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Abstract

In the present work, a two-step vapor-phase route was implemented for the tailored design of ZnO-
WO; nanoheterostructures supported on fluorine doped tin oxide (FTO) substrates. Under optimized
conditions, the sequential use of chemical vapor deposition (CVD) and radio frequency (RF)-
sputtering for the deposition of zinc and tungsten oxides respectively, resulted in the growth of
calyx-like ZnO nanostructures uniformly decorated by a conformal dispersion of low-sized WOs3
nanoparticles. The target materials were characterized by means of a multi-technique approach,
with particular regard to their structural, compositional, morphological and optical properties.
Finally, their photocatalytic performances were preliminarily tested in the abatement of NOx gases
(NO and NOy,). Due to the unique porous morphology of the ZnO nanodeposit and the high density
of ZnO-WO; heterojunctions, WOs-decorated ZnO revealed appealing De-NOx characteristics in
terms of both degradation efficiency and selectivity. Such features, along with the photoinduced
superhydrophilicity and self-cleaning properties of the present nanomaterials, candidate them as
promising functional platforms for application in smart windows and building materials for

environmental remediation.

Keywords: chemical vapor deposition; RF-sputtering; ZnO-WO;, De-NOx, photocatalysis; self-

cleaning; water contact angle.



1. Introduction

Zinc oxide (ZnO) is a n-type semiconductor (Eg = 3.3 eV), with interesting optical, thermal and
electrical characteristics, and a very rich defect chemistry.l'6 Such features, coupled with its unique
flexibility in adopting a large variety of nanoscale morphologies (nanowires, nanoribbons,
nanocombs, nanohelices, tetrapods, ...), have made ZnO an attractive candidate for optoelectronic
and gas sensing applications.z’ 3711 1 addition, ZnO has been proposed as an alternative to the
widely studied TiO, for light-assisted applications, exploiting, in particular, its photocatalytic
activity, photoinduced superhydrophilicity (PSH) and self-cleaning behavior.” '*** In fact, ZnO
displays reactivity and energy band positions similar to titanium dioxide, yet featuring a higher
carrier mobility, along with lower cost and toxicity.” '* ' As a consequence, ZnO-based materials
have been gaining an increasing importance for a variety of photoassisted processes, especially in
the field of environmental remediation.® '>- 182022

In this context, an ongoing challenge concerns the abatement of NOx (NO and NO;) emissions in

urban areas, since such pollutants contribute to the generation of acid rain*> **

and may severely
affect human health even at ppb levels.'* 7% Up to date, TiO, materials have been widely studied
for photocatalytic NOx degradation, whereas the use of ZnO and ZnO-based systems in such fields
has been scarcely investigated and undoubtedly requires further attention.'” ' ' It is worth
highligting that, in spite of the above advantages, ZnO suffers from two main drawbacks that hinder
its use in practical applications, i.e. the tendency to photocorrosion and the relatively rapid charge
carrier recombination.® %% 2% %7

To circumvent these obstacles and obtain improved functional performances, a valuable strategy
consists in the modification of ZnO with other suitable semiconductors, in order to benefit from
additive or synergistic effects originating from the combination of the two materials.” 2% #> 2% %
Among the possible candidates, WO, (Eg = 2.7 eV) presents amenable photocatalytic and

14, 30-32

optoelectronic properties, standing as an appealing candidate in the fabrication of ZnO-based

systems for light-assisted applications. The favorable band edge energetics at the ZnO/WO;
3



interface is in fact expected to promote an enhanced charge carrier separation, resulting, in turn, in
an improved photocatalytic activity.7’ 141933 Moreover, WO; has an excellent stability against
photocorrosion, candidating it as a possible protective agent for the surface decoration of ZnO
nanosystems.m’ 30, 34, 35 Finally, WOs; exhibits a strong affinity towards NOx, an issue of crucial
importance for De-NOx applications.?! ***

