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Fog harvesting is an effective way to relieve water shortages in arid regions; thus, improving the efficiency
of fog harvesting is urgently needed for both academic research and practical applications. Here, we
report an origami patterned Janus (O-P-Janus) membrane using laser-ablated copper foams inspired by
origami handcraft and traditional Chinese architecture. Compared to the planar fully ablated Janus mem-
brane, our O-P-Janus membrane, with selectively ablated rectangular areas, exhibits an exceptional water
collection rate (WCR) of approximately 267%. The underlying physical mechanism of WCR enhancement
is revealed and attributed to the enhanced fog adsorbing capacity on the upper superhydrophobic
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origami structures and the accelerated removal of accumulated droplets beneath the lower superhydro-
philic V-shaped tips. This O-P-Janus membrane with excellent fog collection performance should open
up a new avenue for both device designs and potential applications toward structuring-enhanced fog col-
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1. Introduction

As global warming intensifies, recent decades have witnessed a
serious rise in the levels of water scarcity worldwide.
Unfortunately, the severe pollution and uneven distribution of
freshwater resources have placed a heavier burden on arid
areas. Therefore, there is an urgent need to develop highly
efficient and eco-friendly approaches to freshwater
harvesting."™ Researchers have reported diverse materials/
methods for freshwater collection to meet a wide variety of
usage scenarios such as osmotic membranes,” sewage treat-
ment,” desalination,® fog collection,” etc. It should be empha-
sized that water fog is composed of a large number of tiny
water droplets suspended in the atmosphere, which constitu-
tes approximately 10% of freshwater resources on Earth.®
Hence, fog collection is considered to be a very promising and
low-cost remedy for alleviating global water shortages.

During long biological evolution, creatures in nature have
evolved a wide variety of superior fog collection abilities to
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lection and microfluidic control platforms.

survive.® For instance, desert beetles can effectively harvest
and transport tiny water drops in the air using protrusion
structures on their backs.'® Cacti can collect water from moist
air using conical spines on their surfaces.>* Spiders can
capture water using their asymmetric patterned webs."?
Inspired by these examples, corresponding bionic fog collec-
tion systems have been designed such as hydrophilic/hydro-
phobic protrusion surfaces,'® needle-shaped arrays,"”>* and
spider silk-like nanofiber swelling structures.**” As a typical
self-driven water collection platform without power input, the
Janus membrane with asymmetric structures/wettability on
two opposite sides has proven its great potential in efficient
and low-cost liquid/gas collection scenarios.”*> However,
most traditional Janus membranes are based on planar frame-
works with uniform wettability or patterns on a single side;
thus, water fog cannot be captured and separated selectively at
the interfaces, thus leading to a low water collection efficiency.
To address this issue, two key metrics should be taken into
consideration for the improvement of Janus membranes: (1)
high fog adsorption rate on the surface and (2) rapid water
infiltration and detachment.

Inspired by the excellent water collection and drainage pro-
perties on corrugated cardboard-shaped structures from tra-
ditional Chinese roof tile architectures, we adopted an origami
craft to fabricate a three-dimensional (3D) O-P-Janus mem-
brane via selective femtosecond laser processing and com-
pression molding of 3D printing technology,®?* to create
asymmetric wettability gradients across the thickness as well
as on the bottom of porous copper foam. Compared to the

This journal is © The Royal Society of Chemistry 2023
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planar fully-ablated Janus membrane, this O-P-Janus mem-
brane with optimized rectangular patterns exhibited an excep-
tional WCR of up to ~267%. The impact of diverse parameters,
including side length, vertex angle and patterning length ratio
on WCR, was systematically studied. The basic physics behind
the WCR enhancement is attributed to the enhanced fog
adsorbing capacity on the upper origami structures and the
rapid removal of accumulated droplets on the laser-patterned
superhydrophilic bottom. This O-P-Janus membrane with
enhanced water collection performance should offer a promis-
ing alternative for both device designs and practical appli-
cations toward efficient water harvesting platforms and micro-
fluidic manipulation.

