
ABSTRACT: Solar-driven water evaporation is highly demanded in 
various applications. However, the pore structures of the solar 
evaporators are commonly randomly designed, which seriously hinder 
vapor diffusion a nd t hus l imit w ater p roducibility. H erein, the 
boundary layer inhibition effect i s u ncovered f or t he fi rst ti me, and 
we propose that low-tortuosity channels with a reduced boundary layer 
thickness is adequate for breaking through the long-existing vapor 
diffusion limitation. As a demo, nature-inspired low-tortuosity channels 
are constructed for a solar evaporator. Due to elimination of the 
boundary layer inhibition, the vapor diffusion fl ux ca n ea sily escape 
from the evaporator, yielding an evaporation rate of 16.8 kg m−2 h−1 

under a convective flow of 4.0 m  s −1 and 1  sun i rradiation. Moreover, 
the 3D radial interconnection of the channels enables stable water
evaporation under an arbitrary direction of convective flow. Our work provides a promising solution to eliminate the
boundary layer inhibition effect of a solar evaporator.

T o date, solar-driven interfacial water evaporation has
been a hot research topic in view of its various
advantages such as energy savings and low cost for

water treatment.1−9 The evaporators based on photothermal
materials usually rely on their porous structures to provide a
large surface area by closely contacting with water, so as to
sufficiently make utilization of the input solar energy. Mean-
while, decorating the photothermal materials with a hydrophilic
coating layer or sites could also modulate the states of the
adsorbed water, which is further beneficial for efficient water
vapor generation.10 However, in terms of the specific photo-
thermal material, the water vapor diffusion is seriously impeded
by the strong stagnation force between the pores and the vapor
moisture, which is the crucial rate-determining step that hinders
a further increment of the water producibility of the solar
evaporators.11,12

To address the above challenges, efforts to enhance water
vapor diffusion have been devoted to the construction and
preparation of various structured porous photothermal materi-
als.7,11,13−15 However, these pore structures are random and
casual without ideal designations. In reality, a flow velocity
gradient will be formed along the channel surface due to the
presence of the viscous force of the fluid, forming the so-called
diffusive boundary layer, which generates a boundary layer

inhibition effect that may seriously hinder vapor diffusion and
decrease evaporation efficiency.16,17 Especially, the boundary
layer thickness is significantly enlarged in the random cross-
linked pores owing to the strong viscous force induced by factors
such as twisted channels and uneven pore size distributions
(Figure 1A). According to Carman et al., all these factors can be
generalized to a dimensionless parameter, namely hydraulic
tortuosity, to reflect the relation between the fluid flow and
porous structure.18−20 The increased tortuosity causes a thick
boundary layer in the random pores. Moreover, the boundary
layers are more prone to be overlapped in the small-sized
channels, which further inhibits vapor diffusion and significantly
limits water producibility. According to the extended Darcy’s
law by Matyka et al.,20 the relation of vapor flux (q) in a porous
matrix and the channel tortuosity (T, T > 1) can be generalized
as q ∝ 1/T2 in the low Reynolds number regime. Because the T
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value can be increased by 1 or 2 orders of magnitude in the high-
tortuosity channels, the vapor diffusion would be overwhelm-
ingly limited in the high-tortuosity random pores. Therefore,
eliminating the serious boundary layer inhibition is an effective
way and is urgently demanded to further increase the water
producibility of solar evaporators. For example, millimeter-scale
pores with a large areal surface were fabricated to reduce
boundary layer overlapping of a solar evaporator.11,14 However,
despite these efforts, the water evaporation rate of these
photothermal materials is still limited to below 12 kg m−2 h−1.
This can be attributed to the lack of comprehensive under-
standing of the vapor diffusion kinetics of the solar evaporators,
which mainly constructs unoptimized random pore structures
with thick boundary layers that still inhibit vapor diffusion.
Taking all of this into consideration, providing a clear depiction
of vapor diffusion kinetics and ultimately eliminating diffusion

