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Enhanced Fog Water Harvesting on Superhydrophobic

Steel Meshes

Pegah Sartipizadeh, Mohammad Reza Mohammadizadeh,* Carlo Antonini,

and Raziyeh Akbari*

Fog water harvesting, inspired by desert organisms, offers a sustainable and
low-cost solution to water scarcity, especially in humid coasts. Mesh-based fog
collection is gaining research attention due to its passive operation and minimal
environmental impact. This study aims to develop effective, low-cost, scalable,
and easy-to-apply fog harvester designs while evaluating their performance under
fog conditions that closely mimic real-world scenarios. Copper is electrode-
posited onto steel meshes to create a rough hydrophobic layer, and modified with
a per- and polyfluoroalkyl substances-free silica-sol to reach superhydrophobicity.
The modified sample achieves a water harvesting efficiency of 580 mg (cm®h) ",
a 40% improvement over uncoated steel meshes, comparable to the results of
single-drop impact studies and fog water harvesting investigations. The key
considerations for fog harvesting research, emphasizing the need to calculate fog
harvesting efficiency as the ratio of collected water to available atmospheric water
generated in experimental setups are highlighted. Without standardized testing
protocols, inconsistent results hinder progress and divert focus from real-world

1. Introduction

The global clean water shortage crisis stands
as one of the most urgent challenges of our
time, intensifying other major issues such as
climate change and air pollution."! This
crisis is particularly critical in arid regions,
including countries like Italy, Iran, and those
in the Persian Gulf, where water scarcity
poses severe threats to both human popula-
tions and the environment. One promising
source of clean water is fog, which is used
for a few million years by desert animals
and plants.*™® In the Atacama Desert of
Chile, where rainfall can be absent for
years, the clouds contain an average of
13.8 kg m 2" By harnessing just a few per-
cent of this resource, the region could poten-

applications. To address this, a methodology for a standardized protocol
reflecting fog characteristics and environmental conditions is developed. This
technological advancement offers a viable strategy to mitigate water scarcity
through optimized fog water harvesters based on surface property design and

control.
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tially satisfy the country’s entire annual water
consumption needs.”™ These meshes offer
a passive method of water collection, though
their efficiency decreases in low humidity
conditions."”  Despite this limitation,
researchers and engineers worldwide are
working to enhance this technology because
of its straightforward design, low cost, reli-
ance on renewable energy, and minimal
environmental impact, with no associated noise, heat, or air pollu-
tion.I"""? These advantages have made water harvesting a compel-
ling area of research, as evidenced by the substantial growth in
academic publications on water harvesting and fog collection in
recent years, as visually represented in Figure 1 for details.
Atmospheric water harvesting can be achieved from two
primary sources: vapor and fog. Harvesting water from vapor
(uncondensed water) typically involves a phase change process,
where water is condensed by creating a temperature difference
or captured chemically using hygroscopic materials.""! Collecting
vapor by dew harvesting, which is particularly effective in areas with
relative humidity lower than 100% and environmental temperature,
relies on materials like graphene oxide or specific polymers that
absorb moisture and condense water vapor.'*"'®! Additionally, pass-
ing humid air through cold refrigeration coils cools the air, causing
water vapor to condense.” In contrast, fog liquid droplets have a
diameter typically less than 40 pm and fog water harvesting can be
achieved by capturing directly the liquid, without condensation,
thus requiring no energy input.''® Fog water harvesting meshes
are especially effective in regions with high relative humidity
(typically above 75%) condition, ideal for coastal deserts.!"”
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Figure 1. Statistics related to water harvesting and fog collection,
extracted from Scopus, show an increase in articles published from
2000 to 2023. The following keywords were used to extract results: for
“Water harvesting”- {water} AND {harvesting}; for “Fog collection”-
{fog} AND {collection}. A schematic of fog water harvesting by meshes
inserted in the figure.

Extracting water from fog using a collector involves three main
steps: 1) capture of tiny fog particles within the collector; 2) trans-
port of particles, which can first merge to form larger droplets
without exceeding the optimal size related to the mesh pore size;
and 3) drainage to the reservoir.'*?%*! If any of these steps are
not executed effectively, the overall efficiency of the process
declines: as such, all steps need optimization. Fog harvesters
are more feasible when designed as meshes due to their
open-porous structure, which reduces the surface area obstruct-
ing airflow. This design results in lower drag and a smaller aero-
dynamic coefficient compared to solid sheets. Additionally, mesh
porosity, wire diameter, and airflow conditions significantly
influence performance. Combined open-porous structure with
woven wires in meshes effectively captures fog particles, ensur-
ing an efficient initial step in fog collection. Meshes also facilitate
directional transport of collected droplets, a feature less efficient
in solid collector sheets. However, a key challenge with mesh
designs is pore clogging, which can hinder long-term perfor-
mance and reduce overall harvesting efficiency.**?* This occurs
due to the capillary effect in the pores, causing the pores to
remain filled even after the drainage step. As a result, subsequent
fog particles cannot be effectively captured by the mesh because
the pores become clogged, leading to a reduction in the mesh’s
aerodynamic efficiency and, consequently, its water collection
capacity. Hydrophobizing meshes are an effective technique to
mitigate clogging; however, superhydrophobicity can lead to
droplet re-entrance. This occurs because the low adhesion force
of the droplets causes them to roll off the mesh wire surface.!

