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Abstract

Interfacial solar evaporation, which captures solar energy and localizes the

absorbed heat for water evaporation, is considered a promising technology for

seawater desalination and solar energy conversion. However, it is currently

limited by its low photothermal conversion efficiency, salt accumulation, and

poor reliability. Herein, inspired by human intestinal villi structure, we design

and fabricate a novel intestinal villi‐like nitrogen‐doped carbon nanotubes

solar steam generator (N‐CNTs SSG) consisting of three‐dimensional (3D)

hierarchical carbon nanotube matrices for ultrahigh solar evaporation effi-

ciency. The 3D matrices with radial direction nitrogen‐doped carbon nanotube

clusters achieve ultrahigh surface area, photothermal efficiency, and hydro-

philicity, which significantly intensifies the whole interfacial solar evaporation

process. The new solar evaporation efficiency reaches as high as 96.8%. Fur-

thermore, our ab initio molecular dynamics simulation reveals that N‐doped
carbon nanotubes exhibit a greater number of electronic states in close

proximity to the Fermi level when compared to pristine carbon nanotubes.

The outstanding absorptivity in the full solar spectrum and high solar altitude

angles of the 3D hierarchical carbon nanotube matrices offer great potential to

enable ultrahigh photothermal conversion under all‐day and all‐season
circumstances.
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1 | INTRODUCTION

Taking full utilization of solar energy for clean water
production is the ultimate path to solving the water and
energy crises.1,2 Solar steam generation appeared in
recent years and is considered a promising technology for
sunlight‐driven water production through harvesting
solar light and further converting solar energy into steam
on the air‐water interface by photothermal materials.3

Instead of heating the bulk liquid, interfacial heating and
evaporation in a solar steam generator enable low heat
loss and high solar evaporation efficiency. The evapora-
tion procedure is mainly governed by three steps, namely
water transportation,4–8 phase transition,9–11 and vapor
diffusion.12–14

As the core component of the solar steam generation
system, the desirable evaporator is expected to achieve
excellent hydrophilicity for continuous water transpor-
tation, broadband absorbency for high photothermal
conversion efficiency, porous structure for vapor to es-
cape, and anti‐fouling of salt for long service life.15,16 As
for water transportation, wood enables a high water
transportation efficiency from roots to leaves through
highly oriented tracheids and vessel tissues.17–19 Thus,
wood‐based solar steam generators demonstrated huge
potential due to their good hydrophilicity, lightweight
structure, inherent microchannels for water transporta-
tion, thermal insulation, and low cost.20–23 Thirteen
natural woods, including hard and soft woods, were ex-
amined comprehensively in solar steam generation, and
the solar evaporation efficiency ranged from 46.8% to
86.7%.24 In addition, Li's research group performed a
comprehensive investigation on solar steam generation
and adopted the directional channels to achieve long‐
term high evaporation efficiency.25–28

Generally, the solar steam evaporator is designed to
be optically thin and coated by a high‐absorptivity layer,
such as graphite,29,30 graphene oxide,31,32 plasmonic na-
noparticles,33,34 metal oxides,35,36 and carbon nanotubes
(CNTs).33,37 However, the feature of only the top surface
working may result in several problems, such as (1) the
inevitable heat loss by heat radiation and convection
from the high‐temperature top surface, (2) the reduction
in the photothermal conversion efficiency induced by the
diffuse reflections at the top surface, and (3) the insuffi-
cient evaporation sites or area at the top surface.38–44 In
addition, the recent investigation indicated that a deeper
“interface zone” would result in a higher evaporation
efficiency.45 However, conventional porous evaporators
are faced with a large number of dead pores, where the
vapor might stagnate.46–49 Thus, the challenge remains
on how to develop a solar steam evaporator to achieve
a full‐domain photothermal conversion and water

evaporation as well as substantial pathways for vapor to
escape. The human intestinal villi is a unique structural
and functional unit for luminal sensing, digestion,
absorption, secretion, and immune defense in the small
intestine.50,51 Subepithelial fibroblasts form a 3D cellular
network in the villi. One of the key functions of villi
structure is to significantly increase the specific area. As
the contact area also plays an important role in solar
steam generators, inspired by villi structure, we develop a
novel nitrogen (N)‐doped carbon nanotubes solar steam
generator (N‐CNTs SSG) through in situ growing of CNT
matrices on the internal surface of the vertically aligned
microscopic channels. The 3D hierarchical CNT matrices
enabled a full‐domain photothermal conversion in the
vertically aligned channels with a full solar spectrum, as
shown in Figure 1. Our ab initio molecular dynamics
(AIMD) simulations reveal that N‐CNTs exhibit a greater
number of electronic states in close proximity to
the Fermi level, which expands the range of wavelengths
absorbed by solar radiation and facilitates efficient opti-
cal transitions. The intestinal villi‐like N‐CNTs matrices
grow densely on the channel surface with melamine as
the carbon source and cobalt oxide as the catalyst. The
synergistic effect of multi‐reflection, diffuse reflection,
and reabsorption in the intestinal villi‐like N‐CNTs
matrices decorated channels achieves an ultrahigh
absorbency of over 98.5% for the full solar spectrum.
Furthermore, the 3D hierarchical porous structure by the
intestinal villi‐like N‐CNTs and vertically aligned chan-
nels enables excellent superhydrophilicity and huge
specific surface area. The contact angle is significantly
reduced to around 0° and the specific surface area is
improved to 184.4%. Furthermore, the extremely low
thermal conductivity of the amorphous carbon skeleton
effectively prevents heat loss from the localized heating
surface to the bulk water. Based on the outstanding full‐
domain photothermal conversion efficiency, water
transportation ability, and extraordinary thermal insula-
tion property, the novel intestinal villi‐like N‐CNTs SSG
exhibits a net solar‐evaporation efficiency of 96.8% under
one sun illumination. The novel intestinal villi‐like
N‐CNTs SSG demonstrates great potential in addressing
the worldwide water crisis.

