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Abstract

Indoor and outdoor air pollution remains a major health risk for human beings. Nitrogen oxides and volatile
organic compounds are amongst the major pollutant found outdoor. Thus, actions to diminish such risks
and to provide safer outdoor / indoor environment are required. In this research work, we have decorated
the surface of TiO; with noble-metal oxides (Ag and/or Cu,O) to improve the photocatalytic performances
(removal of nitrogen oxides and benzene) under simulated solar-light irradiation. By means of advanced X-
ray methods it has been shown that noble metals did not enter the TiO, crystal structure, although they

retarded the anatase-to-rutile phase transition and crystal growth.

Photocatalytic activity was assessed in the gas-solid phase, monitoring the degradation of NOx and
benzene, using a lamp simulating the solar radiation. Results showed that TiO, modified with an Ag:Cu
molar ratio equal to 1:1 (with Ag+Cu = 0.5+0.5 mol% = 1 mol%), was that exhibiting best de-NO, and

benzene removal performances.
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1. Introduction

The rise of cities was the most defining and lasting feature of the Industrial Revolution; this led to the
phenomenon called “urbanisation”. Although cities occupy just the 2% of the land in the Earth, they do
account for 60—-80% of energy consumption and 75% of carbon emissions [1]. An ongoing deterioration of
the quality of the air we breathe is a direct consequence of urbanisation. This is considered a significant
determinant for our health and well-being, thus air pollution remains a major health risk. In particular, long-
term exposure to outdoor air pollution [inorganic, i.e. NO,, a mixture of nitric oxide (NO) and nitrogen
dioxide (NO,), or organic, i.e. volatile organic compounds (VOCs), yet the infamous PM;s, that is a cocktail
of chemicals (hydrocarbons, salts and other compounds given off by vehicles, cooking stoves and industry)
and other natural components like dust and microorganisms [2]] in urban areas has serious health effects
[3] and it is also a key factor in the degradation of surfaces of historical buildings and monuments [4].
Indeed, the World Health Organisation estimated that 9 out of 10 people worldwide breathe air containing
high levels of pollutants, this regrettably leading to global mortality related to air pollution [5]. Therefore, it
was estimated that each year approximately 7 million deaths can be attributed to outdoor air pollution
worldwide [6]. Besides, the composition of VOCs in urban air has a changing face [7]: it has been showed by
McDonald et al. that there was an “evolution” in air pollution [8]. Those authors demonstrated that the
relative importance of chemicals in products like pesticides, coatings, printing inks, adhesives, cleaning
agents and personal care products has increased over the years [8]. Furthermore, photochemical smog is a
central issue to be aware of: high concentrations of noxious ground-level ozone (Os) are formed by
photochemical reaction amid NOy and VOCs [9,10]. This is reported to help the formation of secondary
organic aerosols from aromatic hydrocarbons, especially in urbanised areas [11], thus having a negative

impact on both human health and climate [12,13].

Since the discovery of the Honda-Fujishima effect in 1972 [14], TiO,-based photocatalysis (PC) has been
regarded as one of the most promising method to combat indoor and outdoor pollution. As well known,
TiOy's Achilles heel is its wide band gap, limiting its potentiality to the UVA region of the solar spectrum
[15]. Surface modification of TiO, with noble metal(s) to make noble-metal/metal-oxide nano-hybrids is

currently gaining momentum [16]. This is because metallic nanoparticles (NPs) are characterised by their
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strong interaction with resonant photons through an excitation of surface plasmon resonance (SPR) [17].
This improves TiO; PC activity increasing the photo-reactivity under UVA irradiation as well as enabling
absorption in a broad range of visible light [18—21]. Indeed, the junction amid the plasmonic metal and the
semiconductor has been shown to give a synergetic optical and electronic effect for unique photoreduction

performances under both UV- and visible-light irradiation [22].

In this work we have modified the surface of TiO, with silver and/or copper to enhance solar-light induced
PC activity. Silver has been chosen because of its well-known properties in enhancing TiO, PC activity with
both UVA and visible-light sources [23,24], and antibiotic character [25]. On the other hand, copper was
selected as it is able to induce visible-light absorption in titania, it has antimicrobial properties [26], yet
because of it is relatively inexpensive compared to other noble metals. Still, in the literature there very few
works investigating the solar-light PC activity of silver/copper supported on TiO, NPs [27,28]. PC results
have shown that the optimum Ag:Cu molar ratio for NOx abatement and benzene removal was 1:1.
Furthermore, electron paramagnetic resonance (EPR) spectroscopy, allowed us to identify radical
intermediates that were formed upon UVA or visible-light exposure, thus giving accurate information about

reaction pathways in the reacting system.

