
Nature Sustainability | Volume 6 | December 2023 | 1663–1672 1663

nature sustainability

https://doi.org/10.1038/s41893-023-01159-9Article

Photocatalytically reactive surfaces  
for simultaneous water harvesting  
and treatment

Ritwick Ghosh    1,2, Adrien Baut    1, Giorgio Belleri    1, Michael Kappl    2, 
Hans-Jürgen Butt    2 & Thomas M. Schutzius    1,3 

Atmospheric water harvesting provides decentralized and sustainable 
supplies of fresh water in areas away from natural water resources. However, 
an important challenge is that water sources such as fog are subject to 
contamination from airborne pollutants, especially near population 
centres. Here we demonstrate a rationally designed system that can capture 
fog at high efficiency while simultaneously degrading organic pollutants. At 
the heart of our design is a wire mesh coated with anatase titanium dioxide 
nanoparticles embedded in a polymer matrix. Once activated by sunlight, 
the photoactive titanium dioxide layer decomposes organic molecules 
such as diesel, even in the absence of sunlight; moreover, the wettability 
of the mesh surface is engineered to enhance water extraction. In outdoor 
tests, the device can maintain a good fog harvesting performance as well as 
a water treatment efficiency of >85%. The continuous production of water 
with passive purification demonstrated in our study provides an energy-free 
solution to address water scarcity.

Most of the global population is living under conditions where fresh-
water consumption exceeds replenishment during at least one month 
of the year1. Currently, there is enough fresh water available globally 
to meet demand; however, scarcity arises due to uneven distribu-
tion2,3 and contamination4,5. To address this challenge, the focus of 
research over the past few decades has been on the atmospheric water 
harvesting of sources such as rain6, fog7–9, dew10,11 and vapour12,13 as 
well as reducing freshwater use14,15 and treating contaminated water 
sources16. The emphasis has been on creating energy-neutral atmos-
pheric water harvesting processes17,18, such as deploying meshes to 
collect fog7,8, the radiative cooling of surfaces to condense dew10,11 and 
using solar-activated sorbents to adsorb and release water vapour12,13. 
Of these, fog harvesting is one of the most promising methods: a mesh 
of one square metre can harvest 9–70 litres per day at urban locations 
(for example, in Lima, Peru and in Dhofar, Oman)8,19, and large-scale 
installations (that is, 5,000 m2 mesh) can harvest up to 100,000 litres 

of water in a single day19. However, the utility of this water is limited 
by atmospheric pollution, especially near cities where potable water 
is most needed4,20.

Passive fog harvesting devices (termed fog harvesters) typically 
use woven fibres (for example, a Raschel mesh19), wire meshes8 or 
wire patterns (for example, a harp21), and these devices are suspended 
and allow wind with entrained fog droplets (mean droplet diameter:  
10–20 µm (ref. 22)) to pass through them. Here we refer to mesh 
fibres and wires summarily as ‘wires’ and their arrangements as ‘wire  
patterns’. During operation the fog droplets impact and attach to 
the wires due to capillarity, grow due to coalescence, and drain due 
to gravity into a collector below. Researchers have identified several 
approaches to improve fog harvesting yields based on the interplay 
of fog droplet hydrodynamics and mesh structures or wettability. To 
increase the number of droplets that impact on the wires, the optimum 
projected surface area has been determined, which is dependent on 
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Here we show a combined fog harvesting and water purification 
device that operates completely passively outdoors, requiring sunlight 
only for activation. The device is constructed by embedding photocata-
lytically active TiO2 nanoparticles in a polymer coating on the surface of 
a wire mesh. The coating remains reactive even when not irradiated for 
several hours, enabling the simultaneous collection and treatment of 
polluted fog, even when solar irradiance is low, as it would be under foggy 
conditions. Guided by wetting and diffusion–adsorption–reaction  
theories, and using epifluorescence and ultraviolet-visible (UV-vis) 
spectroscopy, we investigate the effect of the contaminant type and 
concentration on the decay of organic compounds in water droplets 
and films, and identify the rate-limiting steps, providing the necessary 
basis for rational surface design. Using a rationally engineered wire 
mesh coating that was pre-activated with UV light, we demonstrate 
a good fog harvesting performance (~8%) and exceptional organic 
pollu tant reduction values of 85% and 94% when the UV index is low 
and high, respectively, during outdoor tests. This coating also passively  
treats water contaminants such as diesel or bisphenol A, underpinning 
the possibility of using such a concept in a real-world environment 
against a range of pollutants.

Results
Engineering photocatalytically reactive coatings
We engineered photocatalytic reactive coatings, one hydrophilic and 
one hydrophobic, which are expected to have different water treatment 
and fog harvesting performance characteristics, and we deposited 
these coatings onto glass substrates and wire meshes (see Supplemen-
tary Fig. 1a,b for micrographs of the coatings). The hydrophilic photo-
catalytic reactive coating consisted of TiO2 nanoparticles embedded in 
a polyvinyl butyral (PVB) matrix with a grafted polydimethylsiloxane 
(PDMS) brush. We made the coating reactive by exposing it to a UV light 
source before testing (Fig. 1a,b; see also Methods). The same process 

the diameter of the mesh wire and the wire spacing23. However, the 
ratio of the droplet size to the wire diameter is also equally important 
in improving the collection efficiency24. Other important considera-
tions are the type of wire pattern25,26 as well as the mesh material (for 
example, polymer or metal), especially for mechanical robustness27,28. 
To prevent the intercepted droplets from being re-entrained into the 
air flow, previous work has focused on engineering the wire surface to 
have low contact angle hysteresis with a low receding contact angle24. 
The wire surfaces have also been engineered to control the transport 
of droplets to the collector—avoiding over accumulation and mesh 
clogging—by imparting Laplace pressure gradients29–31, wettability 
patterns32,33 and asymmetric structures34,35. Through this and related 
work, researchers have developed a rational approach to the design of 
fog harvesters, with reported maximum collection efficiencies being 
between around 12% and 17% for laboratory-scale experiments at low 
wind speeds21,24,26. However, this work was carried out using uncon-
taminated fog, although in many applications the fog is polluted or 
the water-collecting surface is fouled.

