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Introduction

Large-scale efficient water harvesting using
bioinspired micro-patterned copper oxide
nanoneedle surfaces and guided droplet transportt

Vipul Sharma, 22 Kyriacos Yiannacou,? Markus Karjalainen,® Kimmo Lahtonen, (5°
Mika Valden® and Veikko Sariola*?

As the Earth's atmosphere contains an abundant amount of water as vapors, a device which can capture
a fraction of this water could be a cost-effective and practical way of solving the water crisis. There are
many biological surfaces found in nature which display unique wettability due to the presence of
hierarchical micro—nanostructures and play a major role in water deposition. Inspired by these biological
microstructures, we present a large scale, facile and cost-effective method to fabricate water-harvesting
functional surfaces consisting of high-density copper oxide nanoneedles. A controlled chemical
oxidation approach on copper surfaces was employed to fabricate nanoneedles with controlled
morphology, assisted by bisulfate ion adsorption on the surface. The fabricated surfaces with
nanoneedles displayed high wettability and excellent fog harvesting capability. Furthermore, when the
fabricated nanoneedles were subjected to hydrophobic coating, these were able to rapidly generate and
shed coalesced droplets leading to further increase in fog harvesting efficiency. Overall, ~99% and
~150% increase in fog harvesting efficiency was achieved with non-coated and hydrophobic layer
coated copper oxide nanoneedle surfaces respectively when compared to the control surfaces. As the
transport of the harvested water is very important in any fog collection system, hydrophilic channels
inspired by leaf veins were made on the surfaces via a milling technique which allowed an effective and
sustainable way to transport the captured water and further enhanced the water collection efficiency by
~9%. The system presented in this study can provide valuable insights towards the design and fabrication
of fog harvesting systems, adaptable to arid or semi-arid environmental conditions.

will have a scarcity of water in the future.’” This will also cause
other problems related to proper sanitation which will directly

Accessibility to clean and drinkable water is one of the biggest
challenges around the world in the developing as well as some
of the developed nations."* However, the water sources are
depleting day by day or getting highly toxic due to the demands
of rapid population growth and poor management.® As
a consequence, water deficiency is predicted to be one of the
gravest societal risks of modern times, which was only consid-
ered as an environmental risk in the last decade.? Over a billion
people of the world's population currently live in the arid or
semi-arid regions with a very limited supply of safe useable
water.' It is predicted that many more places around the world
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have an impact on the public health concerns around the
world.* Apart from the desalination of seawater as a solution to
this problem, atmospheric water capture has been intensively
researched as a potential solution for harvesting clean water in
the arid and semi-arid areas.>® One potential source of clean
water from the atmosphere is fog, which is suspended in the air
as a visible cloud of water droplets. In the recent decade, effi-
cient fog collection capability of multiscale hierarchical
surfaces in various flora and fauna has inspired researchers to
develop synthetic bioinspired fog collection surfaces.”**
Specifically, these surfaces take advantage of the combination
of the unique micro and nanostructures which are bioinspired
from the biological structures such as multilevel combination
of micro and nanostructures of Gladiolus dalenii and micro-
structured slippery surfaces of the pitcher plant.'®* Among the
specific structures, conical spine-like structures,””* bumps of
beetles,"** micro-structured spindle knot surfaces of spider
silk,>** along with others endow the structures with water
collection ability.
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The adapted ability of biological surfaces to harvest atmo-
spheric water is attributed to patterns of hydrophilic and
hydrophobic areas. The water droplets in the fog are captured
by the hydrophilic areas and get transported with the help of
hydrophobic areas.”*** Many bioinspired and biomimetic
surfaces have been developed and demonstrated to have
exceptional fog harvesting capability based on the optimized
combinations of super-hydrophobic and super-hydrophilic
patterns having micro- and nanoscale structures.””>*¢ The
most important factor here that plays a major role in efficient
water collection is the type of multiscale surface morphology.
For example, Cotula fallax and Cynodon dactylon are able to
collect fog by their hierarchical 3D structures which provide
them with a large surface area to volume ratio."”*” In a recent
report by Lu et al.,”® it has been demonstrated that biomimetic
PDMS film inspired by the rice leaf can facilitate the fog har-
vesting process by virtue of the multi-level hierarchical periodic
macrogrooves covered with micro/nanostructures which aid in
the anisotropic sliding wetting. Different types of fibers have
also been fabricated such as polyethylene terephthalate (PET)
fibers which display very good fog harvesting capability due to
orientation and surface morphology.”® In addition, super-
hydrophilic wire-like structures and arrays composed of
different materials such as zinc oxide, aluminum and copper
were also reported which were efficient in droplet spreading and
transport of the harvested fog.**** 3D nanowire-like structures
based on copper oxide have also been reported where the
surfaces displayed a remarkable transition in wettability upon
adsorption of carbon species upon ambient exposure.** Using
different micropatterning techniques employing different
metals and polymers, super-hydrophilic microstructures sur-
rounded by superhydrophobic areas have been developed
which display a range of morphologies, such as microcones,
bulges, and nanowhiskers, among others.'??*3¢3%341% These
microstructured surfaces had areas with high wettability and
low wettability and displayed enhanced fog harvesting effi-
ciency ranging from 0.006 g cm > h™' to 2.78 g ecm > h™",
Therefore, the effect of hierarchical surface features and
wettability on the fog harvesting capability is worth studying.
We note here that the range of values reported of up to 4 orders
of magnitude difference on the fog collection efficiency are
strongly influenced by the fog harvesting technique and exper-
imental conditions utilized.*

Previous studies have suggested that the variations in the
Laplace pressures, which arise from the energy gradients at the
surfaces because of their conical or pointed morphologies and
chemical composition of materials, stimulate coalescence of
small droplets condensed on the surfaces.'®'***> In most of the
reported cases, deposited droplets can be spontaneously and
continuously captured and transported from the tip to the base
of the conical structures due to difference in the Laplace pres-
sure. However, the difference in Laplace pressure by con-
straining the droplet geometry between the microstructures
such as micro-pillars and micro-patterned nanowire arrays is
also known to induce droplet detachment from the surface
which may lead to better water collection.*** In these cases,
dewetting transition of deposited droplets occurred on
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microstructures with optimized spacing. The droplets migrate
from the base to the top of the microstructures and it is related
to the topography of the fabricated microstructures. In addi-
tion, Shanahan has also reported that in order to attain
minimum surface energy, dew droplets are able to climb
a conical structure which is aided by the capillary effect.”
Currently, there are not many studies which have attempted to
realize fog harvesting devices with high output and the existing
ones are facing challenges like high production cost, low effi-
ciencies and most importantly scaling up.

