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Abstract

Strontium titanate is an ideal cubic-structure perovskite oxide that has shown great potential, especially within
hydrogen production and water pollutants degradation field. However, its photocatalytic activity is limited under UV
irradiation due to its wide energy band bap (~ 3.2 eV). In order to overcome this limitation, modification strategies such
as metal-doping or metal-decoration have emerged. By applying these two approaches, a rational designing of 5 wt.%
Ag-5rTiOs materials was performed for extending photocatalytic efficiency towards the degradation of NOxunder LED
light. As a result, the Ag-decorated SrTiOs synthesized by wet-impregnation method photodegraded by nearly 77%
within 3h under LED light. Whilst, through an eco-friendly, simpler, and valuable one-pot synthesis it was fabricated
a highly efficient Ag-SrTiOs material that achieved complete photodegradation of NOx, exhibiting a photoactivity 4
times higher than bare SrTiOs. This new material was doubly modified by Ag* doping within the SrTiOs lattice and by

Ag nanoparticles-decoration on the SrTiOs surface. The photocatalytic enhancement can be attributed to the synergetic
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effect of Ag-doping and Ag-decoration on SrTiOs, which contributed to a narrow band gap (2.80 eV), as well as the
formation of heterojunctions that promotes the separation of photogenerated charges, respectively. The morphological,
optical, structural, and physicochemical properties of the synthesized materials were fully investigated. The double
modified photocatalysts showed good stability during recycling tests, maintaining high performances after three
cycles. Eventually, active species were identified using various scavengers by trapping holes and radicals generated

during the photocatalytic degradation process.

Keywords: One-step procedure; Ag-modified SrTiOs materials; NOx photodegradation; Degradation mechanism

1. Introduction

Air pollution has become the front stage of global environmental issues since it threatens human health, the
proliferation of diseases, and environmental disasters. The rapid growth of population, anthropogenic activities, and
over-consumption of natural resources have been the leading causes of the increment of harmful pollutants levels over
the last decades [1-3]. Some pollutants of significant public health concern include carbon monoxide, nitrogen oxides,
sulfur oxides, ammonia, and volatile organic compounds (VOCs)[4]. Nitrogen oxides (NOx) are primary pollutants
directly linked to acid rains, photochemical smog, and respiratory problems. As a result, many countries and scientific
communities have striven to mitigate and control NOx emissions to the atmosphere by using several techniques, such
as selective catalytic reduction (SCR) and non-selective catalytic reduction (NSCR), thermal and photocatalytic
decomposition [5-7]. The latter is carried out at ambient conditions taking advantage of natural or artificial light in the
presence of semiconductor materials. Therefore, photocatalysis is a green and cost-effective technology for the

abatement of NOx [4,8].

Perovskite oxides belong to the third generation of photocatalysts, which have been extensively explored for energy
conversion and storage applications due to their unique properties[9]. Recently, their potential for environmental
remediation, particularly organic and inorganic pollutants degradation, has been studied[10]. Among them, strontium
titanate (SrTiOs) stands out as a cubic-like structure perovskite with high thermal stability in comparison to TiOz2, which
makes it attractive for its application on solar cells, gas sensors, and capacitors[11]. It is also a semiconductor with a

wide energy band gap (3.2 eV), implying a high-efficiency photodegradation under UV irradiation [12]. However, UV
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light is only 4% of the total solar spectrum [13]. Hence, as well as for TiOz, modifying strategies for extending the
photocatalytic performance within the visible region have been required, such as forming heterojunctions or
incorporating defects into the lattice [14-15]. For instance, the design of a heterostructure between plasmonic
nanoparticles (Ag, Au, or Pt) and SrTiOs (STO) surface has been studied by Chen et al. [16]. The authors reported the
successful loading of Ag clusters (3-5 nm) over SrTiOs surface (*0.5 — 5 pm) via photoreduction method. Then, the
fabricated Ag-SrTiOs composites (0.1 wt.%, 0.5wt.%, 1wt.%, 2wt.%, and 5wt.% Ag) were tested towards photocatalytic
NO oxidation. The investigation determined 1%Ag-STO sample with the best photocatalytic performance, achieving
54% NO oxidation within 90 min under visible light irradiation. The improvement on the photocatalytic activity was
attributed to the localized surface plasmonic resonance properties (LSPR) of Ag nanoparticles and the Schottky barrier
formed at the interface of the metal and the semiconductor, promoting the separation of photogenerated charge carriers
and prolonging their lifetime [17-18]. On the other hand, Zhang et al. synthesized the optimal 0.5% Ag-SrTiOs
nanocomposite by one-pot solvothermal method. This composite was characterized by Ag spheres of 10-20 nm
dispersed on the top of SrTiOs surface. However, the 0.5% Ag-SrTiOs material showed only a 30% of NO photocatalytic

degradation under visible light within 30 min[19].