Organic pollutants are often present in fog droplets, with concen-
trations ranging from 0.3 to 25 ppm (refs. 36–38), especially near cities 
where water scarcity is most acute. Previous work has used anatase 
titanium dioxide (TiO2), the most photocatalytically active phase, to 
clean surface contaminants39–41 and microbial organic deposits42–44. 
When TiO2 is irradiated with ultraviolet (UV) light45, this causes it to 
form valence band holes that drive the catalytic decay reaction. The 
limited research46 that has been carried out using fog harvesters to 
collect and treat organic-contaminated fog found that it is possible  
to achieve both using mesh coatings that contain photocatalytically 
active metal oxide nanoparticles such as TiO2. However, the TiO2- 
coated mesh required active and continuous irradiation using a  
UV lamp to purify water (with <36% organic content removed) and  
the fundamentals of the device operation were not explored46.
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Fig. 1 | Reactive coatings that purify using intermittent UV irradiation.  
a, Schematic showing how a TiO2 nanocomposite coating can be activated by 
UV irradiation and remain reactive even in the dark, enabling the purification 
of water without continuous illumination from sources such as the Sun. e−, 
electron. b, Micrograph showing the TiO2-nanoparticle-laden coating (TiO2-
PVB-PDMS). Scale bar, 200 nm. c,d, Image sequences showing how the reactive 
coatings TiO2-PVB-PDMS (c) and TiO2-EC-PDMS (d) can treat contaminated water 
droplets (C0 = 25 ppm methyl orange, dispensed droplet size V = 5 µl). Before 
these experiments, the coatings were irradiated with UV light, photocatalytically 
activating them; the coatings and droplets were not exposed to UV light thereafter. 
e, Plot of concentration versus time (C–t) (black line with circle symbols)  

for diesel dispersed in water. Here, the water–diesel solution was placed in a 
Petri dish (diameter 42 mm; liquid volume 100 µl) that was coated with the 
pre-activated TiO2-PVB-PDMS coating. (Appropriate control experiments were 
carried out to ensure that the emulsion was stable during the analysis—these 
are reported in Supplementary Fig. 2.) f, Plot of C versus t (blue line with square 
symbols) for a bisphenol A–water solution in a Petri dish coated with pre-
activated TiO2-PVB-PDMS (liquid volume 3,000 µl). In e and f, each data point 
represents the average of n = 15 measurements (that is, five readings each for 
three separately prepared coating types) and the data are presented as the mean 
value ± standard deviation.
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was repeated to create the hydrophobic photocatalytic reactive coating, 
but in this case the PVB binder was replaced with ethyl cellulose (EC). 
To demonstrate that our coatings decompose water-borne contami-
nants, Fig. 1c,d shows image sequences of contaminated water droplets 
(V = 5 µl) that contained methyl orange at an initial concentration,  
C0, of 25 ppm on the reactive TiO2-PVB-PDMS and TiO2-EC-PDMS  
coatings, respectively. We see that on the TiO2-PVB-PDMS and 
TiO2-EC-PDMS reactive coatings, the droplets change from light orange 
to clear after 30 and 250 min, respectively, indicating that the organic 
contaminants were decomposed (see also Supplementary Fig. 1c).  
(The total organic carbon content in the purified water samples  
showed comparable values to deionized water, there is no increase  
in the total inorganic carbon content, and no coating ingredients  
were detected in the purified water (Supplementary Fig. 1d–g).)

In addition, we studied the ability of the TiO2-PVB-PDMS  
reactive coating to treat contaminants that are encountered in 
practice, that is, diesel47,48 and bisphenol A49. Here, we irradiated a 

TiO2-PVB-PDMS-coated Petri dish with UV light before filling it with 
100 µl of a water–diesel emulsion (initial concentration of diesel in 
water, C0 = 0.75 ppm; see also Supplementary Fig. 2). Figure 1e shows 
that the concentration value of the water–diesel emulsion was reduced 
by 99.9% after 30 min in contact with the reactive coating. These tests 
were repeated for water–bisphenol A mixtures at C0 = 0.15 ppm (expo-
sure levels that are considered critical50,51) by dispensing 3,000 µl of  
the solution onto the reactive TiO2-PVB-PDMS-coated Petri dish.  
Figure 1f shows a gradual decrease in the concentration of bisphenol A 
over time, and after 30 min it was no longer detectable.

