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Exploiting visible light for NOy degradation represents an important challenge to enhance the air quality of our
environment. In the present study, the photocatalytic activities of two commercial strontium titanate (STO)
having different sizes (micro and nano) were compared towards NOyx degradation under LED light. The deco-
ration of both STO photocatalysts by Ag nanoparticles (8 theoretical wt.%) led to enhanced photocatalytic ef-
ficiency more than twice. In particular, nano-sized Ag@STO showed the highest activity (75% of NOy

degradation) within 180 min due to Ag nanoparticles (NPs) localized surface plasmon resonance (LSPR) prop-
erties and the large surface area of nano-STO. The photocatalysts were synthesized by the wet impregnation
method and calcined at 400 °C. Their structural, morphological, specific surface area, and optical properties were
characterized by X-ray diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), N5 adsorption/
desorption analysis, and UV-Vis diffuse reflectance spectroscopy (DRS).

1. Introduction

Over the past decades, due to the fast growth of anthropogenic ac-
tivities, nitrogen oxides (NOy) emissions have risen considerably, and
their abatement has become a scientific challenge and a global need [1].
The attempted strategies to successfully deal with this issue have led to
the development of several advanced techniques, such as selective cat-
alytic reduction (SCR) and selective non-catalytic reduction (SNCR)
approaches, among others. In both these technologies NOy are selec-
tively reduced to N by employing reducing agents such as NHs or urea.
In SCR the presence of a catalyst benefits the reaction at lower tem-
peratures (250-450 °C), whilst in SNCR, due to the absence of a catalyst,
NOy conversion takes place at temperatures higher than 850 °C (up to
1100 °C) [2,3]. Alternatively, photocatalysis represents an environ-
mentally friendly and promising technology for the degradation of
organic and inorganic pollutants at ambient conditions [3-5]. Titanium
dioxide (TiOo) is a remarkable photocatalyst that has been ubiquitously
studied because of its low cost, abundance, and high photocatalytic ef-
ficiency under UV light [6]. However, its wide energy bandgap (~3.2
eV) restricts its light absorption to 5 % of the total solar spectrum [7].
There have been attempts directed toward overcoming this drawback.
For instance, by properly modifying the TiO, lattice with transition

metals, non-metal ions, or noble metals, its response under visible light
irradiation can be easily enhanced [8]. Ma et al. [9,10] successfully
prepared a 0.1 % Fe/TiO; catalyst by incorporating Fe into the TiO,
lattice through the co-precipitation method. After 30 min of reaction,
the photocatalytic performance toward NOy was double that of bare
TiO4. Moreover, it exhibited the lowest NO; selectivity (31 %) and the
highest conversion of NOy (38 %) compared to other samples. The
enhancement was ascribed to the incorporation of Fe>* ions as electron-
trapping agents, which facilitate electron-hole separation and improve
TiO4 photocatalytic activity under visible light irradiation. On the other
hand, Patzsch et al. [9,11,12] employed in their study an impregnation
method to graft commercially available TiO, (Aeroxide P25) with small
amounts of iron ions. The authors observed that increasing the iron
concentration in Fe-TiO, catalysts from 0.003 to 0.1 % resulted in a
significant rise in selectivity toward the formation of NO3 (48.1 % of NOy
oxidation) and reduction of NO2 levels. The improvement in the NOy
oxidation activity was attributed to the presence of grafted iron ions,
which enhanced the production of oxidizing species such as hydroxyl
radicals. In contrast, Wu and Van de Krol [9,13] investigated TiO,
modified by oxygen vacancies (Oy) and iron doping. Initially, they
employed a thermal pyrolysis method under a reducing atmosphere to
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introduce a large concentration of Oy in TiO». This resulted in enhanced
photo-oxidation of NO to NO compared to bare TiO,. Interestingly, the
photoreduction process was also observed, contributing to the produc-
tion of Ny and Oz. This phenomenon was likely attributed to the O,
which serves as an active center by capturing NO molecules and
participating in the photoreduction reaction. Furthermore, the intro-
duction of Fe3" ions influenced the reaction mechanism in two different
ways. Firstly, they act as stabilizers for O, through charge compensation,
thereby facilitating electron transfer processes and improving the per-
formance of photoreduction reactions. Secondly, Fe*>* ions can undergo
reduction to Fe?", stabilizing the recombination pathway that sup-
presses the formation of NOy, thus favoring the selectivity toward Ny
formation. Despite the efficiency remaining modest, the Fe/TiO; cata-
lysts did not exhibit signs of deactivation.

