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ABSTRACT: We present a straightforward and eco-friendly method
to transform a titanium tetraisopropoxide (TTIP) solution into
superhydrophobic TiO2 microstructures by ambient microdroplet
deposition. At lower temperatures the micropillars of amorphous
TiO2 act as nucleation sites for condensing humidity to form droplets.
However, the microstructures facilitate efficient water runoff despite
TiO2’s hydrophilic character by a combination of surface hydro-
phobicity and gravity. Additionally, the photocatalytic TiO2 surface
resists biofilm formation and degrades the contaminants, offering long-
term collection of safe water and its purification, which has been
demonstrated with examples. We demonstrate that the microdroplet-
based methodology developed for the conversion of solution into
microdroplets can also be applied to other metal oxides, including CuO and ZnO, highlighting the universality of the process.
KEYWORDS: Electrospray deposition, Ambient microdroplets, Microstructures, TiO2, Atmospheric water harvesting, Photocatalysis,,
Antibacterial property, Titanium tetraisopropoxide

■ INTRODUCTION
Microdroplets have emerged as a powerful medium for rapid
synthesis of molecules1−8 and materials.9−18 Such methods are
sustainable means of synthesis as they require minimum
reagents and minimal or no activating agents such as acids,
catalysts, etc., are used.5 Electrospray deposition (ESD) of
microdroplets is a powerful way of creating nanostructures for
diverse applications.13,19 This paper explores the use of
microdroplets to address one of humanity’s most important
problems, namely clean water, using microdroplet-derived
nanostructures.
As the world’s population grows and living standards improve,

clean water is becoming a major challenge for sustainable
development. Safe drinking water is a fundamental human right,
yet millions lack its access, leading to devastating health
consequences. Additionally, industries and agriculture are highly
dependent on water resources, and shortages can lead to
economic recession and food insecurity.20 Equally alarming is
the contamination of water sources, rendering even existing
water supplies unsuitable for consumption.21−29 Tackling the
global water crisis requires a comprehensive strategy that
includes efficient conservation, responsible management,
development of innovative purification and desalination
technologies and appropriate investment.30−36 Establishing
alternative water sources is a crucial aspect of making clean
water accessible to all.37 Atmospheric water capture (AWC) has
emerged as a potential solution to provide clean water to regions

with scant natural water resources.38−48 This is primarily
because, at any specific time, the Earth’s atmosphere holds an
astonishing 37.5 million billion gallons of water in the vapor
form,49 and an effective, cost-efficient device capable of
capturing a portion of this could contribute to addressing the
water crisis.
Microstructured surfaces have emerged as an important

innovation in water harvesting.19,50−53 These surfaces are
meticulously designed with tiny, engineered structures that
effectively capture and channel water droplets, making them
particularly adept at harvesting water from the atmosphere. We
had reported the creation of biomimicked hydrophilic−
hydrophobic patterned microstructured surfaces with unprece-
dented water harvesting efficiency.19 By exploiting principles of
condensation and wettability, microstructured surfaces en-
courage water vapor to condense into droplets, which are then
rapidly transported and collected for various purposes, from
potable water supplies to irrigation. Over the past decade, there
has been renewed interest in developing microstructured
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surfaces for water harvesting.54−56 However, many existing
fabrication methods use complex instrumentation such as atom
bombardment and electron beam lithography.57−59 In addition
to their complex fabrication procedures, these surfaces
encounter challenges related to extended usage for various
reasons, such as substrate material leaching, contamination by
volatile organic compounds, dyes, and biofilm formation. Recent
research has demonstrated that TiO2, owing to its photocatalytic
properties, can serve as a material for creating surfaces for AWC
capable of both water harvesting and contamination removal
simultaneously. However, these substrates typically utilize TiO2-
embedded polymers, which can suffer from leaching issues.
Thus, there is a pressing need to develop TiO2 surfaces with
microstructures that do not rely on supporting chemicals for
effective AWC and treatment.60

ESD offers an accessible and practical means of fabricating
microstructured surfaces for efficient water harvesting. Another
vital consideration in the development of effective water
harvesting surfaces is the ability to ensure long-term reusability
with acceptable efficiency.60 Several factors come into play when
assessing a surface’s suitability for extended use, with surface
stability under varying conditions being an aspect of paramount
importance. One significant challenge lies in preserving the
surface’s stability when exposed to a range of environmental
factors and potential contaminants from the atmosphere, which
can diminish its capacity to provide clean water effectively.
Additionally, the formation of biofilms on these surfaces can act
as a hindrance to their extended use. Addressing these issues is
pivotal for creating water harvesting surfaces with sustained
efficiency and long-term reusability.
Here, we introduce an innovative, environment friendly, and

straightforward approach for seamlessly transforming a titanium
isopropoxide solution into extensive microstructures of titanium
dioxide (TiO2) under standard atmospheric conditions. These
microstructures were deliberately designed in such a way that
they collectively induce superhydrophobicity on the surface,
allowing water to roll off effortlessly despite TiO2’s intrinsic
hydrophilic nature.61 When the surface was cooled, the
hydrophilic micropillars made of TiO2 served as nucleation
sites for water droplets. Subsequently, the combined influence of
the surface’s hydrophobic nature and the force of gravity allowed
for the easy roll-off of the water droplets. Furthermore, TiO2 has
photocatalytic properties,62 rendering it self-cleaning and
resistant to biofilm formation when exposed to sunlight. This
quality ensures prolonged safe use of the surface while also
enabling the degradation of contaminants such as organic dyes
and drug molecules, offering a means to purify the collected
water, if ambient contaminants are present. Consequently, this
engineered surface demonstrates an exceptional ability to
independently collect and purify water from the atmosphere
simultaneously. This approach was expanded to include other
metal oxides, demonstrating its universality in creating micro-
structures from corresponding solutions within min.

