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Autonomous and directional transport of liquids is crucial for many

applications, ranging from microreactors to water harvesting. Partic-

ularly, Janus membranes, with asymmetric wettability on two sides,

present enticing opportunities to address this challenge. With the

inner driving force arising from the asymmetric wettability, Janus

membranes can promote the desired transport without an external

energy input. However, the elaborate bottom-up fabrication

processes and poor mechanical performance of commonly employed

membrane substrates often restrict their utilization, especially for

engineering applications. Here, we report a wood-based Janus

membrane demonstrating directional, spontaneous, and fast transport

of water. Mechanically robust bio-based and renewable Janus wood

membranes represent a crucial milestone towards larger-scale appli-

cation of Janus membranes, for example in bilayer structures with

excellent fog-capturing efficiency implemented in future smart

building applications.
Autonomous directional transport of liquids has attracted great
interest in the elds of microuidic manipulation, chemical
analysis, microreactors and fog collection.1–5 It provides an
energy-efficient method to direct liquid motion without an
external energy supply (e.g. electric eld) and avoids complex
and expensive devices thanks to the elimination of pumps and
condensers. Inspired by spider silk6 and buttery wings,7

directional transport of liquids on one-dimensional (1D) bers
and two-dimensional (2D) surfaces has been widely demon-
strated by the introduction of topographic and chemical
gradients, individually or cooperatively.8–13 However, the trans-
port of liquids on bers and surfaces suffers typically from low
transport efficiency caused by a limited transport distance, low
transport velocity, and liquid loss.14–16
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Compared to open surfaces, directional liquid transport
through three-dimensional (3D) porous membranes is more
efficient. The liquid permeates from one side to the other, but
its transport is blocked in the reverse direction. Therefore,
liquid loss and long distance transport are avoided. Mostly
utilized substrates include fabrics and nanobrous
membranes. Directional liquid transport within fabrics neces-
sitates a through-plane lyophobic-to-lyophilic wettability
gradient as the driving force.17–20 Alternatively, two pieces of
nanobrous membranes with opposite wettability that are
tightly stacked together reveal directional liquid transport
ability due to their abrupt wettability change.21–23 Membranes
with asymmetric wettability are named aer the two faces of
Janus in the ancient Roman myth as Janus membranes. We
briey conclude three key elements for Janus membranes to
achieve efficient directional liquid transport for engineering
applications: (1) a sufficient wettability gradient across the
membrane for driving the transport; (2) an internal porous
structure with channels for rapid liquid transport; (3) an
appropriate material substrate that balances transport effi-
ciency and mechanical performance.

Although tremendous progress in creating wettability
gradients across membranes is evident,17–23 the applications of
Janus membranes are still limited, mainly due to the employed
substrates. Commonly utilized fabrics and nanobrous based
Janus membranes require elaborate and time-consuming
bottom-up fabrication techniques to achieve desired pore
sizes and channels for transport. In addition, the thickness of
reported fabrics and nanobrous membranes is restricted to
several hundreds of micrometers, which impedes their utiliza-
tion in large scale and load-bearing scenarios. As an alternative,
we here propose the usage of native wood as the membrane
scaffold. The unique characteristics of wood, a bio-based,
renewable and mechanically robust material with a hierar-
chical structure, composed of well-connected hollow bers,
make it an ideal substrate for liquid transport.24,25 However, up
to now these studies do not report the utilization of native wood
J. Mater. Chem. A, 2020, 8, 22001–22008 | 22001
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for autonomous directional water transport without an addi-
tional energy input.26–30
Introducing a wettability gradient into
wood membranes

In a simple two-step functionalization process, we equipped
wood scaffolds with the necessary wettability gradient. Fig. 1
shows the fabrication and morphology of Janus wood
membranes. We used time-efficient and scalable laser cutting to
fabricate thin wood membranes (cross-section) and obtained
smooth surfaces with open channels on both sides, which is
a crucial prerequisite for creating well-dened wettability
gradients and allowing a rapid liquid ow (Fig. S1, ESI†).
Although conventional saw cutting or sanding is widely used for
wood sample preparation, the obtained cross sectional surfaces
are of poor quality and/or cell wall fragments and dust particles
clog the porous structure (Fig. S2, ESI†). The obtained rough-
ness critically affects the liquid behavior on the solid surface31

and blocks channels, which lowers the transport efficiency.
Scanning electron microscopy (SEM) images of laser-cut wood
cross sections (native wood membrane) exhibited a porous
structure due to cut-open wood cells (Fig. 1b, c and S3, ESI†).
The surface is smooth, and all micro-channels are intact and
open. These results conrm that the applied laser cutting is
highly benecial compared to previously used saw cutting in
preparing thin wood membranes, especially cross sections with
well-preserved surfaces for membrane applications.