The investigation into alternative elements, such as N, C, F, B, S, and
P, for modifying the TiO lattice modification aims to enhance light
absorption in the visible spectrum. This exploration was prompted by
challenges associated with metal doping, including additional recom-
bination centers and diminished thermostability. Tseng et al. [9,14]
prepared C-modified TiO5 structures through an impregnation method,
where the authors used anatase TiO5 and ethanol as raw materials. The
carbon-modified TiO, at 200 °C catalyst exhibited the fastest NO
removal rate, which was associated with a large content of carbon (18.3
%) that facilitates electron conduction and reduces e /h™ pairs recom-
bination. On the other hand, Tobaldi et al. [9,15] fabricated N-modified
nano TiO5 (10 nm) via a green aqueous sol-gel method, followed by a
thermal treatment between 450 °C and 800 °C. The most efficient
catalyst was N-modified anatase TiO; calcined at 450 °C, prepared with
ammonia as a nitrogen source. This catalyst exhibited doubled NOy
photocatalytic activity compared to P25 under white-light lamp irradi-
ation. The enhancement was ascribed to nitrogen integration into the
TiO4 lattice, generating mid-gap states. However, at higher thermal
treatment temperatures a phase transformation to rutile and an increase
in crystalline domain size occurred, reducing the surface area and sta-
bility of nitrogen in the TiO, lattice. Consequently, this adversely
affected detrimentally the NOx photocatalytic activity.

In the pursuit of designing TiOs-based photocatalysts with high
visible light absorption, coupling TiO2 with certain metal oxides has
emerged as a promising strategy [9]. For instance, TiO,-Al,O3 was
successfully synthesized by Soylu et al. [16] via the sol-gel method. In
this composite, TiO; served as the photocatalyst for NO oxidation with
0O,, whereas Al,Og sites were utilized for NOy storage. The 0.5 TiOy/
Al,0O3 photocatalyst, calcined at 900 °C, demonstrated a 160 % increase
in NOy storage and a 55 % decrease in NO, release in comparison to
Degussa P25. This enhancement could be attributed to a unique crys-
tallographic mixture of anatase and rutile phases, as well as a narrow
energy band gap achieved under at the synthesis conditions. On the
other hand, WO3/TiOy [17] and Fe;03/TiOy [18] have been other
composites with excellent efficiency for NOy photo-oxidation. In the
former, Luévano-Hipolito et al. [19] prepared WO3/TiO, composites
through co-precipitation method followed by a thermal treatment at
500 °C for 24 h. Excellent photocatalytic results, with an 80 % conver-
sion of NO conversion under visible light, using a WO3/TiO2 sample
containing 80 % anatase TiO5 and 20 % monoclinic WO3. The enhanced
photocatalytic activity was attributed to the synergistic effect between
the two photocatalysts. Particularly, TiO5 facilitate the adsorption of NO
molecules on its surface, whereas e /h" were photogenerated in WO3
and due to its narrow energy band gap, the electron transfer was pro-
moted efficiently. On the other hand, the latter study was performed by
Balbuena et al. [18] where Fe;03/TiO5 nanocomposites were fabricated
using a plasma enhanced-chemical vapor deposition (PE-CVD)/radio
frequency (RF) sputtering approach and further tested towards NOy
photocatalytic abatement under solar illumination. The individual
photocatalytic activities of bare Fe;Os and TiO, were found to be
negligible. This was associated with hematite’s fast recombination,
which led to diminished concentrations of hydroxyl radicals (*OH), and
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TiO4’s large band gap, respectively. Whilst, the formation of Fe;O3/TiO»
junction particularly improved de-NOy efficiency by facilitating the
separation of charge carriers and extending their lifetime.

Furthermore, noble metals nanoparticles (Ag, Au, Pd and Pt) in
contact to TiO, have demonstrated to remarkable efficiency as photo-
catalysts toward NOyx degradation [9]. Among these metals, Ag is
regarded as a low-cost material in comparison to Au, Pt or Pd metals,
while also displays a higher stability against oxidation compared to Cu.
Wang et al. [20] prepared plasmonic Ag-TiO,_yx composites using a
simple photochemical reduction method, followed by a post-annealing
treatment in Ar gas flow at 250 °C for 2 h. This treatment promoted
the generation of oxygen vacancies and Ti®' states. The Ag-TiOy 4
composites exhibited approximately 45 % NO removal under visible
light irradiation and reduced NO; release gas concentrations. The
improved NO photocatalytic efficiency was attributed to the synergistic
effect between Ag nanoparticles (NPs) and Oy. Initially, the LSPR effect
of Ag NPs facilitated the generation of “hot electrons”, which overcame
the Schottky barrier formed by the interaction between Ag NPs and
TiOg. These transferred “hot electrons” left positive charges at the Ag
NPs, actively participating in the NO photo-oxidation process. This
mechanism promoted charge carrier separation and extended the life-
time of photo-generated electron-hole pairs. In addition, the presence of
O, created catalytic centers that enhanced the selectivity of the NO,
degradation pathway toward N3 and Og (photo-reduction process). In
further studies, the authors investigated Ag nanoclusters (Ag NCs)
smaller than 2 nm on TiOy for NO photocatalytic degradation [21].
Interestingly, a molar ratio of 0.89 % in Ag/Ti was necessary to achieve
62 % NO removal within 7 min. This achievement represents a signifi-
cant improvement, being 3 times higher compared to the efficiency
observed with bare TiO,. In this instance, the absence of the LSPR effect
in the wavelength range of 380-420 nm was attributed to the small size
of the Ag NCs. However, the electron transfer to the TiOy conduction
band and promotion of charge carrier separation persisted, contributing
to the improvement of NO photocatalytic efficiency. By the electron
paramagnetic resonance (EPR) measurements and scavenger tests it was
confirmed that the eO; radicals played a key role in the NO photo-
oxidation process (NO3 formation).

