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a Department of Chemistry, Università degli Studi di Milano, via C. Golgi 19, 20133 Milano, Italy 
b Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM), via Giusti 9, 50121 Florence, Italy 
c Department of Chemistry, University of Turin, Via Pietro Giuria 7, 10125 Turin, Italy   

A R T I C L E  I N F O   

Keywords: 
Photocatalysis 
Noble metals decoration 
Propionic acid 
NOx 
LED 

A B S T R A C T   

Multiple noble metals-modified micrometric TiO2-based photocatalysts were prepared by a cheap and sustain
able approach based on the use of metal-enriched wastewaters (Ag, Au, Pt) and used for the photodegradation of 
propionic acid (PA) and NOx under LED. Properly tuning the metal decoration step, the material’s photoactivity 
was optimized. 0.1%Pt @Ag/TiO2 led to 60% PA removal, whereas the strong PA adsorption on the 0.1%Au 
@Ag/TiO2 surface caused a partial deactivation. In contrast, 0.1%Au @Ag/TiO2 showed the highest photo
activity in the NOx decomposition (90%) due to the high tolerance of Au to HNO3 produced on the catalyst 
surface.   

1. Introduction 

Unpleasant odors are the most disturbing pollutants and the main 
reason for air quality complaints in urban and industrial areas. Odor 
emissions consist of various chemical components, some of which can be 
perceived at very low threshold levels and significantly harm mental and 
physical health even at very low concentrations. [1] Volatile organic 
compounds (VOCs) have been designated the major odorant group. In 
particular, volatile fatty acids (VFAs) represent an important source of 
unpleasant odors that have been considered in many studies. [2] VFAs 
are mainly released from the anaerobic decomposition of organic waste 
in outdoor environments. However, there is a notable amount of these 
compounds in indoor areas as well, as a result of human activities. [3] 
Among VFAs, propionic acid (PA) has attracted much attention as one of 
the leading compounds responsible for odor-polluted areas. [4] Even if 
PA is generally considered a safe compound by the US Food and Drug 
Administration, it has shown specific toxicity in humans and other living 
organisms. [5] 

On the other hand, nitrogen oxide (NOx) emissions represent one of 
the most hazardous air pollutants, causing various environmental and 
health problems. They contribute to ground-level ozone, global warm
ing, acid rain, and urban smog. [6] Moreover, NOx exposure can lead to 
many respiratory and vision problems, lung dysfunction, and mental 

diseases. 
Nowadays, many technologies are available for odors and NOx 

abatement and control. Among them, photocatalysis carried out under 
solar or artificial light has been widely applied to address many air 
pollution issues. [7] 

Semiconductor-assisted photocatalysts permit to degrade of different 
types of pollutants without sludge formation and secondary pollutants 
production. It has been demonstrated that when a photocatalytic semi
conductor is irradiated by light with an energy equal to or greater than 
the band gap energy of the material, electrons are promoted to the 
conduction band (CB) of the photocatalyst leaving holes in its valence 
band (VB). The so-produced photo-generated charges migrate onto the 
photocatalyst surface, reacting to adsorbed species and releasing reac
tive oxygen species (ROSs) responsible for the pollutants degradation. 
[8,9] 

From the discovery of the water-splitting property of TiO2 by 
Fujishima and Honda, [10] the applications of TiO2 in water and air 
purification have multiplied due to its extraordinary properties, such as 
high stability, low cost, high availability, etc. In this regard, Betts et al. 
[11] investigated the photocatalytic activity of nano-sized TiO2 (P25 
Degussa) towards PA degradation under UV irradiation, demonstrating 
the high efficiency of the material. Similarly, many studies have been 
done to decompose NOx under UV light by pristine TiO2. [7] To 
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overcome the limitation of TiO2 and extend its photo-response to the 
visible region improving its photocatalytic performance, surface modi
fication with noble metals nanoparticles (NPs) has been studied as an 
efficient approach. [12] 

According to the literature, silver, platinum, and gold NPs are 
promising metals for this purpose. [13] These metal NPs exhibit local
ized surface plasmon resonances (LSPR), leading to a high Schottky 
barrier between metal and semiconductor that facilitates the electrons 
capture and, therefore, hinders the recombination rate between the 
electron and the holes. [14] Besides, some oxides, such as Ag2O, formed 
during the synthesis can be coupled with TiO2, enhancing the photo
activity and antimicrobial properties. [15] 

Nevertheless, noble metals’ high prices and resource shortage limit 
their applications. In fact, many studies aim to find alternatives based on 
cheaper and more abundant materials. [16] However, to date, noble 
metals recovery from wastewater from particular manufacturing pro
cesses has not been given much credit. However, this approach should 
be considered a valid progressive method to obtain the precursors of 
noble metal NPs at a low cost. 

Many techniques have been proposed to produce noble metal 
nanoparticles, such as: biosynthesis, [17] chemical reductions of metal 
salts by traditional [18] and green approaches [19], and electrochemical 
methods. [20] Among all, electrochemical methods seem superior to 
obtain metal particles with higher purity and the possibility of particle 
size control. 