Droplet purification
Epifluorescence microscopy was used to investigate the effect of the 
droplet volume, V, on the time taken for the reactive coatings to degrade 
the organic contaminant (that is, the fluorophore fluorescein) in water. 
We imaged the droplet–substrate interface and measured the fluores-
cence intensity (Fig. 2a; see Methods for image analysis details). Figure 2b  
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Fig. 2 | Epifluorescence microscopy to visualize the decomposition of organic 
contaminants on reactive coatings. a, Schematic of the microscope setup. 
b–e, Epifluorescence image sequences of contaminated water drops (V = 5 µl) 
containing fluorescein (initial concentration, C0 = 25 ppm) on the different 
coatings on glass substrates: TiO2-PVB-PDMS surface before (b) and after (c) UV 
irradiation; TiO2-EC-PDMS surface before (d) and after (e) UV irradiation. The 
TiO2-PVB-PDMS and TiO2-EC-PDMS coatings are hydrophilic and hydrophobic, 
respectively, after UV activation (Table 1). In the upper left of each image in the 
time sequence is shown the measured Ī/Ī0 value, that is, the mean intensity value 
(Ī) measured in the central area of the droplet–substrate interface normalized by 
the initial value (Ī0). Scale bars: primary image, 200 µm; inset sequence images, 
25 µm. f, Plot of Ī/Ī0 versus time (t) for the experiments in b (black square symbols) 

and c (blue circle symbols). We define the decay time (t*) as the moment when 
Ī/Ī0 = 0.001, which we assume corresponds to ~99.9% reduction of the fluorescein 
concentration. g, Plot of Ī/Ī0 versus t for the experiments in d (black square 
symbols) and e (red triangle symbols). h, Plot of t* versus V for water droplets 
containing fluorescein on the reactive TiO2-PVB-PDMS (blue circle symbols) and 
TiO2-EC-PDMS (red triangle symbols) coatings (see also Supplementary Fig. 3). 
The lines of best fit for estimating t* follow power law trends (as indicated by the 
dashed lines) of ∝ V1/3 (pre-factor = 12 min m−1) for the TiO2-PVB-PDMS reactive 
coating and ∝ V2/3 (pre-factor = 77 min m−2) for the TiO2-EC-PDMS reactive 
coating. In f–h, each data point is the average of n = 15 measurements (that is, 
five readings each for three separately prepared coating types) and the data are 
presented as the mean value ± standard deviation.
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shows an image of the fluorescein-containing water droplet on  
the TiO2-PVB-PDMS coating, which had not been irradiated with UV 
light; the droplet contact line is visible. When the coating was not 
activated via UV irradiation, it was hydrophobic (Table 1). To quantify 
the decay behaviour of the fluorophore, we selected a central area 
within the droplet–substrate interface and measured the mean fluores-
cence intensity, Ī, as a function of time; the initial intensity value was Ī0.  
Figure 2b shows that the value of Ī/Ī0 is relatively constant, indicat-
ing no notable change in the fluorophore concentration. Figure 2c 
shows a similar image sequence using the same coating, where the only 
difference is that the coating was irradiated with UV light for 30 min 
before the fluorescein water droplet was placed on it. Here, we observe  
that Ī/Ī0 decreases to 0.002 within 30 min of droplet placement (see  
Supplementary Fig. 3a,b). We also see that we cannot identify the 
droplet contact line as the coating is more hydrophilic and the droplet 
spreads over the surface. Figure 2d,e shows similar image sequences 
for the TiO2-EC-PDMS coating before and after UV light exposure, 
respectively. In both cases, we can see the droplet contact line, as the 
hydrophobic coating before UV activation remained so after activa-
tion with UV light (Table 1). The coating that was not exposed to UV  
light (Fig. 2d) showed no change in Ī/Ī0 over time, whereas the coating 
that was made reactive (Fig. 2e) showed a gradual decrease in Ī/Ī0 to a 
value of 0.002 at 250 min after droplet placement.

Figure 2f shows a plot of Ī/Ī0 versus t for the cases shown in Fig. 2b,c, 
and Fig. 2g shows the same plot for the cases in Fig. 2d,e. In each case, 
the last data point that we measure is the time when Ī/Ī0 = 0.002, and we 
extrapolate the profile to Ī/Ī0 = 0.001 to find the decay time t*. Figure 2h 
shows a plot of t* versus the droplet volume V for the TiO2-PVB-PDMS 
and TiO2-EC-PDMS reactive coatings, and we see that the coating type 
and V have a substantial effect on t* (see also Supplementary Fig. 3c,d). 
From microscopic observations, we can see that the droplet-coating 
contact area for the TiO2-PVB-PDMS reactive coating (hydrophilic) 
is larger than the TiO2-EC-PDMS reactive coating (hydrophobic), 
whereas t* is smaller and larger for the former and latter, respectively. 
To understand the effect of wettability and V on t*, we modelled the 
transport of the organic contaminant molecule within the droplet and 
reaction with the surface as a one-dimensional (z direction; with the  
liquid height H) diffusion–adsorption process. Once an organic  
contaminant molecule adsorbs to a reactive site on the surface, we 
assume that it is instantly degraded.

The model we used was Fick’s second law:

∂C
∂t

= −D∂2C
∂z2

, (1)

with no flux and exponential decay as boundary conditions (that is, 
∂C
∂z
||z=H = 0  and C(z = 0, t) = C0exp−kAt ), and we assume that the  

adsorption process follows the Langmuir–Hinshelwood mechanism52, 
where D is the diffusivity of the organic molecule in water 
(D ≈ 4.9 × 10−6 cm2 s−1 (ref. 53)) and kA is the effective adsorption rate 
constant52 (Supplementary Fig. 4a). The initial condition is then 
C(z,t = 0) = C0. The value of kA is determined experimentally and is 
dependent, among other things, on the ratio of organic contaminant 
molecules available for interaction with the number of reaction sites 