Bearing in mind the diverse families of semiconductors and other
complex systems beyond TiOz-based photocatalysts [9,17] for photo-
catalytic NO removal, extensive research exists in the literature
exploring alternative options, such as hierarchical porous g-C3Ny4 [22],
Ag/g-C3Ny [9], ZIF-67/CoOOH modified g-CsN4 [23], Bi/g-CsNy [24],
rGO/Fe-g-C3Ny4 [24], Eu'-doped layered double hydroxide (LDH) [25],
C particles over BiaWOg/TiO3 (Z-scheme heterojunction) [26], and CdS/
NayTizO7 [27]. A novel class of photocatalysts, perovkite oxides, com-
prises a diverse range of compounds characterized by the general for-
mula ABO3. Initially, they were well-recognized for their promising role
in water splitting application [28]. Nevertheless, recent investigations
have expanded their scope to environmental remediation as well [29].
In particular, strontium titanate (SrTiO3, STO) is a cubic perovskite-type
semiconductor, inexpensive with high thermal stability, corrosion
resistance, and a similar energy band gap to TiO; (3.2 eV) [30]. As well
as TiO,, STO absorbs under UV irradiation, which represents less than 5
% of the total solar spectrum [7]. Therefore, strategies similar to those
already developed for TiO5 to extend the absorption within the visible
part of the electromagnetic spectrum can be applied, for instance by the
addition of plasmonic nanoparticles [31-33].

As a first approach, Ma et al. [34] prepared Ag-NPs onto STO (100)
surface for the degradation of methylene blue under UV and visible
light, whereas Xian et al. [35] deposited Ag NPs with a size range 5-15
nm onto SrTiO3 particles via photocatalytic reduction method for the
degradation of acid orange under UV irradiation, noticing excellent
photocatalytic activity when the highest Ag loading amount was
employed.

On the other hand, lattice distortion in semiconductors by the
incorporation of foreign elements, called dopants, is a commonly
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practiced modification strategy for improving STO photocatalytic per-
formance due to the formation of new energy levels among the con-
duction and valence band of the host material [36]. In this regard,
Subramanian et al. [37] studied the modification of STO by using noble-
metals (Ag, Pt or Au) via an adjusted Pechini procedure. The as-prepared
photocatalysts samples were tested for the degradation of Victoria Blue
dye under UV-visible light and Ag-SrTiOs exhibited the best perfor-
mance (1.0 wt% Ag loading). Moreover, in our previous work [38], the
effect of the double modification of STO surface and STO structure with
Ag NPs and Ag ions, respectively, via an one-pot solution synthesis was
highlighted. The combined effect between these two modifications
demonstrated highly photocatalytic efficiency by achieving thorough
nitrogen oxides degradation within 180 min.

To the date, in literature there are few investigations concerning the
potential ability of the noble metal-decorated SrTiO3 materials towards
NOy degradation. For example, it is reported the fabrication of one-pot
plasmonic Ag-STO nanocomposites towards the degradation of NO
under visible light, demonstrating that 0.5 wt% Ag-STO led to the best
performance with nearly 30 % NO abatement within 30 min [39].
Similarly, Ma et al. [40] synthesized an Ag-STO material through a hy-
drothermal method followed by photochemical reduction. The 15 % Ag-
STO (molar ratio) photocatalyst demonstrated 19.6 % more of photo-
activity (70 % of NO photodegradation) under visible light within 30
min in comparison to bare STO (50.4 % of NO photodegradation). The
enhancement was attributed to LSPR effect of Ag nanoparticles com-
bined with the incorporation of oxygen vacancies. In this work, we
report a facile and low waste stream method for the decoration of SrTiO3
by Ag NPs leading to Ag@STO characterized by an extraordinary high
activity towards NOy degradation under LED irradiation. Moreover, it is
assessed and discussed the size effect of STOs on their photocatalytic
properties.

2. Materials and methods
2.1. Chemicals

Two commercial strontium titanates with different size particles
were purchased from Sigma-Aldrich (Italy): micrometric strontium
titanate (>99 %) and nanometric strontium titanate (nanopowder <
100 nm, 99 %). They were labelled as STOm and STOn, respectively. In
addition, KNO3 (>99.0 %), polyvinylpyrrolidone (PVP), HNO3 (ACS
reagent, 70%), and acetone (HPLC grade, >99.0 %) were provided by
Sigma Aldrich (Italy). All chemicals were used without further purifi-
cation. An Ag'-enriched aqueous solution was obtained from Argor-
Heraeus SA (Mendrisio, Switzerland), its composition is described in
Table 1 [38].