Concerning the electrochemical approach, it has been demonstrated 
that the introduction of poly (N-vinylpyrrolidone) (PVP) as a protecting 
agent accelerates the metal particles formation on the cathode, making 
the electrochemical process more efficient (Chen et al. [21]). This 
technique was successfully applied by Stucchi et al. [22] to produce Ag 
NPs from a wastewater solution enriched in Ag+ ions to decorate TiO2 
photocatalyst. However, it was recently demonstrated that a secondary 
decoration with other noble metals elevates the photoactivity of the 
catalyst [22], not only because it can overcome the possible restrictions 
related to the use of a non-pure precursor but also because the coupling 
of the two metals can lead to a positive synergistic effect. In this regard, 
some studies have reported Ag NPs stability enhancement when coupled 
with other noble metals, such as Au and Pt. [22] The synergistic effect 
between Au/Ag and Pt/Ag increases the localized surface plasmon 
resonance (LSPR) and, consequently, the electron trapping when 
compared to Ag/TiO2 monometallic photocatalyst. [22] 

In line with the global perspectives to enhance the efforts towards 
circular economy processes, the present research aims to synthesize 
multiple noble metals-modified micrometric TiO2-based photocatalysts 
by a cheap and sustainable approach based on using metal-enriched 
wastewaters. The synthesized materials were applied in the photo
degradation of PA and NOx, selected as model molecules for organic and 
inorganic air pollutants, respectively, under LED irradiation. The surface 
modification of TiO2 was carried out by Ag as primary decoration, 
whereas Au, Pt, and bimetallic AuPt NPs were used as secondary deco
ration. In the present work, it is demonstrated that properly tuning the 
metal decoration step, the material’s photoactivity can be optimized to 
enhance the activity towards propionic acid or NOx abatement. 

2. Experimental 

2.1. Materials 

Micro-sized TiO2 photocatalyst (1077, Kronos Worldwide, Inc.) is 
pure anatase, and its crystallographic structure was properly charac
terized in previous works of the research group. [23,24] Ag-enriched 
wastewater, as well as Au- and Pt-enriched wastewaters from Argor- 
Heraeus SA (Mendrisio, Switzerland), were used for primary and sec
ondary decoration of TiO2. The composition of the metal-enriched 
wastewaters is reported in Tables SI.1, SI.2, and SI.3. Other reagents, 
such as acetone (HPLC grade), sodium borohydride ((>98.0%), sulfuric 

acid (ACS reagent, 95.0–98.0%), propionic acid and D-(+) glucose (ACS 
reagent), were purchased from Sigma Aldrich, while 2-propanol (for 
analysis, ExpertQ, ACS reagent) was purchased from Scharlab and used 
without further purification. 

2.2. Photocatalyst’s preparation 

2.2.1. Ag/TiO2 synthesis (primary decoration) 
Ag NPs were electrochemically synthesized in aqueous phase from 

the Ag-enriched wastewater by a method reported in the literature. [21] 
More in detail, for the preparation of Ag/TiO2, 1 g of TiO2 was sus

pended in 2 mL of acetone. A proper amount of Ag NPs in the form of a 
colloidal solution was added to the previous suspension, and the mixture 
was stirred in a rotavapor (STEROGLASS, Strike 300) at 40 ◦C for 24 h. 
The temperature was increased to 80 ◦C for another hour until the 
complete solvent evaporation, obtaining a dried powder. The material 
was calcined in static air at 400 ◦C for 2 h. By this method 1%Ag/TiO2, 
4%Ag/TiO2, and 8%Ag/TiO2 photocatalysts were synthesized. 

By the same procedure, an 8%Ag/TiO2 photocatalyst (8%Ag/TiO2

pure)was prepared using an aqueous solution of Ag pure precursor 
(AgNO3). 

More details about the synthesis of the primarily decorated photo
catalysts are reported in Table SI.4. 

2.2.2. Metal @ag/TiO2 synthesis (secondary decoration) 
8%Ag/TiO2, which resulted in being the most efficient silver- 

decorated photocatalyst, was subjected to a secondary decoration by 
Au, Pt, and bimetallic AuPt NPs (with an Au/Pt ratio (wt./wt.) equal to 
1). The synthesis was carried out through a wet impregnation method, as 
reported by Falletta et al. [25] A proper amount of Au- and Pt-enriched 
solution was added to ultrapure water. D- (+)-glucose (glucose/metal =
50:1  molar ratio) was added as a surfactant, followed by a few mL of 0.2 
M NaBH4 solution (NaBH4/metal 1:1 (wt./wt.)) to obtain a colloidal 
dispersion. Eventually, the NPs were loaded on a proper amount of 8% 
Ag/TiO2, quickly adjusting the pH to 3 by a 0.1 M H2SO4 solution. The 
mixture was maintained under stirring for 3 h. Finally, the acquired solid 
was recovered by filtration, dried at room temperature overnight, and 
calcined in air at 400 ◦C for 2 h. By this method, Au @Ag/TiO2, Pt @Ag/ 
TiO2, and AuPt @Ag/TiO2 were fabricated at different loading. 