2. Experimental section

2.1 Sample preparation

A modified aqueous sol-gel method was used for the synthesis of TiO,-based photocatalysts; a detailed
procedure can be found elsewhere [29]. To do the Ag/Cu modified TiO,, stoichiometric amounts of silver(l)
nitrate (Sigma-Aldrich, = 99.0%) and copper(ll) nitrate trihydrate (Sigma-Aldrich, > 98.5%) were added to
the TiO,-based sol when this had a 1 M concentration. Two series of modified specimens were synthesised:
one with Ag+Cu = 1 mol%, with Cu mol% =0, 0.25, 0.50, 0.75, 1.00 mol%. The other having Ag+Cu = 2 mol%,
with Cu mol% = 0, 0.50, 1.00, 1.50, 2.00 mol%. Afterwards, dried gels were thermally treated at 450 °C
under a static air flow, using an electric muffle furnace. The heating/cooling rate was 5 °C min™%, with a 2 h
dwell time at the selected temperature. Samples were referred to as Ti450 (unmodified TiO,), Agx/Cuy in
case of Ag/Cu modified TiO,, where x stands for the Ag mol%, and y for the Cu mol% (i.e. TiO, modified with
0.75 mol% Ag and 0.25 mol% Cu has been labelled: Ag0.75/Cu0.25). The end members were labelled to as
Ag-TiO; and Cu-TiO; in case of 1 mol%; 2Ag-TiO, and 2Cu-TiO; in case of 2 mol%.

2.2 Sample characterisation



The size distributions of the starting sols were measured through dynamic light scattering (DLS), using a
Zetasizer Nano ZS (Malvern Instruments, UK). Four drops of the 1 M sol were added to a cuvette of Milli-Q
water, dispersed ultrasonically for 10 min, and measured at room temperature. The scattering was
measured at an angle of 173°, using a laser emitting at 633 nm, and the refractive indexes of water and the
Ti(OH)4 based sol particles were assumed to be 1.33 and 2.50, respectively [30]. Reported results are

averaged over three consecutive measurements (each measurement comprised 15 runs).

X-ray powder diffraction (XRPD) was used to quantify the crystalline fraction of the prepared specimens.
For this purpose, XRPD patterns for semi-quantitative phase analysis (QPA) were recorded at room
temperature on a 6/6 diffractometer (PANalytical X'Pert Pro, NL), equipped with a fast RTMS detector
(P1Xcel 1D, PANalytical), with Cu K, radiation (45 kV and 40 mA, 20-80 °26 range, with a virtual step scan of
0.02 °26, and virtual time per step of 200 s). The Rietveld data analysis for obtaining QPA information was
assessed using the GSAS software package [31], and its graphical interface EXPGUI [32]. Instrumental
broadening, obtained from the refinement of LaBe standard (NIST SRM 660b), was taken into account in all
of the Rietveld refinements. These latter were accomplished by refining the following parameters: scale-
factors, zero-point, 6 coefficients of the shifted Chebyshev function to fit the background, unit cell
parameters. The profile was modelled using the Thompson-Cox-Hasting formulation of the pseudo-Voigt
function [33], and two Lorentzian (Lx and Ly) terms, peak correction for asymmetry, as well as sample
displacement effects, were refined. The Gaussian parameter (Gw, that is an angle independent term) of the
pseudo-Voigt profile shape function of the phases constituting the samples was instead constrained to the
value obtained for LaBs (NIST SRM 660b). The starting atomic parameters for anatase, rutile and brookite,
described in the space groups (SGs) /4:/amd, P4,/mnm and Pbca, respectively, were taken from the
literature [34-36]. Microstructural features of the specimens were determined via XRPD too, using the
same instrument and setup as per the QPA, but in the 20-145 °26 range, with a virtual step-scan of 0.1 °26,
and virtual time per step of 500 s, aiming to handle data with a higher signal-to-noise ratio. The whole
powder pattern modelling (WPPM) [37,38], as implemented in the PM2K software [39], was used for the
microstructural analysis of the diffraction data. Diffracting domains are nanocrystalline, thus they were
assumed to be strain free and their shape was approximated to be spherical, with diameter distributed
according to a log-normal curve (i.e. strain contributions to the peak profile were neglected, and peak
broadening was assumed isotropic). The instrumental contribution was obtained by parametrising the
profile of 18 hkl reflections from the NIST SRM 660b standard (LaBs), according to the Caglioti et al.
relationship [40]. To assess the WPPM modelling we used the anatase (SG /4;/amd), rutile (SG P4,/mnm)
and brookite (SG Pbca) phases; then we refined those parameters: background (that was modelled using a
6th-order Chebyshev polynomial), peak intensities, specimen displacement, unit cell parameters, mean and

variance of the log-normal size distributions.