■ MATERIALS AND METHODS
Materials Used. TTIP, copper acetate monohydrate, zinc acetate

dihydrate, rhodamine 6G, methylene blue, rhodamine B, and ibuprofen
were purchased from Sigma-Aldrich, India. Indium tin oxide glass slides
were bought from Toshniwal Brothers (SR) Pvt. Ltd., India. Stainless
steel (SS) mesh was acquired from eBay and was used as the surface to
grow the microstructures. Copper TEM grids were sourced from SPI
Supplies. Micropipette puller (P-97) and glass capillaries for nano-
electrospray (nESI) were purchased from Sutter Instrument, USA.
Milli-Q water was used for all the experiments. Nutrient agar (NA) and

Luria−Bertani (LB) Broth for bacteria culture were purchased from
HiMedia.
Instrumentation. Morphologies of microstructures formed using

electrospray deposition were analyzed using a Thermo Scientific Verios
G4UCHigh-Resolution Field Emission Scanning ElectronMicroscope
(HR-FESEM). Prior to imaging, samples were given a gold coating.
Energy-dispersive spectroscopy (EDS) was used to analyze the
microstructure composition. The static contact angle of the surfaces
was measured using the GBX Digidrop contact angle meter. High-
Resolution Transmission Electron Microscopy (HR-TEM) measure-
ments were performed using a JEOL 3010 instrument. Thermo
Scientific LTQ − XL mass spectrometer was used for analyzing the
photocatalysis products. Keyence VHX-950F was used to capture the
images of water harvesting experiments. Olympus IX83 inverted
fluorescence microscope was used to evaluate the antibacterial activity
of TiO2 microstructures.
Electrospray Deposition. Homemade nanoelectrospray emitters

were fabricated using glass capillaries with outer diameters (ODs) of 1.5
mm and inner diameters (IDs) of 0.86 mm. The micropipette puller
settings were meticulously optimized to produce pulled tips with
openings ranging from 30 to 40 μm. Each tip was thoroughly examined
under an optical microscope, and any tips that deviated from the
specified dimensions or with defects were discarded. The glass emitter
tips were carefully filled with the desired precursor solutions using
Eppendorf pipet tips. Subsequently, a platinum (Pt) wire (purchased
from Sigma-Aldrich) with a diameter of 0.1 mm was employed to
establish electrical connectivity. The nESI assembly was then
connected to an external high-voltage source powered by a variable
DC power supply (purchased from Sunmach Equipment) using a
copper alligator clip. Upon applying a potential of 1−1.30 kV, a spray
plume consisting of charged microdroplets was seen emanating from
the tip of the emitter. This spray plume was directed toward a grounded
electrode composed of a SS mesh of 74 μmmesh-size positioned on an
ITO glass slide for neutralization and collection of the generated ions.
The distance between the collector surface and the nESI emitter was 8−
10 mm. All the parameters, like the distance and voltage, were
optimized using trial and error method.
Fabrication of Microstructures Using Electrospray Deposi-

tion (ESD) of Microdroplets. First a homogeneous solution of the
desired precursor in dry ethanol was prepared. It was then subjected to
ESD, where the spray was deposited onto a dedicated SS mesh
positioned on a grounded ITO plate. The duration of the ESD process
varied from 60 to 120 min depending on the specific objectives of the
experiment. Finally, the SS mesh underwent a low-temperature
annealing step (100−120 °C) for an hour in a hot air oven, completing
the transformation.
Water Harvesting Using Hydrophobic−Hydrophilic TiO2

Microstructures. To investigate the water capture capabilities of the
ESD-synthesized TiO2 microstructure surfaces, a 1 cm × 1 cm SS mesh
with the desired size of microstructures was prepared. This surface was
then mounted on a Peltier cooler and brought to temperatures below
the dew point for video observation (Video S1, Supporting
Information). Two experiments were conducted: one with the bare
SSmesh as a control and another with the sample, TiO2 microstructure-
coating. This allowed us to directly compare the efficiency of the
fabricated material for atmospheric water capture. In both the
experiments, the surface under examination was carefully attached to
the Peltier cooler using silver paste to ensure efficient heat transfer. The
entire setup was placed on the viewing stage of a Keyence VHX-950F
digital microscope within a controlled environment maintained at 50%
relative humidity and 25 °C temperature (dew point ≈13.8 °C). The
surface was illuminated for clear microscopic observation. Time-lapse
optical microscopy was performed to monitor the nucleation and
growth of water droplets on the bare SS mesh and the TiO2
microstructured surface under the above-mentioned laboratory
conditions. There was no separate airflow to the substrate. The
temperature of the condensing surface was 12 °C and it was measured
using a thermocouple.
Photocatalytic Application Using the Microstructures. To