Taking into account these considerations, this work aimed to employ two synthetic approaches for the fabrication of
Ag-S5rTiOs materials and compared their photocatalytic efficiencies towards the NOx abatement under LED light at
ambient conditions. A conventional decoration procedure of the SrTiOs surface with pre-synthesized Ag nanoparticles
(two-step process) and an innovative one-pot synthesis for both doping and decoration of SrTiOs were selected. The
one-pot approach results very promising due to its economical, environmental and operational simplicity advantages.
Moreover, the extreme conditions of heat treatment (900°C) were chosen since Ag offers a high melting point nearby
961°C and SrTiO:s is characterized by high thermal stability[20-21]. Finally, the reusability of the most performing
material has been adequately investigated, showing high stability for up to three runs, and active species were
identified using various scavengers by trapping holes and radicals generated during the photocatalytic degradation

process.
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2. Materials and methods

2.1. Chemicals

Strontium acetate (C4HgO,4Sr), titanium (IV)isopropoxide (Ci2H2s04Ti, 97%), silver nitrate (AgNOs, ACS reagent,
299.0%), citric acid (C¢HsO;, ACS reagent, 299.5%), hydrogen peroxide (H202, 30%), KNOs (299.0%),
polyvinylpyrrolidone (PVP), HNOs (ACS reagent, 70%), and acetone (ACS reagent, 299.0%) were purchased from
Sigma Aldrich, Italia. All chemicals were used as received without further purification. An Ag* enriched solution was

purchased from Argor-Heraeus SA (Mendrisio, Switzerland), the solution composition is described elsewhere [22].

2.2. Preparation of SrTiOs by a one-pot method

Strontium titanate (STO) was synthesized by a procedure previously described elsewhere [23]. First, a solution A was
prepared by adding titanium (IV) isopropoxide (5.4 mmol) dropwise into deionized water (20 mL) under vigorously
stirring. Then, citric acid (10.8 mmol) was added to the previous suspension in a 2/1 molar ratio with respect to Ti-ions.
Afterwards, hydrogen peroxide 30% (2.6 mL) was added until the complete dissolution of titanium hydroxide formed
an orange-colored solution [24]. A solution B was obtained by dissolving a stoichiometric amount of strontium acetate
(5.4 mmol) in a minimum amount of deionized water (7 mL). Then, citric acid (10.8 mmol) was added in a molar ratio
2/1 with respect to Sr?* ions. Both solutions were mixed at room temperature under vigorous stirring for 3 hours.
Subsequently, the solution was heated at 70°C. Before complete evaporation, the orange solution was transferred into
a crucible and dried at 75°C for 12°h and at 120°C for 12 h. The sample was calcined at 900°C adopting the following

ramp (0.52C/min from 25 to 250°C, time 1 min; 2.5°C/min from 250 to 900°C, time 60 min).

This material was used as it is and for the preparation of Ag-decorated SrTiOs, as described below (section 2.4.).

2.3. Preparation of Ag-SrTiOs (Ag/STO) by one-pot approach

Ag-SrTiOs materials were synthesized by the one-pot method described above [23] with the difference that the solution
B was obtained by dissolving silver ions (0.5 mmol) and strontium acetate (4.9 mmol) in a minimum amount of

deionized water (7 mL). Then, citric acid (10.8 mmol) was added in a molar ratio 2/1 with respect to the sum of ions of
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Ag* and Sr? jons. Both solutions were mixed at room temperature under vigorous stirring for 3 hours. Subsequently,
the solution was heated at 70°C. Before complete evaporation, the orange solution was transferred into a crucible and
dried at 75°C for 12°h and at 120°C for 12 h. The samples were calcined at 900°C adopting the following ramp (0.5°C/min

from 25 to 250°C, time 1 min; 2.5°C/min from 250 to 900°C, time 60 min).