boundary inhibition in the millimeter-scale low-tortuosity
channels may be an ideal strategy to realize highly efficient
water producibility of solar evaporators (Figure 1B).
Herein, the vapor diffusion kinetics of a solar evaporator is

comprehensively determined by a dynamic COMSOL simu-
lation and the boundary layer inhibition effect of the
unoptimized random pores is clearly uncovered. Aa a demo, a
nature-inspired low-tortuosity porous evaporator (LTPE) is
proposed and optimized to break through the long-existing
vapor diffusion limitation. In this design, the diffusion boundary
layer thickness can be effectively eliminated in the long-distance-
ordered low-tortuosity channels, so that the evaporation rate is
capable of being enhanced with low diffusion resistance. As a
result, the vapor diffusion of the LTPE can be 260% faster than
those of conventional evaporators, yielding a record-high water
evaporation rate of 16.8 kg m−2 h−1 under a convective flow rate

Figure 1. Schematic illustrations of vapor diffusion velocity (U(x)) and boundary layer inhibition effect in the (A) high-tortuosity and (B) low-
tortuosity channels, respectively.

Figure 2. Comparison of boundary layer inhibition effects in different structural channels with an incident convective flow of 1m s−1. The initial
pore diameter and transverse length of the channels are set to be 2 and 24 mm, respectively. (A) Simulation results of vapor diffusion velocities
in different channels. (B) Simulation results of relative humidities in different channels. (C) Comparison of the vapor diffusion fluxes in
different channels. (D) Calculated wind energy conversion efficiencies in different channels.
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of 4.0 m s−1 and 1.0 sun irradiation. Moreover, the 3D radial
interconnection of the channels also enables stable and fast
water evaporation under arbitrary solar irradiation and
convective flow for outdoor treatment of wastewater. The easily
scalable LTPE sheds light on the feasibility of high-performance
and energy-saving solar evaporators by eliminating boundary
layer inhibition for fast vapor diffusion kinetics.
To uncover the boundary layer effect on inhibiting the

evaporating efficiency, characteristic dynamic simulations on
twisted and straight channels of photothermal materials were
thoroughly carried out and compared via COMSOL simu-
lations. The numerical simulations were conducted for four
types of channels denoted a low-tortuosity channel, twisted
channel, uneven-sized channel, and random porous channel,
respectively. All of them have the same horizontal length of 24
mm and an average channel diameter of 2 mm (Figure S1). The
humidity of the airstream was determined to be 30% RH at a
temperature of 25 °C, and the humidity of the channel surface
was saturated during the evaporation progress (100% RH). To
simulate the boundary layer inhibition effect, other factors such
as the inlet and outlet pore diameter as well as the transverse

length were set to be the same for all the channels involved in our
simulation (see details in Experimental Procedure S1). As can be
clearly observed in Figure 2A, due to the large viscous force
generated from the high-tortuosity surface, the boundary layer
thickness is enlarged in either the twisted or uneven-sized
channels, significantly limiting vapor diffusion therein. Such a
condition deteriorates for the random porous channel with an
uneven pore size distribution or the twisted channel. The
tremendous boundary layer overlap can be observed in the
random porous channel, which imposes a huge resistance to
vapor diffusion and results in extremely low water vapor velocity.
In sharp contrast, the boundary layer thickness is obviously
diminished in the low-tortuosity surface due to a much reduced
but smooth viscous force, which facilitates fast vapor diffusion.
Such distinct vapor diffusion kinetics results in different vapor
concentration distributions in the channels. As shown in Figure
2B, in the low-tortuosity channel, fast vapor diffusion is able to
entrain a large amount of water vapor out from the channel,
leaving a low concentration of the vapor distribution inside the
pores. In contrast, the vapor concentration is much higher in the
random porous channel. Consistent with the low vapor diffusion