examine the photocatalytic activity of ESD-fabricated TiO2 micro-
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structures, degradation of recalcitrant molecules and dyes was studied
using the surface. In all our photocatalytic experiments, natural sunlight
was used as the light source, and the samples were exposed to direct
sunlight for a specific duration. In the case of ibuprofen, the solution
was prepared, and the microstructured surface was immersed in the
solution for 30 min. Ibuprofen is a persistent anti-inflammatory drug.
Following adsorption, the contaminated surface was exposed to
sunlight for 3 h, followed by washing with the desired solvent for
extraction of the degradation products for further analysis. Similarly, a
mixture of rhodamine 6G, rhodamine B, and methylene blue dyes was
prepared. The microstructured surface was then dipped in the solution,
and the dried surface was kept under sunlight for 3 h, followed by
optical photography.
Antibacterial Activity of the TiO2 Microstructures. The

antibacterial and antiadhesion properties of the TiO2 microstructured
surfaces were assessed using Escherichia coli MTCC 443. For all the
experiments, fresh cultures of E. coli were prepared by reviving the
glycerol stock culture stored at −80 °C in Luria−Bertani (LB) broth,
followed by incubation at 37 °C with shaking at 120 rpm. The revived
culture was then introduced into freshly prepared LB broth to achieve a
concentration of 105 CFU/mL. For antiadhesion investigations, the
cells were centrifuged at 3000 rpm and rinsed twice with 0.2 M sterile
phosphate-buffered saline (PBS, pH 7.5). Subsequently, the cells were
suspended in sterile PBS and applied onto various surfaces: a bare SS
wire mesh (sample 1), a SS wire mesh coated with TTIP (5 mM)
(sample 2), and a TiO2 microstructured surface (sample 3). After 1 h
interaction period with the surfaces at 37 °C, they were rinsed with
sterilized PBS to eliminate unadhered cells. The samples were then
shaken at 100 rpm in sterile PBS for 1 h to collect the adhered cells.
Colony counting was employed to determine the number of cells
adhered to the surfaces by inoculating the collected cells onto freshly
prepared nutrient agar (NA) plates, followed by incubation at 37 °C for
24 h.
The resistance to bacterial proliferation was examined by incubating

E. coli culture at a concentration of 103 CFU/mL in LB broth on the
surfaces at 37 °C for 1 day with gentle agitation. The surfaces were
subsequently rinsed with PBS to remove suspended and unadhered
cells. The cells grown on the surfaces were retrieved with PBS through
gentle agitation for 1 h. This cell suspension was then plated onto NA

plates and incubated under standard conditions, followed by colony
counting. The antibacterial efficacy against E. coli was evaluated by
loading the surfaces with a bacterial suspension of 104 CFU/mL and
allowing interaction for 1 h under sunlight in static conditions. Control
samples were kept in darkness to assess the influence of sunlight. The
bacterial suspension on the wire mesh was collected by successive
washings with PBS and plated onto freshly prepared NA plates for
colony counting after 24 h of incubation at 37 °C. Live/dead staining
was performed using the BaclightTM Live/Dead viability kit, with a
stain prepared by mixing SYTO 9 and propidium iodide dyes in PBS in
a 1:1 ratio to visualize the E. coli cells under a fluorescence microscope.
The suitability of the TiO2 coating as an antibacterial surface over

repeated cycles of bacterial exposure was investigated to assess its
longevity. This involved repeating the antibacterial studies for 5 cycles
on the same sample surface. All experiments were conducted in
triplicate for each sample.

■ RESULTS AND DISCUSSION
From Solution to Microstructures. Figure 1A presents a

schematic diagram of the custom-built nESI source employed
for ESD to make the TiO2 microstructures. The left-hand
portion of the figure illustrates the electrical connections, the
nESI tip, and the platinum wire facilitating contact with the
precursor solution. TTIP (C12H28O4Ti), readily available as an
inorganic complex, served as the precursor for constructing the
TiO2 microstructures. This complex readily dissolves in polar
solvents like ethanol (EtOH) and isopropyl alcohol (IPA) but
undergoes instant hydrolysis and condensation to form TiO2 in
the presence of water. Therefore, utilizing pure and anhydrous
solvents is crucial for our experiments. Otherwise, TTIP reacts
with even trace amounts of moisture present in the solvent,
leading to premature formation of TiO2 and clogging of the nESI
tip. Initial ESD experiments were conducted using a 10 mM
solution of TTIP in EtOH. Later we reduced the concentration
of TTIP, using 5 mM solution for all the experiments. A clear
precursor solution was loaded into a ∼30 μm nESI tip and
connected to the electrospray source. High voltage (1.5−2 kV)