present54. The characteristic timescales for diffusion and adsorption 
are given as H2/D and 1/kA, respectively; the characteristic length scale 
is H (≈ V/A for a droplet, where A is the droplet-substrate contact area), 
and the characteristic concentration is C0. In the non-dimensional 
solution to this model, we can vary the ratio of the timescales (kAH2/D) 
to produce a best-fit plot with the experimental data shown in Fig. 2f,g 
(see Supplementary Fig. 4b,c). For a water droplet on the TiO2-PVB-PDMS 
and TiO2-EC-PDMS reactive coatings, we found that the theoretical 
solution best matched, respectively, the adsorption-limited (H2/D ≪ 1/kA 
or kAH2/D = 0.00022; H ≈ V/A = 10 µm) and diffusion-limited (H2/D > 1/kA 
or kAH2/D = 3.3; H ≈ 1.9 mm) regimes. This means that, for the 
TiO2-PVB-PDMS reactive coating, the time for diffusion is negligible 
due to the very small height, although this is the rate-limiting step in 
the case of the TiO2-EC-PDMS reactive coating. We did further investi-
gations with respect to different values for C0 and H on the 
TiO2-PVB-PDMS reactive coating using other dyes to validate the model 
and understand the behaviour for complete water treatment (see  
Supplementary Fig. 5). Increasing C0 causes the process to be  
more adsorption-limited, and increasing H tends to increase the dif-
fusion timescale. The solution pH also plays a role: contaminated water 
with a pH in the range of 5–10 will have a better photocatalytic effect55, 
otherwise the reaction is rate reduced (Supplementary Fig. 5e).

The power law trends that we observe in Fig. 2h show that, on the 
TiO2-PVB-PDMS reactive coating, t* ≈ αV1/3, and on the TiO2-EC-PDMS 
reactive coating, t* ≈ βV2/3: α and β are constants of proportionality. 
This is expected since, in the adsorption-limited regime, for a fixed 
C0, t* should increase with increasing droplet height, which for a  
partially wetting surface should scale as V1/3. For the diffusion- 
limited regime, t* should scale with the square of the droplet  
height, which for a partially wetting surface scales as V2/3. In the 
adsorption-limited regime, t* should decrease for increasing  
numbers of reactive sites on the surface, which we also investigated. 
We found that we were at the maximum surface reactivity that can  
be achieved by increasing the TiO2 nanoparticle concentration  
(see Supplementary Fig 6).

Fog harvesting and purification
The laboratory-scale fogging setup shown in Fig. 3a was used to study 
the real-time water harvesting and treatment performance of the coated 
meshes. The fog, which contained the methyl orange contaminant, was 
injected at a velocity vfog into the tunnel, at the end of which was the 
mesh. The fog velocity can vary from 1 to 8 m s−1 depending on the appli-
cation19, and we chose vfog = 1.5 m s−1 since this is the lower end of the fog 
speed range, which is where it is most contaminated56. The mass flux of 
fog 4ṁ/(πΦ2) (~0.036 g cm−2 min−1) represents standard fog harvesting 
conditions19, which is higher compared with other laboratory-scale set-
ups, where ṁ is the fog mass flow rate and Φ is the fog tunnel diameter. 
Once the fog had been captured on the mesh, it drained into a collector 
below, which was attached to a balance that we used to measure the 
mass of the collected water mc (see Supplementary Fig. 7a–c). Each 
experiment lasted Δt ≈ 66 min, and afterwards the concentration of 
the pollutants in the collected water, C, was measured. By comparing 
C0 and C we can calculate the water treatment efficiency (1 − C/C0). We 
can also calculate the fog harvesting efficiency as mc/(ṁΔt).

Table 1 | Coating names and compositions

Coating composition Acronym θa* (°) θr* (°)

Before UV After UV Before UV After UV

TiO2-polyvinyl butyral-polydimethylsiloxane TiO2-PVB-PDMS 140 8 128 0

TiO2-ethyl cellulose-polydimethylsiloxane TiO2-EC-PDMS 130 123 85 0

UV light exposure was 30 min for all samples. Freshly prepared (N = 5) samples of each type were tested, and n = 3 measurements were carried out for each sample and the mean value was 
taken. θa*, advancing contact angle; θr*, receding contact angle.
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Figure 3b shows a single cell of the mesh, where R = 125 µm is the 
radius of the mesh wire and 2G = 600 µm is the spacing between two 
adjacent wires (this mesh design lies within the optimum collection 
regime23). Figure 3c (top row) shows an image sequence of the fog 
droplets collected using this mesh type with no coating treatment 
and for fog generated from water that contained no methyl orange 
(C0 = 0 ppm). The next rows show intercepted droplets from fog that ini-
tially contained methyl orange (C0 = 25 ppm) using the same mesh with 
no coating treatment (second row), using the TiO2-PVB-PDMS-coated 
mesh (third row) and using the TiO2-EC-PDMS-coated mesh (fourth 
row). We see that the fog that collects on the uncoated mesh surface is 
clear when it is uncontaminated and yellowish when it is contaminated. 
For the reactive coated meshes, the contaminated water droplets 
appear clear at the beginning but over time become slightly yellowish, 
qualitatively indicating a drop in the water treatment performance. In 
the droplets between the mesh wires we measured the intensity of the 
colour blue (Īb) since aqueous methyl orange absorbs blue light57—to 
quantify the change relative to before any droplets were collected. In 
Fig. 3d we quantify the effect of C0 in the fog on the performance of the 
control and the two reactive coatings in terms of (1 − C/C0). We observed 