Figure 3. Characterizations of the low-tortuosity channels of the LTPE. (A) Schematic illustrating the preparation procedure and showing the
low-tortuosity and 3D-radial-penetrated channels of the LTPE. (B) Photographs and infrared images of the whole body and cross section of the
LTPE. (C)Optical micrograph showing the pore size of the channel. (D) XPS spectra of the LTPE, showing the hydrophilic groups C−O,C�O
and CSOx, C−N/NH. (E) Water contact angle for the LTPE. The water drop rapidly infiltrates in the LTPE within 1.2 s.
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velocities in the high-tortuosity channels, most of the water
vapor still remains in the random porous channel, as it can hardly
diffuse out, causing a dense vapor distribution in the channel. To
more precisely uncover the boundary layer inhibition effect, the
detailed water vapor fluxes of the channels were also calculated
and compared (Figure 2C). By subtracting the vapor flux of the
pore inlet from the outlet, the water vapor diffused from different
structured channels can be obtained. The amount of water vapor
that diffused from the low-tortuosity channel without boundary
effects is much higher than that for the high-tortuosity channel.
The water vapor flux in the random porous channel accounts for
only one-third of that in the low-tortuosity channel, which
strongly demonstrates the high effectiveness of eliminating bthe
oundary layer thickness to increase the water producibility of
solar evaporators. Considering the practical surroundings, the
wind-assisted vapor conversion efficiencies (WVCEs) of
different channels were also obtained. The conversion efficiency
was calculated according to the reportedmethod,11 η =mw/mcon,
where mw is the generated water vapor flux from the channels
and mcon is the theoretical water vapor flux assuming 100%
utilization of wind flow, respectively. The detailed calculation
method of WVCEs can be found in Experimental Procedure S2.
As is compared in Figure 2D, only ∼8% of the energy of the
convective flow can be utilized by the random porous channel to
accelerate vapor diffusion. In sharp contrast, over 25% of the
wind energy can be effectively utilized in the ideal low-tortuosity
channel, implying a huge improvement in eliminating boundary
effects for the pore structure designation strategy to improve the
energy utilization efficiency of the water evaporators.
As indicated by the above simulation, the ideal evaporator

should possess the superiority of long-distance well-distributed
low-tortuosity pores for fast vapor diffusion. Inspired by the
natural biomass of Liquidambar formosana, a novel LTPE was

obtained via sequential chemical activations to optimize the
photothermal performance (Figure 3A). Optical images of the
whole body and cross section of the LTPE are shown in Figure
3B,C. The optical images are unable to reflect the detailed
structure of the black LTPE; thus, we surveyed the infrared
images of the LTPE adsorbing hot water to further display the
detailed structures of the low-tortuosity channels of the LTPE.
As shown in Figure S2, the low-tortuosity channels are 3D-
interpenetrated with an average length of about 24 mm and pore
sizes of about 1.5−4.1 mm. Although these are not the “ideal”
low-tortuosity channels with a totally even pore size distribution,
the surfaces of channels are roughly straight on a centimeter
scale, which possess much lower tortuosity as compared to the
existing random structured pores. As will be discussed in detail
later, such 3D-interpenetrated low-tortuosity channels play a
vital role in facilitating fast and stable vapor diffusion. Besides the
unique low-tortuosity channels for vapor diffusion, the LTPE
also exhibits hierarchal pore structures, as revealed in the
scanning electron microscope (SEM) images. The high-
resolution SEM images in Figure S3A reveal the presence of a
hierarchical porous structure at the LTPE surface. Moreover, the
cross section of the LTPE sample exhibits abundant microsized
pores of around 5−20 μm (Figure S3B), which are suitable for
water evaporation and transportation.5 The superior hydro-
philicity of the LTPE is characterized by X-ray photoelectron
spectroscopy (XPS) and a water contact angle test, as well as IR
thermal images. The XPS spectra show that the LTPE is mainly
composed of C, O and S, N, leading to the formation of the
hydrophilic groups C−O, C�O and CSOx, C−N/NH (Figure
3D). The elemental analysis shows that the contents of O, N,
and S in the LTPE are 19.75%, 0.48%, and 0.05%, respectively.
The water contact angle tests show that the water drop rapidly
infiltrates into the sample within 1.2 s, reflecting the high