Figure 1. (A) Schematic representation of the ESD fabrication setup used for the microdroplet synthesis of microstructures under ambient conditions.
SEM images of (B) TiO2, (C) CuO and (D) ZnO microstructures. (E) TEM image of TiO2 microstructure. Contact angle of water on (F) TiO2
microstructures, and (G) normal SS wire mesh.
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was applied to the solution formed a Taylor cone, followed by a
stable spray of charged microdroplets containing dissolved
precursor ions. These droplets were directed toward a SS wire
mesh as described in the experimental section. As deposition
progressed, a white spot gradually grew in diameter, becoming
more prominent with longer deposition times. This spot was
characterized using electron microscopy, revealing pillar-like
structures upon closer inspection. Figure 1B showcases an
FESEM image of one such pillar formed after 90 min of
deposition. Surprisingly, EDS analysis of the same pillar
identified it as composed of TiO2. Figure S1 presents the EDS
spectrum, highlighting the atomic percentages of titanium and
oxygen. The next paragraph delves deeper into the mystery,
dissecting the surprising journey from a solution of C12H28O4Ti
to TiO2, within minutes, and its subsequent orientation to form
the pillars with dimensions of tens of micrometers.
Based on the ion evaporation model (IEM) of electrospray,

we know that the molecules within charged microdroplets
exhibit a tendency to migrate toward the droplet’s periphery.63

We hypothesize that this behavior plays a crucial role in our
microstructure formation. The high propensity of TTIP to
undergo hydrolysis and form TiO2 combined with the IEM
forms the foundation of this process. We propose the following
sequence of events during the flight path of the charged droplets:

1. As the charged microdroplets travel through air, TTIP
molecules migrate toward the periphery of the droplet
sphere.

2. These TTIP molecules at the periphery react with
atmospheric moisture, forming TiO2.

This process is schematically depicted in Figure 1A. Beyond
converting the precursor to TiO2, the arrangement of these
molecules into microscale structures is paramount to the
fabrication process (Figure 1A, bottom portion). First, powerful
electrostatic forces act as the driving force, helping the assembly.
Second, charged microdroplets containing TiO2 particles and
solvated ions of the unreacted portion of the precursor are
deposited on the surface. Subsequent solvent evaporation
induces spatial reorganization, leaving behind neutralized
TiO2 deposits contributing to the pillar-like structure. Finally,
the observed rough edges can be attributed to two factors: head-
on accumulation of incoming material and their orthogonal
association, leading to the formation of pillars. The SS wire mesh
plays a crucial role in this process. The applied potential
difference generates a strong electric field within the gap of the
wire mesh, guiding the incoming microdroplets. This field,
calculated as 1.5 × 105 V/m for a 1500 V potential difference,
effectively attracts and “harpoons” the charged microdroplets
into the high-field region near the mesh. Here, they are
deposited and neutralized. The deposited TiO2 particles, now in
the nanometre range, significantly alters the electric field
experienced by the incoming microdroplets. To test this
hypothesis, we conducted a control experiment with a 2 min
fixed deposition time, followed by TEM imaging of the sample.
Figure S2 shows a TEM image of a TiO2 structure formed on the
TEM grid, with its dimensions in the range of 20−30 nm. The
field strength is calculated to be 1.89 × 1011 V/m for a 10 nm
particle attached to the mesh. This enhanced field, radiating
outward from the deposited particles, creates a strong, attractive
force for the next set of charged microdroplets, driven by the
Coulombic interaction. Notably, at these elevated fields,
especially after initial growth, field emission may play a role in
droplet neutralization. Furthermore, the depositedmaterial itself

becomes a point of even higher electric field, further attracting
and guiding the assembly of incoming microdroplets, ultimately
promoting the growth of elongatedmicrostructures. The SS wire
mesh is essential to create the structures. In its absence, on a
standard ITO plate as substrate, the elongated microstructure
was not seen (Figure S3).
Characterization of the Microstructures and Their

Superhydrophobic Property. TEM was performed on the
fabricated TiO2 microstructures to investigate their crystalline
nature. For this, ESD was performed on a copper TEM grid
without carbon coating. Figure 1E shows a TEM image of a
representative TiO2 pillar. A closer investigation revealed that
these pillars are made of amorphous TiO2. Following an
investigation of individual TiO2 micropillars, their collective
behavior as a surface was assessed. Notably, despite the intrinsic
hydrophilicity of TiO2, exhibited by its widespread utilization as
a hydrophilic coating material, the surface fabricated via ESD
unexpectedly displayed superhydrophobic characteristics. This
phenomenon is particularly intriguing as the collective
architecture of the micropillars seemingly negates the inherent
hydrophilicity of the individual components, resulting in a
surface with a significantly higher water contact angle (157°,
Figure 1F) compared to a standard stainless-steel mesh (99°,
Figure 1G). The reason behind the superhydrophobic character
of the surface can be attributed to the following two reasons: (i)
Air trapping: microstructures trap air pockets between the
consecutive pillars. These air pockets create a barrier between
the water and the solid surface, minimizing the direct contact
area and reducing the attractive forces between water molecules
and the surface.64 (ii) Hierarchical Texture: ESD fabricated
TiO2 surfaces exhibit multiscale roughness, as evident from the
FESEM image shown in Figure 1B, where each pillar has
microstructures with even smaller features within. This
hierarchical texture amplifies air trapping and contact angle
effects, leading to even stronger hydrophobicity.65Water droplet
roll-off experiments were carried out on the TiO2 micro-
structures as well as on the SS mesh and the data were captured
using a Keyence microscope (Figures S4 and S5).
Extending the Methodology to Other Metal Oxides.