2.2. Synthesis of Ag@STO materials

Ag@STOm and Ag@STOn were synthesized following the procedure
previously described elsewhere [41]. Briefly, the photocatalysts were
prepared by wet impregnation method. 5 g (27 mmol) of commercial
STO (STOm and STOn) were suspended separately in 6 mL of acetone for
30 min at room temperature (ca. 24 °C). Then, 13 mL of a 30 g/L so-
lution of Ag NPs, previously synthesized by an electrochemical method
starting from the Ag™-enriched wastewater, as described in the Appen-
dix, were added [41,42]. The mixture was stirred at 40 °C for 24 h at 36
rpm in air. Afterwards, the solvent was vacuum-evaporated by a rota-
vapor (Strike 300, Steroglass) at 60 °C and the photocatalysts were dried
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overnight at 110 °C in air. Then, all the materials were calcined at a
unique temperature (400 °C) in air atmosphere adopting the following
ramp (8 °C/min from 50 to 100 °C, time 30 min; 8 °C/min from 100 to
200 °C, time 30 min; 8 °C/min from 200 to 400 °C, time 120 min) and
then quenched at room temperature. For comparison, pristine STOm and
STOn were calcined at 400 °C, as well.

2.3. Characterization

X-ray diffraction (XRD) patterns were collected at room temperature
on a Rigaku-Miniflex-600 diffractometer using Cu- Ko radiation (A =
1.541874 A) at a scan rate of 0.02° min to determine the crystal struc-
ture. Silicon (powder) NIST 640f was used to correct instrumental
broadening. The morphology of the synthesized photocatalysts were
studied by scanning electron microscopy (SEM) operating with a Field
Emission source (model TESCAN S9000G; Source: Schottky type FEG;
Resolution: 0.7 nm at 15 keV (in In-Beam SE mode, Brno — Kohoutovice,
Czech Republic)). The surface areas of the samples were determined by
BET adsorption method on a Micromeritics Tristar II 3020 Analyzer.
Samples were treated at 150 °C for 4 h under nitrogen flow (Air Liquid,
Alphagaz, >99.9 % pure). UV-Vis Diffuse reflectance spectra were
collected at room temperature on a Perkin Elmer Lambda 35 UV-Vis
Spectrometer equipped with an integrating sphere. The data collected
was converted using Kubelka-Munk formula. Fourier transform infrared
(FT-IR) spectra were carried out on a PerkinElmer Spectrum

100 spectrometer (Waltham, MA, USA), in 400-4000 cm™? range at
room temperature. Before the analysis the samples were dried at 120 °C
overnight. Lastly, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a M-probe apparatus equipped with Al Ka
source (hv = 1486.6 eV). Survey scans were measured between 0 and
1100 eV binding energy range with 5 eV energy resolution. All the
binding energies were referenced to Cls peak at 284.6 eV of surface
adventitious carbon.

2.4. Photocatalytic activity tests

Each sample (50 mg) was suspended in 5 mL of isopropanol (Tech-
nical grade, Sigma-Aldrich) and mixed in an ultrasound bath for 2 min.
Then, a thin film of the photocatalyst was formed depositing the sus-
pension on a glass plate (3.3 cm x 11.5 cm) by drop-casting method.
Once the solvent was evaporated, the photocatalyst was placed inside a
20L Pyrex glass cylindrical batch reactor filled with NOy. The initial
concentration of NOy was 500 + 50 ppb. The photocatalytic tests were
carried out at 25 °C for 3 h under LED light (350 mA, 9-48 V, 16.8 W)
with an emission range of 400-700 nm yielding an effective intensity of
2900 Ix on the catalyst surface. The NOy concentration was measured
after 30, 60 and 180 min of irradiation by a chemiluminescence analyzer
(ENVEA AC32e). The photolysis test result was nearby 10 % of pollutant
degradation after 3 h of light irradiation (Fig. S1).

Based on the ISO 22197-1:2016 rules (ISO 2016) [43], where 1 ppm
of NOy is degraded under UV light, here the photodegradation of 500
ppb of NOy was explored for three main reason: i) reducing the pollut-
ants concentration compared to the ISO method, as real indoor pollution
is typically present at concentrations of only a few parts per billion
(ppb),ii) stressing the photocatalysts performance in hard conditions,
iii) being able to carry out kinetic investigations (lower NOyx concen-
trations would lead to fast photodegradation reactions, hard to be
investigated from a kinetic point of view).

The most performing photocatalyst (Ag@STOn) was subjected to

Table 1
Composition of Ag™ enriched solution (mg/L).
Au Ag Pd cd Cu Fe Ni Pb Se Zn Te Al 5032 Others
metals
1.3 267,000 15.2 9 7446.9 16.6 383.2 341.7 2.1 130.8 5.7 2.6 420 <1
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three recycle tests without any post-treatment. At the end of each run,
the Ag@STOn-loaded glass plate was removed from the Pyrex glass
cylindrical batch reactor, stored in the dark in the air at room temper-
ature (ca. 24 °C) for one night, and then reused.