2 | RESULTS

2.1 | Fabrication and characterization
of intestinal villi‐like 3D N‐CNTs matrices

Since a general solar evaporation process is mainly governed
by three steps, namely water transportation, phase transition,
and vapor diffusion, we designed and fabricated a novel
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intestinal villi‐like N‐CNTs SSG consisting of 3D hierarchical
CNT matrices, inspired by the function of intestinal villi.
Compared with conventional SSGs, the 3D hierarchical
structure of the in‐situ N‐CNTs facilitates ultrahigh photo-
thermal conversion efficiency for the full solar spectrum in
the vertically aligned channels.

The 3D hierarchical structure harnessing in‐situ
N‐CNTs was developed via thermal‐chemical vapor depo-
sition (T‐CVD) technology (more details in Section 4). Due
to its lightweight structure and inherent microchannels for
water transportation, biomass wood was selected as the
basic material. To pick out the most optimized wood‐based
3D structure, typical wood materials, including poplar
wood, paulownia wood, linden wood, white oak wood, pine
wood, pear wood, and balsa wood, were used and com-
pared. The microstructures of these carbonized woods are
illustrated in Figure S1 (top view) and Figure S2 (cross‐
sectional view). Considering the vertically aligned micro-
channels, interconnected pore networks, and densities
(Figure S3), balsa wood was selected. As illustrated in Fig-
ure 1, the biomass wood is converted into a porous structure
with vertically aligned channels through delignification and
carbonization processes. Scanning electron microscopy
(SEM) images show the preservation of hierarchically

porous structures with highly orientated open channels in
carbon wood (CW) after carbonization (Figure 2A). Then,
the intestinal villi‐like N‐CNT fibers grow in situ on the
vertically aligned channels via T‐CVD technology at 700°C
(Figure S4). Normally, the light absorption ability of CNTs is
closely related to the graphitization degree, which mainly
depends on the catalyst temperature. However, the ex-
cessively high temperature might lead to the collapse of the
wood structure, which would destroy the vertically aligned
microscopic channels. To keep the stability of the wood‐
based skeleton, the catalyst temperature was selected as
700°C, which might sacrifice the graphitization of CNTs to
some extent. To ensure excellent photothermal conversion
efficiency, N‐doping is necessary. Actually, the N‐doping of
CNTs was intrinsically achieved during the in‐situ growing
process without extra treatment and materials. The mech-
anism for the in‐situ growth of N‐CNTs matrices on the
channel surface is that the cobalt hydroxide (Co(OH)2) de-
hydrated at 700°C to produce cobalt oxide as catalysts for
subsequent reaction with melamine to form the en-
capsulated cobalt oxide nanoparticles within the N‐CNTs on
carbonized wood (N‐CNT/CW). The T‐CVD strategy pro-
vides a simple and rapid strategy to prepare large‐area
N‐CNTs materials.

FIGURE 1 Schematic illustration of the fabrication process for the intestinal villi‐like N‐CNTs SSG.
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The SEM images of the N‐CNTs SSG confirm a full
coverage of N‐CNTs matrices on each vertically aligned
channel of the CW structure, as shown in Figure 2B (top
view and cross‐sectional views). Obviously, the interlaced
N‐CNTs matrices, with a length of 1–2 μm and diameter
of 50–100 nm, grow uniformly in the interior surface
of the channels. Compared with conventional CW
structure (Figure 2A), the orientated microchannels are
well‐retained and further equipped by the N‐CNTs
(Figure S5), providing a 3D hierarchical structure. A
loose N‐CNTs network layer composed of various bend-
ing CNTs grows locally on the interior surface, signifi-
cantly improving the specific surface area, evaporation
sites, and water‐lifting ability (Figure 2C). Furthermore,
the high‐resolution transmission electron microscopy
(HRTEM) images (Figure 2D) demonstrate that the
cobalt hydroxide particle is encapsulated in the N‐CNTs
matrices, with a typical banboo‐like structure, ascribing a
typical tip‐growth dissolution‐extrusion mechanism.52

The highly crystalline graphitic carbon becomes the

coating layer, and the lattice spacing of 0.34 nm is con-
sidered to be the (002) plane of graphitic carbon. Fur-
thermore, the results of energy dispersive spectroscopy
(EDS) tests (Figures S6 and S7) prove that N atoms are
uniformly doped into the CNT skeleton, and a comparison
of the mapping diagrams of the elements O and Co reveals
a certain degree of O build‐up at the position of Co, which
proves the presence of cobalt oxides. The quantitive ele-
ment distribution is presented in Table S1.