that the uncoated mesh, the TiO2-PVB-PDMS reactive coating and the 
TiO2-EC-PDMS reactive coating have a fog harvesting efficiency of  
mc/(ṁΔt) = 5.6%, 8.0% and 3.8%, respectively. From this we see that the 
TiO2-PVB-PDMS reactive coating is ~50% better than the TiO2-EC-PDMS 
reactive coating for directly harvesting fog, consistent with previous 
reports24 where surfaces with lower contact angle hysteresis and lower 
receding contact angles are superior (Supplementary Fig. 7e). The 
concentration of C0 = 0.5 ppm, which is the maximum allowable limit 
for the most abundantly available airborne organic contaminants58, has 
a (1 − C/C0) value of 91% for the TiO2-PVB-PDMS-coated reactive mesh, 
and 14% at the higher methyl orange concentration of C0 = 25 ppm. 
(Supplementary Figure 7f shows a study of control experimental cases 
to confirm that the treatment efficiency considered is due only to the 
reactive reduction in contaminant concentration and is not influenced 
by surface adsorption.) We performed a total organic carbon content 
analysis for the contaminated water before and after fog harvesting and 
treatment to calculate the true extent of organic molecule decay. The 
reduction in the total organic carbon content was 60% and 12%, respec-
tively, for C0 = 7 and 25 ppm on the reactive TiO2-PVB-PDMS-coated 
mesh (Supplementary Fig. 7g). This is consistent with our results using 
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Fig. 3 | Harvesting and treating contaminated fog with nanoengineered 
reactive meshes. a, Schematic showing the laboratory-scale fog harvesting 
setup used to generate contaminated fog (containing methyl orange) at an initial 
concentration C0, along with the fog harvesting and treatment, and measurement 
of the final concentration (C) of methyl orange. Φ, is the fog tunnel diameter.  
b, Micrograph showing a single unit cell of the mesh (stainless steel), where 
R is the radius of the mesh wire and 2G is the wire spacing. Scale bar, 0.4 mm. 
c, Colour image sequence showing the mesh surfaces during fog harvesting 
experiments in the presence (C0 = 25 ppm) and absence (C0 = 0 ppm) of 
contaminated fog. The control experiments used uncoated meshes, and  
the reactive coatings TiO2-PVB-PDMS and TiO2-EC-PDMS were used after  

UV irradiation. The dashed white box indicates the region where the intensity of 
the colour blue, Īb, was measured (aqueous methyl orange absorbs blue light57); 
the box location varies since the droplet–mesh interaction is different in each 
case. Before the fogging starts, the value of Īb for the window is normalized and 
set to unity. Scale bar, 0.4 mm. d, Quantifying the effect of C0 on the ability of  
the mesh coating to treat the intercepted fog: uncoated mesh (green bar), 
TiO2-PVB-PDMS reactive mesh (blue bar) and TiO2-EC-PDMS reactive mesh 
(red bar). The bar represents the mean value for n = 15 experiments and the 
data distribution is shown by the black dots. C was measured at t = 66 min; fog 
harvesting experiments were started at t = 0 min. For all runs, the fog velocity  
was kept constant (vfog = 1.5 m s−1).
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UV-vis spectroscopy where we found that (1 − C/C0) = 65% for C0 = 7 ppm 
and 14% for C0 = 25 ppm (Fig. 3d).

It is instructive to compare our fog harvesting and water treatment 
results with single-droplet experiments (C0 = 25 ppm), particularly for 
V and t* against the thickness of the water film on the mesh (h) and the 
water–substrate residence time (tr). Using the conservation of mass 
and assuming quasi-steady-state behaviour, we can estimate tr for  
a mesh of width (W) and thickness (2R) by dividing half the length of 
the mesh (L/2) by the average water-drainage velocity (ṁc/(2RWρ)):

tr = LRWρ/ṁc, (2)

where ṁc is the collected fog mass flow rate and ρ is liquid density. 
Substituting appropriate values (that is, ρ = 1.0 g cm−3, W = 6.0 cm, 
L = 6.0 cm, R = 0.0125 cm, ṁc = 0.023 g min−1) yields tr = 20 min (see  
Supplementary Fig. 7e). Owing to the different wettability charac-
teristics of the reactive meshes, we found that the intercepted fog 
droplets on the TiO2-EC-PDMS reactive mesh formed discrete grow-
ing droplets that could be visualized and characterized, whereas for 
the TiO2-PVB-PDMS reactive mesh the intercepted droplets formed a 
more film-like layer, making comparison with the earlier single-droplet 
experiments more challenging. On the TiO2-EC-PDMS reactive surface 
(hydrophobic), the droplets depart the mesh surface when two droplets 
coalesce, and the volume of one of these pre-coalescence droplets is 
typically ~0.3 µl (Supplementary Fig. 7c). During the early stages of 
growth, where the droplet radius is <R, the wetting behaviour resembles 
a droplet on a relatively flat substrate (compare Fig. 2), whereas for 
the late stages of growth, where the droplet diameter is ~2(G + R), the 
contact with the reactive surface area is reduced compared with the 
droplet volume and decay is expected to be slower than for the droplet 
case. We make the conservative assumption that the growing droplets 
have reactive-surface-area-to-liquid-volume ratios (that is, A/V) that are 
similar to the mesh wire, which is similar to the earlier single-droplet 
experiments on flat TiO2-EC-PDMS reactive coatings, and from this we 
find that t* ≈ 36 min (see Fig. 2h; V = 0.3 µl, C0 = 25 ppm). By defining 
the ratio tr/t*, we can roughly estimate how close we are to complete 
water treatment (C0 = 25 ppm), which here is 0.56. We can contrast that 

with the measured experimental results of (1 − C/C0) = 11% (Fig. 3d), 
and we see that the ration of the residence time to the treatment time 
is of the same order of magnitude as the water treatment efficiency, 
supporting our claims. We note here that our choice of the mass flux 
of fog is relatively high, at ~0.036 g cm−2 min−1 compared with previous 
fog studies where it ranged up to 0.025 g cm−2 min−1 or less15,24, and 
we expect that the residence time will increase for such applications, 
thereby increasing (1 − C/C0) for higher contaminant concentrations. 
Moreover, ultrafast transport of droplets from the surface to the col-
lector is not ideal for our application since the residence time of the 
droplet is important for the water treatment efficiency. Thus, we find 
that the engineered hydrophilic surface outperforms the hydrophobic 
surface in both collection and treatment efficiencies.