The directional water transportability of most specific bio-
logical structures is strictly dependent on many factors such as
air flow, gravitational forces, adhesion forces, etc.>*"***® These
forces can hinder the fog collection cycle from restarting and
raise the risk of droplet re-evaporation, either by halting the
timely removal of the nucleated and grown droplet or by
prematurely removing the nucleated droplets.*~>* Although the
current bioinspired fog collectors are quite successful in
producing a reasonable amount of water, the transport of water
is still of vital importance to the removal of captured droplets.
With respect to the disadvantages of gravity-driven bioinspired
fog collectors at a large scale, droplet retention on the func-
tional surfaces may suffer from severe re-evaporation under fog
flow, which may have a major effect on the efficiency and the
consistency of the fog collectors.** Also, to efficiently collect the
nucleated and coalesced droplets, which may travel across the
surface and foul the nucleation sites by terminating the nucle-
ation and growth process prematurely, it is important to design
a surface which facilitates the directional transport.

Inspired by nature, we propose the fabrication of CuO
nanoneedles on a large scale for potential fog harvesting
application. High-density CuO nanoneedles were fabricated
using a low cost and facile wet chemical oxidation process
which can be scaled up very easily. The morphological and
compositional characteristics of CuO nanoneedles are dis-
cussed and confirmed using field emission scanning electron
microscopy (FESEM) and X-ray photoelectron spectroscopy
(XPS). The shape and orientation of the nanoneedles on the
surface provide unique wettability to the surfaces and enable
them to capture tiny water droplets from the fog flow. As
directional transportation is the key for efficient collection of
water, hydrophilic channels were made on the surface via an
economically viable milling technique which draws the nucle-
ated and coalesced water from across the surface and aids in
proficient water collection. The surface wetting properties of the
nanoneedles were studied and their correlation with the fog
collection ability was established. The underlying mechanisms
governing the droplet nucleation and the dynamic transport on
the surface have also been highlighted.

Materials and methods
Fabrication procedures

Cu plates having dimensions 150 mm X 150 mm x 1.5 mm
were used in this study. These dimensions were chosen as it is
easy to monitor these in fog harvesting experiments. However,

This journal is © The Royal Society of Chemistry 2019
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with the current methodology, the fabrication of the bio-
inspired surfaces can be achieved on a much larger scale.

Millichannel fabrication. Open channels were milled using
a Makrum SMX3500 mill (Tampere, Finland) which can fabri-
cate to a maximum area of 700 mm x 450 mm. Channels had
an approximate depth of 0.4 mm and a width of 1 mm, milled in
the pattern shown in Fig. 1a and b. A leaf vein-like design was
adopted for the channel milling on to the surface as the design
is reported to be efficient in water harvesting applications.* The
channel width and depth are adopted from the study by Mer-
taniemi et al. wherein the milling technique was used to fabri-
cate channels on to hydrophobic copper surfaces for swift
droplet movement.*”

Nanostructure fabrication. The Cu plates with channels were
first cleaned with acetone, ethanol and deionized water (ELGA
PURELAB Option-R7) viag ultra-sonication for 15 min in each.
After being dried with high purity N,, the surface of the plates
was scored gently with sandpaper (3 M, 600 grits) towards the
direction of the channels. In the first step of fabrication of CuO
surfaces, the scored Cu plates were cleaned with high purity N,
and immersed in a 0.02 M H,SO, solution (Sigma Aldrich) for
5 min. After this step, the Cu plates were transferred to
a container with an aqueous solution of 1 wt% NaOH (Sigma
Aldrich) and (NH,),S,05 (Sigma Aldrich) in a 1 : 1 ratio at room
temperature for 15 min with slight stirring. At the end of the
reaction, the substrate was taken out of the solution, rinsed

150 mm

(a)
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several times with ethanol first, followed by DI water, and dried
with compressed N,. The plates were then dried at 150 °C for 2 h
to complete the phase transition from a light bluish brown
colored hydroxide to a dark brown colored oxide (Fig. 1) which
is the surface bearing high-density CuO nanoneedles. To make
the prepared oxide surfaces superhydrophobic, fluorosilane
treatment was used to decrease the surface energy.

Hydrophobic coating procedure. The as-fabricated surfaces
were placed in a sealed desiccator with few drops of
1H,1H,2H,2H-perfluorodecyltriethoxysilane (Sigma Aldrich) in
it. The desiccator with the samples was then kept overnight at
room temperature before the samples were taken out. The
silane treated plates were then placed in the oven for 1 hour to
get rid of any unattached silane on to the surface. To avoid any
silane attachment into the channels, Cu wires soaked in 1%
PVA (Sigma Aldrich) solution were carefully placed inside the
channels before placing the plates in the desiccator with the
silane. After the silane treatment over the plate, the Cu wires
soaked in the PVA were carefully removed from the channels
which remained hydrophilic. The samples: bare Cu, scored Cu
and silanized bare Cu and scored Cu were used as the control
samples.

Structural characterization

X-ray photoelectron spectroscopy (XPS) and X-ray Auger electron
performed
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(a) Picture showing the design, dimensions and channel orientation. (b) and (c) are the unprocessed and processed sample surfaces. The

scalebars in (b) and (c) are 30 mm. (d) Schematic of the fog harvesting setup for water collection.
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monochromatized Mg Ko X-rays (1253.6 eV) generated using
a DAR400 X-ray source (Omicron Nanotechnology GmbH)
operated at 300 W for excitation of photoelectrons and Auger
electrons. The measurements were carried out in normal
emission with a detection area of 2.93 mm® (Z1.93 mm). The
core level spectra were collected with a pass energy of 20 eV
employing an Argus hemispherical electron spectrometer
(Omicron Nanotechnology GmbH) installed in a multifunc-
tional ultra-high vacuum (UHV) surface analysis system.>* The
surface compositions were identified by analyzing core level
spectra using Casa XPS software (Version 2.3.18 PR 1.0). The
binding energy scale was calibrated according to a metallic Ag
3ds,, reference at 368.00 eV. The background subtracted XPS
peaks were least-squares fitted with a combination of symmetric
Gaussian-Lorentzian component line shapes, while the Cu
LMM transition was fitted using experimentally obtained line
shapes of Cu®, Cu*, and Cu®" references.*® The relative atomic
concentrations were calculated using Scofield photoionization
cross-sections and an experimentally measured transmission
function of the Argus analyzer.>

High-resolution surface structure imaging characterization
was performed using a FESEM (field emission scanning elec-
tron microscope) (Zeiss UltraPlus) operating at 15 kV. Elemental
analysis was done using an EDS (Energy dispersive X-ray spec-
troscopy) attachment linked to FESEM (Oxford Instruments X-
MaxN 80 EDS). Contact angle measurements were done by
using a video-based optical contact angle system (Theta Lite
Optical Tensiometer, Biolin Scientific). Three independent
sessile drop measurements were performed using OneAttension
software and values were extracted via the tangent method.