To investigate the effect of catalysts on the growth
process of CNT matrices, CW SSGs, with and without the
addition of NaOH solution, were prepared after they
were immersed in Co(NO3)2 solution, and then heated
with melamine in a tube furnace. Figure 2E,F presents
the morphologies of N‐CNTs matrices with and without
NaOH solution. Without NaOH solution treatment, the
N‐CNTs matrices turn more vertical but too sparse
and dwarfish, like vertical silkworms. This is mainly at-
tributed to the oxygen produced during the decomposi-
tion of cobalt nitrate by heating, which oxidizes the

FIGURE 2 Structural and morphological characterizations. (A) SEM of the conventional CW SSG; (B) SEM image of the intestinal villi‐
like N‐CNTs SSG, top view and cross‐sectional view; (C) comparison of the microscopic structure between CW SSG and intestinal villi‐like
N‐CNTs SSG; (D) TEM and HRTEM image of the N‐CNTs; (E, F) SEM images of the N‐CNTs matrices without and with NaOH solution.
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decomposition product, cobalt oxide, resulting in poorer
performance in growing CNTs. Once the catalyst is
confirmed, the length and compactness of N‐CNTs
clusters are mainly controlled by varying the growth
time. The morphologies of N‐CNTs matrices with dif-
ferent growth times are demonstrated in Figure 2B
(120min), Figure S8, and Figure S9 (60, 90, and 150min),
respectively. Obviously, very sparse and low N‐CNTs
matrices grow on the surface at 60 and 90min due to
insufficient growth time. When the growth time ap-
proaches 120min, a dense N‐CNTs clusters could be
obtained.

Typically, the defective (D band) and graphitic (G
band) signals located at 1350 and 1582 cm−1 are observed
in the Raman spectra. The corresponding intensity ratio
(ID/IG) can be used to reveal the degree of graphitization

of carbon materials. Figure 3A demonstrates the reduc-
tion of the intensity ratio (ID/IG) from 3.08 of CW SSG to
2.34 of N‐CNTs SSG after in‐situ growth of CNTs, prov-
ing the increased graphitization of the material. The
chemical composition of N‐CNT SSG is verified by X‐ray
diffraction (XRD) and X‐ray photoelectron spectroscopy
(XPS). As shown in Figure 3B, the peaks at 27.6° and
44.3° can correspond well to the (002) and (100) crystal
planes of graphitic carbon, and the peaks at 34.0°, 40.2°,
and 68.6° can correspond to the (111), (002), and (311)
crystal facets of CoO, respectively (PDF#42‐1300). The
corresponding XPS spectra of the N‐CNT SSG are shown
in Figure 3C,D. The high‐resolution C 1s spectrum can
be fitted to four peaks at 284.5, 285.6, 287.2, and 290.1 eV,
corresponding to the C–C, C–N, C–O, and O═C–O spe-
cies, respectively. The high‐resolution N 1s spectrum

FIGURE 3 Chemical composition, porous structure, and hydrophilicity of the intestinal villi‐like N‐CNTs SSG and CW SSG. (A) Raman
spectra of intestinal villi‐like N‐CNTs SSG and CW SSG; (B) XRD patterns; (C) high‐resolution XPS spectra of N 1s element; (D) high‐
resolution XPS spectra of C 1s element; (E) high‐resolution XPS spectra of Co 2p; (F) N2 adsorption‐desorption isotherms of N‐CNTs SSG
and specific area of N‐CNTs SSG and CW SSG; (G) pore size distributions of the N‐CNTs SSG and CW SSG; (H) contact angles of BW, DW,
CW, and N‐CNTs SSGs; (I) water transportation test using sodium fluoresce as the indicator of BW, DW, CW, and N‐CNTs SSGs.
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displays two types of N species, corresponding to the C–N
and N–H bonds. Generally, doping N atoms in CNTs can
improve the light‐absorbing properties of CNTs, thus
increasing the efficiency of photothermal conversion. In
the high‐resolution Co 2p spectrum (Figure 3E), the Co
2p3/2 peak, locating at 780.4 eV and corresponding to
Co2+, further provides evidence for the presence of cobalt
oxides in CNT tips.

Moreover, the in‐situ growing of the intestinal villi‐
like N‐CNTs matrices enables a much higher Brunauer
Emmett‐Teller (BET) surface area of 404.0m /g2 ,
achieving a 84.1% improvement (Figure 3F) compared
with the conventional CW structure with 219.4m /g2

due to its 3D hierarchically porous structure. The pore
size distributions of intestinal villi‐like N‐CNTs
matrices (Figure 3G) demonstrate the dominance of
both micropores and mesopores, confirming the hier-
archically porous morphology. The mesopores mainly
result from the intestinal villi‐like N‐CNTs matrices,
and the micropores result from the defects during the
growth and entanglement of N‐CNTs. The low reaction
temperature for CNTs results in a low degree of
graphitization of the CNTs, leading to the generation of
hydrophilic functional groups, such as –OH and –NH2,
on the CNT backbone. Thus, the N‐CNTs SSG dem-
onstrates outstanding superhydroplicity (Figures 3H
and S10 and Movie S1). Compared with the contact
angle of 108.5° for conventional CW SSG, the contact
angle is rapidly reduced to around 0° for the intestinal
villi‐like N‐CNTs SSG within just 1 s. Further water
transportation tests (Figures 3I and S11) demonstrate
that intestinal villi‐like N‐CNTs SSG achieves excellent
water transportation ability at the speed of over
0.3 cm/s. Sodium fluorescein was selected as the indi-
cator due to the high light absorption property of the
CW structure.