Outdoor experiments
The previous experiments were all conducted using coated meshes that 
were pre-activated using UV irradiation. However, in real applications, 
it may be the case that the meshes can also receive some amount of 
sunlight exposure (Fig. 4a). Thus we performed outdoor tests, using 
the same experimental setup as was used in the laboratory, on the roof 
of a building at ETH Zurich, Switzerland (latitude 47.38° N, longitude 
8.55° E) during 25–29 July 2022 between 10:00 and 16:00 (utc + 02:00) 
at outdoor temperatures of 25–33 °C, where the UV index of the solar 
radiation was 7 (a value of >10 denotes extreme conditions (data taken 
from MeteoSwiss); see also Supplementary Fig. 7d). Figure 4b shows 
a plot of (1 − C/C0) versus C0 for the TiO2-PVB-PDMS-coated reactive 
mesh, the best performing coating from the laboratory experiments, 
where (1 − C/C0) varies between 94% and 39% for C0 between 0.5 ppm and 
25 ppm, respectively. The improved water treatment efficiency values 
in the outdoor tests are due to continuous activation of the reactive 
coating by the Sun. The same outdoor experiments were repeated on 
cloudy days (UV index ≈ 0, on 10–14 January 2023 and 24–28 January 
2023) using a TiO2-PVB-PDMS-coated mesh that was pre-activated 
with UV irradiation. These results (Fig. 4c) show a similar trend to the 
outdoor experiments when the UV index is high—albeit with a lower 
performance—as well as being similar to the indoor laboratory experi-
ments (Fig. 3).
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Fig. 4 | Outdoor demonstration of fog harvesting and treatment on sunny 
and cloudy days. a, Image of the TiO2-PVB-PDMS reactive mesh and fog tunnel 
setup placed on the roof of the ‘ML’ building at ETH Zurich, Switzerland (latitude 
47.38° N, longitude 8.55° E). b, The decay efficiency for the dye solution during 
the month of July in 2022 when the UV index was 7 (which denotes high UV 
exposure from the Sun) and the outdoor temperature ranged between 25 °C and 
33 °C, using the setup shown in a for various initial concentrations of methyl 
orange in the fog water. c, The decay efficiency during the month of January in 
2023 on a cloudy day when the UV index was ~0 (denoting low UV exposure from 

the Sun) and the temperature varied between 8 °C and 9 °C, using the setup 
shown in a for various initial concentrations of methyl orange in the fog water. 
Here the coated mesh was pre-activated with UV irradiation before it was used 
in the outdoor experiments. In the box plots of b and c, the centre line denotes 
the mean value, the box bounds indicate the 25th/75th percentile values and the 
whiskers indicate the minimum/maximum values. For each box the sample size 
was n = 15 (five readings each for three separately prepared coated meshes) for 
the experiments.
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Discussion
We demonstrated a fully passive fog harvesting and water treatment 
system that is capable of capturing fog at high efficiency while simulta-
neously removing organic contaminants in an energy-neutral way. The 
system consists of a fog harvesting mesh with a solar-light-activated 
reactive coating, whose wettability can be tuned and remains reactive 
even in the absence of UV light, for example, on a cloudy day, enabling 
us to rationally engineer it to achieve a high level of fog harvesting with 
short contaminant-removal times. Using epifluorescence micro scopy, 
we explore the effect of wettability and droplet volume with respect 
to the time it takes to degrade contaminants in a single droplet, and 
explain the results obtained using a diffusion–adsorption–reaction  
model, with the hydrophobic and hydrophilic reactive coatings 
being in diffusion- and adsorption-limiting regimes, respectively.  
By embedding photocatalytic nanoparticles in the reactive coatings  
at the maximum concentration—while maintaining good coating  
adhesion—we ensured a high number of reactive sites and minimal 
water treatment times. When deposited onto a mesh substrate, we 
found that the TiO2-PVB-PDMS reactive coating was better for harvest-
ing and water treatment efficiencies compared with the TiO2-EC-PDMS 
reactive coating. We attribute the better water treatment performance 
of TiO2-PVB-PDMS to the lower droplet contact angles and therefore 
shorter contaminant diffusion length compared with TiO2-EC-PDMS, 
which is supported by high-speed imaging as well as experimental and 
theoretical treatment-time results. We then performed outdoor tests, 
where the water treatment efficiency of the TiO2-PVB-PDMS reactive 
mesh was over 90% under high UV index conditions and a respect-
able 85% when the UV index was zero. Such a performance at these 
concentrations is notable since the maximum allowable limit for the 
most abundantly available airborne organic contaminants is 0.5 ppm, 
thereby demonstrating the promise of this technology. Thus, our study 
shows promise towards the development of water harvesting systems 
with passive water purification properties, in this case harnessing inter-
mittent solar resources to harvest and treat water on foggy days, pro-
viding a pathway towards creating potable water from underutilized 
water sources and addressing the global challenge of water scarcity.