2. Results and discussion

Commercially available copper foam (thickness ~0.5 mm, 130
PPI) was chosen as the substrate of the Janus membrane
because of its larger specific surface area compared to tra-
ditional planar Janus membranes. The pristine copper foam
plates showed a water contact angle (WCA) of ~108° after ultra-
sonic cleaning in alcohol and deionized water. The cleaned
samples were modified by Glaco chemical spray and showed
superhydrophobicity with a WCA of ~155°. Then, the superhy-
drophobic copper foam was selectively patterned by femtose-
cond laser line-by-line fast scanning on a single side to form
the patterned Janus copper foam with a WCA of ~0° on the
laser-treated surface. In the last step, the O-P-Janus was
formed by mechanical folding through 3D-printed molds
[Fig. 1(a)]. The design of the O-P-Janus membrane is inspired
by the origami handcraft and traditional Chinese architectural
roof tile structures [Fig. 1(b)]. The folded and inclined surface
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(fully superhydrophobic) induces the spontaneous directional
movement of water droplets on the upper side, while the
wetting gradient across the thickness allows the droplets to
efficiently transport from the superhydrophobic side to the
partially-hydrophilic patterned side through the internal
micropores. The selective penetration of the water droplets was
observed from the laser-untreated side to the other side, but a
blockage occurred from the opposite direction [Fig. 1(c) and
Movie S1 in ESIf]. With the resultant gravitational force and
wetting gradient force, the 3D O-P-Janus possesses an
enhanced capability for water fog collection.

The surface morphology and element analysis of O-P-Janus
were then characterized. As shown in Fig. 2(a), the yellowish-
brown area denotes the Glaco-modified copper foam, and the
black area is the femtosecond laser-ablated area. The magni-
fied scanning electron microscopy (SEM) images indicate a
uniform shell formed on the branches of the copper foam due
to the superhydrophobic SiO, nanoparticle coatings [Fig. 2(b)].
It should be noted that the pristine copper frame was basically
preserved after femtosecond laser ablation [Fig. 2(c)], but the
superhydrophobic SiO, shell was destroyed by the high-energy
laser ablation, which is evidenced by the coverage of the scat-
tered nanoparticles in different forms on the hollow branches
of the copper foam [Fig. 2(d)], as well as the element analysis
in Fig. 2(e). Energy-dispersive X-ray spectroscopy (EDS) shows
that the atomic proportions of O, Si, and Cu elements in the
pristine copper foam were 5.47%, 0.09%, and 94.44%, respect-
ively, indicating the major element of pure copper. Because
the Glaco chemical coating contains silica nanoparticles, the
proportion of elements O and Si increased sharply to 36.75%
and 16.22%, respectively, in the superhydrophobic copper
foam. Accordingly, the percentage of elemental Cu decreased
to 47.03%. Compared with the superhydrophobic copper
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Fig. 1 Fabrication, design inspiration and unidirectional water penetration behavior of O-P-Janus copper foam. (a) Three-step fabrication of O-P-

Janus includes superhydrophobic coating, selective laser patterning, and

mechanical folding using 3D printed molds. (b) The platform design is

inspired by origami handcraft and traditional Chinese architectural roof tiles. (c) Spontaneous and unidirectional penetration of droplets from the

superhydrophobic side to the laser-treated side.
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Fig. 2 SEM images and EDS elemental analysis. (a) The optical photograph of a typical O-P-Janus. (b—d) SEM images of different areas on the O-P-
Janus. The red box denotes the Glaco-treated copper foam and the blue box denotes the laser-ablated sample in the red box. The yellow dotted
line gives the interface of the two surfaces. (e) EDS element analysis for O-P-Janus at different fabrication stages: pristine copper foam, superhydro-

phobic copper foam, and laser-ablated superhydrophobic copper foam.

foam, the laser-ablated sample showed a decrease in the
elements O and Si by 22.45% and 16.13%, respectively. The
percentage of O was still slightly greater than that in the pris-
tine sample, but the Si content remained the same, which
demonstrated the complete removal of the silica coatings and
the mild oxidation on the copper foam surface after femtose-
cond laser ablation.