The parameters that influence the harvesting efficiency of fog
collectors can be categorized into three main groups: 1) fog char-
acteristics (e.g., concentration, temperature, and flow rate), 2) pre-
vailing wind characteristics (e.g., speed, direction, and gradient),
and 3) mesh geometry and surface characteristics (e.g., knot
shape, pore size, wire thickness, material, and surface morphol-
ogy and wettability).*'*'*?? The diameter of fog particles in
nature varies from 5 to 50 pm, depending on factors such as
the temperature difference between the environment and the
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dew point, and the type of fog (e.g., advection fog, radiation
fog, and evaporative fog).!'"! For instance, lowering the air tem-
perature below the dew point increases dew and fog formation by
condensing water vapor. Fog harvester efficiency also depends on
the size of the fog droplets. Schemenauer et al. discovered that
the efficiency for larger particles (15 pm) increased more rapidly
with rising wind speed compared to smaller particles (11 pm).!**]
In this regard, there is an optimal window of relatively low wind
speed (<2ms™') to collect more water by meshes, with lower
wind speeds being more effective for meshes with smaller pore
sizes.”>?¢! Indeed, the average prevailing wind speed in the fog
season of the coasts around the world is in a similar range.””)

Surface geometry and dimensional characteristics highly
affect the water drop dynamics on the surface, and eventually,
the amount of water collected from fog.”®>% Some studies
including Wang et al.*" and Yin et al.’?! found that in a similar
mesh number, thinner wires led to higher fog water harvesting
efficiency and faster collection due to the reduced capillary. Pores
clog easier when the fog droplet size is comparable to the pore
size, due to an increase in the pore capillary effect, interrupting
the transportation step and expediting the drainage, reducing the
fog water harvesting efficiency. In addition, a successful fog
water harvesting system relies on appropriate micro-nano struc-
tures on the mesh wires with optimal surface properties.!*?533!
On rough superhydrophobic surfaces with contact angle larger
than 135° and a hysteresis angle smaller than 20°, water droplets
form on prominences while air bubbles get trapped in indenta-
tions, leading to a Cassie—Baxter state. The trapped air prevents
water from penetrating nanostructures, increasing contact angle,
boosting the transportation and drainage steps, thus enhancing
fog water harvesting efficiency, the larger the fog droplet size, the
more hydrophobicity is required.?*>"!

In this study, copper layers were electrodeposited onto
stainless steel meshes and further chemically modified with
hydrophobic silanes. Samples with varying mesh dimensions,
micro—nano surface structures, and wettability modifications,
i.e., hydrophobic and superhydrophobic coatings, were examined
through characterization experiments and a homemade fog
water harvesting test setup. These experiments elucidated opti-
mal mesh characteristics and test conditions for enhancing
fog collection. Finally, a thorough comparison with existing lit-
erature with similar sample properties and test chamber designs
was conducted to outline expectations and future perspectives for
fog collection using hydrophobic and superhydrophobic meshes.

2. Experimental Section

2.1. Sample Preparation

To assess the size effect on fog collection, water harvesting tests
were conducted on five square woven meshes with pore sizes of
50, 100, 250, 425, and 600 pm, and wire thickness of 50, 60, 130,
150, and 180 pm, respectively; the corresponding shade coeffi-
cients, defined as portion of the mesh area covered by wires, were
75, 61, 57, 46, and 42%, respectively. Stainless steel meshes (SS
304) were cut into 3 x 3 cm? pieces and sequentially rinsed in
soap, water, acetone, and ethanol, each for 15 min with stirring.
The substrates were then immersed in a 10 wt% H,SO, solution
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for 30 s to remove surface oxides. To fabricate rough micro—nano
structures, a copper layer was electrodeposited onto the sub-
strates, similar to our previous studies.*® The electrolyte solu-
tion contained 0.2 M CuSO4-5H,0 (99%, Samchun Chemicals)
and 0.25M H,SO, (98%, Parsian Pure Chemical). A two-
electrode cell was utilized for electrodeposition, with the steel
mesh as the cathode (substrate) and a copper sheet as the anode.
The electrolyte temperature was maintained at 45 + 5 °C during
deposition using a heat bath. Electric current was applied to the
electrodes using a Keithley model 6221 current source. Through
our previous studies on the electrodeposition of copper, we
found that various rough surfaces with dendrite or hierarchical
structures with hydrophobic properties can be created by using
DC, cyclic voltammetry, or pulse methods.?? Accordingly, in the
present study, electrodeposition methods with various wave-
forms have been utilized to fabricate rough Cu coatings on
the steel meshes. In this regard, waveforms with shapes includ-
ing square, ramp, sinusoidal, and DC with varying current den-
sity and duty cycles have been used, the deposition conditions of
the successful samples are summarized in Table 1.

Similar to the reaction conducted in ref. [40], the silica solution
for modifying the samples was prepared by adding 2.1 mL of
Tetraethoxysilane (TEOS, >98%, Exir Company) to 30mL
of ethanol (99.5%, Scharlau) and stirring vigorously for
10 min. Then, 2mL of Hexamethyldisilazane (HMDS, >99%,
Sigma-Aldrich) was slowly added to the solution and the mixture
was stirred for 30 min. 3mL of deionized water was added
dropwise to the solution at the same stirring rate at room
temperature (~25°C). The reaction mixture was stirred
constantly for 2h to form a transparent sol. After immersing
the substrates in the sol for 15 min, the samples were rinsed with
ethanol.

2.2. Characterization

The static and quasi-static, i.e., advancing and receding, contact
angles, contact angle hysteresis, and sliding angles were mea-
sured on all samples using a homemade setup equipped with
a Veho VMS-004 Deluxe camera, and repeated at least 5 times.
The static contact angle was measured using 6 pL deionized
water droplets placed on the sample. To measure quasi-static
contact angles, a 3 pL water droplet was placed on the sample.
The droplet volume was slowly increased (~10pLmin™') to

Table 1. Details of the deposition conditions of the sample sets.