High-resolution scanning transmission electron microscopy (HR-STEM) experiments were performed using
an FEl Titan low-base microscope operated at 300 kV and equipped with a CESCOR Cs probe corrector, an
ultrabright X-FEG electron source and a monochromator. HR-STEM imaging was performed using high-
angle annular dark field (HAADF) and annular bright field (ABF) detectors. Automatic indexation of the FFT
patterns was performed by using the JEMS software [41]. Spatially-resolved electron energy loss
spectroscopy experiments were also performed with a monochromated beam (energy resolution of 210
meV with a dispersion of 0.03 eV per pixel). For TEM studies, samples were dispersed in ethanol in an
ultrasound bath for a few minutes and a drop of the suspension was placed onto a molybdenum/nickel
grids coated with carbon membrane.

The apparent optical energy band-gap (E;) was evaluated by means of optical spectroscopy. Diffuse
reflectance (DR) spectra were recorded on a Shimadzu UV-3100 spectrometer (JP), equipped with an
integrating sphere and a white reference material made of Spectralon®; the UV—Vis spectral range (250-
850 nm) was investigated, with 0.2 nm in resolution. The Tauc formalism was adopted to extract the E; of
the specimens [42], according to an indirect transition [43]. To this end, DR data where transformed into
pseudo-absorption spectra F(R)=a according to the Kubelka-Munk theory: F(R)=a=(1-R)?/2R, where R is the
reflectance [44]. Afterwards, the Tauc method was applied: ahv=ao(hv—E;)", where ap is a constant and the

power coefficient y for an indirect transition is equal to 2.

2.2 Functional applications

2.3.1 Photocatalytic activity: gas-solid phase

PC activity experiments were assessed in the gas—solid phase, monitoring the degradation of NO, gases and
benzene (CeHe), as they are known to be amongst the most harmful pollutants negatively influencing air
quality in urban environments [45], both indoor and outdoor. All of the gas-solid phase PC studies were
carried out in a reactor that operated continuously [46]. The condition of continuous flow was necessary to
achieve sample saturation, ensuring that, during the test, the PC process was the only one involved (i.e., no
absorption from the sample nor from the reactor walls) [47]. It comprised a cylindrical chamber (3.8 L
internal volume) built from a high grade stainless steel with a stainless steel top with a sealed glass window
to allow the light to reach the sample that was placed inside. The light source employed was a light
imitating the solar spectrum [Osram Ultra-Vitalux, 300 W, its emission spectrum being showed in Figure S1,
(supplementary information file)]. This was positioned 33 cm above the photocatalyst; the light intensity
reaching the surface of the photocatalyst was then equal to 3.5 mW.cm™ in the UV-A range, and 35
mW.cm™ in the visible spectral range. [It has to be stressed here that the radiant flux (in the UV-A and
visible regions) entering the reactor is significantly lower compared to that of xenon arc lamps, that are

frequently used in the catalytic community (i.e. in the order of around 8 mW.cm™ in the UV-A region, and
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80 m.W cm™2 in the visible, see for instance references [48-50]).] A Petri dish 6 cm in diameter was filled up
with a layer of powder. The tests were assessed at 24+1 °C (temperature inside the reactor) with a relative
humidity of 36%. These parameters — stable throughout the tests — were controlled by means of a
thermocouple that was placed inside the chamber, and a humidity sensor placed in the inlet pipe. As per
the de-NOy PC experiments, the initial concentration of NO, (prepared using synthetic air and NO, gas) was
set at 200 ppb [It has to be noted that such concentration is higher than that commonly reported outdoor,
e.g. outdoor urban levels have an annual mean range of 20-90 pg.m™ (around 11-48 ppb) [3]]. The outlet
concentration of NO, gases was measured using a chemiluminescence analyser (AC-30 M, Environment SA,
FR), according to a procedure that we described in very detail previously [21,51].

When benzene was used as model gas, its concentration exiting through the outlet was measured using a
VOC-72M gas analyser (Environment SA, FR), that is based on gas chromatography and photo-ionisation
detector. The inlet gas mixture (prepared mixing gas cylinders containing synthetic air and CgH¢) was
allowed to flow into the chamber until it stabilised at a concentration of ~260 pg.m= (~80 ppb). This
concentration was chosen because the World Health Organisation recommends an exposure to total VOCs
< 300 pug.m~ during 8 h/day [52]. The mixture of air with that concentration of C¢Hs was guaranteed using

two mass flow controllers with a flow rate of 150 mL.min™.