By the same procedure, a 0.1%Au @Ag/TiO2 and 0.1%Pt @Ag/TiO2 
photocatalysts (0.1%Au @Ag/TiO2pure and 0.1%Pt @Ag/TiO2pure) were 
prepared using aqueous solutions of Au and Pt pure precursors (AuCl4Na 
and Cl4K2Pt). 

More details about the synthesis of the multi-decorated photo
catalysts are reported in Table SI.5, SI.6, and SI.7. 

The complete list of the synthesized materials is summarized in 
Table 1. 

Table 1 
List of the synthesized samples.  

Material Primary decoration Secondary decoration 

Ag%(wt.) Pt%(wt.) Au%(wt.) 

1%Ag/TiO2 1 – – 
4%Ag/TiO2 4 – – 
8%Ag/TiO2 8 – – 
8%Ag/TiO2pure 8 – – 
0.1%Pt@Ag/TiO2 8 0.1 – 
0.5%Pt@Ag/TiO2 8 0.5 – 
1%Pt@Ag/TiO2 8 1 – 
0.1%Au@Ag/TiO2 8 – 0.1 
0.1%AuPt@Ag/TiO2 8 0.05 0.05 
0.1%Pt@Ag/TiO2pure 8 0.1 – 
0.1%Au@Ag/TiO2pure 8 – 0.1  
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2.3. Photocatalysts characterization 

The specific surface area was determined by N2 adsorption/desorp
tion isotherms at 77 K (Tristar II 3020 (Micromeritics)) with Bru
nauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda analyses. 
Before the analysis, the samples were pretreated (T = 150 ◦C, 4 h, N2) to 
remove adsorbed foreign species. The synthesized sample’s crystal 
structure and phase composition were recorded by X-ray powder 
diffraction (XRPD) on a Rigaku-Miniflex-600 diffractometer using 
monochromatic Cu- Kα radiation (λ = 1.541874 Å) at a scan rate of 0.02◦

min− 1. 
UV–Vis diffuse reflectance (UV-DR) spectra were collected at room 

temperature (200–700 nm) by a double-beam UV–Vis–NIR scanning 
spectrophotometer (Perkin Elmer Lambda 750 s UV–Vis spectropho
tometer, Perkin Elmer, Waltham, MA, USA), equipped with a diffuse 
reflectance accessory. The bandgap energy data were evaluated by 
performing the first derivative of the Kubelka-Munk transformation [26] 
according to Eq.1 

F(R) =
(1 − R)2

2R
(1)  

where R is the reflectance. F(R) is proportional to the extinction coef
ficient (α). The modified Kubelka–Munk function can be obtained by 
multiplying the F(R) function by hν, using the corresponding coefficient 
(n) associated with an electronic transition as follows (Eq. 2): 

(F(R) × hv )n (2)  

where h is the Planck’s constant (J.s), ν is the photon frequency, n is the 
specific transition that can be experimentally determined from the best 
linear fit in the absorption spectra. [27] 

The samples morphology and elemental analyses were evaluated 
using (i) a scanning electron microscope operating with a Field Emission 
source ((model TESCAN S9000G, (Overcoached, Germany); Source: 
Schottky type FEG; Resolution: 0.7 nm at 15 keV (in In-Beam SE mode) 
and equipped with EDS Oxford Ultim Max (operated with Aztec software 
6.0). All samples have been coated with Cr by means of an ion sputtering 
technique to improve their conductivity; (ii) a transmission electron 
microscope operating in high-resolution mode (model JEOL 3010-UHR 
(Tokyo, Japan); acceleration potential: 300 kV; LaB6 filament) and 
equipped with an Oxford INCA X-ray energy dispersive spectrometer (X- 
EDS) with a Pentafet Si(Li) detector. Samples were dry dispersed before 
the investigation on Cu grids covered with Lacey carbon without any 
further treatment. 

X-ray photoelectron spectroscopy (XPS) measurements were carried 
out on an M-probe apparatus equipped with an Al Kα source (hv =
1486.6 eV). Survey scans were measured between 0 and 1100 eV 
binding energy range with 5 eV energy resolution. 

The photoluminescence at room temperature has been measured on 
solid samples using a Varian Cary Eclipse Fluorescence Spectropho
tometer, exiting at 380 nm (slit ex = 5 nm, em = 5 nm). 

2.4. Photocatalytic tests 

2.4.1. Propionic acid photodegradation 
Each sample was dispersed in 2-propanol and deposited onto glass 

support (10 × 10 cm) by drop-casting. The glass was placed inside a 5.5 
L Pyrex reactor containing an initial 0.5 ppm concentration of PA in the 
vapor phase. The reactor was kept in the dark for 1 h to achieve the 
adsorption/desorption equilibrium, then irradiated by a LED lamp (350 
mA, 9–48 V DC, 16.8 W) with an emission range of 400–700 nm, 
yielding 2800 LUX intensity on the catalyst surface for 180 min. The 
progress of the reaction was monitored by gas-chromatography (Shi
mazu GC-2025, FID detector, Column Teknokroma®, TRB-625, 30 m×

0.32 mm× 1.8 μm). Oven program: initial temperature 90 ◦C for 1 min, 
70 ◦Cmin− 1 up to 200 ◦C for 5 min. Flowrate: 3.00 mLmin− 1, SS inlet: 

Split mode (split ratio 5:0). Injector temperature: 200 ◦C; Detector 
temperature: 220 ◦C. Nitrogen was used as carrier gas. 