2.2 | Atomistic mechanism of N‐CNTs
in excellent solar absorptivity

Due to the quasi‐blackbody feature of N‐CNTs and
multi‐reflection of light in the 3D hierarchical CNT
matrices, the intestinal villi‐like N‐CNTs SSG dem-
onstrates ultrahigh solar absorptivity in the full solar
spectrum, from 200 to 2400 nm. The ultraviolet‐
visible‐near‐infrared (UV‐Vis‐NIR) spectroscopy
results (Figure 4A) demonstrate that the average
absorptivity of intestinal villi‐like N‐CNTs SSG could
be as high as 98.5%, especially at visible region and
near‐infrared region, which accounts for the majority
of the solar energy. Although a slight decrease in solar
absorptivity is observed as the wavelength increases,

the solar absorptivity at λ 1800nmwave ≥ is still higher
than 95.0%, and it only accounts for less than 7.0% of
the total solar energy.53 Compared with the CW SSG,
over 25.0% enhancement in absorptivity could be
achieved (Figure 4B).

To further investigate the underlying mechanism of
ultrahigh light absorption feature for the N‐CNTs
matrices, the AIMD calculations are performed using
the density functional theory (DFT) method with the
Perdew‐Burke‐Ernzerhof generalized gradient approxi-
mation (PBE‐GGA) as the exchange‐correlation function
(XC).54–56 Two different CNT models, (4, 4) and (8, 0),
are built, as shown in Figure 4C,D. A total of 64 carbon
atoms are built for each of the two different configura-
tions of the carbon nanotubes. To further investigate the
N doping on the optical performance of carbon nano-
tubes, one, two, and three N atoms are doped in each
configuration of carbon nanotubes (Figure 4C,D). The
detailed model development and computational methods
are given in Section 4 and Note S1.

The electric band structures and density of states
(DOS) of different pristine CNT models, (4, 4) and (8,
0), at zero pressure and temperature along the high
symmetry path of the Brillouin zone are demonstrated
in Figures 4E,G and S12A,B. To understand the elec-
tronic properties of the N atoms interacting with the
carbon nanotubes, the electric band structures with
high symmetry Γ → Z and DOS of the N‐CNTs are
presented in Figures 4F,H and S12C,D. The imaginary
parts, which are calculated from the electronic struc-
ture through the joint DOS and the momentum matrix
elements between the occupied and the unoccupied
wave functions within the selection rules, of the
pristine carbon nanotubes and N‐CNTs are given in
Figure 4I. From the band structures and DOS result, it
is evident that N‐CNTs exhibit a greater number of
electronic states in close proximity to the Fermi
level when compared to pristine carbon nanotubes
(Figures 4E–H and S12 and Table S2). The presence of
a significantly larger quantity of electronic states ex-
pands the range of wavelengths absorbed by solar
radiation and facilitates efficient optical transitions
due to the higher DOS.

To further elucidate the effect of N doping on the
optical property of carbon nanotubes, the absorption
coefficient, extinction coefficient, and optical reflec-
tivity of carbon nanotubes are calculated based on
the complex dielectric constant (Figures 4J–L and
S13–S15). Obviously, N‐CNTs demonstrate much
superior absorption performance to the pristine car-
bon nanotubes, especially in the visible region and
near‐infrared region, which account for the majority
of the solar energy (Figures 4J and S13). Furthermore,
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the absorption coefficient increases noticeably with
the number of doped N atoms. Figure 4K presents the
extinction coefficient of the N‐CNTs. As for the arm-
chair CNT model (4, 4), the doping of N atoms yields a

positive effect on the extinction coefficient, especially
in the visible region and near‐infrared region. The
extinction coefficient also increased with the number
of doped N atoms. Similar results are observed for

FIGURE 4 Electronic band structures, density of states (DOS), and optical spectra of the N‐CNTs and pristine CNTs.
(A) Measured absorption and transmittance spectra of CW SSG and N‐CNTs SSG; (B) measured absorption of the CW SSG and N‐CNTs SSG
in ultraviolet, visible, and near‐infrared regions, respectively; (C) geometrical configurations of pristine CNTs and N‐CNTs (4, 4); (D)
geometrical configurations of pristine CNTs and zigzag N‐CNTs (8, 0); (E, G) electronic band structures and DOS of pristine armchair CNTs;
(F, H) electronic band structures and DOS of N‐CNTs; (I) the imaginary parts of the N‐CNTs and pristine CNTs; (J, K, L) the absorption
coefficient, extinction coefficient, and optical reflectivity of armchair N‐CNTs and pristine CNTs.
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zigzag CNTs (Figure S14). Figures 4L and S15 dem-
onstrate the optical reflectivity of the N‐CNTs and
pristine CNTs. It is obviously found that for armchair
CNTs (4, 4), the doped N atoms achieved a noticeable
decrease of optical reflectivity at λ 1000nmwave ≥
compared to pristine CNTs. However, a further
increase in the doped N atoms would lead to an
increase in the optical reflectivity, which deteriorates
the overall photothermal conversion efficiency. In
conclusion, N‐CNTs exhibit much superior optical
performance to pristine CNTs, especially in the visible
region and near‐infrared region, where the photons
are more easily converted into heat after absorption.

