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Low-Temperature Water-Assisted Oxidation of Sponge-Like
Zn Nanostructures for Environmental and Energy
Harvesting Applications

Marco Laurenti, Marco Fontana, Stefano Stassi,* Adriano Sacco, Alberto Scalia,
Stefano Bianco, Candido F. Pirri, and Andrea Lamberti

In this work, the oxidation of sponge-like nanostructured Zn films exploiting
their interaction with water in liquid and vapor phases is investigated. By
simply exposing the sputtered porous metal layers to a water vapor
atmosphere or incubating them in water at different temperatures, the full
conversion to ZnO is obtained. Depending on the kind of treatment, the
oxidized ZnO layers exhibit different morphologies and physico-chemical
properties. When in combination with low heating of the surface, a better
crystallinity and the growth of hexagonal nanocrystals (nanoprisms and
nanoflowers) from the nanobranched Zn structure is observed, preserving the
sponge-like morphology of the starting material. Good photocatalytic
activities for the degradation of an organic dye are measured under simulated
sunlight irradiation. The piezoelectric and semiconducting response of the
oxidized ZnO layers is also examined, revealing appealing performance in
both cases and envisaging their use as nanogenerators and photoanode
material in dye-sensitized solar cells. The multifunctional properties of the
oxidized ZnO film are discussed in terms of the selected water oxidation
approach that tune the corresponding morphology and crystallinity. The
low-temperature oxidation approaches here proposed allow the fabrication of
flexible semiconductive ZnO films highly desirable in different fields of
nanoelectronics.
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1. Introduction

Among the main issues faced by the
World in the XXI century, energy savings
and production from renewable sources,
and the alarming problem of environ-
mental pollution, are surely the most
compelling ones. For these reasons, there
is an urgent need to develop new tech-
nological solutions, both from the ma-
terials science and engineering stand-
points, able to produce and harvest en-
ergy from renewable resources, but also
to degrade pollutants often present in a
wide plethora of hazardous wastes such
as air, wastewater, and seawater.

With the advent of nanomateri-
als, strong efforts have been devoted
to the study of innovative multi-
functional materials featuring the
above-mentioned properties. In this
scenario, zinc oxide (ZnO) has cap-
tured considerable attention thanks
to its intriguing physical properties
and the easiness of material synthesis.

ZnO is a wide band-gap semiconduct-
ing material showing UV light absorp-
tion, piezoelectric, and photocatalytic

properties.[1,2] ZnO can be simply prepared by following various
synthesis approaches, that range from wet-chemistry methods
like the sol-gel and hydrothermal ones,[3] to physical and chem-
ical vapor deposition strategies such as sputtering[4] and atomic
layer deposition[5] to name a few.

In the specific contest of thin-film morphology, valuable ex-
amples have shown that ZnO nanostructuration can be simply
achieved and tuned by acting on the deposition route and pa-
rameters: arrays of nanowires,[6,7] nanorods,[8,9] nanofibers,[10]

nanotubes,[11] and several more complex structures[12] can be
produced, and the respective physical and chemical properties
change accordingly to the shape of the selected ZnO nanos-
tructure. For example, it is easy to obtain enormous electron
transport properties and improved piezoelectric charge genera-
tion using ZnO nanowire arrays,[13,14] while superior gas sens-
ing skills can be observed testing ZnO films with a flower-
like morphology.[15,16] However, some of the most interesting
ZnO properties, like the optical and electrical ones, can be
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Figure 1. a) Top-view FESEM images of sputtered Zn layer; b) ZnO-Water sample, prepared after incubation in water at room temperature for 48 h; c)
ZnO-Boiled sample, obtained after incubation at 90 °C for 4 h; d) ZnO-Vapor sample, obtained after the exposition to water vapor for 2 h. The scale bars
correspond to 200 nm for low-magnification images and 100 nm for high-magnification images in the insets.