In order to fully exploit the advantages originating from ZnO and WOj3 coupling, a proper design of
the target ZnO-WO; systems is imperative to control not only the relative amounts of the two
oxides but also the morphology, surface area, defect content and interface quality of the resulting
materials, that are directly interrelated with the ultimate functional properties.ﬁ’ 14.26.30. 40 O this
basis, the present study has been devoted to the implementation of a hybrid chemical vapor
deposition (CVD) and radio frequency (RF)-sputtering synthetic strategy aimed at obtaining ZnO-
WO; nanoarchitectures with precise material features in view of photocatalytic applications. At
variance from the majority of previous works on ZnO-WOQOj; photocatalysts, that have been focused

13, 14, 21, 26, 27, 33 - L
» e 225 2% we report herein on the fabrication of supported WOs-

on powdered systems,
decorated ZnO nanodeposits, that do not suffer from problems related to the aggregation, separation
and secondary pollution of powder photocatalysts.'> ' % 24! In addition, thanks to the very low
WO; overall content, the obtained ZnO-WO; systems maintain the good optical transparency
exhibited by pure ZnO in the Visible spectral range, an important feature for eventual utilization in
smart windows and building materials. Finally, the concurrent PSH and self-cleaning properties of
the fabricated nanomaterials facilitate washing of nitrite/nitrate ions produced during NOx
degradation along with the photooxidation of eventual organic pollutants, thus avoiding the

poisoning of the photocatalyst surface.'® * To the best of our knowledge, the present work is the

first report on ZnO-WOj3 systems for De-NOx applications.



2. Experimental

2.1. Synthesis

ZnO depositions were performed trough a home-made thermal-CVD apparatus consisting of a
tubular furnace equipped with a quartz tube hot-wall reactor (internal diameter = 9.5 cm, length of
the heated region = 20 cm).**** In each deposition the adopted Zn precursor, Zn(hfa), TMEDA (hfa
= 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; TMEDA = N,N,N’,N’-tetramethylethylenediamine),
synthesized according to the literature,” was placed in an external glass vaporizer heated at 80°C,
and delivered to the reaction chamber by an electronic grade N, flow (rate: = 100 sccm). Gas lines
were maintained at 120°C by means of external heating tapes to prevent condensation phenomena.
An additional electronic grade O, gas flow (rate = 30 sccm) was separately delivered to the reactor
through a dedicated line after passing through a water reservoir maintained at 30°C. Prior to each
deposition, FTO-coated glass substrates (Aldrich®, 735167-1EA, =7 Q/sq, dimensions = 2.0 cm’
FTO thickness = 600 nm), were cleaned by dipping in an aqueous solution of sulphonic detergent,
rinsing in distilled water, then 1,2-dichloroethane and 2-propanol, and finally dried under an air
flow. After preliminary experiments aimed at the optimization of preparative conditions and at the
obtainment of an optimal reproducibility, the substrates were placed at the center of the reactor, and
ZnO deposition was carried out at 300°C at a total operating pressure of 3.0 mbar (deposition time
=2 h). Such a growth temperature, lower than the one reported in our recent paper,40 was adopted
since, under the present conditions, the formation of ZnO nanostructures with higher porosity and a
unique calyx like morphology took place. These features are extremely favorable to maximize WO;
dispersion during the sputtering process, as well as to provide a high active area available for the
catalyst interaction with the target gases during De-NOx degradation.

For the preparation of ZnO-WOQ3 nanomaterials, the above ZnO matrices were fixed on the ground
electrode of a previously described two-electrode RF-sputtering reactor (v = 13.56 MHz)."
Experiments were performed using electronic grade Ar plasmas, starting from a WOQOs; target

(Neyco®, purity = 99.99%, thickness = 2 mm, diameter = 2 in.) fixed on the RF-electrode.
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Sputtering experiments were carried out using the following optimized conditions:*” inter-electrode
distance = 5 cm; Ar flow rate = 10 sccm; total pressure = 0.3 mbar; RF-power = 20 W; ground

electrode temperature = 60°C; deposition time = 3 h.

2.2. Characterization

The overall deposit mass was evaluated by using a Mettler Toledo XS105DU Microbalance. The
average weight of the active material on each substrate was estimated to be (0.10 £ 0.02) mg.

X-ray diffraction (XRD) measurements were run at a fixed incidence angle of 1.0° by means of a
Bruker D8 Advance instrument equipped with a Gobel mirror, using a CuKa X-ray source (A =
1.54056 A).