Set Waveform Current density Duty Deposition
[mAcm? cycle [%] time [min]

#1 Square 11.6 90 120

#2 Square 11.6 90 60

#3 Square 11.6 50 60

#4 Ramp 11.6 50 60

#5 Sinusoidal 11.6 100 60

#6 DC 44.4 100 15

#7 DC 11.6,77.7 100 60,5
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15 pL to measure advancing contact angles. Then, liquid was
withdrawn at the same rate (%10 pL. min~"), and receding contact
angles were measured as the droplet contact area began to
shrink. Additionally, the study examines the sustained wetting
of both dry and prewetted meshes by assessing the duration that
a water droplet maintains its original shape on the surface. The
microstructure of the prepared samples was examined using a
field-emission scanning electron microscope (FESEM, TESCAN
MIRA 3 LMU). Energy dispersive spectroscopy (EDS) was used
to analyze the chemical elements of the samples. Additionally,
the crystalline phase of the deposited layer was determined by
X-ray diffraction (XRD, STOE, Stadi/p, Germany).

2.3. Fog Water Harvesting Test Setup

To evaluate the fog water harvesting performance of the prepared
samples, a home-made fog water harvesting test setup had been
employed. The setup installed of a large glass chamber measur-
ing 60 x 100 x 150 cm?, connected to a ventilator to prevent
humidity saturation in the chamber in the vicinity of the sample.
As sketched in Figure 2a, fog was produced using a humidifier
(Emsig, model US 408 plus) at a rate of 210 mLh ™" with a nom-
inal fog droplet size distribution of 1-5 pm. The water flow rate
(calculated as the average over a two-hour test) remained constant
across all fog collection tests, independent of the air speed in the
wind tunnel. A cylindrical wind tunnel, consisting of two concen-
tric steel mesh cylinders 50 cm in length and 8 cm in diameter,
was used to simulate wind on a laboratory scale, directing the fog
output from the humidifier. The samples were placed on one
side of the tunnel, while a variable-speed fan on the other side
pushed the fog toward the samples. The samples were secured in
holders positioned above water collection containers (Figure 2a,b).
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Two concentric steel mesh cylinders as fog tunnel
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Figure 2. a) Schematic diagram of the fog water harvesting setup, b) a
picture taken from the experimental setup, and c) interior view of the wind
tunnel with diagonal plates to reduce vorticity in airflow. Black bars in (b)
and (c) show 5 and 2 cm, respectively. The wind tunnel has an outer
diameter of 8 cm and a length of 50 cm.
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This arrangement was inspired by other research studies.****

The fog flows through a 15 cm-long channel to reach the sample.
During preliminary tests, flow swirl caused the fog to not reach the
surface of the samples uniformly. To address this issue, two plastic
plates were installed in a crosswise configuration in front of the
fan to eliminate wind vorticity (Figure 2c).

During the fog water harvesting experiments, the ambient
temperature was =33+3°C, with a relative humidity of
26 £ 5% in the chamber and 80 + 5% at the front of the fog tun-
nel. Each test lasted 2h, after which the amount of collected
water was weighed. Due to the large scale of the experiment
and the resulting high error percentage, each test was repeated
at least five times. The average water collection value and
error bars were then recorded for each sample. During each
experiment, ~400 g of water was generated by the humidifier.
However, the amount of water collected was ~10% of the gener-
ated water, depending on the sample. Fog water harvesting
efficiency () is calculated as follows in (mgcm™2h™"):*!

Total amount of collected water

(1)

" Mesh surface area x Test duration

In addition, to gain a deeper understanding of the fog collec-
tion process and investigate how different surface modifications
impact harvesting efficiency, the weight and falling frequency of
the drained droplets from the mesh were analyzed, inspired by
ref. [42]. To conduct this study, two key parameters were defined
and measured: 1) The weight of the droplets that drained from
the mesh over a short period, referred to as the “mass of dripping
droplets”, 2) the time interval between successive droplet drain-
age events from the sample, referred to as the “cycle of droplets
dripping”. These parameters were measured during three differ-
ent stages of a 2 h fog water harvesting experiment: 1) the initial
minutes, 2) after 1 h, and 3) the final minutes of the test. A video
recording was used to calculate the average time interval between
at least five droplet drippings. Additionally, the droplets were
collected on a glass slide and weighed to determine their average
weight.
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3. Results and Discussion
3.1. Effect of Mesh Geometry and Wind Speed

Figure 3a illustrates the fog water harvesting efficiency of meshes
with pore sizes of 50, 100, 250, 425, and 600 pm, combined with
various wire diameters. These configurations result in shade
coefficients ranging from 75% for the mesh with the smallest
pore size and thinnest wire to 46% and 42% for meshes
with 425 and 600 pm pore sizes, respectively. According to
Figure 3a, at a constant wind speed of 0.3 m s™*, the meshes with
425 and 600 pm pore sizes demonstrated significantly higher fog
water harvesting efficiency compared to those with smaller pore
sizes. This result aligns with previous studies, which suggest that
optimal fog collection efficiency is achieved when the shade coef-
ficient is ~50%.1'8?% However, this optimal value also depends
on factors such as mesh wettability and fog flow characteristics,
including droplet size distribution, fog flow rate, and wind speed.
To investigate the effect of droplet size on fog collection effi-
ciency, a second humidifier (Vurf, SPS-808) was employed.
This humidifier generated a broader droplet size distribution
with a larger nominal droplet size of 10-15 pm. The fog flow pro-
duced by this new humidifier exhibited more unsteady behavior.
As shown in Figure S1, Supporting Information, under similar
fog flow rates and wind speeds, increasing the average droplet
size slightly improved the fog collection efficiency of the
600 pm mesh compared to the 425 pm mesh. This contrasts with
results for smaller droplet sizes. However, these measurements
are less accurate than those obtained for smaller droplets. In the
following, the influence of wind speed on the fog water harvest-
ing efficiency on these meshes had been investigated by chang-
ing the power applied to the fan to generate four different wind
speeds of 0.1, 0.2, 0.3, and 0.4 m s~ *. These wind speed numbers
were measured by recording a video of the fog entering and exit-
ing the tunnel, then calculating the ratio between the distance
traveled by the fog and the recorded time. Figure 3b indicates
that the highest fog water harvesting efficiency was achieved
at a wind speed of 0.3 ms ™' in the mesh with 425 um pore size,
which is lower than the optimal wind speed proposed by
Fernandez et al.*® Considering that their study found smaller
pore sizes lead to higher fog water harvesting efficiency at lower