To identify the PA transformation products (TPs), a gas-mass spec
trometer (GC–MS, TRACE 1300 Thermo scientific, ISQ QD single 
quadrupole mass spectrometer Column VF-5 ms× 30 m) was used. Oven 
program: initial temperature 50 ◦C for 3 min, 10◦Cmin− 1 up to 100 ◦C 
for 2 min, 50 ◦Cmin− 1 up to 200 ◦C. Flowrate: 3.00 mLmin− 1. Flowrate: 
1.00 mLmin− 1; Purge flow: 5.0 mLmin− 1. Injector mode: splitless; 
Injector temperature: 200 ◦C. Helium was used as carrier gas. MS 
transfer line and ion source were both at 270 ◦C, Mass range: 45–500 
amu. 

2.4.2. NOx photodegradation 
The photocatalysts that exhibited the most performing activity in the 

PA photodegradation (8%Ag/TiO2, 0.1%Pt@Ag/TiO2, 0.1%Au@Ag/ 
TiO2, and 0.1%AuPt@Ag/TiO2) were selected for NOx degradation tests. 
Each material as solid powder dispersion in 2-propanol was deposited by 
drop-casting on glass support (20 cm × 2 cm) and placed in a 20 L Pyrex 
glass cylindrical reactor. 

The reactor was filled in with NO2 that partially decomposes into NO 
until the chemical equilibrium is obtained, with an initial concentration 
of 500 ± 50 ppb and maintained at 40–50% humidity. 

The system was irradiated by a LED lamp (350 mA, 9–48 V DC, 16.8 
W) with an emission range of 400–700 nm, yielding an intensity of 1000 
lx on the catalyst surface. Both NO and NO2 concentrations were 
instantaneously monitored during the reaction by an ENVEA AC32e 
chemiluminescence detector directly connected to the reactor. 

3. Results and discussion 

3.1. Materials characterization 

The crystallographic phase composition of the synthesized samples 
has been characterized by X-Ray diffraction. The XRD patterns of all 
models (Fig. 1 A and B) show that both the primary and secondary 
decoration of TiO2 does not affect the crystallographic phase of anatase, 
as expected according to the literature [24,28]. In contrast, the addi
tional diffraction peaks at 38.1◦, 44.3◦, 64.4◦, and 77.5 are associated 
with the 111, 200, 220, and 311 crystal planes due to Bragg’s reflections 
for Ag NPs. 

It is evident that in the XRD pattern of the 1%Ag/TiO2 samples, the 
amount of metallic particles is too low to reveal, as well as for the metals 
used for the secondary decoration. 

Moreover, the small peak at 32.5◦ observed in 0.1%Pt @Ag/TiO2 
sample can be associated with other metals present in the Pt-enriched 
solution used for the catalyst preparation, in particular two traces of 
Cr3O4, as Cr is the second metal more concentrated in the waste solution. 

XPS survey analyses (Fig. SI.1) were carried out on the materials that 
showed the most promising photocatalytic properties (0.1%Pt @Ag/ 
TiO2, 0.1%Au @Ag/TiO2), as well as on 0.1%AuPt @Ag/TiO2 for 
comparison. The spectra exhibit the typical photopeaks associated with 
Ti2p, O1s, Ag3d, and C1s (284.6 eV), ascribed to adventitious carbon 
during XPS measurement. 

The presence of Au and Pt, as well as other metallic impurities, were 
not detected because below the detection limit. 

The high resolution (HR) C1s spectra (Fig. SI.2) show three compo
nents, C–C, C–O, and C––O, with a binding energy of 284.6, about 
286.1, and 287.5, respectively. 

The XPS HR spectra of Ti 2p, Ag 3d, and (d) O 1 s are displayed in 
Fig. 2. 

Concerning Ti photopeaks, all samples show the presence of Ti(IV) 
(Fig. 2 A-C). In fact, the Ti 2p doublet can be seen, corresponding to 2p 
1/2 and 2p 3/2 electrons, with doublet splitting of about 6 eV. Each 
signal can be deconvoluted into two peaks. 