The experiments were conducted by placing the Petri dish containing the photocatalyst inside the reactor
and covering the glass window. Once the desired NO,/CsHs concentration was reached and attained stable
level into the reactor, the window glass was uncovered, the lamp turned on and the PC reaction started. PC
tests were all repeated in triplicate to check recyclability and photo-stability of the photocatalysts [53]. PC
data are presented as formal quantum efficiency (FQE) values which is defined as the molecules degraded
over incident photons [54]. The total irradiation time for FQE determination was set at 10 min for the de-
NOy experiments, and 6 h for the removal of benzene. It is important to stress that FQE reflects the lowest
estimate of the true quantum efficiency [55]. Therefore, aiming to have a better comparison between the
tested specimens, data relative to the first 2 min (de-NOy) or 60 min (C¢Hs removal) of reaction time, were

interpreted according to a first order kinetic law.



3. Results and discussion

3.1 QPA and Microstructural Analyses: XRPD and HR-STEM

DLS results are listed in Table S1. Particles dispersed in the unmodified titanium sol had a number average
diameter of 4.8 nm, and a polydispersity index (PDI) of 0.343, thus the particles in the sols are “moderately”
polydisperse. Addition of Ag and Cu salts to the Ti sol did not lead to any considerable variation in the
average diameter of the particles dispersed in the sol, see Table S1. However, a general increase in the PDI

happened, this being > 0.4 in the Ag/Cu modified TiO,, meaning highly polydisperse values [56].

XRPD QPA results are listed in Table 1; a graphical output of a Rietveld QPA refinement is shown in Figure
S2 (Agl/Cul). Unmodified TiO, specimen (Ti450) was composed of the three TiO, polymorphs: anatase
(56.5 wt%), rutile (19.8 wt%) and brookite (23.6 wt%) — anatase is the thermodynamically stable TiO,
polymorph on the nanoscale [57], yet brookite is a common “by-product” of the synthesis when
precipitation is carried out in acidic medium [58]. Modification with silver (1 and 2 mol%) retarded the
anatase-to-rutile phase transition (ART). Indeed, Ag-TiO, had 83.7 wt% anatase, 5.4 wt% rutile and 10.9
wt% brookite; 2Ag-TiO2 had a very close mineralogy, being composed of 83.0 wt% anatase, 4.5 wt% rutile

and 12.5 wt% brookite.

Table 1 - Rietveld agreement factors and quantitative phase composition of the unmodified and Ag/Cu-modified

TiO,.*
Sample No. of Agreement factors Phase composition (wt%)
variables

R(2) (%)  Rup (%) X2 anatase rutile brookite
Tia50* 20 3.54 4.03 1.74 56.5+0.1 19.840.2 23.620.6
19 5.56 4.55 2.01 83.7+0.1 5.4+0.3 10.910.4
Ag0.75/Cu0.25 21 3.77 3.24 1.44 91.6+0.1 5.310.4 3.1+0.2
Ag0.50/Cu0.50 20 3.71 3.58 1.46 94.9+0.1 3.9+0.3 1.2+0.2
Ag0.25/Cu0.75* 19 2.27 3.01 1.59 94.5+0.1 4.4+0.2 1.2+0.2
Cu-TiO;* 20 3.16 3.60 2.03 82.2+0.1 9.0%0.2 8.840.8
19 4.32 3.96 1.79 83.0+0.1 4.5%+0.3 12.5+0.4
Ag1.50/Cu0.50 20 2.30 2.84 1.56 74.6+0.1 5.8+0.2 19.610.4
Agl/Cul 21 3.51 2.82 1.54 77.910.1 5.4+0.2 16.7£0.3
Ag0.50/Cul.50* 18 2.04 3.48 1.56 93.410.1 4.810.2 1.8+0.2
2Cu-TiOy* 22 4.44 3.74 2.07 81.4+0.1 8.840.2 9.840.8

* There were 2285 observations for every refinement; the number of anatase, rutile and brookite reflections was 32, 31

and 155, respectively. "From [59]; *from [26].