Fog collection experiments

The experimental setup for the determination of the fog-
collection rate is shown in Fig. 1d. Fog collection experiments
were done by exposure of the surfaces to the fine mist of

Milling

A
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ultrapure water generated by two commercial cool mist ultra-
sonic humidifiers (Bionaire BU1300W-I) working at the same
time and having one output nozzle each. The nozzles were tilted
to an angle of 45° from the vertical position as shown in Fig. 1d
to make sure that the fog flow reaching the surface is not too
weak and covers the whole surface.?®*” In the literature, it has
been reported that the typical wind speed of the fog in a desert
is around 10-50 mm s~ .*® In order to obtain similar conditions
and a homogeneous fog distribution across the surface, the
humidifiers which emit the cool mist in the range of 50-150 mm
s~ ' (measured using a Jessiekervin YY3 hand-split digital
anemometer) were placed at a distance of about 100 mm from
the sample mounted vertically to the stage. The samples were
slightly tilted from the vertical orientation during the experi-
ments to aid the droplet movement on channels. This is to avoid
the droplets overshooting the channels which may foul the
other nucleating areas and thus prematurely ending the growth
of other droplets. The aerodynamic conditions may vary slightly
due to minor variation in the output from the humidifier. This
suggests the use of a tilted surface with respect to the direction
of the wind for better fog collection efficiency. However, the
results are reliable and a comparative study is possible if the
sample size and the position are same, hence experimental
conditions were kept the same every time with special care. The
total air flow for both the humidifiers was estimated as ca. 260 +
60 mL h™". The experimental setup had a relative humidity
above 90% and the temperature was maintained at 24 °C
throughout the experiments. The size of the droplets in this
case typically ranges from 1 to 5 um in diameter,* which is
similar to those reported elsewhere®® and comparable to that of
atmospheric fog. Then, the volume of water was collected and
measured with a weight balance at intervals of 20 min over
a period of 2 h. For the onset of dripping experiments, the
surfaces used were 15 mm x 15 mm in dimensions and were
freshly and independently fabricated. The irregularities on the
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Fig. 2 Schematic of large-scale fabrication of patterned high-density CuO nanoneedle structures.
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edge of the surfaces may influence the volume of the falling
droplets.®® As the droplet deposition on to the surface is
dependent on the wettability of the surface and the surfaces
were independently fabricated after cutting, it can be reason-
ably assumed that edge effects are negligible and can be
ignored. Three sets of trials were executed on three independent
samples and the average values along with the standard devia-
tion were calculated. Special care was taken to ensure the same
experimental conditions for all measurement rounds.

Results and discussion

Fig. 2 shows the schematic of the sketch of the fabrication of
patterned high-density CuO nanoneedle structures. In this
study, a large scale, low cost and facile oxidation process was
introduced. To characterize the surface morphology of the
fabricated CuO surfaces, FESEM was employed and the images
at different scales along with their corresponding EDS spectra
are shown in Fig. 3. Fig. 3a1 and a2 show the original Cu surface
which has a relatively planar structure and the EDS spectra in
Fig. 3cl confirms the presence of only copper. The surface
roughness consisting of the directional protrusions was
induced on to the surfaces of smooth Cu with the simple
scoring using sandpaper which can be seen in Fig. 3b. The
oxidation process led to the formation of the uniform high-
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density CuO nanoneedles with a high aspect ratio which is
evident in Fig. 3c. The corresponding EDS spectra in Fig. 3c3
confirm the existence of copper as copper oxide as the presence
of oxygen is clearly evident in addition to copper. From Fig. 3c, it
can be seen that the typical length of these nanoneedles is in the
range of a few um and the needles are high aspect ratio conical
structures. Some micro-flower like structures composed of CuO
can also be observed from Fig. 3¢, which may be the result of Cu
etched from the surface.

The nanoneedles were conceivably composed of hydrated
copper oxide which usually forms during the oxidation process
of copper.®* The oxidation process usually proceeds in three
steps. In the first step, the growth of Cu(OH), occurs which can
be explained by the existence of NaOH and (NH,),S,0s which
allows rapid oxidation of Cu.®”” NaOH alone may also oxidize the
surface, but it has been reported that it might take a longer
time.®® Cu®" cations released from this process react with the
hydroxide anions to form Cu(OH), on the surface. During this
process, gas bubbles with a characteristic ammonia odor were
noticed which indicated the formation of NH;. This step can be
summarized as an equation:**

Cu (s) + 4NaOH (aq) + (NH4)25,05 (aq) —
Cu(OH), (s) + 2Na,SO, (aq) + 2NH; (g) + 2H,0 (1)

1.6x10° 1.6x10° 4
Cu(Lat,2) s.oxt0t
1.4x10° Cuflatd) 1.4x10° 4
~ 1.2x10° ~ 1.2x10° 4 - i :
3 3 3 soxto* Cu (La1,2)
S 1.0x10° - 8 1.0x10° s
g 8.0x10* g 8.0x10* 4 '5 4.0x10* -
2 3 3
O 6.0x10° 4 © 6.0x10* 4 o
-1-~0 (Ka1)
4.0x10* 4 4.0x10* - 2.0x10*
2.0x10° Cu (Ket) 2.0x10° 1 Cu (Kat) Sulled
0.0 4 »J A—» 0.04 L M 0.04
o 2 4 6 s 0 12 o 2 H 6 s 0 12 o 2 H H s 0 12
(a 3) Energy (keV) (b3) Energy (keV) (c3) Energy (keV)

Fig. 3 SEM images of the uncoated bare Cu (a), uncoated scored Cu (b) and uncoated CuO nanoneedle surfaces (c) at different resolutions (1
and 2). (3) Corresponding EDS spectra of the surfaces. The CuO nanoneedle samples here were 2 days old and kept under ambient conditions.