The obtained native wood membranes were then immersed
in uoro-oxysilane/TiO2 nanoparticle solution under gentle
stirring and the assistance of vacuum. Beneting from the
abundant hydroxyl groups of wood scaffolds which acted as
active sites for chemical modications, a uniform silane-
modied TiO2 nanoparticle layer was deposited on the cell
walls. SEM images of the modied wood scaffold surface show
that the surface roughness increased compared to the native
wood scaffold. The porous structure was kept open (Fig. 1d and
e) and energy dispersive X-ray spectroscopy (EDXS) mapping
analysis of the inner membrane structure conrmed a uniform
and dense uoro-oxysilane/TiO2 layer without blocking the
microchannels (Fig. 1h–j). Due to the hydrophobicity of uoro-
oxysilane and the nanoscale roughness from TiO2 nano-
particles, the wettability of the wood membranes turned from
hydrophilic to hydrophobic.32

One-side UV-irradiation treatment of the hydrophobic wood
membranes was followed as a second modication step. The
UV-irradiated surface became hydrophilic because of the TiO2

induced photocatalytic decomposition of the hydrophobic
silane,33–35 whereas the unexposed surface remained hydro-
phobic. Since the photocatalytic silane decomposition depends
on the extent of UV irradiation, the photodegradation rate
within the membrane decreased gradually across the
membrane thickness, thus creating a wettability gradient.36–38

To prove the successful conversion into Janus woodmembranes
we performed a detailed SEM and EDXS analysis. Although the
morphology of the Janus wood membrane surface did not
22002 | J. Mater. Chem. A, 2020, 8, 22001–22008
exhibit obvious changes (Fig. 1f and g), EDXS spectra of the
Janus wood membrane clearly revealed the different chemical
composition of the UV-irradiated side and the unexposed side
(Fig. 1k, l and S4, ESI†). While the unexposed side composition
remained unaltered, the uorine peak disappeared in the
spectrum of the UV-irradiated side, which clearly conrmed the
degradation of uoro-oxysilane by UV light. The main advan-
tage of the employed UV-irradiation technique is its simplicity,
previously used to produce an in-plane wettability gradient on
less complex solid surfaces like glass substrates.32 Our results
prove its effectiveness to create a through-plane wettability
gradient even within a complex material such as wood.
Autonomous water transport by the
wettability gradient

We then tested the water transport ability of the Janus wood
membrane. Fig. 2 displays a series of still frames taken from
a video during dropping water on a Janus woodmembrane (12 h
UV-irradiated, 1.5 mm). When water was dropped onto the
hydrophobic side (the positive direction), it penetrated spon-
taneously to the hydrophilic side (Fig. 2a). In contrast, when
water was dropped onto the hydrophilic side (the reverse
direction), water transport was blocked and the droplet spread
on the hydrophilic side (Movies S1 and S2, ESI†). This
straightforward experiment conrms the Janus membrane's
directional water transport ability, which is driven by the Lap-
lace pressure of the curved water droplet on the asymmetrically
wettable Janus membrane.39 In addition, the hydrophilic
surface induced water transport by pulling the droplet via
a negative capillary pressure.39 The resulting liquid transport
occurred automatically, without additional energy supply.40–42

Moreover, changing the water feeding and membrane position
proved the anti-gravity autonomous transport of water within
the Janus wood membranes. Fig. 2b shows a water droplet
attached to the lower surface of a horizontally positioned
membrane. When the hydrophobic surface was the lower side,
water was transported to the upper hydrophilic surface (positive
direction). When the membrane was turned (reverse direction),
attaching a water droplet to the lower hydrophilic membrane
side leads to water spreading on the surface and no water
transport to the upper hydrophobic side. The vertically oriented
Janus wood membrane also exhibited this type of water ow
behavior (Movie S3, ESI†).