T T T

500¢ -425 um 418 1
-600 um

400 |
300}
200} 170459

Wind speed (m/s)

Fog harvesting efficiency (mg/(cm*h)) T

o

Figure 3. Fog water harvesting efficiency 5 of meshes a) with different pore sizes and b) in different wind speeds.
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wind speeds, and the smallest pore size in their study was 0.051”
(1300 pm), it is reasonable to expect that the optimal wind speed
for the 425 pm meshes in this study would be significantly lower
than what was suggested by Fernandez et al. although fog droplet
size must also be taken into consideration.’®” As a result of these
experiments, a wind speed of 0.3 m s~ and a mesh pore size of
425 pm were selected as the optimal operating parameters for the
subsequent experiments.

3.2. Effect of Electrodeposition Condition and Silica-Sol
Modification

As described in Table 1, after selecting the mesh with 425 pm
pore size as the suitable substrate, seven sets of samples were
fabricated using different electrodeposition conditions and mod-
ified with silica solution. Scanning electron microscopy (SEM)
images from the surface structure of the mesh wires in the
samples also provided in Figure S2, Supporting Information.
According to Table 1, a square waveform was used to fabricate
the first three sets of samples. In set #2, the deposition time was
reduced, and in set #3, the duty cycle was decreased, compared to
set #1. All these three sets of samples exhibit nonuniform grain
sizes on the surfaces, ranging 1-8 um in length, as revealed by
the SEM images in Figure S2, Supporting Information. Ramp
and sinusoidal waveforms were used to fabricate sets #4 and
#5, respectively. These resulted in long cracks on the wires com-
pared to the other samples, as shown by the SEM images in
Figure S2, Supporting Information. To achieve a more intense
deposition with a rougher surface and more uniform grain
sizes, DC electrodeposition with higher current densities was
employed in sets #6 and #7. In set #6, a current density of
44.4mA cm ™2 was applied to the system for 15 min, resulting
in pyramids with sharp tips, smaller grains, and a more uniform
grain size distribution. Set #7 involved a two-step process: first, a
low current density with a long deposition time to evenly cover
the wire surface, followed by a quick electrodeposition at seven
times higher current density to inhibit further lateral growth and
promote columnar growth, generating prominent hemisphere-
shaped grains.

The wetting and fog water harvesting efficiency of these
seven sets of samples, along with their silica-sol modified
counterparts, were characterized to identify the best sample
set with optimal wetting state and fog water harvesting

www.aem-journal.com

performance in both the Cu-coated and Si-Cu-coated condi-
tions. Figure 4 represents the advancing and receding contact
angles, sliding angle, and fog water harvesting efficiency of
these samples over five test repetitions. Among the Cu-coated
meshes, see Figure 4a, only set #6 exhibited water droplet
shedding from the surface, while the water droplet remained
sticky on the other six samples. Set #6 also showed the largest
advancing and receding contact angles, resulting in lower wet-
ting hysteresis, and higher hydrophobicity. The hydrophobicity
in Cu-coated samples can be attributed to the hydrocarbon
adsorption on the surface during one week of drying in ambient
condition, as observed previously in metal-based coatings.[*>~*¢!
This effect is more pronounced when the surface contains
grains with elongated vertical structures and sharper tips,
such as the pyramids observed in set #6. In terms of fog water
harvesting efficiency, see Figure 4c, the Cu-coated samples
exhibited efficiencies ranging from 210 to 344 mgcm™*h™},
lower than uncoated steel mesh with 425pum pore size,
shown in Figure 3b, with no direct correlation between
hydrophobicity and fog water harvesting efficiency. However,
samples #3 to #6, with lower wetting hysteresis (~50°)
compared to the other samples, demonstrated higher efficiency
values on average.

According to Figure 4D, after surface modification with silica-
sol, all samples became superhydrophobic, with advancing
contact angles greater than 140° and sliding angles below 20°,
resulting in a significant increase in fog water harvesting effi-
ciency compared to Cu-coated samples, see Figure 4c. Sample
#6 stood out as the most hydrophobic, with the highest advanc-
ing and receding contact angles, the lowest wetting hysteresis,
and the lowest sliding angle among all samples. This sample also
achieved the highest average fog water harvesting efficiency of
580 mg cm~*h™". Notably, to investigate the effect of microstruc-
ture on fog collection, silica-sol was directly applied to steel mesh.
While its wetting characteristics were similar to those of the
Si-/Cu-coated samples, it exhibited a lower water collection rate,
with a more pronounced error (e.g., 505 = 54 mg (cm*h)™),
highlighting the importance of surface roughening for optimal
performance. Therefore, the samples in set #6 were selected
for further study on surface morphology, wetting characteristics,
and fog water harvesting performance in the following sections,
due to their uniform pyramid shape surface grains, higher hydro-
phobicity, and higher fog water harvesting efficiency, compared
to the rest of the sample sets.