This journal is © The Royal Society of Chemistry 2019
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In the second step Cu(OH), transforms very rapidly into
tetrahydroxocuprate (1) anions Cu(OH),>~ due to the alkalinity
of the solution (eqn (2)).** In the final step, Cu(OH),>~ prepared
in the previous step can be considered as the precursor for the
growth of CuO nanoneedles which are formed by the reaction
shown in eqn (3).

Cu(OH), (s) + 20H™ (aq) — Cu(OH),*~ (aq) (2)
Cu(OH),*~ (aq) < CuO (s) + 20H™ (aq) + H,O (3)

The small CuO particles prepared in this step have high
surface energy and are highly reactive, so these aggregate
around the 3D protrusions created by scoring and form the
nanoneedle-like structures. In the absence of scoring with
sandpaper, nanostructures in a random shape and orientation
could be formed which may lead to non-wetting surfaces (refer
Fig. Sla, ESI}).® It has been reported that by optimizing the
etching time and reactants in similar oxidation approaches,
a variety of surface morphologies could be achieved.®®**** In
this case, the presence of H,SO, played a crucial role in the
formation of nanoneedle-like structures which were uniformly
spread over a large area and the same structures were obtained
every time in repeated fabrication experiments. The formation
of such structures may be due to the blocking of Cu layers by
bisulfate ions. A number of studies on the interaction of sulfuric
acid species with metallic surfaces are reported in the litera-
ture.*” A comparative study on the adsorption of sulfuric acid
species on Cu surfaces along with other surfaces revealed that
bisulfate adsorbs very effectively on to the surface of Cu.®” Thus,
when the oxidation process takes place, bisulfate ions strongly
adsorb on the freshly formed surface of CuO and prevent CuO
particle deposition throughout the surface which leads to the
formation of high density CuO nanoneedles on the surface. This
can be confirmed with the SEM image of the CuO surfaces
(Fig. S1b, ESIY) fabricated in the absence of H,SO, which dis-
played nanoflake-like structures.

The surface chemistry of the CuO nanoneedles and their
surface modification with hydrophobic coating were investi-
gated by XPS which is shown in Fig. 4. According to XPS, the
bare Cu surface contained C-C/H/O species (C: 83.8 at%) and
some Cu" oxide on top of the metallic Cu. As seen in Fig. 4b, the
Cu LMM peaks on the bare Cu at 917.1 eV and 919.0 eV (Auger
parameters: 1849.4 eV and 1851.3 eV) correspond to Cu' and
Cu’, respectively. The components of O 1s at 530.2 eV and Cu
2pa/2 at 932.3 eV support the presence of Cu” oxide.

In the case of CuO nanoneedles, the oxidation process
ideally should remove all the carbon species. However, the
presence of carbon species on to the surface (C: 26.2 at%) can be
mainly due to the ambient exposure which is known to change
the wettability of the CuO based surfaces.*® The carbon content
in the freshly fabricated surfaces can be lower and depends on
the ambient conditions and age of the samples as shown in
Fig. S2 (ESIt). The fabrication process also induced some Si
impurity (3.6 at%) on the surface which can be mainly due to
the scoring with sandpaper or the silicon oil used during the
milling process. Copper was found only in the oxidation state of
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Cu** indicated by the Cu LMM line shape and peak position at
918.1 eV (Auger parameter: 1851.8 eV) which confirmed that the
nanoneedles are composed of CuO. The components of O 1s at
529.5 eV and Cu 2p3, at 933.7 eV with a strong shakeup satellite
support the presence of Cu** oxide. Si** (2.9 at%), Si** (0.4 at%),
and carbon-bonded F (2.1 at%) were detected on the CuO
nanoneedle surface after silanization (Fig. 4c). Copper
remained in the oxidation state of Cu®" as indicated by the Cu
LMM line shape and peak position at 918.1 eV (Auger param-
eter: 1851.6 eV). The components of O 1s at 529.4 eV and Cu 2p,
» at 933.5 eV with a strong shakeup satellite support the pres-
ence of Cu®" oxide. Bisulfate adsorption on to the surface of Cu
was observed before the oxidation process which further
strengthens our point that the presence of H,SO, is necessary
for the CuO nanoneedle growth process (refer Fig. S3, ESIT). The
results confirmed that the surfaces obtained after the oxidation
process were predominantly composed of CuO and rule out the
presence of any other Cu oxide species.

Wettability studies

The ability of the surface to capture water depends on the
wettability of the surface, so we characterized the wetting
properties of the surfaces in detail. The wetting properties of the
CuO nanoneedles were studied using droplet spreading exper-
iments and contact angle measurements. The sequence of
captured images during droplet spreading of a 1 pL water
droplet on the uncoated surfaces can be seen in Fig. 5a. As soon
as the droplet is dispensed on to the CuO nanoneedle surface
without any coating after fabrication, the wetting of the water
droplet proceeds in two phases: in the first phase, it wets the
surface very quickly and reaches a diameter of ~3-4 mm in less
than 0.1 s. In the second phase, the drop continues to spread
slowly, and reaches a diameter of ~6-7 mm in 20 s, displaying
very low contact angles. Immediately after the drop was
dispensed on to the surface, a precursor perimeter was observed
which was evidenced to be outside the periphery of the water
contact line. During the second, slow phase of the wetting, the
droplet spreading continued linearly with time despite the
evaporation (refer Video S1, ESI}) till it reaches its maximum
diameter.