We tested the feasibility of generalizing this methodology for the
fabrication of microstructures for multiple metal oxides. Figures
1C and 1D show FESEM images of microstructures created
from ESD deposition of copper(II) acetate monohydrate
(Cu(CO2CH3)2·H2O), and zinc acetate dihydrate (Zn-
(CH3COO)2·2H2O). Ethanolic solutions of 5 mM concen-
tration each were used for ESD. We used ethanolic solutions
instead of aqueous solutions for our experiments due to
significantly faster electrospray times. This difference was
primarily attributed to the solvents’ surface tension. Ethanol,
with its lower surface tension (21.6mN/m at 20 °C compared to
72.8 mN/m for water), allows for easier droplet formation and
faster electrospray, significantly reducing the fabrication time.
Figure S6 shows the large area FESEM images of the fabricated
surface, proving that it can be created over a significantly large
area. EDS analysis confirms the microstructures’ composition,
identifying them as CuO (Figure S6A) and ZnO (Figure S6B),
respectively. Both surfaces, made of copper and zinc oxide,
showed hydrophobic properties when tested. Our findings
extend the reach of ambient ESD beyond typical materials,
demonstrating its prowess in fabricating superhydrophobic
microstructures of vastly different metal oxides. The contact
angle measurements of the CuO and ZnO microstructures were
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157° (Figure S7). This versatility paves the way for exploring a
rich materials landscape.
Controlling Parameters for the Dimensions of the

Microstructures. The size, shape, and performance of the
fabricated microstructures can be finely tuned by adjusting
specific parameters within the ESD process. However,
maintaining certain parameters is critical for ensuring the
generation of reproducible hydrophobic surfaces. This section
describes the key fabrication parameters and their influence on
the final product.
Deposition Time. The impact of deposition time was

investigated by varying the ESD duration from 30 min to 2 h
(Figure S8). FESEM images reveal a clear trend; longer
deposition times leading to taller vertically growing structures.
Deposition Rate. To optimize microstructure morphology,

the ESD deposition rate was monitored via measurements of the
deposition current. A current range of 10−12 nA produced ideal
microstructures with sharp, multilayered edges. Higher currents
resulted in increased deposition of unreacted precursors, leading
to rounded edges and significantly reduced water repellency
(Figure S9). This highlights the importance of controlling the
deposition rate for achieving optimal surface wettability.
Tip Size. For ESD fabrication of TiO2 microstructures, tip

size plays a crucial role in ensuring smooth process flow and
minimizing unreacted precursors. All the experiments were
performed using the tip size of 25−30 μm. The size of each tip
was measured using an optical microscope before proceeding
with the ESD process. Figure S10 shows a representative optical
image of one such tip. Any tip that did not match the optimum
size window was discarded.
Distance between the Spray Tip and the SS Wire

Mesh. Electrostatic field strength, governed by the distance
between the spray tip and the SS wire mesh, is a critical factor

influencing the stacking of the incoming droplets. To achieve
uniform microstructures, we optimized this distance to 8−10
mm. While a closer distance would generate a stronger field, it
could lead to inadequate solvent evaporation, creating solvent
bridges that disrupt the fabrication process.
Atmospheric Water Capture Using TiO2 Microstruc-

tures.Unexpected transformation of an intrinsically hydrophilic
material into a superhydrophobic one, achieved through ESD
prompted us to explore its possible use in atmospheric water
capture (AWC). This interest stemmed from a biomimetic
perspective; nature provides numerous examples of highly
efficient AWC strategies often relying on intricate hydrophilic−
hydrophobic surface patterns.51,66 A prime example is the
Opuntia microdasys, where minute barbs on its conical spines
effectively condense water droplets, while the spine’s curvature
acts as a natural microfluidic channel, guiding the condensate
toward the base through a combination of hydrophilic and
hydrophobic regions.67 On the other hand, the Namib desert
beetle (Stenocara gracilipes) utilizes hydrophilic−hydrophobic
patterns on its wings to both collect water and, subsequently,
transport it to other parts of its body.51 These observations
served as a strongmotivator to explore the AWC potential of our
ESD-fabricated superhydrophobic surface. For our experiments,
a ∼ 100 mm2 circular area of TiO2 microstructures, fabricated
via ESD on a 1 cm2 stainless steel mesh, served as the AWC
surface. This mesh was secured onto a Peltier cooler using silver
paste for efficient thermal contact. AWC experiments were
conducted in an air-conditioned room (∼25 °C, 50% RH) with
the surface temperature maintained at 10 °C, slightly below the
dew point (13.8 °C). No external humidifiers or mist generators
were employed. The collection surface and cooling module were
positioned vertically on a Keyence microscope stage for video
recording. Figure 2A schematically illustrates the experimental