Field emission-scanning electron microscopy (FE-SEM) analyses were performed by a Zeiss
SUPRA 40 VP instrument, using a primary beam voltage of 20.0 kV and collecting electron signals
by means of InLens and AsB detectors. Scanning transmission electron microscopy (STEM)
micrographs were acquired on the same instrument with an acceleration voltage of 20.0 kV. The

ImageJ® (http://imagej.nih.gov/ij/ accessed May 2017) picture analyzer software was used to

estimate the average particle size and deposit thickness.

Atomic force microscopy (AFM) analyses were performed by an NT-MDT SPM solver PA7TH-PRO
apparatus, operating in semi-contact mode and in air. Root-mean-square (RMS) roughness values
were obtained from 5x5 um2 images after background subtraction and plane fitting.

X-ray photoelectron spectroscopy (XPS) analyses were carried out on a Perkin-Elmer @ 5600ci
spectrometer, using a non-monochromatized MgKa excitation source (hv = 1253.6 eV), at a
working pressure lower than 10" mbar. The reported binding energies (BEs) were corrected for
charging by assigning a BE of 284.8 eV to the Cls line of adventitious carbon.** After a Shirley-

type background subtraction, atomic percentages (at.%) were calculatedby integration of



photoelectron signals using sensitivity factors provided by & V5.4A software.Calculation of the

surface tungsten molar fraction (Xw) was performed according to the following relation:** *

Xw = (W at.%)x100/[(W at.%) + (Zn at.%)] (1)

where W at.% and Zn at.% are the tungsten and zinc atomic percentages, respectively.

Secondary ion mass spectrometry (SIMS) investigation was carried out by a IMS 4f mass
spectrometer (Cameca), using a Cs* primary beam (voltage = 14.5 keV; current = 30 nA, stability =
0.3%) and negative secondary ion detection, adopting an electron gun for charge neutralization.
Measurements were performed in beam blanking mode and high mass resolution configuration.
Signals were recorded rastering over a 150x150 um2 area and detecting secondary ions from a sub
region close to 7x7 um2 in order to avoid crater effects.

Optical absorption spectra were collected in transmission mode at normal incidence by means of a
Cary 50 spectrophotometer. In all cases, the substrate contribution was subtracted. Tauc plots were
extrapolated from the recorded spectra, assuming the occurrence of direct allowed electronic

A 40, 45
transitions.

2.3. Functional tests

Photocatalytic De-NOx experiments were performed at room temperature using a protocol similar
to the standardized one developed for the characterization of air-purification performances.24 In
particular, taking into account the sample geometric area (2.0 cm?) and the low average deposit
mass [(0.10 £ 0.02) mg], a small-sized quartz reactor (volume = 7 cm’) and a NO concentration of
150 ppb were chosen, in order to achieve an optimal sensitivity. The reactor was placed inside a
light sealed irradiation box (Solarbox 3000e RH) equipped with a Xe lamp for sample irradiation
with artificial sunlight (25 and 550 Wxm > for UV and Vis irradiance, respectively). The target NO
concentration was obtained by mixing pure NO with synthetic air (flow rate = 0.3 Lxmin™),

previously conveyed to a gas-washing bottle filled with demineralised water in order to maintain a



constant relative humidity of 50+5 %. The accurate measurement of nitrogen oxides concentrations
was carried out using a chemiluminescence analyser (model Environment AC32M). For each test,
the air/NO gas flow was preliminarily passed over the sample in the dark for a period of 10 min.
Subsequently, irradiation was switched on for 60 min. Tests were repeated three times to obtain
average concentration values. The calculated standard deviations are + 0.3 ppb for NO
concentration, and £ 1.0 ppb for NO, and NOx ones.