The fog collection experiments of the Janus membranes
were performed on a homemade fog-generating platform
[Fig. 3(a)]- A planar patterned Janus membrane was fixed at a
vertical distance of ~10 cm below the humidifier fog outlet.
The dynamic fog flow was characterized using a high-speed
camera at 200x slow motion (Fig. S1 and Movie S2, ESI). It is
observed that a tiny, stable and uniform fog flow formed after
t = 50 ms. The humidifying capacity, ie., the generated fog
volume per hour, was quantified and is shown in Fig. 3(b). By
calculating the average weight loss of the humidifier for one
hour, the humidifying capacity was stabilized at 370 mL h™"
within half a day, indicating the favorable fog-generating sus-
tainability of this platform. The impacts of laser power and
scanning speed on the WCR are shown in Fig. 3(c) and (d) and
the corresponding morphology evolutions are found in Fig. S2,
ESL.{ It is observed that a laser power within the range of
200-400 mW exhibited better WCRs of ~0.75 g cm™> h™", and
a scanning speed within the range of 4-6 mm s~ ' had better
WCRs. Other typical processing parameters, such as patterning
period, scanning width and mode, are shown in Fig. S3 and S4
in the ESLf It is observed that a smaller processing width and
a vertically crossed line-by-line laser scanning mode exhibited

17070 | Nanoscale, 2023, 15,17068-17075

a better WCA, which could be attributed to the more intensive
and uniform laser ablation on the copper branches. It should
be noted that a full modification of wettability for base
materials is beneficial for a better water harvesting perform-
ance for Janus-type devices. Taking into account both laser
fabrication efficiency and WCRs, the laser processing para-
meters were used with laser power = 300 mW, scanning width
= 60 pm and scanning speed = 6 mm s~ throughout the
experiments.

The superiority of the elaborately-designed O-P-Janus in the
water collection scenario was evidenced by the following com-
parison experiments [Fig. 4(a) and (b)], where six typical con-
figurations were employed in the same projected area (25 x
25 mm?): double-sided fully laser-ablated planar copper foam
(DFLPC), single-sided fully laser-ablated planar pristine copper
foam (SFPPC), single-sided fully laser-ablated planar superhy-
drophobicity-treated copper foam (P-Janus), origami-structured
P-Janus (O-Janus) (vertex angle 60°, origami-structured side
length 5 mm), P-Janus with single-sided partially laser-ablated
patterns (P-P-Janus) and O-Janus with single-sided partially
laser-ablated patterns (O-P-Janus). The DFLPC exhibited a sig-
nificantly lower WCA compared to the typical superhydropho-
bic-superhydrophilic Janus. Interestingly, the WCR of O-P-
Janus reached an extremum of approximately 1.47 g cm™ h™",
significantly higher than those of the other four configur-
ations, indicating that the synergy of origami structures and
the selective laser-ablated patterns was beneficial for improv-
ing the WCR for the planar Janus devices. Typically, P-P-Janus
showed a decreased WCA of ~0.78 ¢ cm™ h™' compared with

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The fog collection platform and impact of laser processing parameters on WCR. (a) A homemade fog collection device consisting of a lifting
platform, a container and a humidifier. (b) The humidifying capacity was stabilized at 370 mL h™* within half a day, indicating the favorable fog-gen-
erating sustainability of this platform. Impacts of (c) laser processing power and (d) laser scanning speed on WCA for Janus membranes.

that of O-P-Janus, which might suggest the WCR-enhancing
effect of the origami structures. Counterintuitively, the WCR of
O-Janus was only ~0.62 g cm™> h™", which was 0.1 g cm™> h™*
lower than that of P-Janus. These results indicate that the
mere increase in specific surface area, i.e., the introduction of
origami structures, may not improve the water collection
efficiency for planar Janus membranes. In Fig. 4(c), the
relation between the vertex angle of O-Janus and WCA was
given, in which only 30°- and 90°-O-Janus reached almost the
same WCA of 0.72 g cm™ h™' as that of P-Janus. The
minimum WCR of ~0.57 ¢ cm™> h™' was found at a vertex
angle of 45°.