The water-spreading was also investigated on the control
samples. In the case of bare Cu surface (Fig. S4at) the water
droplet that touched the surface did not spread out and main-
tained a contact line of about 4 mm over time. A similar wetting
behavior was observed in the case of scored Cu surface
(Fig. S4bt) where the droplet also maintained a constant
contact line, however, the shape of the droplet sitting on the
surface was more spherical in appearance. This hence
confirmed the role of the high-density distribution of nano-
needles in efficient spreading of the water droplets. The water-
spreading under capillary and viscous frictional effects of the
CuO nanoneedle surfaces are shown via the schematic in
Fig. 5b. After immediate dispensing of the water droplet on the
surface, some quantity of water quickly spreads to the base via
the tip along the surfaces of nanoneedles. It has been well
established that the conical microstructures are responsible for

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) XPS survey spectra (black) and selected low-intensity core level spectra which are not clearly visible in the survey scan (red). (i) Bare Cu,

(i) CuO nanoneedles and (jii) silanized CuO nanoneedles. (b) XAES Cu LsM4sMus spectra of (i) bare Cu, Cu® 10.9%, Cu*: 89.1%, (i) CuO
nanoneedles, Cu?*: 100% and {iii) silanized CuO nanoneedles, Cu?*: 100%. Measured data are shown as dots. Fitted experimental reference line
shapes in the greyscale fill are shown for bare Cu surface and oxidized surfaces. (c) High-resolution XPS spectra of O 1s, F 1s, Si 2p, and Cu 2p
transitions. The exposure time for uncoated CuO nanoneedles used in XPS analysis was 7 days from the fabrication.

the increase in the pressure gradient.' Due to this increase in
the pressure gradient, the droplet dispensed on the surface of
nanoneedles quickly leads to wetting as soon as it touches the
surface. In the next step, a layer of water is formed on its surface
which facilitates further quick droplet spreading. It is note-
worthy that a complete spreading was not observed on the CuO
nanoneedle surface. Complete spreading can hinder the droplet
movement by promoting high adhesion forces.®® This is because
the droplet spreading on the micro- and the nanostructured

This journal is © The Royal Society of Chemistry 2019

surface is related to the balance between the capillary forces and
the viscous frictional forces.®** As the size of the microstruc-
tures is decreased beyond a certain level, the viscous frictional
forces start to dominate the capillary forces. Since we observed
efficient droplet spreading without fully wetting the whole CuO
nanoneedle surface, it means that the nanoneedles had a suit-
able feature size and inter-texture distances which maintained
a balance between the capillary force and the viscous frictional
force. It is also noteworthy that the wettability of the CuO
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Fig. 5 (a) Images of a water droplet (1 pl) spreading on hydrophilic
CuO nanoneedle surface and (b) schematic diagram of the spreading
of a water droplet. The scale bar in (a) is 2 mm.

nanoneedle surface is subject to the structure-coupled adsorp-
tion of airborne volatile organic carbon species, where a transi-
tion of the surfaces from superhydrophobic can be observed.*
To prove this, we measured the adsorbed carbon content on the
surfaces of CuO using XPS along with change in wettability over
the period of 0 to 108 days and the data are shown in Fig. S2,
ESI.} It was observed that on ambient exposure of the CuO
surface, the surfaces adsorb volatile organic carbon which
changes its  wettability from  superhydrophilic to
superhydrophobic.

In the case of all surfaces with hydrophobic coating, no
change in contact radius or droplet morphology was observed
and the droplets maintained a spherical shape throughout the
experiment. However, it is expected that the contact radius on
the hydrophobic surfaces steadily decreases over time due to
the evaporation of the droplet.” In our studies, we noticed that
the CuO nanoneedle surface with hydrophobic coating dis-
played a very high contact angle (>165°) and a low contact angle
hysteresis (<10°). Usually, the Cassie state is compromised
when small droplets are present on the surface and often the
pinning effect is seen. However, in this case, it was observed
that even with the small droplet size (Fig. S5, ESIt), the stability
of the Cassie state could be maintained. This can be attributed
to the aspect ratio and density of the nanoneedles, i.e. even the
smallest observable drops are much larger than the feature size
of the surface. Control samples with silane coating were also

(a1) 0,=76+2 (bl)

*-ﬂn_

(a2) 0.=98+8 (b2)

=130+9  (c2) I

Fig.6 Contactangle 6 (deg) images of (1) uncoated and (2) hydrophobic coated surfaces composed of (a

View Article Online

Paper

observed to be hydrophobic, but with a very high contact angle
hysteresis (Fig. 6). Droplet pinning was observed in the case of
both the hydrophobic control samples, which may be due to the
irregularities in the surface morphology and lack of periodic
microstructures. Thus, the unique interaction of water droplets
with surfaces composed of uncoated and coated CuO nano-
needles makes them a suitable candidate for the enhancement
in droplet nucleation, growth and efficient removal of deposited
water. The fabrication of these surfaces can be easily scaled up
with ease and is ideal for the development of materials and
practical devices that can harvest the atmospheric water with
high efficiencies.

Fog harvesting studies

The hierarchical topography of the CuO nanoneedle surfaces
discussed in this paper has two major key phases in enhancing
the atmospheric water harvesting efficiency. First is the rapid
nucleation, growth and departure/shedding of the water drop-
lets on the hierarchical conical structures inspired by Opuntia
microdasys*® and Cynodon dactylon.”” The second aspect is the
guided transport of the water droplets for the efficient collection
without fouling the other areas where nucleation and growth of
the water droplet are happening.

The fog collection efficiencies of the CuO nanoneedle
samples along with controls were determined in three
measurement cycles and the water-harvesting test was per-
formed as described in the Materials and methods section.
Samples with some of the processing steps omitted were used as
the control samples and their contact angles are shown in Fig. 6.
The characteristic snapshots of fog harvesting experiments on
different samples at different time intervals can be found in
Fig. 7. Upon impact of the tiny fog droplets with the surface,
first droplets are visible on the surface by heterogeneous coa-
lescence. As the fog harvesting experiment proceeds, droplets
suspended in the fog flow reaching the surface now coalesce
with already collected droplets. After a few seconds, droplets
with sizes ranging from hundreds of um to few mm can be
observed in the case of hydrophilic CuO nanoneedle surfaces
and CuO nanoneedle surface with hydrophobic coating. It can

0,=101+5  (c1) 0.=7+2

S

6,=165t1

) bare Cu surface, (b) scored Cu surface

and (c) CuO nanoneedle surfaces. The scale bars in the images are 1 mm and the volume of water is ~6 plL.
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Fig. 7 Snapshots of droplet formation and transport on different surfaces: (a) uncoated bare Cu, (b) uncoated scored Cu, (c) uncoated CuO
nanoneedles, (d) coated bare Cu, (e) coated scored Cu and (f) coated CuO nanoneedles at time intervals 0, 150, 300, 450 and 600 s. Scale bars

are 1 mm.