negatively influenced by the presence of intrinsic defects like zinc
interstitials and oxygen vacancies.[17] Hence, even when a low-
temperature synthesis method was chosen, a thermal treatment
was required to reduce ZnO defectiveness and obtain the de-
sired properties. We have recently proposed a simple and scalable
method to fabricate sponge-like ZnO films on several substrates
by combining sputtering and thermal oxidation.[18,19] In this case,
a relatively low temperature (i.e., 380°C) is exploited to convert
the metal Zn nanostructure into the oxide counterpart.[20,21] In
this optics, the introduction of low-temperature, water-assisted
treatments could reduce the oxidative temperature down to ambi-
ent one. This approach has attracted huge interest in the scientific
community, in particular, related to the crystallization of amor-
phous TiO2 nanotube into anatase phase[22–24] or as a method to
synthesize metal oxide nanostructures applicable to a wide range
of elemental metals, including Zn.[25] However, in the latter case,
the shape and uniformity of the resulting ZnO nanostructures
are dictated by the crystal structure and surface roughness of the
Zn metal foil used as the starting raw material.

Here, we demonstrate for the first time the water-assisted
oxidation of sputtered Zn sponge-like nanostructures by room
temperature incubation in water and by other water-assisted
treatments, and their use in various applications related to en-
ergy storage and environmental application. The ZnO samples
were characterized in order to understand the oxidative mecha-
nism and the multifunctional properties of these nanostructures.
The results show promising photovoltaic conversion of water-
treated ZnO electrodes. The semiconducting nature of the water-
oxidized ZnO layers, combined with the particular morphology
and surface chemistry also envisage their application as photocat-
alytic material for dye degradation. Finally, the charge generation
properties of the ZnO nanostructured layers have been evaluated

under mechanical deformation. All the results are discussed in
terms of the specific morphology and crystal structure charac-
terizing the considered ZnO nanostructure and their correlation
with the particular wet oxidation approach.

2. Results and Discussion

2.1. Morphological, Structural, and Surface Chemistry Analysis of
Nanostructured ZnO Layers

The morphology of sputtered Zn layers and the low-temperature,
water-assisted oxidized ZnO ones has been assessed by means
of Field Emission Scanning Electron Microscopy (FESEM) anal-
yses. Figure 1a shows the peculiar sponge-like morphology of
the starting metallic Zn layer, featuring elongated, nanometer-
sized grains interconnecting each other and forming a branched
and porous network. On the other side, Figure 1b–d shows the
morphology of the ZnO samples after the water-assisted oxida-
tion process. It is found that the ZnO-Water sample (Figure 1b)
is formed mainly by the coalescence of fine nanocrystals whose
shape highly resembles the one observed for the grains of the
starting Zn layer. In the case of ZnO-Boiled and ZnO-Vapor sam-
ples a different morphology is observed, with the growth of or-
dered crystalline nanostructures like nanoprisms (Figure 1c) and
nanoflowers (Figure 1d).

The different morphology of the oxidized samples with re-
spect to the non-oxidized ones is due to the water-assisted oxi-
dation treatment, which can be described as a corrosion mech-
anism. The interaction of a metal surface exposed to water va-
por is a highly complex process, involving three different phases,
i.e., the gas, liquid, and solid ones, and their corresponding in-
terfaces (solid/liquid, liquid/gas, and solid/gas). Moreover, the
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Figure 2. Sketch of the growing mechanism leading to the formation of the particular morphology observed for ZnO-Vapor and ZnO-Boiled samples,
during the corresponding low-temperature, water-vapor oxidation treatments.

nanostructuration of the metal increases the complexity of the
reaction, thereby influencing the oxidation rate. Leygraf and
coworkers[26,27] have extensively investigated the corrosion mech-
anism of zinc exposed to water vapor at room temperature. Even
though their studies are devoted to understanding atmospheric
corrosion, the same approach can be useful to describe the low-
temperature oxidation herein proposed. The exposure of the
metal oxide surface to the water vapor leads to the formation of
a thin water film with a thickness on the order of some nanome-
ters that corresponds to the reversible adsorption and desorption
of water from the zinc surface.[27] This aqueous adlayer is the
medium in which the corrosion reaction occurs. Afterward, elec-
trochemistry drives the atmospheric corrosion process through
the Zn/Zn2+ and O2/H2O redox couples. There are anodic re-
gions, where the zinc ions are released, and cathodic sites, where
the electrons are consumed by forming hydroxide ions.[26] The
oxidation process can be described by the subsequent chemical
and electrochemical reactions:

Zn → Zn2+ + 2e− (1)

1∕2O2 + H2O + 2e− → 2OH− (2)

Zn2+ + 2(OH)− → Zn(OH)2 → ZnO + H2O (3)

In their studies, Leygraf and coworkers[27] found out that the
formed ZnO is quite uniform, with grains being 10–100 nm in
size and forming a layer with a final average thickness of ≈50 nm
after 72 h. Instead in our case, the full conversion to ZnO is ob-
tained after only 2 h of exposure to water vapor. This increase
in the oxidation rate can be ascribed to the huge, exposed sur-
face area of the sponge-like Zn nanostructure coupled with the
light heating of the substrate (≈50°C) provided during the wa-
ter oxidation treatment. In particular, the effect of temperature
on the final morphology of water-oxidized ZnO is more evident
for ZnO-Vapor and ZnO-Boiled samples, in which the heating
of the starting Zn layer is expected to play a major role than for
ZnO-Water sample, due to the different experimental conditions.
A 3D sketch of the growing mechanism leading to the formation
of such a more-ordered ZnO morphology featuring well-defined
nanoprims and nanoflowers is provided in Figure 2.

Figure 3a shows the XRD patterns of the sputtered Zn layer
and the ZnO samples prepared by exploiting the low-temperature
oxidation treatments described previously. Independently of the
oxidation method, the XRD patterns clearly highlight the conver-

sion of the starting Zn layer into the oxide counterpart. Actually,
the starting Zn layer shows multiple diffraction peaks belong-
ing to (002), (100), and (101) crystal planes of the metallic Zn
phase (Joint Committee on Powder Diffraction Standard (JCPDS)
database, card no. 87–0713). On the other hand, all the ZnO sam-
ples crystallized in the hexagonal wurtzite structure and showed
intense diffraction peaks positioned at ≈31.8°, 34.4°, and 36.2°

belonging to (100), (002), and (101) crystal planes, respectively
(JCPDS card no. 89–1397). Minor diffraction peaks due to reflec-
tions coming from other ZnO crystal planes are also detected
at higher 2𝜃 angles. No residual crystallographic phases of the
starting Zn layer are detected; thus, a complete oxidation of the
metallic layer is obtained after each of the low-temperature oxida-
tion treatments exploited in this work. There are also some minor
contributions from the FTO substrate, which are identified in ac-
cordance with the JCPDS card no. 88–0287. Calculated reference
spectra for the FTO, Zn, and ZnO phases are provided in (Figure
S1, Supporting Information).

Further information on the microstructure of the ZnO films
is obtained by Rietveld refinement of the XRD patterns (see Sup-
porting Information for the details). The refined cell parameters
are provided in Table 1, alongside the estimated crystallite size
and micro-strain.

Concerning the lattice parameters, the ZnO-Water film shows
slightly smaller lattice parameters with respect to the ZnO-Boiled
and ZnO-Vapor samples, which in turn have comparable values
within the estimated uncertainties. The same trend is also dis-
played by the crystallite size, which is significantly higher (≈29
and ≈33 nm) for the samples oxidized at higher temperature
(ZnO-Boiled and ZnO-Vapor) in comparison with the ZnO-Water
film (≈20 nm). The estimation of the crystallite size is important
for its possible correlation with the functional properties: for ex-
ample, it has been shown that larger crystallite size may result
in enhanced piezoelectric response.[12] Although micro-strain is

Table 1. Rietveld refined values for the lattice parameters of the ZnO unit
cell (a, c), crystallite size, and micro-strain. The uncertainties on the refined
parameters are written in parenthesis and they refer to the last digit.