3. Results and discussion

The synthesized photocatalysts consisted in two commercial STO
having different particles size (micrometric STO, STOm, and nanometric
STO, STOn), and the corresponding Ag NPs decorated STOs (nominal 8
wt% of Ag), Ag@STOm and Ag@STOn. The two Ag NPs-modified STO
were properly prepared and extensively characterized. All the materials
were employed for NOy degradation under LED irradiation.

3.1. Characterization

The XRD patterns of the samples are depicted in Fig. 1. Pristine
STOm and STOn exhibited the characteristic diffraction peaks related to
(100), (110), (111), (200), (210), (211), (220) and (310) planes
located at 22.7°, 32.4°, 40.0°, 46.6°, 52.3°, 57.8°, 68.0° and 77.3°,

respectively,- indicating the cubic crystal structure with space group of

Pm-3m (JCPDS: 01-084-0443) [44]. Nevertheless, traces of a second
phase corresponding to SroTiO4 are observed in the STOm diffraction
pattern (Fig. 1b). This structure presents two strong intense peaks
located at 31.4° and 32.6°, which are assigned correspondingly to (01 3)
and (110) planes. In the diffractograms, only the plane (013) can be
slightly noticed since the plane (110) is overlapped by the plane (110)
at the 32.4° of SrTiO3 [45,46]. The presence of SroTiOy4 is attributable to
the synthetic approach used for the commercial STO synthesis and/or to
the calcination temperature.

On the other hand, both Ag@STOm and Ag@STOn samples showed
additional peaks at 38.1°, 44.4°, and 64.4°, distinctive of metallic Ag.
The average crystallite size (D) was calculated by the Scherrer Equation
(Eq. (1)), using as shape factor k = 0.9. A is the X-ray wavelength Cu(ka),
and By is the full width at half maximum (FWHM) in radian, whereas
6hkl is the diffraction angle. The peaks at 32.4° for SrTiO3 and 38.04° for
Ag that belongsto 11 0and 11 1 reflections, respectively, were used for
the estimation.

D= (1)

Based on the results shown in Table 2 and compared to the bare STO
samples, it can be seen that there were not structure changes during the
decoration step [47,48].

The porosity and surface area of the photocatalysts were studied
using Ny adsorption-desorption isotherm measurements. As it can be

2 Theta (Degree)
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seen in Fig. 2, all the photocatalysts can be classified as non-porous
materials and the isotherms belong to type-II, according to IUPAC
classifications [49]. The specific surface area (SSA), pore size and pore
volume of all the photocatalysts are reported in Table 2, and as expected,
it is higher for nano-sized structures (almost an order of magnitude) than
for micrometric ones. Moreover, the STOn-based materials showed
pores sized twice as large as those of the corresponding STOm materials,
and 19 times the pore volume.

To investigate the morphology of the photocatalysts, both the Ag-
decorated and bare STO compounds were also analyzed by FESEM
(Fig. 3). The bare STOm material (as reported in Fig. 3a) exhibited
agglomerated and cubic-like morphology with a particle size in the
0.4-0.7 um range. The Ag@STOm photocatalyst (Fig. 3b) showed well-
dispersed Ag NPs (sphere-shaped with diameter of 0.3-0.7 um) onto the
surface of STOm. On the other hand, the commercial STOn surprisingly
consists in hierarchical microspheres (~50 pm) organized in self-
assembly nano-sized cubes in the 30-40 nm size range (Fig. 3e)
[50,51]. In addition, in the Ag@STOn spherical Ag NPs with a 0.5 um
mean size were successfully deposited onto the STOn hierarchical
microsphere surface. Lastly, further analysis by EDS (Fig. 3d and h)
confirmed the elemental composition for both Ag@STO samples. The Ag
NPs were found much better dispersed onto STOn than onto STOm,
suggesting that hierarchical structures benefit the distribution of Ag
micro-sized particles onto its surface. The Ag weight percentage in
Ag@STOm and Ag@STOn was 7.1 % and 7.9 %, respectively (Fig. 3).
Moreover, both samples exhibited the presence of Cu which derived
from the Ag™-enriched solution (Figs. S2 and S3).