If compared to bare TiO2 [29], the Ti 2p peaks of the synthesized 
materials are slightly shifted to higher binding energy values. In fact, the 
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main peak of Ti 2p3/2 is centered at about 459 eV and is related to the Ti 
(IV) ions of bulk anatase, whereas the second peak at about 458 eV is 
associated to Ti(III) species, suggesting a strong interaction between Ag 
and Ti species. For all the samples, the HR XPS spectrum of O 1 s can be 
deconvoluted into three peaks (Fig. 2 G-I). The more intense photopeak, 
centered at about 529.3 eV, can be easily attributed to the crystal lattice 
oxygen (Ti-O-Ti), whereas that at ca. 531.2 eV is related to the presence 
of surface hydroxyl groups (Ti-OH) and finally the peak at about 533.5 
eV is associated to adsorbed O2. [29] The Ag 3d spectra of the materials 
consist of two individual peaks located at ca. 368 eV and ca. 374 eV, 
which should be assigned to Ag 3d5/2 and Ag 3d3/2 binding energies, 
respectively (Fig. 2 D–F). The peak at 368.0 eV is attributed to metallic 
silver (Ag0). However, the Gaussian deconvolution of the Ag 3d5/2 
signal of the 0.1%Au@Ag/TiO2 leads to two peaks at 367.7 eV and 
373.7 eV, assigned respectively to metallic silver and silver alloy, 
respectively. This second peak confirms the strong interaction between 
the two metals used for the TiO2 decoration. 

The optical properties of the prepared samples and their UV light 
absorption response were explored by diffuse reflectance spectroscopy 
(DRS) measurements. Fig. 3 (A and B) displays the Tauc plots and 
absorbance spectra of pristine TiO2, 1%Ag@TiO2, 4%Ag@TiO2, and 8% 
Ag@TiO2, respectively. 

Although there is no significant shift in the bandgap energy of the 
decorated samples compared to the pristine TiO2 (Table 2), they 
exhibited a notable absorption shift in the visible region (Fig. 3 B) that 
increases with the Ag NPs load. The UV–Vis absorption spectra of the Ag- 
decorated photocatalysts in the visible region are associated with the 
noble metal surface plasmon resonance (SPR) that increases the light 
absorption. 

Concerning the doubly decorated samples, a further absorption shift 
in the visible region of the UV–Vis absorption spectra (Fig. 3 D) is 
observed, associated with the noble metals strong light absorption 
behavior due to the surface plasmon resonance (SPR). 

However, although the bandgap energy values of the further Pt NPs- 
modified catalysts slightly decreased from 3.13 eV to 3.08 eV (Table 2), 
if compared to pristine TiO2, this shift alone is not sufficient to justify the 
enhanced photoactivity of 0.1%Pt @Ag/TiO2 towards PA degradation. 

More in detail, comparing the UV–vis absorption spectra of 0.1%Pt 
@Ag/TiO2, 0.5%Pt @Ag/TiO2, and 1%Pt @Ag/TiO2 (Fig. SI.3), it is 
evident that the maximum absorption values in the visible region are 
obtained for 0.1%Pt @Ag/TiO2, according to the higher photoactivity of 
this sample towards the PA degradation reaction under LED. 

This result could be associated with Pt NPs aggregation when the 
metal load exceeds a proper concentration. 

Photoluminescence (PL) spectra of the most active samples (0.1%Pt 
@Ag/TiO2, 0.1%Au @Ag/TiO2), as well as on 0.1%AuPt @Ag/TiO2 for 
comparison were performed, and the results are reported in Fig. 4. 

The results are comparable to those reported in the literature for 
anatase titania. [30] The origin of PL spectra for the anatase phase is due 
to oxygen vacancies, self-trapped exciton, and surface states. The peaks, 
observed in the range 400–500 nm, are attributed to an indirect band 
gap, a surface recombination process, and self-trapped exciton (STE) 
localized on TiO6 octahedra and oxygen vacancies on the surface area of 
TiO2 nanoparticles. The visible emission (at 460, 485, and 520 nm) may 
be ascribed to the electron trapped in oxygen vacancies (the recombi
nation of e− / ℎ + pair via oxygen vacancies). No extra PL component 
was shown by both primary or secondary decoration samples, suggest
ing that metal NPs may efficiently capture photoexcited electrons from 
TiO2, providing a recombination route for the holes in TiO2 particles 
that does not generate PL, in line with the results of Dozzi et al. [31] 

The intensities of PL signals are indicative of the rate of e− /h +
recombination, so a lower intensity is related to a higher photocatalytic 
activity. [32] Comparing samples, the highest intensities are observed 
for 0.1%Au @Ag/TiO2, which shows lower activity. 

Neither the primary decoration nor the secondary one affects the 
values of the specific surface area (SSA) of the photocatalysts, as re
ported in Table 2. 

The specific surface area of bare TiO2 was measured 10 ± 2 m2/g, 
and this value remained relatively unaffected for all the decorated 
samples. 

For further morphological investigation, FESEM, HR-TEM, and EDS 
mapping were carried out for the doubly modified sample (0.1%Pt 
@Ag/TiO2) that exhibited more promising photoactivity for both PA 
and NOx abatement and the corresponding one modified by single 
decoration (8%Ag/TiO2). 

Concerning primary decoration with 8%Ag NPs, the FESEM image 
(Fig. 5 A, secondary electrons (SE) signals) reports the typical charac
teristics of a micro-sized TiO2 system, having a relatively inhomoge
neous size distribution but always in the micro-dimension range (>100 
nm). Fig. 8 B, referred to as the Back Scattered Electrons signals (BSE), 
evidences the presence of particles with different contrast that can be 
attributed to particles with different atomic numbers if compared to Ti 
and O species. Thus, being Ag the only other species, these might be 
attributed to Ag itself (average dimension range: above 200 nm). 