(a) ——————————— (b) ———————————— (€) _ S
160} [Cu-coated 1 160 r-|Si/Cu-coated 1 < m  Cu-coated
140[ ] 40l ® ® = ® s ® g ] °E600{ ® SiCucoated I E :
) | [ o
[ ] S 4 |
200 4 x E = =] 120l e s 5 @ s | gsoo—i T [] ]
—~ 100 " . 6“100 F — 3
< 80t 3 1 @ 80f 1 §400r 'I' 1
i x s = & ] i 1 9
60 - 2 2 % z = 60 5 300l + T _
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28 L A Hysteresis v Sliding 28 § 3 * ! * ¥ i g 200 n . . . L L |
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Figure 4. Wetting characteristics of the a) Cu-coated and b) Si-/Cu-coated samples from seven sample sets, along with c) the fog harvesting efficiencies of

those sample sets.
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3.3. Effect of Surface Modification

To investigate the effect of surface morphology and chemical
composition on the fog water harvesting efficiency of coated steel
meshes, three different samples were examined: 1) steel mesh,
2) Cu-coated mesh from set #6, and 3) Si-/Cu-coated mesh from
set #6. EDS analysis revealed that the Cu-coated mesh was 97%
covered with copper, with only 3% oxidation, see Table S1,
Supporting Information. The Si-/Cu-coated mesh exhibited a
negligible amount of silicon. XRD analysis of the Cu-coated
mesh confirmed the polycrystalline nature of the coating, consist-
ing predominantly of pure copper and copper oxide. Additional
details can be found in Figure S3, Supporting Information.

SEM images of the samples are presented in Figure 5al—cl.
The steel mesh wires exhibited a nearly smooth surface, while
the electrodeposition of copper resulted in a dense aggregation
of micrometric copper grains with pyramid-like shapes and
sharp tips, ranging in size from 2 to 4 pm. The subsequent coat-
ing with the pH = 8 silica solution likely contributed to copper
layer corrosion, leading to the formation of deep sub-micrometer
holes, increasing porosity, enhancing air trapping within the
structure.

Water contact angle measurements, presented in Figure 5a2—c2,
reveal that while water droplets penetrate and become trapped in
the steel mesh, the copper electrodeposition significantly reduces
liquid penetration into the mesh pores. This treatment increases
the advancing and receding contact angles to 133° and 83°, respec-
tively, resulting in a wetting hysteresis of 50°, and a sliding angle of
77°. The combination of high wetting hysteresis and the need for a
high tilting angle for liquid drop shedding is characteristic of a par-
ahydrophobic surface, which exhibits both a high contact angle and
strong adhesion, indicating a Wenzel wetting state.[*”! Further sur-
face modification with a silica sol resulted in the fabrication of a
superhydrophobic mesh, with advancing and receding contact
angles of 147° and 130°, respectively, and a reduced hysteresis
of 17°. Water droplets easily shed from this sample at a sliding
angle of less than 15°. The presence of a thin hydrophobic silica
layer on the Si-/Cu-coated mesh, combined with deep sub-
micrometric holes within the structure, creates a slippery surface
with low surface energy. This configuration traps a higher amount
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Figure 6. Sustained wetting of samples: a) Cu-coated mesh in a dry state;
b) Cu-coated mesh in a wet state; c) Si-/Cu-coated mesh in a dry state. The
moments after depositing the droplet at which the pictures were taken are
indicated above each. Images of the meshes in (a,c) after the sustained
wetting test are shown in d,e), respectively. The black scale bar
corresponds to 2mm in (a—c), and Tcm in (d,e).

of air within the structure, reducing the tendency of water droplets
to adhere.*’]

Figure 6 shows the sustained wetting of both dry and prewet-
ted meshes by evaluating how long a water droplet retains its ini-
tial shape on the surface. After placing the droplet on the mesh,
its shape is influenced by factors such as penetration, absorption,
or evaporation. As depicted in Figure 6a, the contact angle of the
water droplet on the dry Cu-coated mesh decreases significantly
after 160s. The droplet leaves behind a darker spot on the Cu-
coated sample after being absorbed into the mesh, as shown in
Figure 6d. Copper, like many metals, is naturally hydrophilic,
with a very high surface energy (1490 mJ m2).*¥ When copper
is electrodeposited from an aqueous solution, the fresh sample
initially exhibits hydrophilic properties. However, after drying in
the environment, the wetting state of the sample can change
depending on surface structure and roughness, as previously
observed.?* On a rough Cu-coated sample, the water contact

Figure 5. SEM images of the surface and pictures from water droplet on the al,a2) steel, b1,b2) Cu-coated, and c1,c2) Si-/Cu-coated meshes, respectively.
The static contact angle on the samples is written on (al—c1). Scale bars in (a1,a2) correspond to 5 pm and 2 mm, respectively.
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angle can increase to hydrophobic or even superhydrophobic lev-
els over a few weeks postdeposition. It is hypothesized that this
superhydrophobicity on metal surfaces arises from the absorp-
tion of hydrocarbons present in the environment.***%! During
wetting experiments, when the surface comes into contact with
water, the liquid removes the thin hydrocarbon layer, exposing
the underlying copper. This interaction leads to the formation
of copper oxide (CuO,), which appears as a darker shade of
red compared to pure copper.*”! The prewetted Cu-coated mesh
quickly absorbs water, see Figure 6b.

As shown in Figure 6c, the sustained wetting test on the
Si-/Cu-coated mesh demonstrates that the silica layer effectively
acts as a robust barrier against water. As a result, a water droplet
on the dry Si-/Cu-coated mesh resists absorption for over 4 h.
After this extended period, the water droplet did not penetrate
or get absorbed by the mesh but instead dried. The image of
the Si-/Cu-coated mesh after the sustained wetting experiment,
shown in Figure 6e, reveals no visible trace of the water droplet,
in contrast to the Cu-coated mesh. Additionally, due to the super-
hydrophobic nature of the Si-/Cu-coated mesh, it was not possi-
ble to take the sustained wetting test in the prewetted condition.