In order to identify the functionalities present in both bare STO and
Ag@STO samples, FT-IR spectra were performed in the 400-4000 cm ?
frequency range (Figs. S4 and S5). The spectra exhibit several bands at
410cm },611cm !, 859 cm !, 1464 em ™!, 1630 cm ™, 2360 cm !, and
3444 cm™'. The bands at 410 cm™! and 611 cm™! are assigned to
vibrational modes of Ti-O band [52,53]. On the other hand, the ab-
sorption bands at 859 cm™! and 1464 cm ™! are due to the presence of
carbonates species [53,54]. The band at 2360 cm ! corresponds to C=0
stretching from adsorbed CO; [55]. In addition, the presence of spectral
components located at v > 3400 cm ™! indicates that a certain amount of
hydration is evident, in particular, because it is coupled with the band
centered at ca. 1630 cm™ L. These spectral components are counterparts
related to the presence of OH/H,0 species [56]. In particular, for the
Ag@STOn composite, the high frequency mode is characterized by a
moderate intensity, which indicates a medium-to-high hydration degree
of its surface. The absorption bands of Ag@ STO samples are quite
similar compared to the pristine STO materials. This permits to conclude
that the decoration of STO surface by Ag micro-sized particles did not

>
Ag ——STOn
a Ag@STOn —sTOm b
- [311] *S$eTi0
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Fig. 1. (a) XRD patterns of bare STOm and STOn and the corresponding Ag NPs decorated ones, (b) Magnification of STOm and STOn XRD pattern and Sr,TiO4 phase

highlighted.
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Table 2
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Crystallite size, Specific surface area (SSA), pore size, pore volume, energy bandgap values and rate constants of the photocatalysts.

Crystallite size STO (nm) Crystallite size Ag (nm)

BET surface (m?/g)

Pore Size (nm) Pore Volume (cm®/g) Band gap (eV) Constant rate (min 1)

STOm 545 - 2 11 0.0065 3.2 0.0009
STOn 53 — 22 25 0.1505 3.2 0.0028
Ag-STOm 493 183 2 12 0.0063 3.2 0.0018
Ag-STOn 55 172 17 29 0.1207 2.9 0.0079
40 100 =
—&— STO! d: i :j
m_adsorption 9%+ —®—STOn_adsorption 2
35 O— STOm_desorption - . i
X STOn_desorption !
50 ::7 Ag@STOm_adsorptfon faly [ —— Ag@STOn_adsorption q
- 1 Ag@STOm_desorption ~ n] —O— AgaSTOn desorption
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Fig. 2. Nitrogen adsorption—desorption isotherms of (a) STOm and Ag@STOm and (b) STOn and Ag@STOn.

produce any specific change on the STOn structure, in accordance with
the XRD patterns.

The surface elemental composition and chemical states of STOs and
the corresponding Ag-decorated samples were studied by XPS. The
survey spectra confirmed the presence of Sr, Ti, O, C, and Ag for the
modified materials (Table S1, Figs. S6-S9). All the binding energies were
calibrated to Cls peak at 284.6 eV, which is ascribed to adventitious
carbon. The high-resolution spectra of Sr, Ti, O, and Ag species for
Ag@STOn sample are displayed in Fig. 4a—d, whereas those of pristine
STOs and Ag@STOm are reported in Figs. S10-S12. Focusing the
attention on the STOn-based photocatalysts, in Fig. S10a it is possible to
observe in the HR spectrum of Sr of STOn two binding energy peaks at
133.5 eV and 135.3 eV, corresponding to 3d>? and 3d>'?2, respectively,
in accordance to SrTiO3 [57].

The HR spectrum of Ti 2p (Fig. S10b) exhibits a doublet at 459.3 and
464.8 eV associated to Ti 2p 3/2 and 1/2 components of Ti* and a
second doublet at 457.5 and 462.8 eV due to the presence of Ti* spe-
cies. The splitting orbital energy between these two peaks is ca. 5.7 eV,
which confirms the presence of Ti*t species [58].

Concerning the HR spectrum of Ols (Fig. S10c), it is evident the
presence of two peaks at values of binding energy equal to 527.7 and
528.8 eV that can be attributed to the lattice oxygen ion and oxygen
vacancy, whereas the other two peaks centered at 530.1 and 531.6 eV
are associated to the adsorption of OH species on the STO surface.
Similar results were obtained for STOm, as shown in Fig. S11.

Similarly to STOn, the HR spectrum of Sr of Ag@STOn shows two
binding energy peaks at 133.0 eV and 134.9 eV, corresponding to 3d>?
and 3d% 2, respectively, which is in accordance to SrTiO3 [57]. In the
high-resolution spectrum of Ti 2p, four binding energy peaks are evi-
denced. Two peaks centered at the binding energies of 459.7 eV and
465.3 eV are attributed to Ti 2p*? and Ti 2p'/2 respectively. Whilst, the
position of the Ti 2p3,» peak at 457.4 eV and the shoulder at 462.9 eV
indicate the presence of Ti3* oxidation state [59]. In addition, as shown
in Fig. 4c, the O 1s XPS spectrum of Ag@STOn can be divided into three
peaks: at 528.8 eV, 530.9 eV, and 533.2 eV corresponded to lattice ox-
ygen, oxygen vacancies, and chemically adsorbed oxygen, respectively
[59-61]. Fig. 4d shows the high-resolution spectrum of Ag 3d in which

the peaks located at 369.7 eV and 375.7 eV correspond to metallic silver.
The latter is confirmed by the splitting orbital energy between Ag 3ds,»
and Ag 3ds,2 peaks of 6.0 eV [40]. Whilst, the two subpeaks located at
368.0 eV and 373.9 eV are attributed to the presence of Ag>O [62].
Moreover, considering as reference the values reported by Galloni et al.,
it is worth noting that the peak positions of Sr 3d, Ti 2p, O 1s on both
samples Ag@STOm and Ag@STOn are shifted towards higher binding
energies [63], as a result of the creation a new coordination environ-
ment of STO due to Ag NPs and their strong interaction [40,64]. Lastly,
the surface Ag atomic amount in the Ag@STOm and Ag@STOn was
equal to 1.7 % and 2.5 % of Ag (Table S1), respectively, which might
influence the photocatalytic properties.