Fig. 1. XRPD patterns of both primary decorated (A) and secondary decoration (B) samples.  
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The EDS analysis (Fig. 5 C) and the elemental mapping (Fig. 5 D) 
confirm this qualitative assumption and give both the quantitative 
indication, being Ag percentage very close to the theoretical one (~8% 
wt), and the arrangement relative to the Ag species. If the 8%Ag/TiO2 
sample is inspected in deeper detail (i.e., at higher magnification; see, 
for instance, Fig. 5 E and F), it is evident that there are also individual Ag 
particles of relatively limited size (from 20 to 80 nm, with shapes that 
are not always spherical): also, in this case, the mapping (Fig. 5 G) 
confirms this feature. 

Fig. 6 reports the results obtained for the 0.1%Pt @Ag/TiO2 material. 
Although the system is basically very similar to the 8%Ag/TiO2 sample 
previously described, the presence of particles characterized by higher 
contrast is evident: these particles are rather heterogeneously dispersed 

on the top of the TiO2 matrix and might be attributed to both metals 
added in the preparatory phase (i.e., Ag and Pt species). FESEM (Fig. 6 
A) and HR-TEM (Fig. 6 C and D) images indicate that there are two- 
dimensional regimes in which the metallic particles were observed: 
one is significantly larger (> 15 nm), whereas the other exhibits smaller 
dimensions in the order of a few nm (2–4). The bimodal size distribution 
of the NPs is particularly evident in the BSE signal image (Fig. 6 B). 

As reported in the literature, [33] particle accumulation, non- 
homogeneous size, and low dispersion can be associated with long- 
term materials exposure at high temperatures during the calcination 
step. In fact, the samples synthesized with a multi-decoration approach 
were distressed by multi-step calcination, applied after each metal 
decoration. 

Fig. 2. XPS HR spectra of Ti 2p (A, B, and C), Ag 3d (D, E, and F), and O 1 s (G, H, and I) of samples: 0.1%Au @Ag/TiO2, 0.1%Pt @Ag/TiO2, and 0.1%AuPt @Ag/ 
TiO2 respectively. 
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Although the EDS investigation confirms that the percentage of Pt 
was close to the theoretical one (~0.1%wt), the estimated amount of Ag 
particles in the investigated zone was much lower than the theoretical 
one, which can be the result of the non-homogeneous distribution of Ag 
metal NPs on the surface of TiO2, as explained above. 

The co-presence of these two metal NPs can form a heterojunction 
between them and increase the possibility of synergistic effects. 

3.2. Photocatalytic results 

The photocatalytic properties of the synthesized materials were 
evaluated by the decomposition of PA and NOx, selected as model 
molecules for organic and inorganic air pollutants, respectively, under 
LED irradiation. 

3.2.1. Propionic acid photodegradation 
Fig. 7 reports the results of the PA photodegradation by all the 

synthesized catalysts. 
As can be seen in Fig. 7 A, the photolysis test led to a 20% PA 

decomposition in 3 h. Monitoring the reaction by GC/MS technique, 

Fig. 3. Tauc plots (A and C) and the UV–Vis absorption spectra (B and D) of all synthesized samples.  

Table 2 
SSA and band gap energy values of pristine TiO2, Ag/TiO2, 0.1%Pt @Ag/TiO2, 
0.1%Au @Ag/TiO2 and 0.1%AuPt @Ag/TiO2.  

Sample SSA(m2/g) Bandgap (eV) 

TiO2 11 3.13 
1%Ag/TiO2 11 3.15 
4%Ag/TiO2 9 3.15 
8%Ag/TiO2 9 3.12 
0.1%Pt@Ag/TiO2 10 3.08 
0.1%Au@Ag/TiO2 12 3.10 
0.1%AuPt@Ag/TiO2 10 3.08  

Fig. 4. PL spectra of 8%Ag/TiO2, 0.1%Au @Ag/TiO2, 0.1%Pt @Ag/TiO2, 0.1% 
AuPt @Ag/TiO2 (λexc = 380 nm). 
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glycolic acid and glyoxylic acid were identified as primary degradation 
products, as already observed in previous studies. [11] 

Concerning the photodegradation tests, if, on the one hand, the bare 
TiO2 shows a very poor photoactivity, starting after 90 min of irradia
tion, on the other hand, as expected, [24,28] Ag/TiO2 leads to a pro
nounced increase in photoactivity (Fig. 7 A). 

The photoactivity of the Ag-decorated photocatalysts is associated 
with the strong light absorption behavior of noble metal due to its 
localized surface plasmon resonance (LSPR), derived from the collective 
oscillation of surface electrons. Besides, the metal/semiconductor 
Schottky junction can facilitate the e− /h+ separation for charge transfer. 
[34] 

Moreover, the increase of Ag NPs load on the surface of TiO2 up to 
8% led to a beneficial effect on photoactivity, especially in the first 90 
min of irradiation. In fact, after about 1 h, the 8%Ag/TiO2 photocatalyst 
is able to decompose more than 30% of PA. In addition to the best 
photocatalytic performance, such a high quantity of Ag should guar
antee useful antibacterial properties of the material surface. A further 
increase in the metal load would, on the one hand, would lead to surface 
aggregation of the NPs with negative effects on the photocatalytic 

properties and higher process costs for the synthesis. For this reason, this 
material was selected for further decoration (secondary decoration), as 
described above. 