Figure 4. Characterization of the enhanced vapor diffusion via eliminating boundary layer overlap in the low-tortuosity channels. (A) Schematic
of the water evaporation of LTPE under combined solar irradiation and convective flow. (B) Simulations of wind velocity and humidity
distribution in the channels with an incident flow of 1 m s−1. (C) Evaporation rates of the LTPE under different conditions. (D) Calculated
wind-vapor conversion efficiency of the LTPE under different flow velocities. (E) Comparison of the wind-vapor conversion efficiencies of
LTPE and previous photothermal materials. The value for carbon foam was obtained from the literature.11
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hydrophilicity of the LTPE (Figure 3E). The fast water
transportation property of the LTPE is revealed by the IR
thermal images (Figure S4). The LTPE has superb solar light
absorption and vapor generation properties, which can generate
a water evaporation rate of 2.9 kg m−2 h−1 under merely solar
light irradiation of 1 sun (Figure S5), as measured according to a
previous method.21

The superior vapor diffusion capability of the LTPE was
characterized by the combined utilization of wind flow and solar
light (Figure 4A) to maximally rule out the boundary layer
inhibition. To more clearly demonstrate the vapor diffusion
property, the water vapor distribution in the channels of the
LTPEwas initially simulated. Under a convective flow of 1m s−1,
an extremely thin diffusion boundary layer can be observed for
the channel. The flow velocity can be well contained in the
channel, which effectively accelerates water vapor diffusing out
of the channels (Figure 4B). The low-tortuosity channels with
different connect angles were also analyzed (Figure S6), and the
simulation results show that the connect angle has no obvious
influence on the water vapor flux of the channels. The simulation
of multiple channels shows a much higher water vapor flux as
compared to a single channel (Figure S7). The above analysis
implies that our construction of the low-tortuosity channels in
the photothermal evaporator is effective in eliminating boundary
layer inhibition.
To imitate a practical surrounding, the vapor diffusion

properties of the LTPE were first assessed with convective
wind flow. Under a convective flow of 2 m s−1 for 5 min, the
surface temperature of the TPE decreases from 21 to 15 °C due
to largely accelerated water vapor diffusion with the aid of the
convective flow (Figure S8). Moreover, thanks to the 3D
interpenetration characteristics of the low-tortuosity channels,
the convective flow is able to feasibly penetrate to the back side

of the LTPE, and thus vapor diffusion occurs throughout the
whole LTPE body. As a result, the temperature of the back
surface of the LTPE is also decreased to 16 °C, facilitating the
thermal energy collection from the environment.22 The coupling
of convective flow (2 m s−1) with 1 sun irradiation increases the
LTPE temperature results to a surface temperature of ∼25 °C
(Figure S9), which is much lower than that of solely 1 sun
irradiation (33 °C). To further test the vapor diffusion capability
of the low-tortuosity channels, the water evaporation rates of the
LTPE were measured under a combined convective flow and 1
sun irradiation. As summarized in Figure 4C, the LTPE yields
fast water evaporation rates of 8.8, 11.4, 14.3, and 16.8 kg m−2

h−1, respectively, when coupling the 1 sun irradiation with a
convective flow ranging from 1 to 4 m s−1. To further uncover
the roles of the low-tortuosity channels in vapor diffusion, these
millimeter-sized pores were filled with common porous carbon
and their water evaporation capabilities were thoroughly
compared, as shown in Figure S10. The Brunauer−Emmett−
Teller (BET) measurements show that the surface area of the
LTPE changes from 908 to 891 m2/g after filling with common
carbon. Consistent with the surface area measurements, the
water evaporation rate of the samples remains nearly stable
under 1 sun irradiation. However, under a convective flow of 2m
s−1, the water evaporation rate of the LTPE decreases from 7.7 to
3.7 kg m−2 h−1 after filling with common carbon. Even under
combined 1 sun irradiation and convective flow, the evaporation
rate of the common carbon filled LTPE is only 6.5 kg m−2 h−1,
much lower than the 11.4 kg m−2 h−1 of the sample exhibiting
low-tortuosity channels. Obviously, without the low-tortuosity
channels, only the vapor generated at the external surface of the
LTPE can be readily diffused, and the vapor diffusion in the
inner part of the sample is largely inhibited, causing slow water
evaporation even under a convective flow. Undoubtedly, the