2.3 | Water production performance of
intestinal villi‐like N‐CNTs SSG

The UV‐Vis‐NIR test and AIMD calculations prove
excellent photothermal conversion features of the
N‐CNTs SSG. Then, we perform the indoor photo-
thermal conversion and solar steam generation ex-
periment using a solar simulator (CME‐Sol8100‐3A;
Microenerg Technology Co., Ltd) with various illu-
mination intensities. The illumination intensity ran-
ges from 0.7 to 1.3 sun (1 sun = 96 mW/cm2, AM1.5
G). The details about the indoor experiments can be
found in Methods. Figure 5A presents the real pho-
tograph of the solar steam generation experiment. To
investigate the photothermal response performance
and stability of the intestinal villi‐like N‐CNTs SSG,
the cyclic photothermal conversion experiment is
conducted. The temperature curves with illumination
on and off at different illumination intensities are
demonstrated in Figures 5B and S16. A sharp tem-
perature rise is observed once the illumination is
switched on, indicating a perfect photothermal con-
version response‐ability. The rates of the temperature
change (Figures 5C and S17) under different illumi-
nation intensities indicate that the intestinal villi‐like
N‐CNTs SSG achieves a much superior photothermal
conversion response rate (more than 4°C/s under one
sun) to the conventional CW SSG (<3°C/s). Moreover,
the equilibrium temperature stays almost constant
after the cyclic tests, proving excellent photothermal
conversion stability. As shown in Figure 5D, the
equilibrium temperature almost increases linearly
with the illumination intensities, and the temperature
difference between the intestinal villi‐like N‐CNTs
SSG and CW SSG also increases with the illumination
intensities, which indicates that the villi‐like N‐CNTs
achieve better optical performance at high illumina-
tion intensities. The IR images of the intestinal villi‐

like N‐CNTs SSG and CW SSG are presented in
Figures 5E, S18, and S19. Noticeably, the temperature
of intestinal villi‐like N‐CNTs SSG could increase
rapidly from 30°C to over 75°C within just 120 s.

To exactly evaluate the interfacial evaporation
driven by solar energy, the evaporation experiments of
pure water, CW SSG, and intestinal villi‐like N‐CNTs
SSG under dark conditions are performed first. The
foam with countersunk holes is used to support the
samples (Figure 5A). To reduce the evaporation
on the foam surface, bright tin foil is used to wrap the
beaker so that only the surface of the sample is ex-
posed to solar illumination. Moreover, vapor might
also escape from the narrow gap between the foam
and the beaker, which should also be subtracted. The
quantitive weight losses of water in intestinal villi‐like
N‐CNTs SSG, CW SSG, and the blank surface under
dark conditions and various illumination intensities
(from 0.7 sun to 1.3 sun) are demonstrated in
Figures 5F and S20. The blank case was conducted
with sealed countersunk holes to obtain the vapor
loss from the narrow gap between the foam and
the beaker. It is clearly observed that due to the
excellent photothermal conversion efficiency, super-
hydrophilicity, sufficient evaporation spots, and
thermal insulation, the intestinal villi‐like N‐CNTs
SSG demonstrates much superior evaporation per-
formance to the conventional CW SSG. Figure 5G,H
presents the variation of evaporation rate and effi-
ciency of CW SSG and N‐CNTs SSG under different
illumination intensities. The solar evaporation effi-
ciency of intestinal villi‐like N‐CNTs SSG is around
96.8%, approaching the thermodynamic limit, while it
is just around 60% of conventional CW SSG under
1.0 sun (Figure S21). The detailed calculation process
of the solar evaporation efficiency is given in Note S2.
Furthermore, a linear relationship between the eva-
poration rate and illumination intensity is observed
for intestinal villi‐like N‐CNTs SSG (Figure 5H),
indicating that N‐CNTs SSG could achieve high pho-
tothermal conversion efficiency even under strong
illumination intensities. The overall performance of
the present intestinal villi‐like N‐CNTs SSG is care-
fully evaluated based on the critical parameters, net
solar evaporation rate and solar evaporation effi-
ciency, under 1.0 sun (Figure 5I). Our intestinal villi‐
like N‐CNTs SSG exhibits one of the highest solar
evaporation efficiencies, surpassing state‐of‐the‐art
previously reported wood‐based evaporators and
non‐gel evaporators (Table S3). It is noteworthy that
only the net solar evaporation rate is considered,
which refers to the evaporation of the solar steam
generator only driven by solar energy.
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To evaluate the desalination performance of the intes-
tinal villi‐like N‐CNTs SSG, the ion concentrations of Na+,
Mg2+, K+, and Ca2+ of the real seawater and the collected
distilled water from N‐CNTs SSG are tested (Figure 5J). The
Na+ concentration of the collected distilled water is just 1‰

of the real seawater, much lower than the standard by the
World Health Organization (WHO). The optical photo-
graphs of the N‐CNTs SSG before and after the 20‐h eva-
poration (Figure S22) prove the excellent salt‐resistance
property since no salting‐out phenomenon is observed in

FIGURE 5 Solar evaporation performance in a laboratory environment. (A) Schematic diagram of the solar steam generator;
(B) temperature variations of the intestinal villi‐like N‐CNTs SSG and CW SSG under on‐and‐off illumination mode; (C) temperature
changing rates of the N‐CNTs SSG and CW SSG under on‐and‐off illumination mode; (D) the equilibrium temperature of the intestinal villi‐
like N‐CNTs SSG and CW SSG under different illumination intensities; (E) the IR images of the intestinal villi‐like N‐CNTs SSG and CW
SSG under 1.0 sun irradiation; (F) the mass change of the intestinal villi‐like N‐CNTs SSG, CW SSG, and pure water over time under one sun
irradiation; (G, H) evaporation rate and efficiency of the intestinal villi‐like CW SSG and N‐CNTs SSG; (I) a comparison of the solar
evaporation efficiency of the intestinal villi‐like N‐CNTs SSG with the wood‐based SSGs and non‐gel SSGs. A complete list of the results
reported in this graph is given in Table S3. (J) The measured concentrations of Na+, Mg2+, K+, and Ca2+ in real seawater before and after
desalination. The red dashed line represents the WHO standard. (K) The sewage treatment performance of intestinal villi‐like N‐CNTs SSG.