Depending on the Ag source, the final materials were labeled Ag/STO1 (from the Ag* enriched solution) and Ag/STO2

(from pure AgNO:s from Sigma Aldrich).
2.4. Preparation of Ag-decorated SrTiOsz (Ag@STO) by multistep approach

Ag nanoparticles (5 wt.%) were deposited onto STO surface (Ag@STO) via a wet impregnation method on the basis of
the literature [22]. The STO (44 mmol) synthesized as described above (section 2.2.) was dispersed in 10 mL acetone.
Then, 13 mL of a 30 g/L solution of Ag nanoparticles, previously synthesized by an electrochemical method starting
from the silver-enriched wastewater source, were added [22, 25]. The mixture was stirred at 40°C for 24h. Afterwards,
the temperature was raised up to 120°C under stirring for 1 h in order to evaporate the solvent. The remained product
was dried overnight at 100°C and further calcined at 900°C adopting the following ramp: 300°C for 2h, 600°C for 1h,

and 900°C for 1h (9°C/min).
2.5. Materials characterization

The crystal structure and phase composition of the synthesized samples were determined by X-ray diffraction (XRD)
employing a Rigaku-Miniflex-600 diffractometer using Cu-Ka radiation (A= 1.541874 A). All the diffractograms were
collected between 10° - 80° (20) at 3° min! with a step of 0.02° (20). The calculation of the crystallize size of the pure
and Ag-modified SrTiOs materials was estimated by the Scherrer equation (Eq. 1) using the peak at 46.4° that
corresponds to 200 reflection plane, where D is the crystallite size, k is the shape factor, X is the X-ray wavelength of

radiation for Cu(ka), Bm is the full-width at half maximum (FWHM) at (hkl) peak, and 6 is the diffraction angle.

_ KA
Bri1CosOprr

(Eq. 1)

Specific surface area (SSA) and porosity (pore volume) were determined by N2 adsorption/desorption isotherms

collected at -196°C on a Micrometrics Tristar II 3020 (Micromeritics) with Brunauer-Emmett-Teller (BET) equation (two
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parameters, 0.05 < p/po < 0.3). Before the analysis, the sample was treated at 150°C for 4h under vacuum-adsorbed
foreign species. UV-Vis diffuse reflectance spectra were carried out at room temperature on a Perkin Elmer Lambda 35
UV-Vis Spectrometer equipped with an integrating sphere. The data were converted using the Kubelka-Munk formula.
X-ray photoelectron spectroscopy (XPS) measurements were performed on a M-probe apparatus equipped with an Al
Ko source (hv=1486.6 eV). Survey scans were measured between 0-1100 eV binding energy range with 5 eV energy
resolution. The morphology and composition of the samples were evaluated by field emission gun electron scanning
microscopy (FE-SEM, model LEO 1525 Zeiss), coupled with a Bruker Quantax EDX. The acceleration potential voltage
was maintained at 15 keV and measurements were carried out using AsB detector (Angle selective Backscattered
detector) and In-lens detector. The HRTEM images were collected using a JEOL 3010-UHR instrument (acceleration

potential: 300 kV; LaB6 filament).

2.6 Photocatalytic tests

The sample was prepared by suspending 50 mg of each photocatalyst in 5 mL isopropanol. An ultrasonic bath was
used to sonicate the suspension in order to obtain a uniform dispersion. Then, a thin film was deposited on a glass
plate (3.3 cm x 11.5 cm) by drop casting. After the solvent was evaporated, the glass plate with the photocatalyst was
placed inside a 20L Pyrex reactor. The reactor was filled in with NOx gas at the initial concentration of 500 + 50 ppb (by
feeding 0.625% of NOz and 0.125% of NO, diluted with air). The tests were carried out at room temperature for 3 hours
under LED irradiation (350 mA, 9-48V, 16.8W), yielding an intensity of 2900 Ix on the photocatalyst surface. An ENVEA
AC32e chemiluminescence detector directly connected to the reactor measured the NOx concentration at 30, 60, and
180 min. Photolysis tests indicate 10% of pollutant degradation after 3h of light irradiation. Lastly, the most performing
photocatalyst (Ag/STO2) was subjected to recycling tests (three tests under the same experimental conditions without

any post-treatment) in order to assess the stability.