Evaluation of terephthalic acid (TPA) photocatalytic degradation was carried out by the following
procedure. A TPA solution (40 mL, 0.015 gxL™") was transferred into a photoreactor cell consisting
of a glass beaker with diameter of ca. 40 mm. Specimens were mounted horizontally on a
polytetrafluoroethylene sample holder and immersed in the TPA solution under magnetic stirring.
The beaker was covered with a borosilicate Petri dish to prevent the solution evaporation inside the
illumination chamber, that was equipped with UV-A lamps (Apax = 365 nm, 2.29 mecm_z). For
photocatalytic tests, the solution was first kept in contact for 30 min with the sample under stirring
in the dark. Subsequently, the solution was analyzed by fluorescence measurements using a
microtiter plate reader spectrofluorometer (Infinite F200 Microplate Reader, Tecan).”” * The
concentration of hydroxyterephthalic acid (HTPA), a highly fluorescent product of TPA
photocatalytic oxidation, was monitored every 30 min of UV illumination.

Water contact angle (WCA) measurements (Contact Angle Meter CAM-100, KSV Instruments)
were performed to study the hydrophobic-to-hydrophilic conversion of the sample surface upon
UV-A irradiation. The illumination chamber and UV source were the same used for TPA
photocatalytic degradation test. For each irradiation time, WCA values were measured in three
different regions of each sample. After completing the analysis and keeping the specimen few days
in the dark in order to restore the initial WCA values, measurements were repeated, yielding a very
good reproducibility of WCA results. A sample of commercial self-cleaning glass Pilkington

ActivIM was used as a reference.



3. Results and discussion
As anticipated, ZnO-WO; nanostructures were grown on FTO-coated glass slides by a sequential
CVD/RF-sputtering route. The advantages of the adopted synthetic approach have already been

: . . 24,43, 48
explained in our previous works.”” ™"

In the following, the characteristics of a ZnO-WO0O; system
prepared under optimized conditions (see Experimental section) are discussed and compared to a
reference ZnO specimen. As a matter of fact, both deposits were uniform and well adherent to the
substrate, as confirmed by the scotch-tape test.

For the bare ZnO sample, XRD analyses (Fig. 1a) evidenced, besides reflections from the FTO
substrate, peaks at 20 = 31.7°, 34.4°, 36.2° and 47.5°, ascribed to the (100), (002), (101) and (102)
planes of the wurtzite ZnO phase.* The ZnO-WOj3 pattern was very similar to the previous one and
no additional diffraction peaks attributable to WOs3 could be clearly observed. Such a result, that

enabled to rule out the possible formation of Zn-W-O ternary phases,*” *

could be explained
considering the mild conditions adopted for WOj3 sputtering (see Experimental), yielding a low
WO; amount and enabling to preserve the structural features of the underlying ZnO system.

For both specimens, the intensity ratio between the (002) and (101) reflections was higher than the

1’49

reference powder materia indicating a ZnO preferential orientation along the <001>

crystallographic direction. Such a result, in line with previously reported data on ZnO

. 13,9, 12
nanomaterials,

can be rationalized considering the unique calyx-like morphology of the
obtained ZnO nanostructures, as evidenced by FE-SEM images (see below).

The system surface composition was investigated by XPS. Survey spectra were dominated by zinc
and oxygen photopeaks (Fig. S1), along with a modest surface contamination from aliphatic carbon
species arising from atmospheric exposure. In the case of ZnO-WO; system, the W4f peak was also
clearly detectable. This finding suggests that tungsten sputtering did not result in a complete

coverage of the zinc oxide matrix. Accordingly, calculation of the tungsten molar fraction yielded a

value of 46.0 %. This result suggested a comparable content of zinc and tungsten species on the



sample surface, a desirable goal to maximize synergistic interfacial effects originating from the

coupling of ZnO and WOs.
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Fig. 1(a) XRD patterns of bare ZnO and ZnO-WO; specimens. Reflections from the FTO substrate
are marked by circles (®). (b) Zn2psp, (c) W4, and (d) Ols XPS surface regions. (e) SIMS depth
profile for a ZnO-WQOj3 specimen.
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Interestingly, whereas for bare ZnO the Zn2ps,, signal was located at 1021.8 eV (Fig. 1b), in good
agreement with values expected for zincite, in the case of ZnO-WOj3 the peak was shifted to BE ca.
0.5eV higher.g’ 40. 5052 g phenomenon indicated the occurrence of an electronic interplay at the
Zn0O-WOj; interface. In particular, since the ZnO conduction band edge is positioned at higher
energies than the WOj3 one, the coupling of the two semiconductors results in an electron transfer
from ZnO to WO3,7’ 21,22, 27,33, 35 explaining thus the Zn2ps,; BE shift to higher values. Conversely,
due to the described electron flow, the W4f;,, BE (35.5 eV, Fig. 1c), though compatible with W(VI)
in an oxide environment, was slightly lower than typical literature values usually reported for pure
WO, 32 38 50,5355