DONG ET AL. | 9 of 15
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the used SSG. Furthermore, the sewage treatment ability of
the intestinal villi‐like N‐CNTs SSG is evaluated using
methylene blue as a pollutant. The UV‐Vis‐NIR absorbance
spectra of the polluted water and collected distilled water
from evaporation indicate that the polluted water demon-
strated a strong absorption peak in the wavelength of
650 nm, which is almost eliminated in the collected water
(Figure 5K). Meanwhile, the collected water turns com-
pletely colorless compared with the blue color of the raw
polluted water, indicating that N‐CNTs SSG achieves ex-
cellent sewage treatment ability.

To further theoretically investigate the photothermal‐
conversion process and evaporation performance, a theo-
retical model using COMSOL Multiphysics of the solar
evaporation for N‐CNTs SSG is developed. The detailed
models and boundary conditions are given in Section 4
and Note S3. The diagram of the simulation geometry
model is given in Figure S23. First, the theoretical model is
validated by the measured data for N‐CNTs SSG and CW
SSG under different illumination intensities (Figure S24).
The experimental data are measured using high‐precision
thermocouples in the middle of the SSGs. All the calcu-
lated temperatures agree well with the measured data,
validating the reliability of the theoretical model. Fur-
thermore, to evaluate the photothermal response ability of
the theoretical model, the temperature variations of the
intestinal villi‐like N‐CNTs SSG and CW SSG under on‐
and‐off illumination mode are simulated and compared
with the measured temperature from Figure 5B. It is
clearly observed that under on‐and‐off illumination mode,
the simulated temperature agrees well with the measured
data, indicating outstanding photothermal response‐
ability (Figure. S25). The dynamic temperature variation
under on‐and‐off illumination mode is given in Movie S2.

The simulations of CW SSG and intestinal villi‐like
N‐CNTs SSG are performed with and without water.
Figures 6A,B, S26, and S27 present the calculated tempera-
ture rise of the CW SSG and N‐CNTs SSG without water
under different illumination intensities. The temperature
increases rapidly with the illumination time. As for intestinal
villi‐like N‐CNTs SSG, its top surface temperature could
increase to over 70°C rapidly, indicating excellent photo-
thermal conversion ability. The dynamic temperature varia-
tions of CW SSG and intestinal villi‐like N‐CNTs SSG
without water are given in Movies S3 and S4. Furthermore,
after 10‐min illumination, the top surface temperature of
N‐CNTs SSG reaches as high as 73.5°C (Figure 6E), while
the bottom surface temperature is just 30°C, demonstrating
excellent thermal insulation performance. The thermal
conductivity test of the samples after filling with water
indicated that the thermal conductivity in the axial direction
(parallel to the channel direction) was 0.552W/m/K and the
radial thermal conductivity was 0.027W/m/K. The low

thermal conductivity was attributed to the porous structure
and amorphous carbon of the skeleton, which could signif-
icantly reduce the heat loss to the bulk water and sur-
roundings. Figures 6C,D, S28, and S29 present the calculated
temperature rise of the CW SSG and intestinal villi‐like
N‐CNTs SSG with water under different illumination
intensities. Compared with the temperature without water,
the top surface temperature of intestinal villi‐like N‐CNTs
SSG with water was 46.7°C (Figure 6E), while the bottom
surface temperature was just 32.6°C. Most of the absorbed
solar energy is used to actuate the water evaporation process.
The dynamic temperature variations of CW SSG and intes-
tinal villi‐like N‐CNTs SSG with water are given in Mov-
ies S5 and S6.

Based on the atomistic calculation, theoretical simula-
tion, and indoor test, to further evaluate the working per-
formance of the intestinal villi‐like N‐CNTs SSG under real
outdoor circumstances, we performed the outdoor solar
evaporation experiments, as depicted in Figure 6F. The
intestinal villi‐like N‐CNTs SSG is placed on the rooftop of
the Shaw Engineering Building at South China University
of Technology (SCUT) with an average temperature of
31.2°C and relative humidity of 46.7% (Figure S30). The
details about the outdoor solar evaporation experiments are
given in Methods. The cumulative incident solar energy
over the experimental period amounted to 11.58MJ/m2

(Figure S31). The mass changes of the pure water, CW SSG,
and intestinal villi‐like N‐CNTs SSG under real solar illu-
mination are demonstrated in Figure 6G. The real‐time
solar evaporation rate and efficiency indicate that the
intestinal villi‐like N‐CNTs SSG demonstrated much supe-
rior performance to the conventional CW SSG (Figure 6H).
The overall solar evaporation efficiency approaches 99.8%,
much higher than that of conventional CW SSG and pure
water (Figure 6I). The vapor condensation on the glass wall
also confirms stronger solar evaporation performance in
intestinal villi‐like N‐CNTs SSG (Figure S32). Further
analysis indicates that even in late afternoon (3–4 p.m.)
with weak solar illumination intensity and high solar alti-
tude angle, the solar evaporation efficiency remained
almost constant, confirming the exceptional solar energy‐
harvesting capacity demonstrated by the intestinal villi‐like
N‐CNTs SSG at high solar altitude angles. It is mainly at-
tributed to the multi‐reflection and diffuse reflection by the
villi‐like N‐CNTs (Figure 6J). Thus, our intestinal villi‐like
N‐CNTs SSG demonstrates great potential in photothermal
conversion under all‐day and all‐season circumstances,
especially in the late afternoon and winter with low inci-
dence angles.