The fog water harvesting performance of the samples is pre-
sented in Figure 7. The left vertical axis in this figure displays the
mass of dripping droplets versus the cycle of droplets dripping,
providing a comparative illustration alongside fog water harvest-
ing efficiency as the right vertical axis in the same plot. The spe-
cific values and error bars are detailed in Table S2, Supporting
Information. According to Table S2, Supporting Information, the
first droplet drips from the steel mesh after 185 s, from the Cu-
coated mesh after 280 s, and from the Si-/Cu-coated mesh after
150 s. The mass of droplets decreases over time for both the steel
mesh and Cu-coated mesh, with the Cu-coated mesh showing a
greater reduction in droplet mass (20%) compared to the steel
mesh. This reduction is attributed to the significant filling of
the Cu-coated mesh pores during the test. As these pores become
filled with water, the mesh collects fog particles less effectively,
leading to a decrease in fog water harvesting efficiency. In
contrast, the droplets from the Si-/Cu-coated mesh maintain a
consistent mass throughout the experiment, indicating the high
wetting sustainability and fog water harvesting performance of
the sample. While the dripping droplets from the steel mesh

1700 =
5 120 si/Cu-coated Cu-coated E
£100| I = o0 2
<@ =
o
2 g0}t Steel mesh )
° 1500 &
2 i S
g 60r S
= f 1400 @
5 401 z
s HH g
2] {300 £
g 20+ e
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O 1 1 1 1 s
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Cycle of droplets dripping (s)

Figure 7. The mass of dripping droplets and fog water harvesting
efficiency of samples versus the cycle of droplets dripping.
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and Cu-coated mesh weighed ~60-100 mg, the lightest droplets
dripped from the Si-/Cu-coated mesh, weighing ~70% less than
those from the other two samples. Due to the low surface energy
and superhydrophobicity of the Si-/Cu-coated mesh, these drop-
lets drained more easily, resulting in a drainage time that was
three times faster than that of the steel mesh and five times faster
than the Cu-coated mesh. In contrast, the largest and slowest-
dripping droplets were observed on the Cu-coated mesh.

The right vertical axis in Figure 7 shows the fog water harvest-
ing efficiency of three selected samples—steel, Cu-coated, and
Si-/Cu-coated meshes—after five repetitions of test, under the
same conditions as described in Section 3.1, with a fixed wind
speed of 0.3ms™'. The tests revealed that the Si-/Cu-coated
mesh demonstrated significantly higher fog water harvesting
efficiency compared to the other two meshes, with an average
of 7=580mgcm *h ', The fog water harvesting efficiency of
Cu-coated mesh exhibits an average of 7 =283 mgcm *h™ ',
while the steel mesh shows an average of
n=418mgcm *h~'. A 40% increase in fog water harvesting
efficiency observed in the Si-/Cu-coated mesh compared to
the uncoated mesh is due to its high superhydrophobicity,
minimal pore clogging, excellent wetting sustainability, and
significantly faster and more efficient fog collection, as demon-
strated by data provided in Figure 3-7. Interestingly, the lowest
efficiency was observed for the Cu-coated mesh, which exhibited
~35% lower efficiency than the uncoated steel mesh. The lower
efficiency of the Cu-coated mesh is attributed to the water drop-
let’s reaction with the surface, as observed during the wettability
and sustained wetting experiments shown in Figure 5 and 6. As
the sample shows a very low sustainability in contact with a sin-
gle droplet, the reaction is significantly intensified during the 2h
fog water harvesting test under a high fog flow rate. The copper
layer quickly absorbs water and reacts within the first few
minutes of the experiment, resulting a mesh filled with water
and consequently, a slow droplet dripping with higher droplet
mass, as described by the mass of dripping droplets and the cycle
of droplets dripping in Figure 7 and listed in Table S2,
Supporting Information. All these events reduced the fog water
harvesting efficiency of the Cu-coated mesh significantly.

Figure 8 shows images taken from the front and backside of
the samples during the fog water harvesting tests, as well as from
the front side of the samples after the 2 h test. According to these
images, the droplets accumulated on the steel mesh and
Cu-coated mesh appear large or form a liquid layer. In contrast,
the Si-/Cu-coated mesh collects droplets with a much smaller
diameter compared to the other two samples. Additionally,
there is no noticeable presence of water on the backside of the
Si-/Cu-coated mesh, due to its stable superhydrophobicity. The
mesh pores are also less filled in this sample after the 2 h experi-
ment. This confirms significantly lower clogging of the mesh
pores in the Si-/Cu-coated mesh during the fog water harvesting
test. A video recorded during the water harvesting test on the
Si-/Cu-coated mesh is included as supporting information.

3.4. Discussion

In our previous observation of single millimeter-sized
droplet impacts on mesh surfaces, we found that while highly

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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During test

Back side
During test
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Front side
After test

(@1)

Cu-coated mesh Steel mesh

Si/Cu-coated mesh

Figure 8. Images taken from water droplets on the samples during the fog collection test: al-a3), b1-b3), and c1-c3) correspond to steel, Cu-coated, and
Si-/Cu-coated meshes, respectively. The images in (al-c1) were taken from the front side of the mesh at the front of the fog tunnel during the fog
collection test. The images in (a2-c2) were taken from the backside of the mesh at the same time as the previous images. The images in (a3-c3)
were taken from the front side of the mesh after two hours of the fog collection test. The detaching water droplets from the meshes are indicated

by dotted colored circles in (al-a3).

hydrophobic meshes showed high water collection efficiency,
increasing superhydrophobicity led to greater droplet rebound
and eventually re-entrainment of water in air.*” As a result of
that study, one could have speculated that achieving higher
harvesting efficiency would require a hydrophobic coating.
However, the present study indicates that fog water harvesting
efficiency generally improves with smaller droplet mass and
shorter intervals between droplet drippings. This optimal state
occurs when the interaction between the surface and the droplet
(adhesion force) is minimal, as seen in superhydrophobic sam-
ples like the Si-/Cu-coated mesh. In these cases, droplets detach
more easily, facilitating the downward flow of smaller droplets
and enhancing fog water harvesting efficiency.!"****"*?! In con-
trast, high surface energy in steel and Cu-coated meshes results

Adv. Eng. Mater. 2025, 2402378 2402378 (8 of 12)

in stronger adhesion, leading to slower droplet drainage and
decreased efficiency. This effect is particularly pronounced in
Cu-coated meshes, where the copper layer absorbs water and
becomes highly hydrophilic, causing droplets to spread and
potentially clog the surface. As mesh pores fill, adhesion
increases, making drainage more difficult. Additionally, liquid
can become trapped in the pores, further hindering drainage.
The mesh structure provides a larger surface area for droplet
absorption, increasing adhesion forces compared to flat surfaces.
As a result, droplets require more mass to overcome surface
tension and detach, leading to slower drainage and larger
dripping droplets. The highest fog water harvesting efficiency
achieved in our research is 580 mg cm?h7?, equivalent to
140 Lm *day ', 14% of the generated fog. This represents a
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40% improvement in fog water harvesting efficiency compared to
stainless steel mesh.