The Ols signal (Fig. 1d) displayed similar features for the analyzed specimens. Whereas the main
component (I) centered at 530.3 eV can be ascribed to lattice oxygen in ZnO and eventually WOs;,
the broad shoulder (II) at 532.0 eV arises from hydroxyl groups originating from the chemisorption
of atmospheric moisture on the material surface.” ¥ %3

The in-depth chemical composition of the ZnO-WOj3 system was investigated by SIMS (Fig. le),
devoting special attention to the mutual zinc and tungsten distribution. The oxygen ionic yield
appeared nearly constant from the surface down to the interface with the FTO substrate, whereas the
broadening of the Sn signal was attributed to the high substrate corrugation. As can be observed, the
in-depth distribution of tungsten was nearly parallel to the zinc one, suggesting that WO3 presence
was not limited to the system surface, but uniformly extended even into the inner regions. This
effect could be traced back to an efficient in-depth dispersion of WOj into the porous ZnO deposit,
further favored by the inherent infiltration power characterizing RF—Sputtering.45’ * The efficient
intermixing of the two oxides, resulting in an intimate ZnO/WQj3 contact, is likely to beneficially
affect the system functional behavior, since it involves the formation of a high density of
heterojunctions.

Figs. 2a-b display the plane-view and cross-sectional morphology of bare ZnO. The deposit was

composed by an array of calyx-like structures with hexagonal heads, whose interconnection
11



produced a rough, porous layer with a thickness of (180+15) nm, conformally covering the
underlying FTO substrate. The average in-plane size of individual calyx-like nanostructures was

(125425) nm, while their edge thickness corresponded to (7+1) nm.

Fig. 2 Plane-view (left) and cross-sectional (right) FE-SEM images of (a,b) bare ZnO and (c,d)
Zn0O-WOj3 samples. Representative STEM (e) and AFM (f) micrographs of a ZnO-WOj3 specimen.

Upon WOs; deposition (Fig. 2c and 2d) the system organization did not undergo any major
alteration, an effect attributable to the use of mild sputtering conditions and the concomitant
deposition of a very low tungsten amount, in line with the above discussed XRD and XPS data. An

inspection of high magnification STEM images (Fig. 2e) evidenced the conformal decoration of

12



7ZnO by closely spaced and uniformly distributed WOj5 particles, with an almost spherical shape and
an average diameter of (3.7£0.5) nm.

The even dispersion of WO;3; over ZnO was further corroborated by the uniform image contrast of
the FE-SEM micrograph reported in the right panel of Fig. S2, that was recorded by collecting
backscattered electrons (enhancing thus Z-contrast difference between ZnO and WO3).

AFM analyses (Fig. 2f) revealed very similar morphology and roughness values (RMS roughness
=55 nm) for both ZnO and ZnO-WOs3, suggesting thus a comparable active area for the two
specimens. This result enabled to rule out any significant surface roughness influence on the sample
performances in photocatalytic NOx degradation, that were thus interpreted basing on the
occurrence of synergistic effects originating from the coupling of the two semiconductors (see
below).

For both ZnO and ZnO-WO; systems, optical absorption analyses (Fig. 3) revealed a high
transparency in the Vis range and an absorption onset for A < 380 nm, as expected for ZnO

. i 6,17,28,33, 51,57
interband transitions.™ "7 7"
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Fig. 3 Optical absorption spectra for ZnO and ZnO-WO; samples. The inset displays the
correponding Tauc plots.

As can be observed, WO; introduction did not result in any appreciable spectral variation with

respect to bare ZnO, in agreement with zinc(II) oxide predominance in the developed ZnO-WO;
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systems. Accordingly, irrespective of WOs3 presence, Tauc plot analysis (inset to Fig. 3) yielded

very similar band-gap values [Eg = (3.29+0.02) eV] for the two specimens. Such results are

5, 6,51, 56, 58, 59
O

perfectly in line with literature data for pure Zn and confirm the absence of Zn-W-O

30, 60

ternary phases and/or ZnO doping by W species, as also supported by the obtained XRD and
XPS results.