To further evaluate the evaporation performance of
the intestinal villi‐like N‐CNTs SSG in high salt con-
centration applications, real seawater and high‐salinity
brine were used. Table S4 presents the concentration of
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each solute in simulated seawater. The evaporation test
showed that, in simulated seawater application, the net
evaporation rate was 1.439 kg/m2/h with an evaporation
efficiency of 97.21% (Figure S33 and Table S5). However,
as the concentration increased to 10%, the net evapora-
tion rate was reduced to 1.106 kg/m2/h. The decrease was
mainly attributed to the accumulation of salt, which
could prevent the effect of water transportation in the
vertically aligned channels.

3 | DISCUSSION

To illustrate the atomistic mechanism of N doping on the
photothermal conversion performance in CNTs, we per-
formed the AIMD simulations. The molecular simulation
results clearly reveal why N‐CNTs exhibit much superior
optical performance to the pristine CNTs. The results
indicate that N‐CNTs exhibit a greater number of elec-
tronic states in close proximity to the Fermi level when

FIGURE 6 Simulation solar evaporation process and outdoor experiments of the intestinal villi‐like N‐CNTs SSG and CW SSG.
Temperature variations of conventional CW SSG and intestinal villi‐like N‐CNTs SSG (A, B) without water and (C, D) with water in the full
domain; (E) variation of the top surface temperature in the intestinal villi‐like N‐CNTs SSG; (F) photograph of the outdoor solar evaporation
experiments; (G) the mass change of the intestinal villi‐like N‐CNTs SSG, CW SSG, and pure water over time under practical irradiation;
(H, I) evaporation rate and efficiency of the intestinal villi‐like N‐CNTs SSG and CW SSG; (J) sunlight illumination on the intestinal villi‐like
N‐CNTs SSG from different directions. Both the zenith angle and altitude angle are considered.
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compared to pristine CNTs (Figures 4E–H and S12). The
presence of a significantly larger quantity of electronic
states expands the range of wavelengths absorbed by solar
radiation and facilitates efficient optical transitions due to
the high DOS.

The overall high efficiency of the solar steam gener-
ator is attributed to three aspects, which are consistent
with the typical three steps in the solar evaporation
process, namely water transportation, phase transition,
and vapor diffusion. According to the cask theory, each
step should be strengthened if we want to intensify the
overall evaporation performance. Our intestinal villi‐like
N‐CNTs SSG successfully intensifies the evaporation
process via these steps. First, due to the excellent hy-
drophilicity of the N‐CNTs matrices and the capillary
effect of the vertically aligned channels, the N‐CNTs SSG
demonstrates outstanding superhydrophilicity and ex-
cellent water transportation ability at the speed of over
0.3 cm/s (Figures 3H,I, S10, and S11), which ensures a
sufficient water supply. Second, the ultrahigh photo-
thermal conversion property with the full solar spectrum
of the N‐CNT matrices and multi‐reflection and diffuse
relection in the channels could provide enough heat for
the phase transition (Figure 3A). Furthermore, the huge
increasement in the specific surface area intensifies the
interface between solid structure and liquid water and
offers sufficient evaporation spots (Figure 3F). Third, the
3D vertically aligned microchannels and interconnected
pore networks also provide a rapid routine for vapor es-
cape and avoid vapor accumulation (Figure 2B,C). Apart
from these three steps, the overall solar evaporation
performance is also influenced by the heat loss from the
photothermal conversion interface to the bulk water.
Benefiting from the porous structure and extremely low
thermal conductivity of the amorphous carbon skeleton,
our intestinal villi‐like N‐CNTs SSG demonstrates ex-
cellent thermal insulation ability and significantly
reduces the heat loss from the localized heat surface to
the bulk water (Figure 6A–D).

In summary, inspired by human intestinal villi
structure, we designed and fabricated a novel intestinal
villi‐like N‐CNTs SSG, consisting of 3D hierarchical
CNT matrices, to achieve ultrahigh photothermal con-
version and solar evaporation efficiencies. The solar
evaporation efficiency is as high as 96.8%. The novel
intestinal villi‐like N‐CNTs SSG also demonstrates out-
standing desalination performance and salt‐resistance
properties. Furthermore, benefiting from the excellent
photothermal conversion property with full solar spec-
trum of the N‐CNTs matrices and multi‐reflection and
diffuse relection in the vertically alligned channels, our
intestinal villi‐like N‐CNTs SSG has great potential in
all‐day and all‐season solar energy applications.

4 | METHODS

4.1 | AIMD calculations

The AIMD calculations of the N‐CNTs were performed
using the DFT method with the PBE‐GGA as the XC.47–49

The plane wave pseudopotential and ultrasoft pseudo-
potential methods were employed using Quantum
Espresso software version 7.2.57 The plane wave cutoff
energy was set to 90 Rydberg, and a 10 Å vacuum was
used to separate periodic copies in the x and y directions.
Total energy convergence was achieved with a 1 × 1 × 15
Monkhorst‐Pack k‐point sampling until the force on each
atom was less than 0.01 eV/Å. Non‐self‐consistent field
(NSCF) and DOS calculations were performed using a
2 × 2 × 30 Monkhorst‐Pack k‐point grid.