The water contact angle (CA) analysis of Janus wood
membranes provided better understanding of the directional
water transport behavior. The CA of a water drop on the Janus
wood membrane in the positive direction decreased from 96� to
0� (Fig. 3a). This reduction was attributed to the permeation of
the droplet through the wood membrane. It took approximately
7 seconds for the droplet to permeate completely through the
wood membrane. In contrast, the water droplet CA on the
reverse side decreased from 29� to 11� in 10 seconds, because
the water droplet simply spread on the hydrophilic surface and
nally formed a thin water lm. These results conrmed that
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Fabrication and morphology of wood membranes. (a) Illustration of the fabrication process: native wood membrane prepared by laser
cutting was first modified with fluoro-oxysilane/TiO2 nanoparticles to obtain hydrophobic membranes, and then UV irradiated on one side to
create a Janus wood membrane. (b and c) SEM images of the native wood membrane. (d and e) SEM images of the hydrophobic wood
membrane. (f and g) SEM images of the Janus woodmembrane on the UV-irradiated side. (h) SEM image of the Janus woodmembrane showing
open channels and a smooth surface. (i and j) EDXS mapping image showing (i) Ti element distribution in channels and (j) Ti element distribution
on the surface. (k and l) EDXS spectra obtained from the Janus wood membrane: (k) unexposed side and (l) UV-irradiated side.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 22001–22008 | 22003
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Fig. 2 Still frames taken from videos showing the dropping of water (50 mL), (a) on the horizontally oriented Janus wood membrane, first on the
hydrophobic side (time interval, 2 s), and then on the hydrophilic side (time interval, 7 s). (b) Water droplet attached to the lower surface of a hori-
zontally oriented Janus wood membrane, first on the hydrophobic side (time interval, 1.6 s) and then on the hydrophilic side (time interval, 7 s).
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the wettability gradient across Janus membranes triggered the
directional water transport.

The sufficient wettability gradient is indispensable for the
Janus wood membrane system. For comparison, we have
investigated in the following the CA of differently modied
membranes. Fig. 3b shows the CA values of native-, TiO2

nanoparticle modied-, uoro-oxysilane modied-, and Janus
wood membranes (modied with combination of TiO2 and
silane) aer 12 h UV-irradiation of one side. The difference of
the CA of the UV-irradiated side and unexposed side is dened
as DCA (DCA ¼ CAunexposedside � CAUV-irradiatedside) here. DCA
measures herewith the wood membrane wettability gradient,
which acts as the driving force for the directional water trans-
port. Wood membranes modied with TiO2 nanoparticles
revealed a limited DCA of 28�. The uoro-oxysilane modied
wood membrane showed a DCA of only 20�, because silane
degraded much slower without the photocatalytic effect of TiO2.
Our Janus wood membranes modied with a combination of
TiO2 and silane possessed the highest DCA of 80�. Due to the
photocatalytic degradation of uoro-oxysilane by TiO2, the UV-
irradiated surface turned into hydrophilic, while the unex-
posed side remained hydrophobic.

With respect to the modication process, the UV-irradiation
time is a crucial parameter to achieve the highest wettability
gradient. As the UV irradiation time increased, the CA of the UV-
irradiated side decreased rapidly from 120� to 20� at 12 h
(Fig. 3c). Longer UV irradiation times of up to 24 h did not cause
an obvious decrease in the CA. During UV treatment, the CA of
22004 | J. Mater. Chem. A, 2020, 8, 22001–22008
the unexposed side decreased from 120� to 100� aer the rst
3 h, but remained stable at 100� as the UV irradiation time
increased. For the most efficient Janus wood membrane func-
tionalization process, we opted for 12 h as the optimum UV-
irradiation time.