SAMPLE a [Å] c [Å] size [nm] micro-strain

ZnO-Water 3.248 (1) 5.207 (1) 20 (1) /

ZnO-Boiled 3.254 (1) 5.212 (1) 29 (1) /

ZnO-Vapor 3.253 (1) 5.211 (1) 33 (1) 0.0011 (1)
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Figure 3. a) XRD pattern of sputtered Zn layer and of ZnO films oxidized
exploiting the above-discussed treatments: water vapor, incubation in wa-
ter at room temperature and at 90 °C. b) ATR-IR spectra collected on the
ZnO-Vapor, ZnO-Boiled, and ZnO-Water samples.

usually common in nanocrystalline materials,[28] the only sample
where this effect is significant (i.e., not comparable with 0 within
the estimated uncertainty) is ZnO-Vapor: this could be a conse-
quence of the complex oxidation mechanism involving three dif-
ferent phases, as previously discussed. Based on the refinement
of the relative intensities of the diffraction peaks, it is also possi-
ble to investigate preferred orientation in the ZnO films with an
exponential harmonic model.[29] Figure S2 (Supporting Informa-
tion) provides the refinement results, alongside the simulation
of rotationally-symmetric pole figures based on the exponential

harmonic expansion. The calculated pole figures provide visual-
ization in stereographic projection of the presence of preferred
orientation along the direction perpendicular to the surface of the
sample for the (100) and (002) crystallographic family of planes
for all the ZnO samples. The preferred orientation of the (002)
planes is particularly interesting for charge generation applica-
tions, since for ZnO the piezoelectric response is enhanced along
the direction perpendicular to the (002) family of planes.

ATR-IR spectra of the nanostructured ZnO layers are shown
in Figure 3b. In the case of ZnO-Boiled and ZnO-Vapor samples,
the presence of a broad IR band due to O─H stretching mode
is noticed in the range 3500–3000 cm−1. This band is fairly vis-
ible for ZnO-Boiled sample while it appears more pronounced
for ZnO-Vapor sample. On the other hand, a stronger IR band
in the same wavenumber region is found for ZnO-Water sam-
ple, with the appearance of well-defined and distinct IR peaks
positioned at ≈3436, 3330, and 3219 cm−1, assigned to asym-
metric/symmetric stretching vibrations of intermolecular O─H
bonds in water molecule. Additional IR contributions belonging
to O─H stretching vibration and due to intramolecular bonds
are also detected in the range 2950–2850 cm−1. An IR peak posi-
tioned at ≈3750 cm−1 and due to water of crystallization is also
visible for all the samples. The presence of the ZnO layer is con-
firmed by a broad band in the range 950–850 cm−1 and due to
Zn─OH mode. The increase in O─H vibration band intensity
observed only for ZnO-Water sample is ascribed to the increased
adsorbed water due to the particular oxidation approach, that in-
volved the direct contact of the metallic Zn layer with water at
room temperature for 48 h.

2.2. Photocatalytic Properties

The photocatalytic behavior of the different ZnO samples has
been studied by evaluating the degradation of Rhodamine-𝛽 dye
under simulated sunlight irradiation conditions. The degrada-
tion efficiency of the dye over time is shown in Figure 4a, while
Figure S3 (Supporting Information) summarizes the time evo-
lution of UV absorption spectra for Rh-𝛽 dye solution collected
at different points of time. Without the presence of the ZnO cat-
alyst, the dye degradation is almost negligible during time. For
ZnO-Vapor and ZnO-Boiled samples, ≈50% dye degradation is
found after 4 h of irradiation. ZnO-Water sample shows a slightly
better degradation efficiency, approaching 60%. Independently of
the considered sample, the degradation profile follows a pseudo-
first-order kinetic law (Figure 4b), with a kinetic constant k (h−1)
of 0.083, 0.125, and 0.183 for ZnO-Vapor, ZnO-Boiled, and ZnO-
Water samples, respectively.

The observed degradation of Rh-𝛽 in presence of the catalyst
can be explained by considering the semiconducting nature of
ZnO under UV illumination conditions. This behavior results
from the ability of valence band electrons to overcome the en-
ergy band-gap when excited by photon absorption and fill con-
duction band states (free conduction electrons). This transition
occurs during the photocatalytic experiments: the interaction be-
tween the photogenerated free conduction electrons and the hy-
droxyl groups present in the water-based solution generates •OH
radical species able to react with Rh-𝛽 molecule and determine its
degradation. The mechanism of Rh-𝛽 degradation is ascribed to

Adv. Mater. Interfaces 2023, 10, 2300485 2300485 (4 of 9) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. a,b) Photodegradation profiles of Rhodamine-𝛽 dye versus irradiation time, for the different water-oxidized ZnO layers. Fitting curves are
presented as dashed lines. Control experiments (“Only Rh”) were performed without the presence of the ZnO catalyst by using FTO covered glasses.
c) UV absorption spectra for Rhodamine-𝛽 dye solution representing the different dye adsorption properties of ZnO-Vapor, ZnO-Boiled, and ZnO-Water
samples at the end of the dark phase (20 min).