2.7 Scavenging experiments

In order to investigate the reaction pathway, the photocatalytic tests were carried out in the presence of scavenger

agents using the procedure reported in the literature [26,28]. Potassium iodide (KI), potassium dichromate (K2Cr207),
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tert-butyl alcohol (TBA) and p-benzoquinone (PBQ) were employed as scavengers for h*, e, “OH and O:*, respectively.
Briefly, the photocatalyst (50 mg) was mixed with the proper radical scavenger (1 mmol) in deionized water (10 mL)
and ultrasonicated for 15 min. Afterwards, the suspensions were deposited onto glass plates, followed by a drying
process at 60°C until the water was completely evaporated. The plates were used to test the photocatalytic degradation

of NOx under LED light, as described above.

3 Results and discussion

In order to investigate the effect of Ag-modification on STO, all the synthesized materials were extensively

characterized by several techniques, as described below.

3.1 Photocatalysts characterization

The crystal structures of the synthesized materials were analyzed using X-ray diffraction (XRD) and the obtained

results are showed in Figure 1.

‘Ag
* *F *  Ag/STO2
5 g " i Ag/STO1
d JL__AJ_J |
L) A -
2
E
v
- J Ag@STO
- * * *
[110] STO
[200]
[211]
[100] J |11I1| L[ZIOI s (2201 [310]
2 A A
I I 1 1 1 I
10 20 30 40 50 60 70 80
2 Degree

Figure 1. XRD patterns of prepared samples.

The XRD data (Figure 1) evidenced the presence of peaks located at 22.7°, 32.42 39.9%, 46.4°, 52.3°, 57.7%, 67.7%, and 77.1%,
which are identified as (100), (110), (111), (200), (210), (211), (220), (310) planes of a cubic perovskite structure (space

group: P3m3) of strontium titanate. Compared to pristine STO, the samples Ag@STO, Ag/STO1, and Ag/STO2 exhibited
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additional diffraction peaks located at around 382 44° and 64°, corresponding to metallic Ag on the surface of strontium
titanate. More in detail, they can be indexed to the (111), (200) and (220) planes of cubic Ag phase. The average
crystallite sizes were about 51 nm, 61 nm, 108 nm, and 54 nm for STO, Ag@STO, Ag/STO1 and Ag/STO2, respectively,
as estimated from the half-peak width of the (200) diffraction peak (Table 1). It can be observed that the particle size
was no dramatically affected by the synthesis procedure. However, the Ag/STO1 demonstrated a slight growth of the
particle size. This could be associated to the presence of large amount of impurities (i.e. Cu, Fe, As, Ni, Pb, Zn) in the
sample coming from the Ag* enriched wastewater. In contrast with the scientific literature, from the XRD patterns of
the three modified photocatalysts (Ag@STO, Ag/STO1 and Ag/STO2) is difficult to distinguish the characteristic shift
associated to the introduction of a dopant into the host lattice (SrTiOs), because all the diffractograms, also that of

Ag@STO, exhibited a slight shift towards the higher angles.

Table 1. Average crystallite size, specific surface area (SSA), pore size, bandgap energy, rate constants of the

prepared photocatalysts.

Average
SSA Pore Size Energy Bang Rate Constant
Photocatalyst  crystallite size
(m?/g) (nm) (eV) (min™)
(nm)
STO 51 16 33 3.2 0.002
Ag @STO 61 13 32 3.1 0.009
Ag/STO1 108 2 9 3.0 0.002
Ag/STO2 54 15 19 2.8 0.018
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Since the photocatalytic performance is strongly linked to the surface properties of the material [29], the surface area
of all the photocatalysts was properly investigated (Figure 2 and Figure S1). According to the IUPAC classification, all
the materials exhibited isotherms type IV, characteristic of mesoporous materials [29]. The specific surface areas (SSA)
of all the samples are presented in Table 1. Among the Ag-SrTiOs samples, the Ag/STO2 photocatalyst showed the
biggest BET surface area (15 m?g™), which is beneficial for better adsorption of nitrogen oxide molecules and provides
a more significant number of reactive sites for enhancing photocatalytic activity [30-31]. On the other hand, the
Ag/STOL1 sample exhibited the lowest BET surface area, suggesting that also in this case the large amount of impurities
present in the Ag-enriched wastewater might adversely affect the properties of the material. Moreover, this is in
accordance with the XRD results, showing very large crystallite size for this material. Lastly, the Ag@STO sample
showed a slight reduction in BET surface area (13 m2g'), which should be ascribed to a double calcination treatment

that the material was undergone[32-33].
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Figure 2. Nitrogen adsorption-desorption isotherm for Ag/STO2