be evidenced that comparatively fewer droplets were observed
in all the other control surfaces in the initial phase. The shapes
of a droplet in the surfaces put in the inclined position are
predicted by contact angle hysteresis (a measure of advancing
and receding contact angles) as well as the types of their cor-
responding nanostructures.” In the initial phase of the exper-
iment, the droplets appear to be spherical in shape in all the
samples. Eventually, as the droplets grow with the size similar
to the capillary length (L. = [y/(pg)]”®, where v is the surface
tension between the liquid and gas, p is the density of water and
g denotes gravity), the factor of gravity comes into play and the
shape of the droplets starts to deform.” It can be seen in Fig. 6
that the droplets in the case of all the non-hydrophobic samples
deviate from the perfect spherical cap figure. It is noteworthy
that the shape of the droplets shows a different orientation on
the hydrophilic CuO nanoneedle surface than the non-
hydrophobic control samples. In the case of the hydrophilic
CuO nanoneedle surface, most droplets orient slightly in the
vertical direction under the effect of gravity, while on the control
samples without the nanoneedles, most droplets stretch in the
random direction and seem to make a film on the surface. The
different orientation of the droplets on the hydrophilic CuO
nanoneedle surface can be attributed to the arrangement of the
nanostructures and droplet spreading aided by the gravitational
force. The different droplet morphologies observed in the
current experiments require further investigations at large scale
as well as longer time durations to be able to evaluate the
impact of the action of vertical and horizontal forces on the

This journal is © The Royal Society of Chemistry 2019

drops and whether droplet spreading via capillary force or any
other forces has any connection with this. In the case of surfaces
bearing hydrophobic coatings, the spherical shapes could be
observed throughout the experiments. However, in the case of
CuO nanoneedle surface with hydrophobic coating, the droplets
were comparatively smaller and started rolling off after they
reached a certain size. In control samples, the droplets grow
bigger in size and remain pinned to the surface for a prolonged
period of time which can be due to the instabilities in their
Cassie states.

The water removal performance on the different surfaces as
the amount of water collected is directly related to the different
forces acting on the droplet and to the droplet adhesion to the
surface. To quantify the water collection performance on the
CuO nanoneedle-based surfaces as well as the control surfaces,
the amount of water dripping from the surfaces was quantified
every 20 min and the data are presented in Fig. 8a. The mass of
the first droplet to roll and fall off along with droplet formation
time was also compared along with the frequency of the falling
droplets (Fig. S6, ESIT). The volume and onset time of the first
single falling droplet can be a measure of the fog harvesting
ability and water removal quality of the surfaces.” The surfaces
displaying short onset time and large droplet size can be
considered as more suitable for application in fog harvesting.
Throughout the 2 h of the fog collection experiments, the
surfaces exhibiting the nanoneedles without and with hydro-
phobic coating collected 27.0 + 1.4 and 29.5 £ 1.5 mL of water
respectively. For a sample size of 22 500 mm? which was

Nanoscale Adv., 2019, 1, 4025-4040 | 4033
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Fig.8 (a) Fog harvesting dynamics as volume of water collected per square meter, V (mL m~2), in time, t (min), over a surface area of 22 500 mm?
for all surfaces. (b) Average volume and onset time of the first single droplet detaching from the surfaces.

considered in our experiments, the overall amount of water
collected per square meter per hour was 600 =30 mL m >h™*
for hydrophilic CuO nanoneedle surface and 655 + 35 mL m >
h™" for CuO nanoneedle surface with hydrophobic coating. CuO
nanoneedle surface with no hydrophobic coating collected
significantly more water as compared to the control surfaces
with no hydrophobic coating as large droplets were generated
rapidly and began to fall quickly off its surface which is evident
from Fig. 8b. The CuO nanoneedle surface with hydrophobic
coating showed the overall best water collection efficiency
despite its superhydrophobicity. The superior output of this
surface can be attributed to its significantly short onset time
(Fig. 8b) and high frequency of falling droplets (refer Fig. S6,

4034 | Nanoscale Adv., 2019, 1, 4025-4040

ESIT), however, the average size of the droplets obtained was not
very large. The tendency of these droplets to roll off quickly
makes the surface available for the next nucleation and growth
cycle which is another interesting trait of these surfaces. It can
be evidenced from Fig. 8 that all the control samples yielded
a small amount of collected water which can be correlated with
their extended onset time. The water collected per square meter
per hour was approximately 300 + 55, 310 £ 45, 325 £ 45 and
375 + 20 mL m~> h™' for bare Cu, scored Cu, hydrophobic
coated bare Cu and hydrophobic coated scored Cu surfaces,
respectively, which is much less than the surfaces displaying the
nanoneedle structures.

This journal is © The Royal Society of Chemistry 2019
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Mechanism of fog collection

The fog harvesting mechanisms on the fabricated surfaces can
be explained with the help of the schematics as described in
Fig. 9. Clearly, the morphology and the wettability of the
surfaces have a direct impact on the water harvesting ability, so

View Article Online
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the photographs from the wetted surfaces in Fig. 7 and the
dynamics of the water collection in Fig. 8 should be considered
which make the proposed fog harvesting mechanism more
comprehensible. On the uncoated scored and smooth Cu
surface, it starts with the tiny droplet deposition on the surface
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Fig. 9 Schematic graphic showing the fog collection mechanism on (a) uncoated bare Cu, (b) uncoated scored Cu, (c) uncoated CuO nano-
needles, (d) coated bare Cu, (e) coated scored Cu and (f) coated CuO nanoneedles.
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which gradually become larger with constant encounter with
fog droplets (refer Fig. 7). This is followed by further coales-
cence of the deposited droplets of random size and shape with
the neighboring drops which eventually leads to the formation
of the liquid film over the surface. The flow of these water films
with the aid of gravity was observed to be very slow, which is
responsible for the low water harvesting in these surfaces. On
the surfaces bearing nanoneedle structures, a thin film of water
was evidenced immediately on the surface at the early stages of
the fog exposure which can be attributed to its hydrophilic
nature. In this case, the water collection can be defined via
pressure gradients on the conical structures. For any micro-
conical structures where the radius of the cones increases
from tip to base, a two-dimensional model of the pressure
gradient which arises from the surface tension on the film of