Figure 2. (A) Experimental setup for water harvesting. Schematic representation of (B) droplet formation, and (C) droplet roll-off on a single TiO2
microstructure. Microscopic image of water harvesting, where the red arrow indicates the successive events of (D) droplet formation, (E) droplet
fusion, and (F) droplet roll-off, on TiO2 microstructures. Comparison between water harvesting efficiency of (G) TiO2 microstructured surface and
(H) stainless steel mesh, upon exposure to the environment, keeping all parameters the same. Details of the experiment are presented in the main text.
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setup of AWC. Surfaces with varying microstructures created by
ESD for 1, 1.5, and 2 h were investigated for their AWC
performance (Figure S11). Notably, while all surfaces exhibited
water nucleation, the 1.5 h fabricated surface demonstrated
superior water roll-off, a crucial factor for efficient AWC.
Therefore, this optimized surface was chosen for further
experiments due to its enhanced water collection and release
capabilities. The AWC process on the fabricated TiO2
microstructures can be conceptualized in three key stages:

1. Nucleation: The intricate nanoscale edges of the intrinsi-
cally hydrophilic TiO2 structures readily initiate water
droplet formation due to their ability to lower the free
energy barrier for nucleation. This function can be likened
to the minute barbs on a cactus spine, promoting water
droplet condensation on the surface.

2. Coalescence: Once nucleated droplets reach a critical size,
they begin to coalesce with each other due to
intermolecular forces, forming larger and heavier droplets.

3. Roll-off: When the combined weight of a coalesced
droplet overcomes the pinning force exerted by the
underlying surface texture and exceeds the adhesive
forces, the superhydrophobic nature of the micro-
structured surface facilitates its effortless roll off. This
can be envisioned as a “critical weight threshold” being
surpassed, triggered by the combined effect of super-
hydrophobicity and gravity.

Figures 2B and 2C schematically illustrate the three stages of
the AWC process. Figures 2D-F present corresponding optical
images, captured from video recordings from the microscope,
showcasing a specific region (indicated by the red arrow) where
all three stages (nucleation, coalescence, and roll-off) can be
sequentially observed. For a dynamic visualization, please refer
to Supporting Video S1, which presents a real-time video
recording of the AWC process. To elucidate the role of the TiO2
microstructures in water nucleation, a control experiment was
performed using a bare stainless-steel mesh under identical
AWC conditions. As evident from Figures 2G and 2H, the TiO2
microstructured surface exhibited significantly enhanced water
nucleation compared to the minimal condensation observed on
the bare mesh. Figure S12 shows FESEM images of the surface
after keeping the surface underwater for 1 h.
The AWC efficiency for the TiO2 microstructures (created by

90 min of deposition) was calculated based on the droplets
generated on a measured area within a fixed time (90 s). Figure
S13 shows the reference image used for the efficiency
calculation. From this image, a rectangular area measuring
130.3 μm in length and 34.1 μm in width was selected, and the
number of droplets within this area (seven, in this case) was
counted, indicated by black crosses in Figure S13. The diameter
of a single droplet was then measured; a smaller droplet with a
diameter of 17.7 μmwas chosen to avoid overestimation. Larger
droplets were intentionally excluded from consideration as they
resulted from the coalescence of smaller droplets. The volume of
water in each droplet was calculated, assuming it to be a

Figure 3. (A) Schematic representation of atmospheric water capture and self-cleaning property of TiO2 microstructures: (a) TiO2 microstructures;
(b) TiO2 microstructures during atmospheric water harvesting; (c) contaminated microstructures over time; (d) regenerated TiO2 microstructures
upon sunlight exposure. (B) Optical images of the TiO2 microstructure surface on a SS wire mesh (a) after dye adsorption and (b) after sunlight
exposure. (C)Mass spectra of ibuprofen collected from the solution after washing the drug-adsorbed TiO2; the black and red traces are before and after
sunlight exposure. (D) Optical images of E. coli colonies on TiO2 microstructures (a) before and (b) after sunlight exposure.
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hemisphere. This process was repeated in several other areas,
and the values were averaged and converted into units of L m−2

day−1. We estimate that the TiO2 microstructured surface
demonstrated a water capture efficiency of ∼40 L m−2 day−1.
Photocatalytic Self-Cleaning of TiO2 Microstructures

for Prolonged AWC. Degradation of Organic Molecules.
Figure 3A schematically illustrates self-cleaning mechanism of
the fabricated TiO2 microstructures. Initially, the clean surface
captures atmospheric water vapor (3Aa, 3Ab), leading to
potential contamination due to the different contaminants
present in the atmosphere. But in our case, the sunlight exposure
triggers a regenerative process (3Ad) because of the photo-
catalytic activity of TiO2. To assess this self-cleaning capability,
photocatalytic degradation of various pollutants was inves-
tigated. A mixture of dyes (rhodamine 6G, rhodamine B,
methylene blue) was adsorbed onto the surface and exposed to
sunlight for 3 h. Remarkably, no visible trace of dye remained
(Figures 3Ba, 3Bb show before and after sunlight exposure,
respectively), highlighting the effectiveness of TiO2 micro-
structures for both self-cleaning and degrading diverse organic
pollutants. Similarly, ibuprofen served as amodel drug to test the
effect. A 10 mM solution (1:9 methanol: water) was prepared
and the microstructure surface was immersed for 30 min.
Following adsorption, the surface was exposed to sunlight for 3
h. Subsequent washing and mass spectrometry analysis revealed
significant degradation of ibuprofen (Figures 3C and S14, the
black and red traces demonstrate before and after sunlight
exposure). The decrease in the intensity of m/z 205 peak
suggests breakdown via the OH radical-induced pathway,
further evidenced by the appearance of additional peaks
signifying the addition of OH groups (m/z 221, 237, 255
(H2O adduct of m/z 237)). The peaks at lower mass ranges are