Fig. 7 B shows that, if compared to 8%Ag/TiO2, the second decora
tion with Pt NPs (0.1%Pt@Ag/TiO2) causes a strong enhancement in the 
PA degradation, leading up to 60% of its removal in 180 min. In 
contrast, by using Au NPs (0.1%Au@Ag/TiO2) for the secondary 
decoration, the photoactivity of the material was worsened (40%) even 
compared to 8%Ag/TiO2. 

Finally, as for the bimetallic secondary decoration, 0.1%AuPt @Ag/ 
TiO2 photocatalyst caused no photocatalytic activity improvement if 
compared to 8%Ag/TiO2. In fact, the promoting effect due to the pres
ence of Pt NPs is balanced by the deactivation phenomena related to the 
presence of Au NPs. 

The photoactivity enhancement of 0.1%Pt @Ag/TiO2 can be attrib
uted to the synergistic effect between Ag/Pt that promotes the separa
tion of photogenerated e− /h+ through trapping electrons and improving 
the quantum efficiency. [35] The localized surface plasmon resonance 
(LSPR) effect from Ag NPs and the “electron sink” effect from Pt NPs 
makes 0.1%Pt@Ag/TiO2 an efficient photocatalyst. [36] 

Fig. 5. FESEM SE (A and E) and BSE (B and F) images, EDS spectrum (C), and elemental mapping (D and G) of 8%Ag/TiO2 photocatalyst.  
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On the contrary, if compared to the other materials 0.1%Au @Ag/ 
TiO2 shows a strong initial deactivation. This result is related to the 
strong surface adsorption of propionic acid molecules that blocks the 
active sites reducing their photoactivity. In fact, to prove this hypothe
sis, the catalyst was exposed to propionic acid vapor for 2 h in the dark 
and then exposed to LED irradiation for the photodegradation tests. The 
results confirmed that, after such a prolonged exposure time to PA va
pors, the catalyst undergoes an important deactivation (Fig. SI.5). 

In order to investigate the effect of the metal impurities on the 
photocatalysts prepared by the metal-enriched wastewater, similar 
materials were fabricated by the use of Ag, Pt, and Au pure precursors, 
and the photocatalytic results are reported in Fig. SI.6. 

Surprisingly, if compared to the results reported in Fig. 5A, the data 
obtained by the photocatalysts synthesized using pure precursors are 
poor, although a similar trend can be observed (0.1%Pt@Ag/TiO2 > 8% 
Ag/TiO2 > 0.1%Au@Ag/TiO2). 8%Ag/TiO2 prepared by a pure pre
cursor (8%Ag/TiO2pure) degrades less than 30% of PA after light irra
diation (3 h). A comparison of the XRD patterns of the 8%Ag-modified 
photocatalysts (8%Ag/TiO2pure and 8%Ag/TiO2, 4%Ag/TiO2 and 1% 
Ag/TiO2) is shown in Fig. SI.7. First of all it is possible to observe that the 
peaks related to Ag NPs are less intense in the XRD pattern of 8%Ag/ 
TiO2pure, demonstrating that this material contains a smaller amount of 
Ag. Moreover, in the XRD pattern of 8%Ag/TiO2 other peaks appear that 
can be attributed to the impurities of the waste solution. 

It is evident from these results that the impurities present in the Ag- 
enriched waste (mainly Cu) have positive effects on the photocatalytic 
properties of the materials, very probably reducing the holes-electrons 
recombination and, consequently, enhancing the lifetime of the photo
generated charges. 

In this regards, the higher activity of Cu-co-doped Ag/TiO2 photo
catalysts compared to Ag/TiO2 have demonstrated in the literature. [32] 

Fig. SI.8 shows the time-resolved profiles of the transformation 
products (TPs) obtained during the PA photodegradation carried out in 
the presence of both 0.1%Pt @Ag/TiO2 and 0.1%Au @Ag/TiO2 and 
monitored by GC. It can be noticed that the common TPs when each 
0.1%Au @Ag/TiO2 or 0.1%Pt @Ag/TiO2 is used follow a different time- 
resolved profile. 

In order to identify the TPs produced during the PA photo
degradation process, the reaction carried out by both 0.1%Pt @Ag/TiO2 
and 0.1%Au @Ag/TiO2 was monitored by GC/MS. Only some of the TPs 
observed by GC analysis were identified, and based on this result, a 
hypothesis of the PA photodegradation pathway was proposed (Scheme 
1). 

The PA photodegradation pathway by nanometric TiO2 (P25 
Degussa) under UVA irradiation was already described by Lynn M. et al. 
[11] According to this study, the PA photodecomposition proceeds 
through competitive and consecutive reactions that form acetic acid, 
ethanol, and acetaldehyde. 