In order to study the optical properties of pristine STO and Ag@STO
samples, UV-DRS analyses were performed, and the results are illus-
trated in Fig. 5(a and b). As expected, the pristine STOm and STOn
samples exhibited low absorbance values in the visible part of the
electromagnetic spectrum since they were white powders (Fig. 5a). In
contrast, the Ag@STO structures (gray-colored powders) presented high
absorbance values in the visible range, which could be attributed to the
LSPR effect of Ag NPs [60,65]. In addition, the energy band gap was
estimated by plotting the Kubelka Munk function versus incident photon
energy (Fig. 5b) [66] and the values are reported in Table 2. The band
gap values of the bare samples were found to be 3.2 eV and are in good
agreement with previous studies [63]. After Ag NPs decoration, the
energy band gap of Ag@STO materials did not change significantly (3.2
eV and 2.9 eV for Ag@STOm and Ag@STOn, respectively) [67,68].
More in detail, Ag@STOn showed the highest absorbance among the
STO-based photocatalysts which is mainly attributed to the Ag nano-
particles due to LSPR effect, but also owing to a larger surface area than
Ag@STOm sample, and light scattering properties of hierarchical
structures [69,70].

3.2. Photocatalytic activity
The photocatalytic activity of the STOs and Ag@STOs materials was

evaluated towards the degradation of NOy (500 ppb) under LED irra-
diation. As shown in Fig. 6a, after 180 min of irradiation, STOn
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Ag Lal

Fig. 3. FESEM images of STOm (a), STOn(e), Ag@STOm (b), Ag@STOn (f), Ag mapping of Ag@STOm (c) and Ag@STOn (g), EDS spectra of Ag@STOm (d) and

Ag@STOn (h).

exhibited higher photoactivity (27 + 3 %) in comparison to STOm (15
+ 3 %), which can be reasonably attributed to the large surface area of
the 3D hierarchical structure that not only provides great adsorption of
inorganic pollutants but also improves uniformly distribution of active
sites, where the production of reactive oxygen species (ROS) and NOy
photodegradation takes place [69,71]. The presence of the second phase
(SryTiO4) does not seem to affect the photocatalytic properties of the
materials. In fact, preliminary investigations, carried out using SroTiO4
(data not shown) as a photocatalyst for NOx abatement, revealed that
this latter exhibits a photocatalytic activity very similar to STO.

The decoration of STO samples with Ag NPs boosted up the photo-
activity (Fig. 6a). If on one hand, Ag@STOm was able to degrade ca. 40
% of NOy after 180 min, on the other hand the results obtained by
Ag@STOn were very interesting: 75 % within 3 h of irradiation. It is
evident that the enhancement of the photocatalytic activities of both the
Ag-modified material is linked to the LSPR effect of Ag NPs and the
development of Ag@STO heterostructures, which can suppress the

faster recombination of photo-generated charge carriers [60,67].
Despite the difference on the amount of Ag loaded onto STOm and STOn
surface and the difference between the materials in terms of particles
dimensions, it is worth noting that for both STO the Ag NPs decoration
caused a photocatalytic enhancement of 2.6 times compared to the
corresponding bare perovskite oxides. Meanwhile, the photoactivity of
Ag@STOn is 1.8 times higher than of Ag@STOm. This could be
explained by the large amount of Ag observed onto STOn surface (2.5
%), and the light-scattering effect that hierarchical structures provide
(STOn microsphere), in which the hot-electrons generated in the Ag
large particles caused the scattered photons. In such way, hot-electrons
receive the necessary energy to be transferred the conduction band of
STOn. A proof of it is the lowest absorbance of STOn absorbance (i.e. the
highest diffuse reflectance intensity) [70].

The effect exerted by the traces of copper present in the Ag*-enriched
solution on the catalytic activity of the Ag-modified materials deserves a
separate discussion.
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Fig. 4. XPS HR spectra of Sr, Ti, O, and Ag of Ag@STOn.

In a previous work [38], we observed that when Ag@STO is prepared
by a one-pot approach, adding the Ag™-enriched solution as metal pre-
cursor during the STO synthesis, the presence of metallic contaminants
(mainly copper) in the waste solution negatively affects the photo-
catalytic activity of the final photocatalyst. In contrast, when Ag is
introduced in form of nanoparticles by a second step (after the STO
synthesis), the photocatalyst maintains high activity towards NOyx
abatement. On the other hand, using different semiconductors (TiO2),
the enhanced photocatalytic efficiency was associated to the presence of
Cu [72].