73,74

water is given by:

dp dk
TN 4
ds v ds )

Here, p is the liquid pressure; s is the position of the conical
structure and « is the curvature (1/r where r is the radius of
curvature, positive for a convex shape and negative for a concave
shape) and v is the surface tension. This pressure gradient
causes the water to migrate from the convex tips to the concave
parts between the needles. Eqn (4) also indicates that the liquid
pressure declines along the direction of the increasing radius
on nanoneedles and the liquid pressure also reduces alongside
the direction of decreasing radius between the nanoneedles.
This means that the water condensed on the tip of the nano-
needle will be drawn towards the periphery of the nanoneedle
base. Similarly, the water deposited around the periphery of the
nanoneedle base will be drawn towards the corner region. On
the nanoneedle, the radius of tip r, is visibly much smaller as
compared to the radius of periphery r,, (1, > r) and the radius of
the base r, can be considered much larger as compared to the
periphery (1, > 7, see Fig. 9). This indicates that the overall
water deposited as a film will be drawn towards the region near
the periphery of the nanoneedle by the influence of the pressure
gradient. It was interesting to observe that inter-spacing and the
angles in nanoneedles were sufficient for continuous removal of
water film and avoiding over-flooding which could be the
reason for the increase in fog deposition over the surfaces.”
Therefore water keeps on depositing on the uncoated nano-
needle surfaces which show very good water collection effi-
ciency as compared to the control uncoated surfaces.
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On the surfaces bearing hydrophobic coating, a different
type of water collection was observed. On the control hydro-
phobic smooth copper surface, very small water droplets got
deposited on the surface due to the surface being a barrier to
the fog flow. This is because of the low surface tension nature of
the surface which delays the droplet nucleation. These tiny
droplets gradually became bigger in size to eventually merge
with the other droplets. After the droplet attained a critical size,
it slides off the surface. The critical size of the droplet pinned to
a surface under the influence of gravity on a completely vertical
surface can be estimated using the following equation:**”*

pVg = yD(cos 6, — cos 0,) (5)

Here, p is the density of the droplet, v is the surface tension
and Vis the volume of the drop, D is the diameter of the drop, 6,
and ¢, represent the receding and advancing contact angles;
and g denotes gravitational force. It is clear from eqn (5) that the
volume of the droplet is proportional to the contact angle
hysteresis. The surface displayed large droplets during fog
harvesting experiments because of its high contact angle
hysteresis (refer Table 1). Hence, much time was taken to reach
the critical volume of the droplet, hence leading to a very long
onset time. On the other hydrophobic control surface (scored
Cu), a comparatively small contact angle hysteresis along with
the small critical size of droplets was evidenced which can be
due to the presence of large microstructures induced by scoring
with sandpaper. In this case, many small droplets were evi-
denced on the surface at the initial stage of fog collection
experiments which eventually grew in size and coalesced with
nearby droplets. When drops coalesce, due to the low adhesion
to the silane layer, the excess surface energy can lead to the
shedding of droplets from the surface. These droplets were in
constant exposure of the fog flow accompanied by the large gap
between microstructures (as shown in Fig. 3b) which may have
led to detachment of these droplets which get carried away in
the fog flow and plausibly explain the delayed droplet growth
and lower water collection. Additionally, as the existing droplets
continue to grow on the surface, their overall volume kept on
expanding. The large and deep microstructures created by
scoring lead to the pinning of the water droplets and the
droplets could not roll off quickly even after they reached their
critical size.

In the case of hydrophobic coated CuO nanoneedle surface,
which displayed further increase in the water harvesting
performance, the nanoneedles possess higher surface area and

Tablel Contactangles 6 (deg) on different surfaces. 6, is the advancing contact angle, 6; is the static contact angle and 6, is the receding contact
angle. All the non-coated samples were freshly prepared before the measurements (0 days exposure). Standard deviation values of three

independent measurements are also included

No coating Hydrophobic coating
Sample name 02 O 0, 0. O 0,
Bare Cu 103 £ 4 76 £ 2 42 £ 2 112 £5 98 + 8 68 4
Scored Cu 121 £ 3 101 £ 5 70 £ 3 141 + 8 130 £ 9 113 £ 3
CuO nanoneedles — 7E£2 — 171 £2 165 £1 161 +4
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have more nucleation sites for fog droplet deposition. The
nucleated and coalesced droplets get confined between the high
aspect ratio, dense and low energy nanoneedle surface. Due to
the high surface area, the probability of the droplets colliding
with other droplets increases. Another interesting feature of the
nanoneedles arranged in arrays is their irregular tilting
throughout the surface as evidenced in Fig. 3c. This makes sure
that there is a minimal loss of water droplets from the surface
due to the fog flow and the droplets which escape from the tilted
nanoneedle surface get trapped by neighboring nanoneedles.
Thus, the coalesced droplets in this way reached a critical size
and start rolling off the surface rapidly which can be evidenced
from the very short onset time and lower droplet mass (refer
Fig. 8b). The presence of random microflower-like structures
may also aid in the droplet growth by providing pinning sites.
Also, we assume that there is optimal space between the
nanoneedles which avoids the flooding between the nano-
needles and loss of superhydrophobicity which can arise from
any trapped coalesced droplet. This can be confirmed with the
repeatability tests conducted on the surfaces (Fig. S7, ESIf)
where the surfaces maintained efficient water collection ability
even after 5 fog collection cycles.

It is also noteworthy that the hydrophobic coated CuO
nanoneedle surface collected more amount of water than the
hydrophilic CuO nanoneedle surface, unlike in the previous
study”® where the hydrophilic conical structures collected more
water than the hydrophobic conical structures. This can be
because of a phenomenon called “coalescence cascade” where
the droplets jump off the surface of water due to a very thin layer
of air underneath the droplet.” Since there is formation of
a water film on the surface of hydrophilic CuO nanoneedles and
the surface is in a tilted position during the fog collection
experiments, the jumping droplets do not bounce back to the
water film and get carried away in the fog flow.