Methods
Materials and reagents
Glass slides (Avantor, VWR) and stainless steel meshes (grade SS 304; 
Drahtgewebe-Shop) were used as the coating substrates. The meshes 
were corrosion-resistant and had a wire diameter of 2R = 0.25 mm, a 
wire spacing of 2G = 0.6 mm and a single-layer orthogonal grid weave. 
We selected the mesh by considering the recommendations on mesh 
structural parameters for achieving an optimum mesh–droplet interac-
tion to enhance the fog harvesting yield23. TiO2 nanopowder (Aeroxide 
P25; 77.1% anatase, 15.9% rutile) was acquired from Acros Organics. 
PVB (Mw = 50–80 kDa), EC (48.0–49.5% w/w ethoxyl basis), dichlorodi-
methylsilane (≥98.5% GC), toluene (≥99.7% GC), methyl orange (ACS 
reagent, dye content 85%) and fluorescein sodium salt were purchased 
from Sigma-Aldrich. 4,4′-Isopropylidenediphenol (bisphenol A; 97%) 
was purchased from Thermo Fisher Scientific. All chemicals were used 
without further purification. Methyl orange is an organic molecule 
of the azo dye family, which causes water pollution and irrevocable 
environmental problems59, and has distinct colour variations even 
at very low concentrations, making it a suitable surrogate contami-
nant. Fluorescein sodium salt has a similar molecular weight to methyl 
orange and the necessary fluorescence properties for epifluorescence 
studies. Diesel was taken from a regular vehicle filling station. An ultra-
sonic humidifier (Maxi Fogger; with a fogging generation rate of up to 
500 ml h−1) was used to generate the artificial fog. Although it is possible 
to carry out fog harvesting studies with natural fog9,21, this was not 
suitable for our fundamental investigation and thus we opted to gen-
erate artificial fog for the purposes of studying the fog collection and 
water treatment efficiency. The fog was guided using a custom-made 

transparent acrylic tube (diameter = 6 cm, length = 15 cm; see Fig. 3a). 
The flow velocity was measured using an anemometer (UNI-T; with 
a precision of 0.1 m s−1). For outdoor experiments the dye solution 
used to generate the contaminated fog was kept in the dark to stop 
self-degradation due to sunlight exposure46.

Surface preparation
The glass slides (7.5 × 2.5 cm2) and the metal meshes (6 × 6 cm2) were 
cleaned with acetone and then with isopropanol using an ultrasoni-
cating water bath (Branson 2800) before being rinsed thoroughly 
with deionized water and drying with nitrogen. The TiO2 nanoparti-
cles (0.02 g ml−1) were added to ethanol and sonicated using a bath 
sonicator for one hour to produce a homogeneous suspension. Two 
separate coating dispersions were prepared by adding either PVB or EC 
(0.001 g ml−1) as the binder to the suspension under continuous stirring 
using a magnetic stirrer for 30 min. The binder provides mechanical 
stability to the coating by enhancing its adhesion to the substrate. The 
dispersions were then sprayed onto the substrates (using an air pres-
sure of 3 bar) using a double-action, internal-mix, siphon-feed airbrush 
(VL series, Paasche) from a distance of ~20 cm. The glass substrates were 
coated on one side, and the metal meshes were coated on both sides. 
The coated surfaces were dried inside an oven (BINDER) at 60 °C for 
one hour (Supplementary Fig. 8a). Normally, such coatings become 
superhydrophilic when they are irradiated with UV light60, but there 
is evidence of making them less hydrophilic in a stable way via graft-
ing a PDMS brush on the metal oxides61,62. To graft the silicone brush 
onto the TiO2 nanoparticles, the freshly coated surfaces were treated 
with oxygen plasma (Femto, Diener Electronic) for 3 min at 100 W to 
achieve surface activation. Then they were placed in a bath containing a  
30:1 (v/v) ratio of, respectively, toluene mixture and dichlorodimethyl-
silane (the organic silicon monomer of PDMS) for 30 min at room 
temperature to form the brush layer, which regulates the coating  
wettability (Table 1) and promotes substrate adhesion (Supplemen-
tary Fig. 8b,c). Toluene mixtures were prepared by adding water to 
toluene in the ratio of 5:1 (v/v), respectively, while using a magnetic 
stirrer plate. The mixture was then left to stabilize for one day. The 
silicon-brush-grafted surfaces were washed with copious amounts of 
toluene and deionized water to remove any residual silane constituents.

The surfaces were then put under a UV light exposure unit (Proma) 
with an intensity of 165 W m−2 and an emitting wavelength of 365 nm for 
30 min for photocatalytic activation. It was seen that 30 min of exposure 
to the Sun adequately activates the photocatalytic surface46; thus; the 
present UV lamp, which emits threefold higher radiation compared 
with the Sun, provides adequate activation. This coating becomes pho-
tocatalytically active and therefore reactive upon exposure to UV light 
or sunlight, and at the same time it becomes superhydrophilic when the 
binder is PVB but hydrophobic when the binder is EC (Supplementary 
Fig. 8e,f). We know from previous literature45 that the change in wetta-
bility and reactivity are both attributed to the formation of electron–
hole pairs, and thus the retention of the modified surface wettability 
indicates the existence of electron–hole pairs as well as the surface 
reactivity. The mechanism of why the different binders cause the reac-
tive surfaces to exhibit different wettability characteristics was inves-
tigated, and we found that the composition of the grafted brush layer is 
different for each binder. When EC is the binder, the brush layer reacts 
fully to become PDMS. When PVB is the binder, the brush layer—after 
exposure to water—contains chlorine in substantial quantities, indi-
cating that the PDMS has not reacted fully (see Supplementary Table 1  
for energy-dispersive X-ray spectroscopy analysis). To demonstrate 
that the substrates were indeed coated with a stable PDMS layer, we 
carried out X-ray photoelectron spectroscopy analysis. The Si–O peak 
on the PDMS-coated surfaces in both the freshly prepared and used 
samples (for cleaning the contaminated water) was prominent, whereas 
a negligible quantity was observed in the non-PDMS-coated surfaces, 
confirming the stability of the PDMS brush (Supplementary Fig. 9).
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Characterization
In all of our laboratory experiments, the engineered coatings were 
pre-activated via UV irradiation for 30 min, which were termed ‘reac-
tive’ coatings, and then the experiments were carried out in the absence 
of UV light. The efficacy of the organic contaminant (dye) decay was 
explored in two ways. First, droplets containing the florescent dye 
fluorescein (excitation wavelength 465–490 nm (ref. 63)) were imaged 
using an epifluorescence microscope (Eclipse Ti2 inverted microscope, 
Nikon) using a ×10 objective. The droplets on the reactive coatings were 
covered with small chambers proportional to their size to minimize 
evaporation. Then a light source (a light-emitting diode with an emis-
sion wavelength of 470 nm) was used to excite the dye molecules and 
images were obtained (using a Hamamatsu scientific CMOS camera) at 
periodic intervals until the florescence was no longer visible, indicat-
ing the complete decay of the dye molecules. When the fluorescent 
droplet was placed on the coating it had a fluorescence intensity at 
time t = 0 (Fig. 2b–e), and this intensity was retained if the coating was 
not reactive (Fig. 2b,d, at t = 30 and 250 min, respectively) but faded if 
the surface was reactive (Fig. 2c,e, at t = 30 and 250 min, respectively). 
By measuring and analysing the fluorescence intensity of the images 
(using the ImageJ software), a plot of intensity versus time (I–t) can 
be generated (Supplementary Fig. 3). Considering the known initial 
concentration of the contaminant (C0) in the deposited droplet and 
equating it with the initial mean intensity (Ī0), the dye concentration 
at any time (C(t)) can be measured from the intensity plot and hence 
the decay behaviour can be determined (Supplementary Fig. 3). It was 
confirmed that the microscope excitation light did not have any effect 
on the decay of the fluorescent molecules (Fig. 2b–d).