Janus type membranes possess a characteristic trade-off
between the transport efficiency and membrane thickness.
Hence, we evaluated Janus wood membranes with a thickness
from 1 mm to 3 mm. According to the water droplet test, we
observed that for thicker samples, it took a longer time for the
water droplet to break through the wood membrane. While it
took 7 seconds for water to break through a 1.5 mm-thick Janus
woodmembrane, it took 7 times longer time (50 seconds) for a 2
mm-thick Janus wood membrane. At a membrane thickness of
more than 2.5 mm, water cannot penetrate through any side of
the Janus wood membrane without the assistance of external
pressure.

Directional water transport properties within Janus wood
membranes are determined by two main factors: the amount of
both-sided open bers (transport path) and gradient density
(driving force) (Fig. 3d). When a wood cross section is cut, some
bers are open from both ends, and these bers allow a direct
water ow, whereas other bers are closed from one end,
blocking the water ow (Fig. S6, ESI†).

Based on a simple model we calculated the probability of
open bers from both ends in the wood cross section. For 1
mm, 2 mm or 3 mm thick membranes, the probabilities to have
open bers are 66%, 33% and 0%, respectively. The second
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Change of the CA over time of a water droplet on a Janus woodmembrane in positive and reverse directions. (b) CA of the native wood
membrane, wood membrane modified with TiO2 nanoparticles only, fluoro-oxysilane only, and combination of TiO2 nanoparticles and fluoro-
oxysilane. (c) CA change after UV irradiation on the UV-irradiated side and unexposed side of the Janus wood membrane. (d) Probability of open
fibers and gradient density with the thickness of the Janus wood membrane. (e) Comparison of Janus wood membranes with other Janus
systems.
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crucial factor for the autonomous liquid transport is the
gradient density, as the driving force. It is dened as DCA/
thickness. When DCA remains unchanged, the gradient
density decreases as the thickness increases. At a membrane
thickness of 2.5 mm or higher, on one hand, the gradient
density was too low to trigger the water transport (not enough
driving force) and on the other hand, the probability of open
pores is relatively low (not enough open transport path). For
a maximum transport efficiency, 1.5 mm is the optimal thick-
ness for Janus wood membranes.
This journal is © The Royal Society of Chemistry 2020
To evaluate the performance of the developed and optimized
Janus wood membranes we compared them with other existing
Janus systems regarding transport velocity related to the
substrate thicknesses (Fig. 3e). The thickness of electrospun
polymeric nanobrous based Janus membranes ranges from
0.02–0.1 mm and the maximally achieved water transport
velocity reported is 0.03 mm s�1.21–23 Common fabric based
Janus membranes have a greater thickness of approximately 0.5
mm. Their directional water transport velocity improved
progressively over the last few years from 0.03 mm s�1 to
J. Mater. Chem. A, 2020, 8, 22001–22008 | 22005
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Fig. 4 Potential application of the Janus woodmembrane in fog capture. (a) Illustration of the fog capture device and fog collection efficiency of
designed devices. (b) Cycling test of fog harvesting efficiency. (c) Water evaporation rate at different temperatures. (d) Scheme of a potential
bilayer smart building constructed with the Janus wood membrane and water storing layer.
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0.4 mm s�1, representing the most efficient water self-transport
system to date.17–20 In our work, we achieved a fast water
transport speed of 0.3 mm s�1 with 1.5 mm thick membranes.
Our Janus wood membranes herewith demonstrate a compa-
rable transport efficiency to the best-performing fabric based
Janus membranes with a three-times higher membrane thick-
ness. By utilizing wood as the membrane scaffold, we benet
not only from the intrinsic transport channels, but also from an
excellent mechanical performance. Janus wood membranes
exhibited a compressive strength of 58 MPa (longitudinal
direction) and tensile strength of 3.4 MPa in the radial direction
(Fig. S7 and Table S1, ESI†).