peaks due to further degradation of the hydroxylated products.
The degradation products and corresponding m/z values are
mentioned in the Table S1. Although these peaks may be
attributed to species of higher toxicity than the parentmolecules,
they are short-lived intermediates of the entire degradation
pathway and the final degradation product may be harmless.
Control experiments proved that in the absence of TiO2 there
was no degradation of the drug molecule. TiO2 typically has a
large band gap (>3.2 eV), which means it can only absorb UV
light and not visible light, limiting its photocatalytic activity
under sunlight. However, we speculate that the following factors
may have contributed to the photocatalytic activity of the TiO2
microstructures under sunlight. Size and surface area: The
microstructures created using ambient microdroplet deposition
had a high surface area-to-volume ratio, which increased the
availability of active sites for photocatalytic reactions.68,69

Enhanced light absorption: The curvatures and micronano-
metre-sized grooves (evident from Figure 1B) of micro-
structures led to light scattering and multiple reflections within
the structures, enhancing the absorption of sunlight, including
the UV component. Doping and defects: As mentioned
previously, the synthesized TiO2 was amorphous, implying it
may have oxygen defects.70 Oxygen defects are common in
amorphous materials due to their lack of long-range crystalline
order. These oxygen vacancies create defect states within the
band gap, effectively reducing the band gap energy. This
reduction probably allowed the TiO2 microstructures to absorb
visible light, extending its photocatalytic activity beyond the UV
region. Increased surface reactivity: The presence of oxygen
defects increased the number of active sites on the surface of
amorphous TiO2. These active sites facilitated the adsorption

Figure 4. (A) Schematic representation of the mechanism of ROS formation on the microstructures due to photocatalytic activation of TiO2.
Fluorescence microscopy image of (B) E. coli control cells and (C) cells exposed to sunlight on TiO2 surface. (D) Viability of E. coli cells on SS mesh,
TTIP drop casted surface, and TiO2microstructure; experiments were done under standard conditions in the dark as well as in the presence of sunlight.
(E) Bar diagram shows the reduction in the growth and adhesion in the E. coli cells exposed to TiO2 surface compared with control cells and TTIP.
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and activation of reactant molecules, leading to higher
photocatalytic activity.
Antibacterial Property of the TiO2 Microstructures.

Water harvesting surfaces face challenges posed by bacterial
growth, impacting long-term efficacy. This study assessed the
antibacterial activity of ESD-fabricated TiO2 microstructures
under sunlight using E. coli bacteria. Significant bacterial killing
was observed on sunlight -exposed TiO2 sample (Figure 3Db),
contrasting with the absence of such activity in the samples
maintained in the dark (Figure 3Da). Control experiments
(Figure S15A) with blank wire mesh and TTIP coated (by drop
casting method) mesh under light and dark conditions
reinforced these findings. This confirms the effectiveness of
sunlight-exposed TiO2 surfaces in eliminating bacteria.
Literature provides a framework for understanding the

degradation and antibacterial properties of TiO2.
71 Under

sunlight, the TiO2 microstructure undergoes photoexcitation.
An electron leaps from the valence band (VB) to the conduction
band (CB), creating a hole in the VB. These energetic electron−
hole pairs migrate to the surface. Here, they interact with
adsorbed water and oxygen, generating highly reactive oxygen
species (ROS) like hydroxyl radicals (•OH) and superoxide
radicals (O2

•−). Figure 4A schematically represents the
mechanism of ROS generation on the TiO2 microstructures
upon photoexcitation. Ultimately, the generated ROS are
responsible for the degradation and antibacterial properties of
TiO2.
Previous studies have established the enhanced antibacterial

properties of TiO2 under sunlight. Subsequent experiments were
conducted to test and quantify the antibacterial efficacy of the
ESD-fabricated surfaces. Fluorescence imaging of E. coli cells
was carried out to assess antibacterial activity. Figure 4B presents
a fluorescence image of E. coli cells drop-casted on a SS wire
mesh and exposed to sunlight. The presence of green emission
indicates live bacterial cells in the absence of TiO2. Conversely,
Figure 4C shows cells after exposure to sunlight with TiO2
microstructures. The red-stained cells indicate dead bacteria
proving the antibacterial effect of TiO2.