If compared to the literature, a new TP is here identified corre
sponding to ethyl propionate, most likely arising from not degraded 
propionic acid and ethanol (Scheme 1). 

Considering the beneficial effect of the Pt NPs as the secondary 
decoration on 8%Ag/TiO2, two further photocatalysts were synthesized, 
for which the percentage of Pt NPs was increased from 0.1% to 0.5% and 
1% wt. and tested for the PA photodegradation (Fig. 7 C). 

As shown in Fig. 7 C, the increase in Pt NPs load negatively affects the 
activity of the photocatalysts. This result was expected according to the 
UV–Vis absorption spectroscopy of these samples (Fig. SI.3) and could 

Fig. 6. FESEM SE (A), BSE (B), HR-TEM (C and D) images, EDS spectrum (E)and elemental mapping (F)of 0.1%Pt@AgTiO2 photocatalyst.  
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be ascribed to agglomeration phenomena of Pt NPs when their amount 
exceeds a proper quantity. 

3.2.2. NOx photodegradation 
The synthesized photocatalysts were also tested for the degradation 

of NOx under LED irradiation. 
Fig. SI.9 illustrates the results of NOx photodegradation by TiO2, 1% 

Ag/TiO2, 4%Ag/TiO2, and 8%Ag/TiO2. As expected, under LED, bare 
TiO2 shows low efficiency towards NOx removal (30%), whereas all the 
three primary decorated samples (by 1%, 4%, and 8% of Ag NPs, 
respectively) exhibit extraordinary photoactivity [28,37]. 1%Ag/TiO2 is 
able to degrade 77% of initial NOx. Increasing the Ag loading on TiO2 to 
4%, the percentage of NOx abatement reaches 81% and remains quite 
constant for further increase in the Ag content (8%Ag/TiO2 removes 
85% of initial NOx). LSPR absorption in Ag NPs is the main effect that 
makes this photocatalyst active under LED irradiation. 

Concerning the doubly decorated materials (Fig. 8), an inverse trend 
is observed with respect to that previously observed for PA photo
degradation. In fact, now the presence of Au NPs (0.1%Au @Ag/TiO2) 
promotes a more significant NOx abatement, reaching >90% of NOx 
removal in 3 h of LED irradiation. In contrast, the secondary decoration 
with Pt NPs (0.1%Pt @Ag/TiO2, 0.1% AuPt @Ag/TiO2) partially de
presses the activity of the catalyst, leading to a maximum degradation 
value of the 70% and 60%.for 0.1%Pt @Ag/TiO2, 0.1%AuPt @Ag/TiO2, 
respectively. 

Fig. 7. Percentage of PA photodegradation using TiO2, 1%Ag/TiO2, 4%Ag/TiO2 8%Ag/TiO2 (A), TiO2, 8%Ag/TiO2, 0.1%Pt @Ag/TiO2, 0.1%Au @Ag/TiO2 and 0.1% 
AuPt @Ag/TiO2 (B), And 0.1%Pt @ Ag/TiO2, 0.5%Pt @ Ag/TiO2 and 1%Pt @ Ag/TiO2 (C). 

Scheme 1. Proposed photodegradation pathway for propionic acid.  
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The positive effect of Au NPs, towards NOx removal was already 
reported in some studies, demonstrating that Au NPs were beneficial for 
absorbing visible light. However, the present results demonstrate that 
diverse phenomena concur with the positive effect of Au NPs decoration. 
The increased activity of the gold-decorated photocatalyst might result 
from a high tolerance of Au NPs to HNO3 produced on the surface of the 
catalyst, as recently demonstrated by Luna et al. for similar systems. 
[38] 

4. Conclusion 

In the present research, the decomposition of propionic acid, as one 
of the leading organic compounds in odors-polluted areas, and NOx, as 
model molecules for inorganic air pollutants, in the presence of both 
primary (Ag) and secondary (Au, Pt, and AuPt) noble metals-modified 
micro-sized TiO2 under LED has been investigated. Concerning photo
catalyst preparation, a sustainable approach based on the use of noble 
metals-enriched wastewater has been proposed. 

It was demonstrated that the presence of metallic impurities (mainly 
Cu) in the wastewater used for the preparation of the photocatalysts has 
a beneficial effect on the materials’ photoactivity, probably acting in the 
reduction of the holes-electrons recombination and, consequently, 
enhancing the lifetime of the photogenerated charges. 

Moreover, the results demonstrated that the secondary decoration of 
Ag/TiO2 with Pt NPs in small amounts causes an enhancement in the 
photocatalytic properties towards both PA and NOx degradation due to 
the localized surface plasmon resonance (LSPR) effect from Ag NPs and 
the “electron sink” effect from Pt. On the contrary, the effect of Au NPs is 
strongly related to the type of pollutant to be degraded. In fact, the 
presence of gold suppresses the photoactivity of the catalyst towards PA 
abatement because of the strong surface adsorption of PA molecules on 
the catalyst surface that blocks the active sites reducing their photo
activity. On the contrary, when employed in the NOx removal, 0.1%Au 
@Ag/TiO2 shows the highest activity, probably for the greater chemical 
resistance of gold to HNO3 produced on its surface. 
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