Janus wood membrane facilitated fog
harvesting for smart building

A mechanically robust Janus wood membrane with capability
for fast and directional water transport opens up an avenue for
various applications. One promising application with socio-
economic and health impact in developing countries of arid
climates is fog collection.43–47 A recent report on climate change
stated that there are 3.2 billion people around the world
suffering from water shortage.48 Fog water consists of
22006 | J. Mater. Chem. A, 2020, 8, 22001–22008
micrometer-scale water droplets suspended in air. It is a vastly
available and promising resource of uncontaminated drinking
water in desert regions, coast and mountain areas.49–51 To make
use of fog for water supply, we designed a simple lab scale fog
capture device, utilizing a container sealed by a Janus wood
membrane (Fig. 4a). Fog capture devices were placed vertically
and saturated fog was propelled horizontally toward the
samples. The microscale fog droplets (�10 mm) rst condensed
on the membrane surface, and then grew and coalesced into
larger droplets (�500 mm), and were nally transported by the
Janus wood membrane to the container. Aer transport, the
upper surface was released again and continued fog
capturing.52,53 For comparison, four fog collectors were fabri-
cated, including a native wood membrane, hydrophobic wood
membrane, Janus wood membrane in the positive direction,
and Janus wood membrane in the reverse direction. Collected
water increased steadily with fogging time for all samples. The
native wood collector showed a relatively low fog capturing
efficiency of 1.16 kg m�2 h�1 and the hydrophobic wood
collector exhibited an even lower fog capturing efficiency of 0.61
kg m�2 h�1 because of the hydrophobic nature of the wood
membrane. The dewing fog on the membrane surface could not
penetrate through the membrane because of the absence of
This journal is © The Royal Society of Chemistry 2020
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a wettability gradient, and slides away. The Janus wood collector
in the positive direction, in contrast, revealed a greatly
increased fog capture efficiency of 2.92 kg m�2 h�1, 250%
higher than that of native wood. The captured fog water on the
Janus woodmembrane in the positive direction was transported
to a container driven by the wettability gradient, and simulta-
neously released the upper hydrophobic surface again. As
a proof of the directional water transport properties, the Janus
wood collector in the reverse direction showed a much lower
efficiency of only 0.82 kg m�2 h�1. The Janus wood membrane
in the reverse direction absorbed a water lm on the hydrophilic
surface, but the water could not be transported. For practical
applications, the durability of the Janus wood membranes is of
utmost importance. Hence, we further evaluated the Janus
wood collector regarding its cycling stability (Fig. 4b). The
excellent fog collection efficiency of Janus wood membranes
remained even aer the cycling test for 10 cycles (96%), proving
their outstanding stability and reusability.

Effective fog collecting devices require not only a high fog
capture efficiency, but also a low water re-evaporation rate. In
order to determine respective values a blank collector, a native
wood collector and a Janus wood collector (in the positive
direction) were placed in a thermostatic oven with temperature
set at 25 �C, 45 �C, and 65 �C, and water evaporation rates were
evaluated (Fig. 4c). The results showed that the water evapora-
tion rate of the Janus wood collector was 48% lower than for the
blank collector at 65 �C, signicantly facilitating fog collection
by a drastic reduction of the re-evaporation of preserved water.
In short, our wood Janus membrane fog collector showed: (1)
fast capture of fog water, (2) spontaneous transport of the
captured water, (3) continuous release of the membrane
surface, and (4) minimal re-evaporation rate of collected water.
Based on these results, we envisage the utilization of Janus
wood membranes as cost effective (Table S2, ESI†) fog collector
devices in smart buildings as easily installable functional units
(Fig. 4d). This proposed smart building solution could be highly
promising for fog collection, especially in desert regions, with
scarce liquid water but abundant fog water. Integrated in
a bilayer, Janus wood membranes can capture fog water and
autonomously transport the water into the water storing layer
during humid nighttime.54 The so harvested water is then ready
for daily use.

Conclusions

In summary, we report here a mechanically robust bio-based
and renewable Janus wood membrane, demonstrating direc-
tional, spontaneous, and fast transport of water. Proting from
its unique intrinsic porous structure of, wood serves as an ideal
substrate for liquid transport. Native wood membranes were
rst hydrophobized with uoro-oxysilane/TiO2 nanoparticles,
and then UV irradiated on one side to create the needed
wettability gradient through the thickness of the Janus wood
membrane. The reported Janus wood membrane exhibits an
excellent liquid transport speed, even at a high membrane
thickness, allowing circumventing the common limitations of
comparable systems regarding the engineering application of
This journal is © The Royal Society of Chemistry 2020
Janus membranes. As an application concept, we proved the
excellent fog capture efficiency of Janus wood membranes,
exhibiting great potential for future smart buildings in arid
areas.
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