The optical properties of the as-prepared samples were investigated by UV-Diffuse Reflectance Spectroscopy (UV-
DRS). The data were collected between 200-700 nm and transformed into absorption spectra by applying the Kubelka-
Munk function (Figure 3a) [34-35]. As a result, STO photocatalyst showed a wide energy band gap (Table 1), typical of

pristine SrTiOs that possesses the absorption edge in the UV light region (Figure 3b)[36-38]. After its surface decoration
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with Ag nanoparticles (NPs), Ag@STO photocatalyst exhibits a higher light absorption within the visible region
characteristic of the localized surface plasmon resonance (LSPR) effect. The latter suggests the promotion of electron-
hole pair separation and hence a higher photocatalytic activity. Interestingly, by changing the synthetic procedure to
one-step process the energy band gap and the absorbance got definitely modified. The Ag/STO1 and Ag/STO2
displayed a nominal band gap of 3.0 and 2.8 eV, respectively. In particular, Ag/STO2 showed at the same time a greater
absorbance in the visible region which, in accordance to the presence of Ag clusters, and low value of energy band gap,
are highly beneficial for photocatalytic properties, exploiting the synergistic effect of both decoration and doping.

Lastly, it has to be highlighted that the source of Ag might have negatively affected the response of the final Ag-SrTiOs

material, since there was no significant variation in the energy band gap.
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Figure 3. (a) Tauc plots and (b) UV-Visible diffuse reflectance spectra of bare STO and Ag- SrTiOs samples.

10



214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

As it will be discussed below, Ag/STO2 resulted to be the most performing photocatalyst, therefore, this material was
characterized more in depth.

To investigate the morphological features of Ag/STO2, SEM and HRTEM analyses were performed (Figure 4). From
Figure 4a, it can be seen aggregated SrTiOs particles with not well-defined shape, and their size is in the 40-70 nm
range. The further HRTEM analysis was resorted to, in order to investigate the possible presence of Ag NPs, to confirm
the average size of STO particles and in some extent the general morphology as well. All the small nanoparticles can
be referred to Ag species on the basis of the EDX analysis (see the Figure S2), confirming the indications coming from

XRD investigations.

The Ag species were uniformly distributed onto the SrTiOs surface and exhibited a roundish morphology with an
average size of 2 nm. Their metallic character was also confirmed by the FFT calculations of the fringes (see the inset
to Figure 4c), in which the (1 1 1) family of metallic Ag is evidenced (ICDD file No. 004-0783). Moreover, the HRTEM
results provided evidence that SrTiOs particles displayed a cubic morphology. The amounts of Sr, Ti, Ag, and O
elements were confirmed being in the ratio expected from the theoretical stoichiometry. The Ag element was
homogeneous dispersed on SrTiOs and it was found in an atomic ratio of 0.09 respect to Sr. An excess of oxygen on the

Ag/STO2 surface was observed, which can be explained by calcination treatment at 900°C in air.

Hence, bearing in mind these results and the UV-DRS experimental data, it can be implied that an amount of Ag would
be successfully introduced into SrTiOs lattice, responsible of the energy band gap modification, whereas the excess of
Ag would remain as metallic silver on S5rTiOs surface, as demonstrated by the morphological characterization. This

synergistic effect of Ag-doping and Ag decoration will positively impact the photo response of Ag/STO?2.

Lastly, in order to compare the results obtained for Ag/STO2 with those of Ag@STO, the latter was investigated by FE-
SEM. In Figure S3, roundish micro-sized particles (0.5 — 1.5 um average size) were deposited on STO surface. It is clear
that these are Ag particles with a much larger dimension than those observed on Ag/STO2 (less than 2 nm). Therefore,
by using a conventional decoration process (two-step), the Ag particles deposited onto SrTiOs surface exhibit these
features, that might negatively impact the surface area of the composite material and further limited its photocatalytic

performance[39].