The main results obtained in photocatalytic NOx degradation experiments, performed under a

continuous NO supply of 150 ppb, are summarized in Fig. 4.
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Fig. 4 (a) NO removal as a function of time and (b) corresponding total NO conversion for the
target ZnO and ZnO-WOj; samples. (c) Concentration profiles of NO, released during NO
photodegradation and (d) NO abatement selectivity for the same specimens.

Under dark conditions (first 10 min of Fig. 4a), NO removal was negligible, clearly evidencing that
light exposure was essential to trigger the process. Conversely, upon switching on artificial sunlight
irradiation, NO removal rapidly increased for both samples and approached a nearly constant value
after =50 min of illumination, especially for ZnO-WOs3, indicating the achievement of a relatively

stable activity. In spite of the very low WO; content, ZnO-WO; exhibited a removal efficiency ca.
14



15% higher than bare ZnO, as better evidenced by the integral NO conversion data reported in Fig.
4b. Such an effect can be traced back to a more effective separation of charge carriers originating

from the intimate ZnO/WO; coupling in the target systems,” ' '

resulting, in turn, in the
suppression of detrimental electron-hole recombination phenomena. Despite ZnO-WQO3 was more
active than bare ZnO in NO photooxidation, the formation of comparable NO, amounts was
observed for both systems (Fig. 4c). It is worthwhile mentioning that the full NOx removal from air
proceeds through the complete photochemical oxidation (PCO) of NO to nitrate ions, a complex
process involving several intermediate species.zs’ oL A possible PCO mechanism accounting for the

target process after electron-hole pairs formation in ZnO-based materials can be described

according to the following reactions:'

ZnO +hv — ZnO* (hyg* +ecp’) (2)
hyg" + H,O0 — ‘OH + H" (3)
ecg +0, — Oy “4)
‘0, + H" — -OOH (%)
NO +2-OH — NO;+ H,0 (6)
NO, +‘OH — NO; +H" (7)
NOx +°0, — NOj3 )

Since NO; is significantly more dangerous than NO, its formation as intermediate is highly
undesired.”® As a consequence, an optimal De-NOx photocatalyst should not only ensure an
efficient NO conversion but also an appreciable selectivity, so as to minimize the amount of
photooxidized NO released back into the atmosphere as the highly toxic NO,.** ** Hence, the
photocatalysts developed in this work were evaluated also in terms of selectivity, S (%), determined
according to equation (9):**

S (%) = {(INOxJin — [NOxlou) / [NOxlin} % 100 / {(INOlin — [NOJou) / [NOlin} €))

15



As shown in Fig. 4d, ZnO-WOj3; was ca. 10% more selective than ZnO in promoting the complete
NO photooxidation. Total NOx removal values (calculated by subtracting the amount of released
NO, from the NO removal value) were estimated to be 2960 and 2300 ppmxm ™~ for ZnO-WOs and
bare ZnO respectively, highlighting a beneficial performance improvement induced by
functionalization with WOs.

The enhanced selectivity of the PCO process displayed by ZnO-WOj3 with respect to bare ZnO (see
Fig. 4d) is explained basing on the above proposed mechanism, according to which photogenerated
holes and electrons (hyg*/ecg”), *OH radicals and NO, gaseous molecules play a key role in driving
the overall process. The high density of heterojunctions in ZnO-WOQj3 systems (see above) can be
considered as the main effect responsible for the suppression of electron-hole recombination. As a
consequence, the formation of strong oxidant reactive oxygen species (ROS) according to reactions
(3) and (4) is enhanced, and, in turn, a more effective completion of the NO — NO, — NO;~
oxidation process is favored. In addition, WO3 is well known for its adsorption ability towards

31, 36-39
gaseous NOx,™

with a beneficial effect on reactions (6) - (8). In particular, the NO, conversion
to NO3™ is promoted not only by the more efficient uptake of NO, molecules on WOs3-containing
systems, but also by the already mentioned ZnO/WO; heterojunctions that, under illumination,
enable the transfer of photogenerated electrons from ZnO to WOs. As a consequence, and thanks
also to the high electron affinity of NO,, the latter drains electrons from WO3 conduction band,
yielding the formation of NO," species.38’ 3 Alternatively, NO;, can be photooxidised to NOs3~
species, as described by equation (7).