A detailed comparison between our results and other studies
in the field of fog water harvesting, which used similar sample
preparation and test design, is provided in Table 2, sorted by the
publication year. The table includes information on the wettabil-
ity state of the samples, environmental conditions, fog character-
istics, and fog water harvesting efficiencies. According to Table 2,
Wang et al. investigated fog water harvesting in superamphipho-
bic coatings made of SiC particles wrapped in polymers and
sprayed onto surfaces.*® Under fog water harvesting tests with
a very high fog flow rate of 216 Lh™" and a distance of 18 cm
between the sample and the fog outlet, their samples exhibited
a fog water harvesting efficiency of 67 Lm™2day™*, which is
roughly half of the efficiency achieved in the present study.
Kang et al. reported a fog water harvesting efficiency of
48 L m 2day ™! for superhydrophobic meshes.** However, since
the fog flow rate and environmental humidity were not provided
in their article, it is difficult to confidently compare their results
with those of other studies listed here. In another research, Zhou
et al. investigated Janus meshes with superhydrophobicity on
one side and superhydrophilicity on the other.*!) They observed
a maximum fog water harvesting efficiency of 178 Lm™*day ™},
higher than the present study, though the effect of wind speed
was not examined. Sun et al. presented superhydrophobic—
hydrophilic patterned surfaces created by punching holes in
paper and attaching it to an aluminum sheet, with varying hole
sizes and distances.*? In their study, which tested fog collection
efficiency under a relatively low fog flow rate, they reported a
maximum fog water harvesting efficiency of 87 Lm *day ',
which is lower than the efficiency achieved in the present study.

In a study by Zhang et al. a complex coating was fabricated by
anchoring hydrophilic carbon nanospheres and carbon nano-
tubes on the surface of PU nanofiber membranes.®? This study
achieved to a very high fog water harvesting efficiency,
400 Lm™*day ', compared to the rest of the reports in this field,
with no data on fog flow rate. A similarly high fog water harvest-
ing efficiency was observed by Lee et al. who used 3D-printed
poly (lactic acid) (PLA) meshes with different millimeter-sized
holes to study the effect of clogging.”*! The prepared hydropho-
bic meshes were then hydrophilized on one side using oxygen-
plasma etching. Their study reported a maximum fog water

www.aem-journal.com

harvesting efficiency of 208 L m ?day ', through the reported
plots. However, in both of these later studies,®*>* the fog flow
rate—one of the most important parameters in fog water harvest-
ing experiments—was not reported, making direct comparisons
difficult. Lastly, Showket et al. fabricated smooth and rough
hydrophilic and hydrophobic steel meshes using vapor deposi-
tion and chemical etching.®* They also investigated the impact
of mesh aging under environmental conditions on fog water har-
vesting efficiency. Their findings showed that rough hydrophilic
steel meshes demonstrated the highest fog water harvesting
efficiency and sustainability during aging among their samples,
with a maximum efficiency of 82 Lh™", which is lower than that
achieved in the present study. In their experiments, the fog was
provided at the sample location by a wind speed of 0.8 ms™},
which is approximately three times higher than in the present
study. As a result of these comprehensive review, the direct
comparison between the efficiencies reported in literatures is
not straightforward.

Designing effective and scalable fog water harvesters demands
a comprehensive approach to address the urgent need for water
in arid regions. Developing fog harvester designs that are both
practical and cost-effective is crucial for ensuring scalability and
accessibility, particularly in resource-limited areas. High perfor-
mance must be balanced with economic feasibility, considering
diverse climates and consistent performance across multiple col-
lection cycles. During research on enhancing fog collection by
surfaces, many researchers focus on intricately patterned surfa-
ces fabricated using advanced techniques, achieving high collec-
tion efficiency and performance, such as ~2-3gcm *h™'
reported by Samanta et al.’® and Bai et al.*® under controlled
conditions; however, these designs often fall short when trans-
lated to real-world applications. Meshes and nets offer a promis-
ing alternative for fog harvesting due to their open-porous
structure, which allows wind and noncaptured liquid to pass
through, and simple structure. This aerodynamic design mini-
mizes clogging, facilitates drainage, enhances wetting recovery,
and improves sustainability. The capillary effect in meshes
further supports water collection within the pores. Compared
to patterned surfaces, which often rely on expensive, high-tech
fabrication methods, meshes and nets are low-cost, robust,
and supported by well-established industrial fabrication and
modification techniques.

Table 2. A comparison between various research studies in the field of fog water harvesting with similar samples and test chamber designs to the

present study.