Further, the influence of diverse geometric parameters of
O-P-Janus on the WCR was investigated, including the vertex
angle, origami-structured side length and patterning ratio,
which are clearly defined in Fig. 4(d)-(f). Compared to
O-Janus, the WCRs of O-P-Janus were always greater than those
at the same angles, showing a maximum variance of ~1.07 g
em 2 h™' and a minimum variance of ~0.31 g cm™> h™'. When
the vertex angle was set to 90°, the WCA of O-P-Janus reached
a maximum value of 1.79 g em™ h™" [Fig. 4(d)], side length =
5 mm and patterning ratio = 4:4. The relation between the
side length and WCR of O-P-Janus is revealed in Fig. 4(e), in
which the vertex angle and patterning ratio were fixed at 90°
and 4:4, respectively. The maximum WCA reached ~1.92 g
em™? h™" when the side length was 4 mm. In Fig. 4(f), we
investigated one of the most important metrics, ie., the laser
patterning ratio, which impacts on the WCA. The vertex angle
and side length were fixed at 90° and 4 mm, respectively. The
laser patterning ratio is defined as a: b, where a denotes the
width of the laser-ablated rectangle and b is the width of the

This journal is © The Royal Society of Chemistry 2023

adjacent non-ablated rectangle. The maximum WCR of
~1.92 g em™> h™"' was observed when a:b = 4:4. While the
proportion of laser-ablated area (a:b) increased, the WCA
declined sharply. In the case of a:b = 6:2, the WCA was
almost reduced by half compared to the maximum. In an
extreme case of a: b = o (i.e., O-Janus), the WCR of O-Janus
was only ~0.62 g cm~> h™'. Note that O-P-Janus with optimized
parameters manifested a significantly enhanced WCR of
~267% compared to that of P-Janus, showing its superiority in
efficient water collection.

We also briefly explored the influence of the laser-ablated
pattern shapes on the WCA for O-P-Janus. Diamond-like
origami-structured patterns were fabricated [Fig. 4(g)]. The
length of each diamond was the same as the rectangles on the
O-P-Janus, and the width was determined by the number of
close-packed diamonds on the Janus membrane. When the
number of diamonds was small (3), the WCA of the variant
O-P-Janus was relatively low, only approximately 1.05 g cm™>
h™*. Once the diamond number increased to 12, the WCA
increased to ~1.36 ¢ cm™> h™'. The WCR remained stable as
the diamond number continued increasing to 30. Despite its
considerable WCR increase of up to 89% compared to P-Janus,
O-P-Janus with periodic rectangle patterns showed an over-
whelming increase of ~167% in WCR. A long-term stability
test for a fresh O-P-Janus was performed [Fig. S4(d), ESIf]. It
was observed that the WCA declined significantly within first
three days and then became stable within the next five days.
This is probably induced by surface oxidation, impurities
adsorption and coating loss. Quickly drying and preserving in
a sealed and clean environment after use should delay this
phenomenon.
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Fig. 4 (a) A schematic fabrication diagram for all the specimens. (b) A comparison experiment of WCA for six typical samples. (c) The effect of
vertex angles of O-Janus on WCA. The impact of (d) vertex angle, (e) side length and (f) laser-ablated patterning ratio of O-P-Janus on WCR. (g) The
effect of different numbers of diamond patterns on WCR in a variant O-P-Janus.

To elucidate the basic physics inside the intriguing
enhancement of O-P-Janus configurations in water collection,
the interfacial dynamics of fog harvesting were visualized at
different typical stages using time-lapse photography, followed
by force analysis. Five typical stages during water fog harvest-
ing were observed in Fig. 5a(i)-a(v): fog capturing (¢ = 1 min 55
s), condensing (¢ = 5 min 39 s), penetrating (¢ = 10 min 54 s),
growing (¢t = 15 min 54 s) and dripping (¢ = 16 min 48 s).
Specifically, when the tiny fog droplets initially made contact with
the upper superhydrophobic origami structures, they slowly con-
densed and gradually grew. Once the gravitational forces of the
droplets, ie., the droplet volumes, were large enough, they rolled
down into the valley of the origami structure, followed by rapidly
penetrating the thickness of the copper foam and growing up

17072 | Nanoscale, 2023, 15, 17068-17075

beneath the opposite superhydrophilic patterns. Detachment
occurred as the gravitational forces of the droplets on the lower
surface were greater than the capillary forces from the superhy-
drophilic patterns (Movie S3, ESIf). Fig. 5a(vi)-a(ix) show the
time-lapse evolution of one droplet after penetrating the Janus
membrane from different views.