As a final remark on De-NOx tests, it is worth highlighting that ZnO-WO3 samples prepared with a
sputtering time of 5 h, containing a higher WO3; amount, displayed a degradation efficiency
comparable to the above mentioned system, but an appreciably lower selectivity (data not reported).

Such a finding clearly indicates that functional properties are improved by maximizing the

dispersion of WOs particles, rather than merely increasing its content.
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The fabricated ZnO-WO; nanomaterials display an appreciable activity even in the
photodegradation of organic pollutants, as revealed by monitoring the progressive oxidation of

1252 ynder UV irradiation. To this regard, Fig. 5a displays the increase

TPA, a model contaminant,
of HTPA (one of the products arising from TPA oxidation) concentration vs. time. As can be
observed, the curve reaches a plateau after 150 min of illumination, as a result of the subsequent
HTPA conversion to other products as the photocatalytic oxidation progresses.'” Fitting of the
experimental data was performed using a simplified kinetic model for HTPA to obtain its formation

46, 47

rate constant k;. Comparison with benchmark Pilkington Activ’™ TiO, (see also Fig. S3)

revealed similar degradation kinetics and k; formation rate constants, yielding values of 7.79x10™
and 7.03x10”° Mxmin™' for ZnO-WO; and Pilkington TiO,, respectively. Such a behavior
represents an important issue for the implementation of the developed De-NOx nanosystems as
functional coatings for smart windows and building materials, in which the present self-cleaning
properties ensure that the catalyst surface is always freshly available for the interaction with the
target gases, preventing thus a progressive degradation of the catalyst performances under
prolonged utilization.

Preliminary WCA tests on ZnO-WO; systems (Fig. 5b) revealed an efficient hydrophobic-to-
superhydrophilic conversion upon UV irradiation. The progressive increase of surface wettability
upon protracted illumination can be traced back to the concomitant degradation of organic species
and light-assisted generation of hydroxyl groups, concurring to the observed WCA decrease.'> " It
is worth observing that bare ZnO showed a very similar WCA evolution with irradiation time (Fig.
S4), indicating that the intrinsic photoinduced superhydrophilicity of ZnO is preserved even upon
WO; deposition. Interestingly, the PSH behavior of ZnO-WO; systems is a further additional
benefit for the above De-NOx applications since it results in an easier washing of nitrite/nitrate ions
(e.g. by rain), that could otherwise poison the photocatalyst surface, with detrimental effects on its

degradation efficiency.'®
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Fig. 5 (a) HTPA concentration and (b) WCA evolution as a function of UV irradiation time for
WOs-decorated ZnO nanosystems.

4. Conclusions

In summary, the present work has reported on the tailored synthesis of WOs-decorated ZnO calyx-
like nanostructures by means of a hybrid CVD/RF-sputtering preparation route. Thanks to the
highly porous ZnO morphology and the efficient surface and in-depth dispersion of very small WO;
nanoparticles, tailored nanomaterials featuring an intimate ZnO/WOs3 contact and a high density of
Zn0O-WOj3 heterojunctions, were effectively developed. Such characteristics were responsible for
the suppression of detrimental electron-hole recombination processes, resulting, in turn, in
promising De-NOx photocatalytic performances that, along with the reported self-cleaning behavior
and light-driven superhydrophilicity, candidate the present systems as appealing functional coatings

for building materials aimed at environmental remediation. In this regard, it is worth highlighting

18



that the developed coatings involve the deposition of a minimal WO; amount on the fabricated ZnO
porous deposits. As a consequence, the present ZnO-W O3 nanoheterostructures enable to preserve
the initial aspect (color, transparency, ...) of the underlying substrate. Finally, the proposed
nanofabrication strategy can be readily extended and adapted to a variety of supports, as well as to
the fabrication of other heteroarchitectures for a plethora of functional end-uses, from light-

activated applications to gas sensing. Efforts in this direction are already under way.
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