Figure 5. Water evaporation stability of the LTPE for wastewater treatment. (A, B) Comparison of the infrared images and water evaporation
rates of the LTPE and a carbon sponge under convective flow from different directions. (C) Comparison of the outdoor water evaporation
performance of the LTPE with a carbon sponge. The inset illustrates the outdoor large-scale device. (D) Long-term test showing the ultrafast
outdoor water evaporation performance of the LTPE for treatment of biogas slurry. (E) The elements in the recycled water of biogas slurry can
be purified to a level meeting the standard of environmentally friendly discharge.
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low-tortuosity channels play a critical role in eliminating the
boundary layer inhibition effect.
The fast vapor diffusion capability of the LTPE is further

reflected by calculating its wind-vapor convention efficiency
(Experimental Procedure S2). As can be seen in Figure 4D, the
WVCE of the LTPE reaches as high as 13.8% at a weak
convective flow of 1 m s−1. Even at a wind velocity of 4 m s−1, the
WVCE of the LTPE is still greater than 9%. For comparison, the
evaporation performances of two conventional high-tortuosity
porosity photothermal materials were also measured (Figures
S11 and S12).23,24 TheWVCEs of these photothermal materials
were calculated and are compared in Figure 4E. It can be seen
that the LTPE sample exhibits the largest efficiency of wind-
vapor conversion, which is ∼260% times those of other
photothermal materials ever reported previously. Given that
the vapor generation capabilities are the same for all these solar-
water evaporation systems, it is can be deduced that the vapor
diffusion speed in the low-tortuosity channels of LTPE is
∼260% times faster than that of other evaporators under the
same condition. Thanks to the low-tortuosity channels
enhancing vapor diffusion, the LTPE yields a record-high
evaporation rate of 16.8 kg m−2 h−1 under 1 sun irradiation and a
convective flow of 4 m s−1, which is overwhelmingly larger than
the previously reported 11.9 and 10.9 kgm−2 h−1 obtained under
the same evaporation conditions.11,25 In view of the inherent
temporal and spatial complementarity of wind flow and solar
light, the coupling of these two green energies in one evaporator
is of vital importance for expanding the usage scenario of the
solar water evaporation technique.
Keeping stable vapor diffusion under arbitrary directions of

natural wind flow and solar irradiation is highly important for the
outdoor application of a solar evaporator. The 3D-inter-
penetrated character of the low-tortuosity channels enables
stable water producibility of the LTPE due to its boundary layer
thickness being independent of the incident convective flow.
The dependence of water evaporation on the incident angles of
convective flow is tested for the LTPE (Figure 5A). There is
almost no obvious change of the surface temperature for LTPE
with the variation of incident angles as detected by IR thermal
images. In contrast, the surface temperature of a conventional
carbon sponge is highly vulnerable to the wind flow direction.
With the wind flow direction varying from 0 to 90° at a velocity
of 2 m s−1, the water evaporation rate only changes slightly from
7.7 to 8.0 kg m−2 h−1, but the water evaporation rate of the
carbon sponge shape decreases from 3.2 to 1.3 kg m−2 h−1

(Figure 5B). These results reflect that the 3D interpenetrated
pores of the LTPE guarantees a stable vapor diffusion capability
under arbitrary directions of wind flow. The outdoor water
evaporation stability of the LTPE was demonstrated using a
prototype device (Figure 5C and Figure S13). The outdoor
conditions including incident sunlight flux, natural convective
flow, and ambient temperature are recorded in Figure S14. After
a continuous 12 h exposure to the coupled natureal wind and
solar light, the LTPE yields a cumulative mass change of 47 kg
m−2 and an average water evaporation rate of 3.9 kg m−2 h−1,
which is much higher than that of a carbon sponge evaporator
(1.2 kg m−2 h−1). Using the indoor evaporation rate under a
wind flow incident angle of 90° as a reference, it can be seen that
the LTPE exhibits superior outdoor evaporation stability
compared to the carbon sponge (Table S1). In addition to the
convective flow direction, we also measured the water
evaporation of the LTPE in salt solution, since the salt crystal
accumulation at the surface may also block the convective flow.