As mentioned earlier, the enhancement of the water collec-
tion efficiency in Janus membranes relies on two crucial
metrics: (1) a high fog adsorption rate on the surface and (2)
rapid water penetration and detachment. Fig. 5(b) experi-
mentally proved the superiority of O-P-Janus with an improved
fog collection weight of 135.67 mg on the upper surface at an
initial stage (first 180 s). For its planar counterpart, P-P-Janus
showed a much lower fog collection weight of 80 mg.

This journal is © The Royal Society of Chemistry 2023
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Interfacial dynamics of the fog harvesting process and force analysis. (a) Time-lapse snapshots for typical stages during water harvesting pro-

cesses: fog capturing, condensing, penetrating, growing and dripping. (b) Early-stage fog collection efficiency on the upper surfaces of O-P-Janus
and P-Janus. (c) Force analysis of water collection at later stages on a quadruple-folded origami structure.

Naturally, an origami structure has a higher water adsorption
rate on the surface because of its larger specific surface area.
Force analysis was subsequently performed to understand the

Table 1 A comparison between O-P-Janus and recently-reported water harvesting devices

penetration and detachment behaviors of the drops [Fig. 5(c)]-
Taking a leftward rolling droplet as an example on the roof,
once the component of the gravitational force Fg, exceeds the

Motion Collection

Platform type Driving principle directivity Sample fabrication Fog flow efficiency Advantages
SHB/SHL/SHB* Gravitational Penetrating & Chemical processing Velocity ~100 cm s~ ~370 mg Collection free

force dripping em2h™ direction
Fog Harps™® Gravitational Unilateral Stretching steel string 0.69to 4.17 g min™" 7~ 17% Low cost, easy

force sliding per humidifier, clus- fabrication for larger

Elastocapillary ters were used areas

force
Polycarbonate Electric potential Unilateral Chemical processing Velocity ~19 cms™"  ~75 mg em™>  Strong and fast
fibers®” gradient sliding h™! absorption
Spine with barbs Capillary force ~ Unilateral Laser fabrication + Velocity ~25-30 cm  ~560 mg Low cost, strong
and hierarchical sliding chemical processing s em>h™! driving force and high-
channels®® Laplace pressure RH ~90% efficient

gradient

RT ~25 °C

Curved inclined Gravitational Unilateral 3D printing RH ~75% ~109 * Easy fabrication
arc-pitted grooves®®  force sliding 25.4mgh™"

Laplace pressure RT ~25 °C

gradient

Capillary force
Beetle and cactus-  Gravitational Unilateral Chemical processing + Velocity ~60-70 cm  ~119 mg Long-range transport
inspired surfaces®®  force sliding standard photolithogr- st ecm2h™* droplet

Laplace pressure aphy + deep reactive ion ~ RH ~80 + 5%

gradient etching

RT ~20 £3 °C

O-P-Janus (This Gravitational Penetrating & Laser fabrication + 3D Flux ~370 mL h™* ~1917.1 mg  High efficiency,
work) force dripping printing em>h™! generalized

Wetting gradient enhancement for 2D

force platforms

Capillary force

This journal is © The Royal Society of Chemistry 2023
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component of the support force Fs, along the slope, the
droplet rolls downward along the groove and grows up [Fig. 5c
()]. Four external forces acted on the droplet when it reaches
the opposite of the superhydrophilic pattern, which are the
gravitational force Fg, the asymmetric capillary forces Fc; and
Fc,, the wetting gradient force F,, and the support force Fg
[Fig. 5c(ii)]. The positive force is defined as the resultant force
of Fg, F,, and F. along the penetrating direction, which pro-
motes the penetration of droplets. For a droplet of the same
size, the inclined origami structure leads to an enlarged pene-
tration depth and a decreased positive force. To a certain
extent, it should slow the water-penetrating process. Due to the
overwhelming wetting gradient force along the vertical direc-
tion for Janus-type devices, the water penetration time is
usually very short (<1 s) compared to its detachment time
(usually tens of minutes).