4.2 | Fabrication of CW SSG

A 3D scaffold with vertically aligned channels was obtained
through delignification and carbonization of balsa wood.
Balsa wood was picked out among various candidate mate-
rials, such as poplar wood, paulownia wood, linden wood,
white oak wood, pine wood, pear wood, and balsa wood.
First, the balsa wood was cut into blocks with the dimension
of 20× 20× 10 cm3, vertically to the growth direction. Then,
the blocks were immersed in aqueous 1 w.t.% NaClO2

solution at 80°C for 8 h to remove lignin. The pH of the
solution was adjusted to 4.0 using acetic acid. Then, the
delignified blocks were boiled in deionized water for 15 min,
and above procedure was and repeated several times until
the greenish‐yellow rinsing water turned colorless. After
that, the delignified wood (DW) was freeze‐dried at −40°C
for 24 h. Finally, the DW was carbonized using a tube fur-
nace at 700°C in an argon atmosphere for 120min to obtain
the CW SSG.

4.3 | Fabrication of intestinal villi‐like
N‐CNTs SSG

The N‐CNTs SSG was prepared via T‐CVD technology for in‐
situ growing N‐doped CNTs on the carbonized vertically
aligned channels. The prepared CW SSG was immersed in a
3w.t.% Co(NO3)2 solution for 24 h and then transferred and
stirred in 0.2mol/L NaOH solution for 20min at 25°C. The
synthesized Co(OH)2 was loaded in the channel surface and
acted as the precursor for in‐situ growing of N‐CNTs. The
C3H6N6 (melamine), as a carbon source, was placed in a
ceramic boat and loaded into the center of the reactor. The
N‐CNT fibers successfully grew on the surface of the verti-
cally aligned channels at 700°C for 120min in an argon
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atmosphere. The height and distribution of the in‐situ
N‐CNTs fibers can be controlled by varying the growth time.

4.4 | Indoor solar evaporation
experiments

The indoor evaporation performances of the intestinal
villi‐like N‐CNTs SSG and CW SSG were measured using
a solar simulator (CME‐Sol8100‐3A; Microenerg Tech-
nology Co., Ltd) as the simulated solar source. The illu-
mination intensity ranged from 0.7 sun to 1.3 sun
(1 sun = 96mW/cm2, AM1.5 G). The experimental setup
is shown in Figure 5A. The SSGs were floated on the
water surface, supported by polystyrene foam. Before
each test, the intensity of light was calibrated using a
photodiode. The room temperature and relative humidity
were controlled around 25°C and 45%, respectively. The
mass change of intestinal villi‐like N‐CNTs SSG and CW
SSG was recorded continuously using an electronic
balance (GL2202L‐1SCN; Sartorius). The temperature
variations of the N‐CNTs SSG and CW SSG were
recorded by a thermal infrared camera (A6702sc; FLIR).
The evaporation rate under dark conditions at the same
temperature and humidity was also measured and used
to calibrate the SSG data.

4.5 | Outdoor solar evaporation
experiments

The outdoor evaporation of the N‐CNTs SSG and CW SSG
was performed in Guangzhou, China on October 14, 2023.
The experimental setup is shown in Figure 6F. The solar
intensity was recorded continuously by a solar
irradiance meter (TES‐1333R; TES Electrical Electronic
Corp.). The ambient temperature and humidity were
measured by a temperature and humidity sensor (SCP110;
Schneider Electric). The mass change of N‐CNTs SSG and
CW SSG was as also recorded continuously using an
electronic balance (GL2202L‐1SCN; Sartorius).

4.6 | Materials characterizations

The microstructures and element distribution of the
SSGs were obtained using SEM (SU8220; HITACHI)
and transmission electron microscope (JEM‐2100F;
JEOL). The electrical transport properties of functional
groups were characterized by Raman spectroscopy
(LabRAM Aramis; Horiba Jobin Yvon) and XPS (Axis
Supra+; Kratos). The crystalline structure was charac-
terized by XRD (Miniflex 600; Rigaku) with a scanning

rate of 5°/min. The light transmittance and reflec-
tance spectra were measured by a UV‐visible‐near‐IR
spectrometer (Lambda950; PerkinElmer). The specific
surface area and pore properties of the SSGs were
measured using the BET method (ASAP2460; Micro-
meritics). The contact angle of SSGs was measured at
room temperature (~25°C) by a contact angle meter
(OCA25; DataPhysics) using a 5 mL water droplet. The
water‐pumping ability of the SSGs was measured
through the dipping test using fluorescein sodium as the
indicator.

4.7 | Modeling for solar evaporation of
intestinal villi‐like N‐CNTs SSG and
CW SSG

The photothermal conversion process and temperature
distribution in the intestinal villi‐like N‐CNTs SSG and
CW SSG were simulated using COMSOL Multiphysics.
The radiative transfer equation (RTE) was employed to
describe the process of spectral attenuation of radiation
within the medias.58

I κ I T β
σ

π

I ϕ d

Ω (Ω) = ( ) − I(Ω) +
4

(Ω′) (Ω′, Ω) Ω′,

π

nf b nf
s,nf

0

4

⋅ ∇ 
(1)

where I(Ω) is the radiative intensity at a given position
following the Ω direction, W/(m2 sr). κnf, βnf, and σs, nf
are the absorption, extinction, and scattering coefficients
of the media, respectively. ϕ (Ω′, Ω) is the scattering
phase function. I T( )b is the blackbody radiative intensity,
W/(m2 sr). Considering the conservation of the incident
radiation, the heat flux divergence is given as follows:
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The incident radiation is considered an internal heat
source and the energy conservation equation of the fluid
part is given as follows:
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The detailed boundary conditions are presented in
Note S3.
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