de-ethylation process and the cleavage of chromophore xanthene
group.[30] For de-ethylation process, a shift of the characteristic
UV absorption peak of Rh-𝛽 is observed, while the cleavage of
the chromophore xanthene group is represented by a strong re-
duction of the UV peak intensity. Since no shift of the UV peak
position has been observed, while the reduction of the absorp-
tion peak intensity has been detected in all the cases (see Figure
S2, Supporting Information), the dominant mechanism in all our
degradation experiments is the cleavage of the chromophore xan-
thene group.

To further understand the difference in the photocatalytic be-
havior among the different samples, the amount of dye adsorbed
on the various photocatalytic substrates has been qualitatively as-
sessed by considering the UV spectra of Rh-𝛽 solution collected
at the end of the dark phase (Figure 4c). The maximum reduc-
tion in the UV peak intensity is obtained for ZnO-Water sample.
The IR results shown in Figure 3b highlight a greater presence of
hydroxyl groups for ZnO-Water sample compared to ZnO-Vapor

and ZnO-Boiled samples. Hydroxyls are negatively-charged sur-
face groups that act as reaction sites for dye absorption. There-
fore, the slightly better degradation efficiency of ZnO-Water sam-
ple is related to its hydroxyl-rich surface chemistry, that highly
promotes the adsorption of the dye on the outermost catalyst sur-
face and its following degradation during illumination.

Even though the complete degradation of the dye has never
been achieved in our experiments, the photodegradation effi-
ciency of the organic dye measured in this work (≈60% of degra-
dation after 4 h) is comparable or even better than those reported
in other works for pure ZnO-based photocatalysts.[31] For exam-
ple, a good photodegradation efficiency of Rh-𝛽 under simulated
sunlight has been demonstrated for commercial ZnO powders
after 30 min of irradiation.[32] Despite the kinetic of degrada-
tion being faster than in our case, the best results in terms of
photodegradation efficiency did not exceed 40%. Lower efficien-
cies have been reported for the degradation of methylene blue
(13.9% after 210 min irradiation time) and methyl orange (20%

Adv. Mater. Interfaces 2023, 10, 2300485 2300485 (5 of 9) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) Current density-voltage curves under 1 sun AM1.5 irradiation obtained for DSSCs based on low temperature water assisted oxidized ZnO
photoanodes. b) Corresponding photoconversion efficiencies obtained at different radiation intensities.

after 100 min irradiation time) by using ZnO nanofibers[33] and
nanoparticles,[34] respectively.

Generally, the limited photodegradation efficiency of pure
ZnO is inferred to the corresponding electro-optical properties.
It is well-known that ZnO-based materials show excellent light
absorption in the UV region,[35] that represents only 5% of sun-
light spectrum, i.e., the light source used in our photocatalytic
experiments. On the contrary, light absorption of ZnO in the
visible-near infrared range is quite limited. Another drawback of
ZnO is its intrinsic n-type conducting behavior. Once free car-
riers (electrons and holes) are photogenerated, their recombina-
tion can rapidly occur and lowers the photodegradation efficiency
of the catalyst. Both the limitations, i.e., the wide energy bandgap
and fast recombination of the photogenerated carriers, can be
successfully mitigated by doping ZnO with selected elements.[36]

The photocatalytic study discussed in this work deals with the
use of pristine ZnO-based catalysts under simulated sunlight il-
lumination. Therefore, the limited degradation efficiency is ex-
pectable as only the UV portion of light could be effectively ab-
sorbed from the ZnO catalysts and converted into catalytically-
active photogenerated electrons, whose effectiveness can be re-
duced by charge recombination phenomena.