11
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Figure 4. (a) SEM image of Ag/STO2 and (b,c) TEM-HR-TEM images of Ag/STO2: the inset to Figure 4b represents a
low magnification overview, whereas the inset to Figure 4c refers to the FFT (simulating the electron diffraction) of the

evidenced nanoparticle.

To identify the surface chemical states of the Ag/STO2 photocatalyst, XPS analysis was performed[40]. The survey
spectrum (Figure S4) reports the typical photopeaks associated with Sr 3d (133.1 eV), Ti 2p (464.6 eV), O 1s (529.8 V),
Ag 3d (368.0 eV), and C 1s (284.6 eV), the latter was ascribed to adventitious carbon during XPS measurement. The C
1s photopeaks are composed of three components (C-C, C-O, and C=0) with respective binding energies 284.6, 286.1,
and 287.5 eV (Figure S5)[41]. The high resolution (HR) Sr 3d spectrum (Figure 5a) showed the formation of a doublet
signal at 133.1 and 134.8 eV, associated with Sr 3ds»2 and Sr 3dsp, respectively. These values are in good agreement with
the reported values in the literature for the Sr?* state in SrTiOs with a 1.7 eV splitting [42-43]. Regarding Ti, the two
main peaks of Ti 2ps22 and Ti 2p12 centered at 458.7 and 464.6 eV, respectively, and a doublet splitting of 5.8 eV, verify
the existence of Ti* [42,44]. In Figure 5¢, the characteristic binding energies of Ag 3ds2 and Ag 3ds2 of metallic silver
are at 368.0 and 374.0 eV for [45], whereas 3d Ag sub-peaks located at 368.9 and 374.9 eV were attributed to the presence
of silver ion, usually assigned to Ag20 state [46]. Lastly, the O1s high-resolution region was described by two peaks at

529.0 and 531.7 eV, corresponding to lattice oxygen and hydroxyl groups, respectively [47-48].

12
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Figure 5. XPS HR spectra of (a) Sr 3d, (b) Ti 2p, (c) Ag 3d and (d) O 1s of Ag/STO2 photocatalyst.

3.2 Photocatalytic activity

The photocatalytic activity of the synthesized samples was tested towards the degradation of NOx under LED light
(400-700 nm) for 3 hours. For comparison, the photolysis of nitrogen oxide gases in the absence of any photocatalysts
was investigated under the same experimental conditions. The results suggest that photolysis was negligible on the

degradation process (Figure S6).

The photodegradation rates of nitrogen oxides as a function of the irradiation time over all the photocatalysts are
plotted in Figure 6a. As expected, pristine STO sample was inactive under LED light due to their large energy bandgap

13
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(3.2eV)[49-50]. The STO surface’s modification by Ag nanoparticles decoration (Ag@STO) leads to a significant increase
of the photocatalytic efficiency, achieving nearly 77% of NOx photocatalytic abatement under LED light within 3 hours.
The enhancement was ascribed to the localized surface plasmon resonance (LSPR) effect that boosted the photoinduced
charge separation, despite the micrometric — sized of the Ag nanoparticles. Nonetheless, the small specific surface area
due to a double calcination treatment at 900C, and a large band energy value might have adversely inhibited the fully

photocatalytic degradation of nitrogen oxides under LED light after 180 min [22,29].

On the other hand, the performances of the materials synthesized by the one-pot procedure seem to be strongly
correlated to the purity of the Ag source. In fact, for Ag/STO1 and Ag/STO2 two different outcomes were obtained.
The Ag/STOL1 photocatalyst showed a photocatalytic efficiency similar to bare STO. This result suggests that the large
amount of impurities present in the Ag* enriched wastewater might play a deactivating role on the photocatalyst. On
the other hand, the Ag/STO2 photocatalyst synthesized with pure Ag demonstrated an extraordinary photocatalytic
efficiency greater than that obtained by Ag@STO. In fact, after 3 hours of LED irradiation, Ag/STO2 is capable to
completely degrade nitrogen oxides. This photocatalyst revealed a larger specific surface area (16 m?g™') in comparison
to Ag/STO1 [51-53]. Most importantly, it is evidenced the synergic effect of Ag*-doping and Ag-decoration, which is
noticed in a reduction in the band gap (2.80 eV) and the presence of small Ag clusters (average size 2 nm) that boosted
up the separation of charge carriers through LSPR effect [16,54]. The photocatalytic efficiency of Ag/STO2 was 4 times

greater than bare STO.