In the detachment process, the pendent water droplets
accumulated on the bottom of O-P-Janus and rapidly pinched
off at the V-shaped end with thin necks. In contrast, the accu-
mulated droplets beneath P-P-Janus slowly pinched off in flat
areas with thick necks [Fig. 5a(ix) and Movie S4 in ESI}]. That is,
O-P-Janus accelerates the removal process of the collected dro-
plets at the V-shaped tips. However, the bottom of P-P-Janus is
gradually covered by flat water layers during the fog capturing
process due to a larger interfacial adhesion force between water
and the superhydrophilic solid wall. Going back to Fig. 4(a),
P-Janus showed a slightly lower WCR than P-P-Janus, which also
suggested that the introduction of selective laser ablation could
accelerate the removal of water droplets on a planar surface. A
detachment time delay of approximately 7 minutes was observed
between P-P-Janus and quadruple-folded O-P-Janus, which proved
the superiority of O-P-Janus in rapid water detachment (Movie
S3t1). Hence, compared to other recently-reported devices
(Table 1), the synergy of the origami framework and the selective
laser-ablated patterns promotes the fog adsorption rate and rapid
water detachment at the heterointerface, exhibiting an excep-
tional water collection efficiency of approximately 1917.1 mg
em™ h™'. Besides, this O-P-Janus also provides a generic inte-
grated solution to the water collection enhancement for current
2-D Janus platforms.

3. Conclusions

To conclude, inspired by origami handcraft and traditional
Chinese roof tile structures, a 3D O-P-Janus membrane was
designed and fabricated by selectively ablating porous copper
foam through high-precision femtosecond laser processing
and 3D-printed compression molding technologies. The
impact of diverse parameters of O-P-Janus on WCR, including
side length, vertex angle, and patterning length ratio, was
further quantified to achieve optimized device performance.
The selective laser-ablated patterns and wettability gradient on
O-P-Janus greatly enhanced the WCR to ~267% compared to a
planar fully-patterned Janus membrane. By using time-lapse
photography of the fog collection process, the underlying

17074 | Nanoscale, 2023, 15, 177068-17075

View Article Online

Nanoscale

mechanism of WCR enhancement in O-P-Janus was eluci-
dated, which stemmed from the enhanced fog adsorbing
capacity on the upper origami roof and the fast detachment of
the adsorbed water beneath the V-shaped superhydrophilic
patterns. This structure-enhanced O-P-Janus membrane
should facilitate the current designs in efficient fog collection
systems as well as microfluidic manipulation.

4. Materials and methods
4.1. Preparation and modification of the samples

Commercially- available copper foams (25 x 25 x 0.5 mm®, 130
PPI) were ultrasonicated in alcohol and deionized water baths
for 5 minutes. The cleaned samples were coated with commercial
Glaco Mirror Coat Zero (SOFT99, Japan) to endow them with
superhydrophobicity properties. A laser beam generated by a
regenerative-amplified Ti: sapphire femtosecond laser system
(Legend Elite-1K-HE, Coherent, 104 fs, 1 kHz, 800 nm) was used
for selective laser patterning on the superhydrophobic copper
foam to form planar Janus membranes. The laser beam passed a
computer-controlled  high-speed  galvanometer  scanner
(SCANLAB, Germany) and focused on the sample surface (spot
diameter ~20 pm) through the telecentric f~6 lens (focal length of
63 mm). Specifically, the desired patterns with periodic structures
were first drawn by AutoCAD software and then imported into the
control program of the galvanometer scanner (CSMark).
Afterward, the O-P-Janus was fabricated via compression using
3D-printed layer-by-layer stacking molds.

4.2. Characterization

WCAs were measured with a volume = 5 pL droplet using a
contact angle measurement system (CA100D, Innuo, China)
five times at different sites to calculate the average value. The
surface morphology was characterized by a field-emission
scanning electron microscope (JSM-6700F, JEOL, Japan). A
humidifier (MJJSQ05DY, China) was used to generate stable
water fog at an average humidifying rate of 370 mL h™'. A
high-resolution CCD camera (WP-GUT030M, Huagu Power
Tech., China) was used to observe and record the dynamic
water collection process for fog/droplets.

4.3. Fog collection experiments

The samples were fixed at a vertical distance of ~10 cm below
the outlet of a homemade fog generating system. WCRs of
different samples were calculated by the container weight vari-
ation before/after water collection versus the effective areas of
each sample.
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