Guided transport of the harvested water

In general, a fog collection phenomenon consists of three stages
which include nucleation of fog droplets on the surface, droplet
growth and removal of water from the surface. During the last
phase of water removal, there is a probability of a significant
water loss due to the evaporation, especially when the fog har-
vesting is taking place at a large scale. In the hydrophilic
surfaces, harvested and condensed fog droplets merge to make
a film of water over the surface which is more prone to evapo-
ration. On the hydrophobic surfaces, the harvested droplets
which roll off the surfaces have a tendency to foul the other
nucleating droplets and terminate the nucleation and growth
process prematurely. So for the efficient collection of water, it is
very important to transport the captured water proficiently.*
To achieve efficient water transport, the hydrophilic chan-
nels were made with a line width of 1 mm by employing the
milling technique (refer Fig. 1a). For efficient transport of the
water during the fog harvesting process, the surfaces were tilted
slightly. Fig. 10 shows the overall water collected by the surfaces
with channels and without channels. It is clear from the figure
that the presence of channels significantly adds to the overall

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Comparison of the rates of water collection for surfaces with
and without channels.

quantity of water collected over the surfaces. On the hydrophilic
surfaces, the harvested water from the nearby areas coalesce
with the film and gets transported via the capillary-like system
with the aid of gravity (refer Fig. 11a). Such a fog harvesting
mechanism is in agreement with the earlier reported simulta-
neous dropwise and filmwise condensation on structured and
patterned wettability surfaces as in the work of Orejon et al.”®
and Mahapatra et al.”7 When the hydrophilic channels are
initially filled with water, the water channeling through them is
swifter. This is evident from Fig. 7a where the initial water
collection is low, displays a cascading pattern and follows
a steady flow afterward.

The water transport in the hydrophobic surfaces was
different than the surfaces possessing hydrophilic surfaces. A
few droplets were observed to roll along the channel while most
of the droplets were observed to change their shape and move
along the channel. Fig. 11b shows the transport of the water
droplets on to the hydrophilic guiding tracks milled on to the
hydrophobic surfaces. It can be seen from the figure that the

Fig. 11 Guided transport of water via hydrophilic milled channels in (a)
CuO nanoneedles (uncoated) and (b) CuO nanoneedles (coated).
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droplets deposited on the hydrophilic channel display a signif-
icant change in the morphology of the drop, elongating along
the channel.

To explain why a drop is pinned to the hydrophilic track,
consider the change in free energy of the drop when it
encounters the track. To keep the argument simple, we will only
consider a two-dimensional model of Fig. 12, which shows
a schematic of a drop interacting with an infinite length
channel, where the channels are hydrophilic and rest of the
surface is hydrophobic.

When the contact line advances an infinitesimal amount dx
on the substrate, the surface free energy is increased by dE =
wdx(ys1 — vsg) = —Wydx cos 6, where w is the width of the drop
(see Fig. 12) and vy and v, are the surface energies of the solid-
liquid and solid-gas interfaces, respectively, and v is the surface
tension of the liquid. The free energy associated with the drop-
gas interfaces is E = y(ws + 24), where s is the arc length of the
liquid-gas interface and accounts for the top interface and 4 is
the cross-sectional area and accounts for the front- and back
interfaces. For the total surface free energy of the drop, we have

E = y[w(s — x1 cos 0] — x5 cos 6,) + 24] (6)

where x,, are the wetted perimeters of the channel and the
background substrate, respectively, and 6, , are their contact
angles. Since the channel is hydrophilic (6, < 90° = cos 6, > 0),
increasing x; decreases the free energy. Similarly, since the
channel is hydrophilic (6, > 90° = cos 6, < 0), decreasing x,
decreases the free energy.

Assuming that the drop has fully wetted the channel (x; = 2A
+ [, where £ is the height of the channel and [ is its length) and
dewetted the hydrophobic surface (x, = 0), the contact line is
pinned to the edge of the channel and it can be seen that the
interface of the drop can thus lower its free energy by increasing
w, i.e. by elongating along the channel, up to the point where
dE/dw = 0. This elongation can be clearly seen in Fig. 12. This
explains how the drops coalesce in the open channels due to
hydrophilic interactions and get transported as a capillary
system.

In summary, the bioinspired surfaces based on CuO nano-
needle arrays showed good fog collection efficiency per unit
area at a consistent rate and at a large scale. The results
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Fig. 12 Two-dimensional model of a drop interacting with an infinite
length channel in the case where the channels are hydrophilic and rest
of the surface is hydrophobic.
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displayed in this study are at par with the bioinspired surfaces
based on micro-conical arrays'®'®1%*>5¢737879 a5 well as other
structures existing in the literature. As reported in the previous
studies, the arrangement of the super-hydrophobic and super-
hydrophilic surfaces together in different orientations and
patterns can further enhance the overall water collection ability
of the surfaces.”***" So using these coated and non-coated
nanoneedle-based surfaces, the creation of varying wettability
patterns in different permutations and combinations to check
any variation in the water collection dynamics would be another
interesting study. The knowledge and the findings based on
these efficient fog-collecting surfaces at a large scale can pave
way for the design and improvement of highly efficient surfaces
to be wutilized in fog-harvesting and other industrial
applications.

Conclusion

In this paper, we demonstrated bioinspired CuO surfaces pos-
sessing nanoneedle-like structures using a simple wet chemical
oxidation technique which can be scaled up very easily. The
overall fabrication process along with the formation of
nanoneedle-like structures has been discussed and the surfaces
have been characterized thoroughly. It was observed that the
surfaces bearing CuO nanoneedles show good droplet
spreading and can be easily converted to super-hydrophobic
surfaces with silane coating. This method of fabrication repre-
sents a way of obtaining functional surfaces at a large scale for
efficient water harvesting and the overall increase in fog har-
vesting efficiency observed was ~99% for non-coated and
~150% for surfaces with hydrophobic coating when compared
to the smooth control samples. In addition, hydrophilic chan-
nels were fabricated on to these surfaces using milling for
efficient guided water transport. The presence of channels
tends to increase the overall water harvesting capability of the
surfaces by minimizing the risk of evaporation and fouling by
already captured and departing droplets. The presence of
channels further enhanced the water collection efficiency by
~9% when compared to the surfaces without channels. To
support the experimental data, a 2-dimensional model was
proposed to show transportation of droplets adsorbed in the
open channels as a capillary system due to the hydrophilic
interactions. The insights gained by these results can be bene-
ficial towards the design and fabrication of efficient fog-
harvesting devices. Apart from water harvesting, these
surfaces can also be utilized in different practical fields such as
catalysis, electronics, and applications related to heat transfer.
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