outdoor desalination. (a) the digital photo of the proto
(c) the digital photo of C-corncob forest. (d) Infrared images of the C-corncob forest. (e) t
temperature of C-corncob top surface, the mass of collected water changes under the sun fro
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C-corncobs and drains to water reclamation system. Herein, as
presented in Fig. 7c, more than 26 C-corncobswith the height about
12 cm and diameter of about 2.5 cm are fixed to a foam thin disk
over water in the inner of the device. The infrared images of those
C-corncobs are presented in Fig. 7d, when the device is placed in
opening outdoor without solar irradiation, the surface temperature
(nearly 17 �C) of C-corncobs is still lower than the ambient tem-
perature, indicating the abundant supply of seawater. Then an
experiment was carried out from 6:00 to 18:00 in a typical day (as
shown in Fig. 7e) with ample sunlight (the maximum solar in-
tensity was nearly 0.85 kw m�2). The mass of purified water is
about 530 g from solar steam desalination (as shown in Fig. 7f),
while almost 1500 g water removal from the system in opening
environment (as shown in Fig. S30b), implying that much more
purified water can be possibly obtained with proper condenser to
remove vapor from the system timely. The total area of the solar
evaporator consisted of 26 C-corncob samples is nearly to 430 cm�2

(the schematic of the total area is shown in Fig. S31). Thus, ac-
cording to the mass of purified water (about 530 g) from the solar
steam desalination device, the efficiency of cleanwater purification
is about 12.32 kg m�2 in a natural day (24 h). Furthermore, as
presented in Fig. S32, there exists much condensed water in the
prototype solar desalination device at 3:00 compared with that at
21:00 according to the digital photo, indicating the evaporation
process is ongoing for the duration of the night. Meanwhile, as
revealed in Fig. 7f, the top surface temperature of C-Corncob
samples increases to nearly 40 �C due to the closed system. To test
the durability and stability of this prototype device, this experiment
lasts for 20 natural days (as shown in Fig. S33). The relationships
between the production of purified water and natural solar in-
tensity, outdoor temperature are investigated. It could be observed
that the mass of purified water increases with the increase of solar
intensity and temperature. Moreover, even under the harsh
weather with poor sunlight intensity (about 0.28 mW cm�2) and
low temperature (about 16 �C) (as revealed in Fig. S33a), we could
still obtain about 100 ml purified water (as shown in Fig. S33b),
which proves the practicability of the prototype water evaporation
device.
type solar desalination device. (b) the schematic of prototype solar desalination device.
he solar intensity changes under the sun from 6:00 a.m. to 6:00 (August 4th). (f) the
m 6:00 to 6:00 in a natural day. (A colour version of this figure can be viewed online.)
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4. Conclusions

In summary, we have demonstrated C-corncob as an ideal
candidate for efficient solar steam interfacial generation because of
its unique natural structures. The rational designed inside struc-
tures with abundant and 3D interconnected microchannels allow
rapid water transportation within the whole C-corncob. The side
surface of C-corncob possesses vertically grown porous sheets and
carbon microfibers structures, which benefit the water evaporation
by using environmental energy. The C-corncob based solar steam
generator presents excellent light absorption, low thermal con-
ductivity, rational water transport and vapor escape pathway. Ul-
trahigh water evaporation rate (4.16 kg m�2 h�1) has been achieved
over the C-corncob under one solar irradiation. Take into consid-
eration the abundant resource of corncob, the simple preparation
process of materials and the high performance of the reactors in the
solar steam interfacial production, this corncob-based steam
generator holds the promise of significantly expanding the appli-
cation and reducing the cost of solar-powered water managing
systems.
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