72 Evaluation of the
antibacterial activity revealed a viability of 2% in bacterial cells
exposed to sunlight with TiO2 compared to 97% in cells treated
with TTIP and the control group (refer to Figure 4D). Control
experiments were conducted under standard conditions and in
the absence of sunlight to confirm the role of TiO2 structures in
E. coli eradication. The antibacterial efficacy of TiO2 persisted
even after subjecting it to five cycles of loading with 104 CFU/
mL of E. coli cells and exposure to sunlight (refer to Figure
S15B). This was contrasted with bacterial cells incubated on
wire mesh kept in the dark and another control group exposed to
sunlight. The high antibacterial activity may also be attributed to
the surface roughness of the microstructures. Literature suggests
that nanometer-scale structures with high aspect ratios do not
facilitate the growth of E. coli cells.73

The presence of a hydrophobic surface significantly hampered
E. coli growth, with only 2% of viable cells detected after 24 h of
incubation under standard conditions. In contrast, drop casted
surfaces facilitated bacterial growth and exhibited adherence.
Notably, TiO2 surfaces demonstrated notable resistance to
bacterial attachment, attributed to their high hydrophobicity
and ROS production, showcasing their efficacy in inhibiting
bacterial biofilm formation.
The self-cleaning property was evaluated using E. coli cells,

where TiO2 surfaces loaded with these cells were subjected to
gentle washing. Colony counting on nutrient agar plates

revealed that TiO2 microstructures effectively deterred E. coli
adhesion in water, with only 1% adherence observed, contrasting
starkly with wire mesh, which retained 98% of bacterial cells
postwashing (refer to Figure 4E).
Sustainability of the ESD Technique. Creation of

nanomicro structures on surfaces using conventional techniques
like, electron lithography, chemical vapor deposition, physical
vapor deposition, cathodic arc deposition, magnetron sputter-
ing, etc., requires specific conditions like, high-temperature,
high-vacuum, definite gas environments, etc. These require-
ments eventually add up to the carbon footprint of the synthesis
method. In contrast, ESD serves as a sustainable solution by
promoting direct conversion of a precursor solution to
microstructures by a feasible room-temperature technique
with minimal use of chemicals and energy. In this report, we
present a technique that converts TTIP, a precursor solution of
Ti to TiO2 microstructures within minutes at room temperature.
These microstructures can be utilized as a standalone surface for
atmospheric water capture and treatment to address one of the
sustainable development goals.

■ CONCLUSIONS
This study presents a novel, eco-friendly, and convenient
method for producing extensive TiO2 microstructures directly
from a TTIP solution under ambient conditions. These specially
designed microstructures, collectively offer great super hydro-
phobicity allowing water droplets to roll-off efficiently despite
TiO2’s inherent hydrophilic nature, enabling efficient atmos-
pheric water harvesting. Under sunlight, the photocatalytic
properties of TiO2 activate breaking down of contaminants like
organic dyes and drugs, resulting in an essentially self-cleaning
surface for sustainable water collection. Sunlight also generates
ROS that prevent bacterial growth and biofilm formation,
addressing a key challenge for long-term use. This unique
combined capability allows for the independent collection and
purification of water from the atmosphere, offering a promising
solution for water scarcity challenges. Additionally, the
approach’s versatility was demonstrated by successfully creating
microstructures from other metal oxide solutions, highlighting
its potential for broader applications.
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Kobe, S.; Novak, S. The Influence of Surface Modification on Bacterial
Adhesion to Titanium-Based Substrates. ACS Appl. Mater. Interfaces
2015, 7 (3), 1644−1651.
(73) Gonzalez Arellano, D. L.; Kolewe, K. W.; Champagne, V. K.;
Kurtz, I. S.; Burnett, E. K.; Zakashansky, J. A.; Arisoy, F. D.; Briseno, A.
L.; Schiffman, J. D. Gecko-Inspired Biocidal Organic Nanocrystals
Initiated from a Pencil-Drawn Graphite Template. Sci. Rep. 2018, 8
(11618), 1−8.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.4c02806
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1016/j.surfcoat.2021.127279
https://doi.org/10.1016/j.surfcoat.2021.127279
https://doi.org/10.1016/j.surfcoat.2021.127279
https://doi.org/10.1021/acsmaterialslett.2c00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201602992
https://doi.org/10.1002/smll.201602992
https://doi.org/10.1002/smll.201602992
https://doi.org/10.1002/adma.202110079
https://doi.org/10.1002/adma.202110079
https://doi.org/10.1002/adma.202110079
https://doi.org/10.1039/c4nr02064b
https://doi.org/10.1039/c4nr02064b
https://doi.org/10.1002/smll.201903849
https://doi.org/10.1002/smll.201903849
https://doi.org/10.1039/9781782623953-00368
https://doi.org/10.1039/9781782623953-00368
https://doi.org/10.1039/9781782623953-00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/9781782623953-00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201303661
https://doi.org/10.1002/adfm.201303661
https://doi.org/10.1038/s41893-023-01159-9
https://doi.org/10.1038/s41893-023-01159-9
https://doi.org/10.1038/41233
https://doi.org/10.1038/41233
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1021/ac302789c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b08567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b08567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40486-014-0003-x
https://doi.org/10.1186/s40486-014-0003-x
https://doi.org/10.1186/s40486-014-0003-x
https://doi.org/10.1039/D3MH01094E
https://doi.org/10.1039/D3MH01094E
https://doi.org/10.1098/rsta.2019.0444
https://doi.org/10.1098/rsta.2019.0444
https://doi.org/10.1098/rsta.2012.0303
https://doi.org/10.1098/rsta.2012.0303
https://doi.org/10.1021/jp305026h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp305026h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CP04209C
https://doi.org/10.1039/C4CP04209C
https://doi.org/10.1021/es0259483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0259483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0259483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am507148n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am507148n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-018-29994-3
https://doi.org/10.1038/s41598-018-29994-3
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c02806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