2.3. Sponge-Like ZnO Nanostructured Layers as Photoanode
Material for Dye Sensitized Solar Cells

The I–V curves of the different ZnO-based Dye Sensitized So-
lar Cells (DSSCs) under 1 sun illumination conditions are re-
ported in Figure 5a, while the calculated photovoltaic parame-
ters are resumed in Table S1 (Supporting Information). All the
samples, whose thickness is ≈8 μm, exhibit short circuit cur-
rent densities (Jsc) in the range 9–11 mA cm−2 and open cir-
cuit voltages of ≈0.45 V, leading to photoconversion efficiencies
(PCEs) in the range 2–3%. These values are typical of ZnO-based
DSSCs,[37–40] which are characterized by lower performance with
respect to state-of-the-art TiO2-based devices.[40] With respect to

our previous work,[41] the increase of the exposure time to wa-
ter vapor up to 2 h resulted to be beneficial to the PV perfor-
mance of the ZnO-Vapor cell, as witnessed by the larger Jsc and
PCE values. Moreover, by illuminating this device with lower in-
tensity (Figure 5b), it can be possible to increase the PCE up to
3.7%, making this cell promising for indoor PV application.[42]

This enhancement is due to the decrease in charge recombina-
tion, given the minor presence of photogenerated electrons in
the conduction band.[43] The same holds for ZnO-Boiled DSSC.
On the contrary, ZnO-Water device does not exhibit any increase
of efficiency under low-illumination conditions. This outcome
may be explained considering the smaller size of nanoparticles
in this sample compared to the others (see Table 1): this leads to
a higher density of surface defects (grain boundaries, etc.) that
act as recombination centers, thus making the electronic trans-
port more difficult and thus limiting the efficiency of this device
under low-illumination conditions. It is important to highlight
that the ZnO-Vapor DSSC exhibits the largest currents among
all the devices. This behavior can be associated to the higher crys-
tallinity of this sample, which can guarantee higher charge trans-
port properties.[21] This result was confirmed by measuring the
conductivity of the samples, which was found to be equal to 3.75,
0.88, and 0.25 mS cm−1 for vapor, boiled, and water samples, re-
spectively.

2.4. Charge Generation from Sponge-Like ZnO Nanostructured
Layers

Piezoeletric properties of the different ZnO nanostructured lay-
ers were evaluated by a direct mode, thus by measuring the gen-
erated charges induced by a mechanical deformation. In order
to exploit the ZnO samples to harvest energy also from very
small strain, a set-up based on an automatic syringe pump to
induce very small deformation by the fall of water droplets was
used (Figure 6a), as already described elsewhere.[44,45] The im-
pact on the surface of piezoelectric ZnO structures produces a

Adv. Mater. Interfaces 2023, 10, 2300485 2300485 (6 of 9) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. a) Scheme of the set-up used for piezoelectric current generation under the deformation induced by water droplets. b) Current peaks generated
by the three different ZnO samples in time and c) average values of the generated current peaks.

compressive deformation and thus the generation of an impulse
of charges, measured as a fast current peak. The positive part
of the peak is related to the compression induced by the splash
of the water, while the small negative part to the release of the
elastic mechanical deformation. The very small deformation in-
duced by the splash of the drop on the piezoelectric material
was however able to produce an appreciable current generation
of the order of tens on nanoampere (Figure 6b). The highest
values of current generation were reached by ZnO-Vapor sam-
ple with an average of 15 ± 3 nA (Figure 6c). The better per-
formances of the vapor-oxidized sample were expected, since it
reports the higher level of crystallinity and bigger grain size, as
observed previously from XRD data discussion. Indeed, piezo-
electricity is a phenomenon highly dependent on the crystalline
phase of a material; a bigger crystals size enhances the piezo-
electric phenomenon, while the presence of several grain bound-
aries damps the piezoelectric response.[12] These results, to-
gether with the photovoltaic measurements, confirm that water-
vapor oxidized ZnO is the best candidate for energy harvesting
applications.