Therefore, it is possible to conclude that if Cu species come into the
STO structure affecting its ionic structure, as it probably occurs during
the Ag@STO one-pot synthesis, the effect on the photocatalyst efficiency
is negative. In contrast, according to the literature [72-74], when added
as external particles or ions, they are beneficial enhancing the visible
light absorption of the material.

Fig. 6b suggests that the degradation of NOy by all the tested pho-
tocatalysts follows first-order kinetics and the estimated rate constants

(with regression coefficient ranged from 0.97 to 0.99) are tabulated in
Table 2. The most performing material, Ag@STOn, that showed the
fastest photodegradation rate, was tested in terms of stability by reusing
it for three consecutive cycles without any post-treatment. The results
are depicted in Fig. 6¢. Despite a slight reduction in activity during the
three cycles, the material maintained a good stability, as confirmed by
the FT-IR and XRD analyses carried out on the used material (Figs. S13
and S14).

According to Zheng et al. [69], the mechanism of reaction of hier-
archical microsphere structures relies on the light their scattering
properties, where the photons that are not absorbed can be scattered
within heterostructure system giving multiple paths to be reabsorbed. It
is worth to bear in mind that our studied heterostructure comprises also
large Ag particles, which are also controlled by scattering mechanism
[33]. In other words, there is a combined effect between the photons
that can be scattered from STOn structure and from Ag micro-sized
particles, increasing the probabilities of Ag particles being irradiated.
Subsequently, electron/hole pairs proceed to the reactive oxygen species
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without any post-treatment.

(ROS) generation, which are responsible of NOy degradation process
[34,35,65,75]. A scheme of the possible mechanism of reaction can be
seen in Fig. 7.

Previous results reported by Zhang et al. [39] disclose the synthesis of
Ag-STO nanocomposites via one-pot solvothermal method for the
degradation of NO under visible light irradiation. The authors demon-
strated that the optimal Ag loading 0.5 wt% reached 30 % of NO removal

within 30 min. Whilst, by using a multistep approach (hydrothermal
method followed by photochemical reduction), a 15 % Ag-STO (molar
ratio, equivalent to 9 wt%) composite reached 70 % of NO photo-
degradation in the same amount of time. In contrast, by using a wet
impregnation method for the decoration of STO compounds and an 8 wt
% of Ag loading amount, our results went far beyond (75 % of NOx
photodegradation within 180 min). In addition, the STO
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Fig. 7. Schematic illustration of the photocatalytic mechanism of Ag@STOn
towards the degradation of NOx.

heterostructures provide a higher surface area (more active sites), uni-
formly distribution of plasmon particles (avoiding their agglomeration
in comparison to Ag@STOm), and the light scattering that increases the
chances to irradiate and excite hot electrons (avoiding fast recombina-
tion of electron/holes charges). For the first time the surprising scat-
tering properties of Ag@STOn, due to the synergistic effect of the
hierarchical microsphere of STO and the micro-sized Ag particles, were
reported. For all these reasons, Ag@STOn could be considered a prom-
ising safer material and an alternative for air remediation since it is a
micro-sized compound with high thermal stability (at 400 °C) and a fast
photodegradation activity.

4. Conclusions

In summary, two STOs of different sizes (micro and nano) were
decorated by Ag micro-sized particles by wet impregnation method and
their photocatalytic activities were tested towards the degradation of
NOx under LED. The XRD characterization confirmed that Ag was
deposited onto STO and that no changes in the cubic structure of STO
samples occurred, not even after the calcination treatment. Moreover,
the photocatalytic experiments reveal the benefits of Ag micro-sized
particles deposited onto the two different STO structures. The Ag@S-
TOm photocatalyst, defined by plasmon microparticles onto micro-sized
STO cubes, exhibited an agglomerated and heterogeneous system that
reflected a low photocatalytic efficiency (40 + 3 %) within 3 h. On the
other hand, since the STOn sample showed a higher photocatalytic ef-
ficiency compared to STOm, the addition of Ag microparticles enhanced
the photocatalytic activity nearly 2.6 times. Indeed, the Ag@STOn
photocatalyst showed an excellent performance towards the degrada-
tion of NOy under LED light (75 + 3 %) within 3 h, attributed to the
combined structure between hierarchical microspheres that were built
of nanocubes, Ag large particles, and large amount of Ag on STOn sur-
face (2.5 at.%). Aside from STOn high surface area, this micro-system
allows a double light scattering process, due to both STOn and Ag
micro-sized particles. Therefore, the potential of irradiation and hot
electrons generation is high, enhancing photocatalytic efficiency. Based
on these results, Ag@STOn can be proposed as an alternative material
for NOy removal under LED irradiation. Finally, our research highlights
the potential of wet impregnation technique as an effective strategy for
the development of heterostructures with high performance for nitrogen
oxides photodegradation, besides exploiting Ag-enriched solution
wastewater as Ag precursor.
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