The corresponding first-order kinetics plot is shown in Figure 6b. It indicates that Ag/STO2 photocatalyst exhibited the
highest degradation rate (0.018 min'), which is almost 9 times greater than the bare SrTiOs and Ag/STO1 prepared in
similar experimental conditions (0.002 min). Conversely, concerning the Ag-decorated photocatalyst (Ag@STO), the
rate (0.009 min™) is five times faster than bare STO, and it is two times slower than Ag/STO2. These results suggest that
the photocatalytic performance of the final Ag-SrTiOs materials is totally impacted by the synthesis method and the
source of Ag used. Nevertheless, one-pot solution synthesis carried out in the presence of pure Ag source stands out
as an attractive, feasible, one-step alternative for the fabrication of double-modified Ag-SrTiOs materials (Ag*doped

and Ag-decorated) with extraordinary physicochemical, morphological, optical, and photocatalytic properties.
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Lastly, the stability of the Ag/STO2 nanostructure was further evaluated by reusing the photocatalyst for degrading
NOx gases under LED light. Three successive photocatalytic experimental runs were carried out under similar
experimental conditions. As shown in Figure 6c¢, the efficiency decreased by 5% only, demonstrating no significant loss
after three repeated runs. Therefore, the Ag/STO2 photocatalyst is a stable material for prolonged usage and practical

application for the photocatalytic degradation of NOx under LED light.
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Figure 6. (a) NOx photocatalytic removal efficiency C/Co as a function of time and (b) First-order kinetic plot of synthesized STO,
Ag@STO, Ag/STO1, and Ag/STO2 materials; (c)reusability of Ag/STO2 photocatalyst for the NOx degradation under LED irradiation; (d)
NOx photocatalytic removal efficiency under LED irradiation with the addition of potassium dichromate, potassium iodide, tert-butanol

(TBA) and p-Benzoquinone as electrons, holes, #OH radicals and ¢O> scavengers, respectively.
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3.3 Mechanism of NOx photodegradation

In order to explore the reaction mechanism of NOx photodegradation, the scavenger tests were performed in order to
determine the active species mainly responsible for the degradation of nitrogen oxides under LED light. During the
photocatalytic process, the photogenerated holes (h*) and electrons (e”) can drive the redox reactions directly. However,
they can also trigger the production of other oxidizing species, such as hydroxyl radicals ("*OH) and superoxide anion
radicals (O2™), which indirectly start the degradation process of NOx[5]. Potassium iodide, potassium dichromate, tert-
butyl alcohol (TBA), and p-benzoquinone (PBQ) were added to capture holes, electrons, *OH and O:* radicals,
respectively[27,55,56]. As can be seen in Figure 6d, by the addition of TBA, the photocatalytic efficiency of Ag/STO2
demonstrated similar performance as in the absence of the scavenger. In contrast, the addition of PBQ thoroughly
depressed the photoactivity, which indicates that O2* has a crucial role during the NOx removal process. It is also clear
that the photodegradation of NOx was also reduced by the addition of KI and K:Cr207, showing a significant inhibition
but not a complete quenching of the reaction. These results confirm that photogenerated h*, e and Oz play a key role
in photocatalytic NOx degradation under LED light.

Similarly, the band edge positions of the photocatalysts are very important for the generation of active species during
the photocatalytic process. From the band gap shown in the Figure 3a and Table 1, it is possible to calculate the positions
of the minimum conduction band edge (CB) and maximum valence band edge (VB) of STO with respect to a normal

hydrogen electrode (NHE), according to the following equations:
Ecp = X — E, — 2 E, (Eq. 2)
Evp = Ecg + Eg (Eq. 3)