3. Conclusion

Nanostructured ZnO films have been prepared by a low-
temperature, water-assisted oxidation of metallic, sponge-like
Zn layers deposited by sputtering. The morphology, the crys-
tallinity and the surface chemistry of the resulting ZnO surface
could be tuned by following three different oxidation approaches,
namely the exposure to water vapor and its incubation in wa-
ter at room temperature and 90 °C. Elongated, highly intercon-
nected nanocrystalline grains resembling the starting Zn mor-
phology are found after water incubation at room temperature.
On the other hand, oxidation into mild-temperature conditions
(incubation into hot water and exposition to water vapors) pro-
motes the growth of a more crystalline structure composed by

nanoprisms and nanoflowers. XRD and IR results show that all
the fabricated ZnO samples crystallize in the hexagonal wurtzite
phase and present a hydroxyl-rich surface chemistry. Some dif-
ferences can be observed among the samples: oxidation at mild
temperature conditions favor a better crystallinity, while the di-
rect incubation of the samples in water results into a hydroxyl-
richer surface, thanks to the direct contact of the metallic Zn
with water rather than the exposition to vapors. The multifunc-
tional properties of the developed ZnO film were assessed in
terms of photocatalytic degradation of an organic dye, piezoelec-
tric charge generation and photoelectron conversion efficiency
when used as photoanode material in DSSCs. Among all the ZnO
film, superior crystallinity-driven properties in terms of piezo-
electric charge generation and photoelectron conversion efficien-
cies were achieved when the exposition to water vapors of the
metallic Zn surface was exploited. On the other side, after di-
rect incubation in water at room temperature, the oxidized ZnO
film shows the best trade-off between surface chemistry proper-
ties and crystallographic quality, which finally improves the pho-
tocatalytic response. Overall, our findings demonstrate how the
low-temperature water oxidation approaches herein proposed are
simple, green, scalable and low-cost methods to develop highly-
nanostructured ZnO surfaces that can be integrated as multi-
functional active materials in light-weight semiconducting de-
vices for environmental, energy savings and recovery applica-
tions.

4. Experimental Section
Preparation of Sponge-Like ZnO Layers: Sponge-like ZnO nanostruc-

tures were obtained by a simple two-step method. Zinc (Zn) films were
first deposited by radio frequency (RF) magnetron sputtering technique.
Then, the conversion of the metallic Zn layer into ZnO was obtained
by a low temperature water-oxidation method performed into different

Adv. Mater. Interfaces 2023, 10, 2300485 2300485 (7 of 9) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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conditions as described in the following. Fluorine-doped Tin Oxide (FTO)
covered glasses (7 Ω sq−1, Solaronix) were used as transparent conduc-
tive substrates. Before the deposition, all the substrates were washed with
acetone and ethanol in an ultrasonic bath and then with a Piranha solution
(sulfuric acid and hydrogen peroxide in 3:1 volume ratio). The substrates
were properly covered with a hard mask to define the desired geometry
for the final photoanode fabrication (0.78 cm2). The sputtering deposition
process was discussed in detail previously.[19,46] Briefly, metallic Zn films
were obtained starting from a 4 inch diameter Zn target, facing downward
the FTO substrates. The target-to-substrate distance was maintained fixed
at ≈8 cm and no intentional heating was provided to the substrates dur-
ing the overall sputtering deposition process. Before starting the deposi-
tion, suitable high-vacuum conditions (2 × 10−7 Torr) were obtained by
a two-stage pumping system. A RF signal (working frequency 13.56 MHz,
power density 0.66 W cm−2) was applied to the cathode and used to create
plasma conditions. The deposition process was performed in inert Ar at-
mosphere, with a fixed gas pressure of 5 × 10−3 Torr. The deposition time
was set to 2 h. In order to prevent the incorporation of contaminants, the
Zn target was pre-cleaned with a sputtering process performed for 15 min.

After the deposition, the Zn-coated FTO substrates were converted into
ZnO by following three different low-temperature oxidation approaches.
In the first case (“ZnO-Water”), the Zn samples were incubated into De-
Ionized (DI)-water (18 m𝜔 cm−1) at 25 °C for 48 h. In the second case
(“ZnO-Vapor”), the Zn samples were fixed into a clamping system and ex-
posed for 2 h to the water vapor deriving from DI-water heated at 90 °C. In
the third case (“ZnO-Boiled”), the Zn-coated FTO samples were treated
into hot water for 4 h heated on a hot plate. The temperature of the sub-
strates was monitored by a Pt100 controller.