Reference Wettability Temperature [°C] Humidity Distance Fog flow Wind speed  [mgem?h™"]  y[Lm 2day™"]
[%] [em] rate [Lh™] ms™]
[26] Superhydrophobic/hydrophilic 22 95 18 216 0.6 280 67
[34] Superhydrophobic 20 - 1 - 1.7 200 48
[51] Superhydrophobic/ 24 95 7 0.16 - 740 178
superhydrophilic
[42] Hydrophobic/hydrophilic 20 - 5 0.05 - 362 87
[52] Hydrophobic/hydrophilic 20 75 5 - 0.5 1666 400
[53] Hydrophilic/superhydrophilic 20 80 5 - 13 865 208
[54] Hydrophilic 25 92 18 0.14 0.3 341 82
Present study Superhydrophobic 33 80 15 0.21 0.3 580 140
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Yet, many studies on fog water harvesting using meshes,
including refs. [48,51,52] mentioned in Table 2, share a common
issue: they do not specify the fog flow rate within the test cham-
ber and report extremely high water harvesting efficiencies. As
such, fog collection efficiency can be potentially overestimated, as
high value may just reflect high fog flow rate, and not the use of
efficient surfaces. Indeed, real-world fog collectors, such as
those in Chile, produce a maximum of 12 L/m2day ' of fresh-
water.') The presence of these disparate reports in the field of
fog water harvesting highlights the urgent need to establish
standardized testing protocols. These standards should consider
the following factors: 1) the amount of water generated by the
humidifier, 2) the amount of water that reaches the sample
surface, and 3) the amount of water collected by the surface.
Moreover, it is necessary to redefine fog water harvesting effi-
ciency by calculating the ratio of the water collected by the surface
to the amount of water reaching the surface. To ensure meaning-
ful comparisons, the fog water harvesting performance of
improved surfaces should be evaluated against that of untreated
surfaces. It is also crucial to systematically investigate the effect
of fog flow rate on harvesting efficiency to align experimental
results more closely with real-world conditions. Tests should
be conducted at lower fog flow rates, with wind speed, tempera-
ture, and humidity that mirror actual environments. To achieve
this, it is recommended that fog water harvesting test conditions
be standardized to more accurately reflect real-world environ-
ments: 1) temperature: 5-40 °C, 2) humidity: 50-80%, 3) wind
speed: <5ms ™", 4) fog flow rate: <0.5 Lh ™", and 5) droplet size:
3-40 pm.”>1127571 Only tests conducted under similar condi-
tions, including droplet size, wind speed, fog flow rate, temper-
ature, and humidity in the vicinity of the sample surface, should
be compared. Without such standardization, current results
introduce significant noise into this field of study and divert
research efforts from the ultimate goal: applying these surfaces
for atmospheric water harvesting in real environments to help
mitigate water scarcity. In addition, a thorough evaluation
of long-term sustainability and resistance to environmental
condition is vital for sustained performance. Ultimately, this
integrated approach will yield practical, high-performance fog
harvesters capable of addressing water scarcity in varied
climates, ensuring both immediate impact and long-term
sustainability.

For a more realistic perspective on the fog water harvesting
efficiency values reported in the literature and their potential
application in real-world, it is essential to estimate the amount
of atmospheric water available in an area with average fog con-
ditions. Yearly weather forecasts and atmospheric measurement
reports suggest that, in a humid environment, a maximum of
8.27 cm of atmospheric water, referred to as 8.27 atm-cm, is
available in a vertical column of atmosphere 100km in length
and 1m?” in surface area.”?*”) If all of this water is collected
on the Earth’s surface beneath the air column during a day,
the maximum fog collection efficiency in a real environment
using a surface with optimal morphological and material charac-
teristics would be 82Lm *day '. However, in many coastal
areas like California, where conditions are less favorable, the
maximum collection efficiency is reported to be much lower,
around 5Lm *day ') Despite this, improvements in fog
water harvesting efficiency from surface modifications measured

Adv. Eng. Mater. 2025, 2402378 2402378 (10 of 12)

www.aem-journal.com

in a constant test conditions are still noteworthy. For example,
the surface morphology and wettability modifications in the pres-
ent study increased fog water harvesting efficiency by 40%. As a
result, this surface could potentially increase the yield to around
~18 L m*day ! in Chile’s coast, which equates to less than 20%
of the maximum available global atmospheric water.

4, Conclusion

In this study, hydrophobic meshes were fabricated by electrode-
positing copper onto meshes, followed by a silica-sol modifica-
tion to achieve superhydrophobicity. The effects of surface
morphology, wettability, and test conditions on the durability
and fog water harvesting efficiency of these meshes were evalu-
ated. Results showed that Cu-coated meshes without silica mod-
ification had low durability and quickly lost performance under
high fog flow. In contrast, silica-coated meshes demonstrated
significantly improved sustained wetting and maintained stable
superhydrophobicity, even during prolonged tests. The Si-/Cu-
coated meshes achieved a 40% higher fog water harvesting
efficiency than uncoated meshes. We observed an inverse corre-
lation between fog water harvesting efficiency and three param-
eters: 1) the time taken for the first droplet to drain from the
mesh surface, 2) the mass of the drained droplet, and 3) the time
intervals between successive droplet drainages. These parame-
ters are much smaller in Si-/Cu-coated superhydrophobic
meshes compared to uncoated and Cu-coated meshes.

We compared various reports on fog water harvesting effi-
ciency, focusing on comparable sample preparations and cham-
ber designs. Our findings highlight a significant overestimation
of efficiencies in some reports, primarily due to intensive testing
conditions such as unrealistically high fog flow rates. To address
this, we introduced a refined calculation method that accounts
for both the available atmospheric water and collected water,
offering a more accurate representation of performance.
Recognizing the need for reliable and scalable solutions, we pro-
posed standardized testing protocols that better reflect real-world
fog densities, flow rates, and environmental conditions. This
ensures the development of fog water harvesters that are practical
and applicable in diverse climates.

Additionally, we emphasize the importance of balancing high
performance with economic viability and material availability to
support adoption in water-scarce regions, recognizing that
laboratory-reported efficiencies may not directly translate to
real-world scenarios. By optimizing surface properties and
enhancing durability, fog harvesters can deliver improved perfor-
mance over unmodified surfaces. This integrated approach,
encompassing design, testing, and accounting for scalability,
paves the way for the development of high-performance fog
harvesting systems capable of addressing water scarcity with both
immediate and long-term impacts.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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