Xis the absolute electronegativity of the semiconductor, which can be calculated as the geometric mean of the absolute
electronegativity of the constituent elements of the semiconductor [57]. The Eg is the band gap energy of the
semiconductor, and Ee is the energy of the free electrons on the hydrogen scale (~ 4.5 eV). The electronegativity of Ag-
modified SrTiOs (X) was estimated to be 5.36 eV [58]. Therefore, the Ecs and Evs for Ag/STO2 were estimated to be -
0.58 eV and 2.22 eV, respectively. These results indicate that the conduction band of Ag/STO?2 is negative compared to

the reduction potential of O2/Oze- (-0.33 eV). This suggests that it is easier for the photogenerated electrons to react with
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Oz to form Oze" placed in the conduction band of Ag/STO2. Correspondingly, the valence band of Ag/STO?2 is positive
compared to the redox potential for OH* (OH/OH") at 1.99 eV, indicating that the formation of OH*® by the holes of
SrTiOs is feasible [59-60]. The previous results are in line with the findings observed during the trapping experiments.
The proposal reaction pathway is summarized in Figure 7.
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Figure 7. Scheme of photocatalytic degradation of NOx under LED light.

When the Ag/STO2 photocatalyst is excited by LED light at the plasmonic frequency of Ag clusters, photoelectrons are
produced and transferred to the conduction band of SrTiOs by overcoming the Schottky barrier at the
metal/semiconductor interface (Eq. 4-5). Then, the hot electrons react with the adsorbed oxygen to produce superoxide
anion and hydroxyl radicals (Eq. 6-8). The introduction of Ag into the SrTiOs lattice is reflected by the rise of the valence

band with respect to the original SrTiOs. The electrons present in the valence band can migrate to the Es (fermi level) of
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Ag nanoparticles, leaving behind holes that can react with hydroxyl groups to produce hydroxyl radicals (Eq. 9). Lastly,

the Oz and *OH radicals control the NOx degradation process (Eq. 10-12)[19,27].

*
Agclusters + Avisible - Agclusters

Agclusters* + SrTi0; — SrTi0z(ecp)

SrTiOs(ezg) + 0, » “03

‘07 + 2H* + SrTi0s(ezz) » Hy0,

H202 + STTI:03(eEB) - °‘OH+ OH™

SrTiOs(hiz) + OH™ > °OH

NO+ °‘OH - HNO,

NO,+ °OH - NO3 +H*

NO+ °0; - NOj

Conclusions

(Eq.4)

(Eq.5)

(Eq. 6)

(Eq.7)

(Eq. 8)

(Eq.9)

(Eq. 10)

(Eq. 11)

(Eq. 12)

In this work, SrTiOs has been successfully modified using two strategies to extend its photocatalytic efficiency in the

degradation of NOx under LED light: decoration by a two-steps approach, and doping and decoration by a one-step

method. By the two-step process, the SrTiOs surface was loaded with pre-synthesized Ag nanoparticles starting from

an Ag-enriched wastewater. The heterostructure material achieved nearly 77% NOx removal after 3h under LED light.
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Whilst, the one-pot process demonstrated to be a prominent method for the fabrication of an outstanding doubly Ag-
modified SrTiOs photocatalyst (Ag* - doping and Ag-decorated). However, when the reaction was carried out by the
Ag*-enriched wastewater, the presence of large amount of impurities completely nullified the effect of the Ag, whereas
the photocatalyst prepared by a pure Ag source (Ag/STO2) showed excellent activity. Ag/STO2 photocatalyst exhibited
a narrow band gap and Ag metallic nanoparticles (size 2 nm) loaded on STO surface, besides a large specific surface
area (16 m?g?'). The synergistic effect between Ag*doping and Ag-decorated had essentially contributed to the
thorough NOx photodegradation within 3h under LED light. Therefore, a one-pot synthesis is an eco-friendly, simpler,
and valuable process for the design of Ag-SrTiOs materials with double modification (within the SrTiOs lattice and
SrTiOs surface) that allows the extension and enhancement of photocatalytic efficiencies of SrTiOs towards NOx

abatement under LED light.

Finally, the Ag/STO2 photocatalyst showed good photocatalytic activity without significant loss over the degradation
efficiencies of NOx after three consecutive runs. Concerning the degradation mechanism, trapping experiments
confirmed that the photogenerated h*, ev and O:2* species are the major reactive species responsible for NOx

photodegradation in the Ag/STO2 surface.
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