Fabrication of DSSCs Based on Nanostructured ZnO Photoanodes: For
photoanode preparation, all the ZnO sample typologies were heated at
70 °C and soaked into a 0.175 mm N719 dye solution (Ruthenizer535bis-
TBA, Solaronix) in ethanol for 2 h at room temperature and then rinsed in
ethanol to remove the un-adsorbed dye molecules.[20,40] The counter elec-
trodes were made by FTO-covered glasses coated with a 5 nm Pt layer de-
posited by thermal evaporation.[20,40] Dye-sensitized Solar Cells (DSSCs)
were assembled using a microfluidic architecture[47] using a liquid I−/I3−

redox couple electrolyte (Iodolyte AN50, Solaronix).
Characterization Techniques: Field-Emission Scanning Electron Mi-

croscopy (FESEM) analysis was performed with a ZEISS AURIGA dual
beam FIB–FESEM microscope. The crystalline structure of the samples
was investigated by means of X-ray diffraction (XRD) with a Panalytical
X’Pert PRO diffractometer working in 𝜃−2𝜃 configuration and equipped
with a Cu K𝛼 (𝜆 = 1.54059 Å) X-ray radiation source. MAUD software[48]

was used for full XRD pattern fitting based on the Rietveld method. Attenu-
ated Total Reflectance Infrared (ATR-IR) spectroscopy was carried out with
a Nicolet 5700 FTIR spectrometer from ThermoFisher. All of the spectra
were background subtracted and acquired with 2 cm−1 resolution and 64
scan accumulation. The assignment of IR modes was done according to
Ref. [49].

The PV characteristics of the ZnO-based DSSCs were obtained with a
Keithley 2440 SMU, employing a Newport 91195A class A solar simulator
(AM1.5G illumination, 1000 W m−2). Different radiation intensities were
provided to the cells in order to evaluate their photoconversion efficien-
cies under diverse illumination conditions (namely 0.3, 0.5, and 1 suns),
employing Neutral Density filters (Newport).

The photocatalytic properties of the ZnO layers were investigated by
studying the degradation of an organic dye (Rhodamine-𝛽, Rh-𝛽) under
simulated sunlight irradiation conditions. Rh-𝛽 powder (1 mg) was dis-
solved in bidistilled water (final volume 400 mL), under continuous stir-
ring at room temperature and in dark conditions. A calibration curve for
Rh-𝛽 UV absorbance intensity versus concentration was determined by
considering the characteristic UV absorbance of Rh-𝛽 at 𝜆 = 554 nm ob-
tained from various solutions prepared at prefixed dye concentrations.
The photodegradation experiments were performed using a sun simulator
lamp system working at 1 sun (Class A, Newport, 500 W). Before starting
each degradation experiment, the lamp was calibrated by using a commer-
cial Si photovoltaic cell as reference. The ZnO-coated FTO glass samples
were placed atop of a Teflon support within a cylindrical Pyrex reactor and

soaked in the Rh-𝛽 solution (volume 10 mL, concentration 2.5 ppm), un-
der continuous magnetic stirring (350 rpm).[50] The temperature of the
system (dye solution + photocatalyst) was kept constant at 25 °C during
the overall experiment by placing the reactor inside a water-bath cooling
system. Before irradiating, the ZnO samples were left in contact with Rh-𝛽
solution in dark conditions under continuous stirring for 20 min, in order
to achieve adsorption–desorption equilibrium conditions between dye and
the photocatalyst. The photocatalytic efficiency and kinetic of degradation
of the photocatalyst were determined according to Ref. [50].

Piezoelectric measurements of the ZnO nanostructured layers were
performed by a direct mode, thus by measuring the generated charges
induced by a mechanical deformation. A home-made set-up based on an
automatic moto-syringe for the generation of water droplets and a Low
Current Electrometers for current generation evaluation (Keithley 6517b)
was used. The ZnO samples were packaged with a flexible top electrode
composed of a copper metalized polymide foil, then water and electrically
insulated by means of a polyimide adhesive tape. The samples were then
connected to the low current electrometer to evaluate the current upon
the repetitive fall of water drops, hitting the material surface. The samples
were mounted with an angle of 30° with respect of the perpendicular to the
water drops trajectory to avoid water accumulation on the surface. Indeed,
water droplets of ≈45 μL (i.e., 45 μg) were dispensed by the automatic sy-
ringe pump at a height of 15 mm from the sample surface.
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