Second, the fogging setup was built to carry out indoor laboratory- 
scale and outdoor fog experiments. The contaminant concentration 
in the collected water from the fog harvesting mesh was analysed via 
absorbance spectroscopy using a UV-vis spectrophoto meter ( Jasco 
V-770). To confirm the stability of the coating after repeated exposure 
to UV radiation—both mechanically as well as for water treatment—we 
analysed the coating integrity microscopically and measured the decay 
efficiency using the same TiO2-PVB-PDMS-coated reactive mesh for 
multiple runs (Supplementary Fig. 8d). We also performed X-ray photo-
electron spectroscopy on the TiO2-PVB-PDMS coating before and after 
UV radiation and water treatment, and found no degradation of the 
PDMS brush layer (Supplementary Fig. 9). The deposition and growth 
of the fog droplet on the mesh wire was studied using a high-speed 
camera (Photron SA1.1) at 250 frames per second. Mettler Toledo bal-
ances (with precision values of 0.1 mg and 1 g) were used for weighing 
the chemicals, fogging rate and collected water. Optical micrographs 
of the coatings were obtained using an Olympus BX60 microscope with 
an Olympus SC-50 microscope camera. Contact angle measurements 
were carried out by dispensing deionized water droplets onto the 
surface of a goniometer (TBU 90E, DataPhysics). In addition, electron 
micrographs showing the coating-surface textures were obtained via 
scanning electron microscopy (SU8230, Hitachi). Energy-dispersive 
spectroscopy was also carried out using the same setup. Fogging on the 
mesh was imaged using a colour CCD (charge-coupled device) camera 
(FLIR Integrated Imaging Solutions). The water quality was tested  
(Supplementary Fig. 1) using inductively coupled plasma optical emis-
sion spectroscopy (5100 VDV, Agilent) and a total organic carbon  
analyser (TOC-V, Shimadzu). Inductively coupled plasma optical emis-
sion spectroscopy helps in detecting any traces of Ti and Si in the 
treated water, whereas the total organic carbon analyser catalytically 
oxidizes the treated water sample at a high temperature (~720 °C) and 
converts the organic carbon in the solution into CO2. The CO2 generated 
is measured to estimate the total organic carbon content of the sample.

For the experiments using the water–diesel mixture, the con-
centration of diesel was 0.75 ppm. The concentration chosen here for 
our experiments was matched with the permissible exposure level of 
formaldehyde, which is the most common environmental contaminant 

emitted from the combustion of diesel64, and 0.75 ppm is the maxi-
mum permissible exposure level of formaldehyde58 that is allowed 
by the US Occupational Safety and Health Administration. As diesel 
and water are immiscible, the deionized water was first degassed and 
then an adequate amount of diesel was added to it. The mixture was 
then ultrasonicated for two hours in a bath to obtain a stable suspen-
sion of diesel droplets. UV-vis spectroscopy was used to compare the 
absorbance between treated and untreated water–diesel emulsions 
(Supplementary Fig. 2). Similarly, for experiments with bisphenol A, 
C0 = 0.15 ppm in water was considered for our experiments, in line with 
previous literature reports referring to various exposure levels that are 
critical in the environment. High-performance liquid chromatography 
(1200 Series, Agilent Technologies; using a 220 nm photodiode array 
detection intensity) was used to compare the treated and untreated 
water samples.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present 
in the paper and/or the Supplementary Information. All other source 
data are available in the ETH Zurich Research Collection at https://doi.
org/10.3929/ethz-b-000608600.
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Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
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Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
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Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions The experiments were done from July 2022 and January 2023 between 10:00 and 16:00 (UTC+02:00). The outdoor temperature 
ranged from 25 °C to 33 °C and 8 °C to 9 °C, respectively. Besides the UV index of the solar radiation varied on average between 5-7 
in July and 0-1 in January (a value of 10 + being extreme).
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47.377747, longitude 8.547607)

Access & import/export The roof was accessible

Disturbance There were no disturbance
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