As can be seen in Figure S15, the salt has nearly no influence on
the water evaporation of the LTPEwhen under 1 sun irradiation,
and the evaporation rates only decrease by ∼16% after a
continuous operation of 8 h under a combined 1 sun irradiation
and convective flow of 4 m s−1. Moreover, the evaporation rates
can be feasibly recoveredmerely by stopping the convective flow
to let the salt crystals dissolve. The salt resistance of the LTPE
may be due to its hierarchal millimeter- and micrometer-sized
pores, which provide sufficient channels to back-transfer the
concentrated salt solution to water.
To further prove the great potential of the as-prepared LTPE

sample for practical water evaporation applications, outdoor
wastewater remediation with zero liquid discharge was
performed using a biogas slurry as a proof-of-concept
demonstration. As a typical wastewater pollutant in agriculture,
a biogas slurry is rich with active nutrients such as phosphorus
(P) and potassium (K), which are highly demanded for crop
production. To reduce the transportation cost from the livestock
to farmland, it is recommended that the biogas slurry can be
concentrated and used as an intensive liquid fertilizer by getting
rid of the high content of water.26,27 However, the existing
methods for concentrating biogas slurry such as vacuum
evaporation and membrane technology have either a high
energy consumption or a high cost. We demonstrate that the
biogas slurry can be readily concentrated by using the LTPE to
drive fast water evaporation in a natural environment. As can be
seen in Figure 5D, the water evaporation rate of LTPE toward
the biogas slurry reaches 50−76 kg m−2 d−1 on sunny days and
30−39 kg m−2 d−1 on cloudy days, generating an average
outdoor evaporation rate of ∼51 kg m−2 d−1. Assuming the
production of biogas slurry in a scaled livestock farm is 20 t d−1,
it can be estimated that only ∼400 m2 of the as-prepared LTPE
sample is needed for treating this wastewater. The release of
some primary elements (Na, K, Ca, Mg, and P) from the biogas
slurry is tested by measuring their concentrations in the
recovered water, which are all reduced by over 2 orders and
are below the corresponding required concentrations for
effluent discharge (Figure 5E).28 Thus, the evaporated water
by the LTPE can be directly discharged in the environment and
the concentrated biogas slurry could be recovered as an intensive
liquid fertilizer. Considering its high solar and wind energy
utilization efficiency, the as-prepared LTPE is very promising to
be used for energy-saving wastewater treatment.
In summary, the vapor diffusion kinetics in the solar

evaporators is comprehensively understood for the first time
by a dynamic COMSOL simulation. These results demonstrate
that the boundary layer inhibition effect of the unoptimized
random pores seriously limits the water evaporation efficiency of
current evaporators. The simulations also show that the
boundary layer thickness can be largely reduced in the low-
tortuosity channels, which play decisive roles in breaking
through the long-existing vapor diffusion limitation. As a demo,
a nature-inspired low-tortuosity photothermal evaporator was
prepared and optimized via sequential chemical activations,
which yields a record-high water evaporation rate of 16.8 kg m−2

h−1 under convective flow rate of 4.0 m s−1 and 1 sun irradiation.
Due to effectively eliminated boundary layer inhibition, the
vapor diffusion flux of the LTPE is about 260% greater than
those of other evaporators ever reported before. Moreover,
benefiting from the 3D-interpenetrated character of the low-
tortuosity channels, the LTPE retains stable water evaporation
under arbitrary directions of solar light and wind flow. An
outdoor experiment yields a large water evaporation rate of 51 kg



m−2 d−1 using biogas slurry as a proof-of-concept demonstration,
suggesting its potential for a fast and energy-saving wastewater
treatment. Our work brings new insight into understanding the
vapor diffusion kinetics of a solar evaporator. The proposed low-
tortuosity channels should open new avenues for eliminating the
diffusion boundary layer inhibition and thus increasing the water
producibility of the solar evaporation technique.
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