Copper modification led to very close results: ART was hindered (though in lesser extent compared to Ag
modification), as Cu-TiO, was composed of 82.2 wt% anatase, 9.0 wt% rutile and 8.8 wt% brookite. 2Cu-
TiO, composition was similar, anatase accounting for 81.4 wt%, rutile being 8.8 wt%, brookite being the
remaining wt%, cf Table 1. Double (Ag+Cu = 1 mol%) TiO, modification retarded even more the ART. For
instance, anatase was present in wt% ranging from 91.6 to 94.5 w% in Ag0.75/Cu0.25 and Ag0.25/Cu0.75,
respectively. A different scenario appeared when the Ag+Cu modification was equal to 2 mol%. ART was
indeed retarded compared to Ti450, but to a lesser extent in comparison with 2Ag-TiO2 or 2Cu-TiO2. As a
matter of fact, with molar amounts of silver equal to 1.50 and 1.00 mol% (this meaning: copper molar
amounts = 0.50 and 1.00 mol%, respectively), brookite crystallisation was favoured at the expenses of
anatase. Ag1.50/Cu0.50 was made of 74.6 wt% anatase, 5.8w% rutile and 19.6wt% brookite. Similarly, an
equimolar amount of Ag and Cu (Agl/Cul) resulted in 77.9 wt% anatase, 5.4 wt% rutile and 16.7 wt%
brookite. Switching the molar amount of copper to 1.50 mol% (Ag0.50/Cul.50), favoured a stabilisation of
the anatase TiO, polymorph (this being 93.4 wt%), consistent with recent literature [60]. Generally
speaking, modification of TiO, with Ag+Cu retarded the ART in each case. ART is known to be a nucleation-
growth mechanism [61], thus introducing silver and copper in the TiO, system led to a grain-boundary
pinning (i.e. Zener pinning) [59], which eventually culminates in delaying the ART. This is also reflected by a
decrease in the mean average diameter of the crystalline domains, see WPPM microstructural information
reported in Tables 2—4 — an example of WPPM graphical output is shown in Figure S3. Anatase crystalline
domains in unmodified TiO, have an average diameter of 10.4 nm, those of rutile of 14.4 nm. Silver and
copper modification of TiO, led not only to smaller crystalline domain diameters, but also to narrower size
distribution of those crystalline domains, as shown in Table 2. Addition of silver and silver and copper had a
greater effect in decreasing the average size of both anatase and rutile diameters. For instance, anatase in
Ag-TiO; had an average diameter equal to 6.0 nm; that of rutile was 11.5 nm. Anatase in the Ag+Cu
equimolar specimen (Ag0.50/Cu0.50) had and average diameter of 5.1 nm, rutile of 12.8 nm. Copper
addition had a minor effect in decreasing the size of the coherently scattering domains: 8.0 nm and 12.1
nm were the diameters of anatase and rutile, respectively, in Cu-TiO,. Double amount of silver and/or
copper led to a more pronounced reduction of the crystalline domains of both anatase and rutile. The
double modification had a greater effect in the decrease of rutile average diameters (see Table 2, third
column). Furthermore, looking at the virtually nil differences in unit cell volumes (Table 3), neither Ag nor
Cu entered the TiO; structure. Indeed, the ionic radii of MAg**/?, Mcu'*/?*and VITi* are 1.15/0.94,
0.77/0.73 and 0.61 A, respectively [62]. However, the very slight changes in tetragonality (cf Table 4), might
suggest the presence of some local structure distortion in both anatase and rutile (in the Ag+Cu modified

specimens).



Table 2 — Mean crystalline domain size of anatase (ant) and rutile (rt) — defined as the mean of the lognormal size distributions; maximum values (mode), median, skewness of
the lognormal size distributions, and dispersity index (9), as derived from the WPPM method. The apparent optical E; of the samples, according to an indirect transition, are
listed in the last column.

Sample Mean crystalline Mode of the size Median of the size Skewness of the size 19} Indirect E;*
domain diameter distribution distribution distribution

(Dant) (hm) = (Dy) (nm) Ant (nm) Rt (nm) Ant (nm) Rt (nm) Ant (nm) Rt (nm) Ant Rt eV nm

Ti450% 10.4+0.7 14.4+0.6 9.4+0.6 9.910.4 10.0+0.6 12.7+0.5 0.8+0.1 1.810.1 0.07+0.01 0.29+0.04 2.94 422

6.0+0.6 11.5%£2.5 5.1+0.9 8.1+1.8 5.610.6 10.242.2 1.1+0.1 1.7+0.1 0.12+0.05 0.2610.15 2.79 444

Ag0.75/Cu0.25 5.610.6 11.6+3.7 4.4+0.5 10.1+3.2 5.1+0.6 11.0+3.5 1.3+0.1 0.910.1 0.18+0.03 0.09+0.07 2.73 454

Ag0.50/Cu0.50 5.1+0.5 12.8+45.3 3.810.4 8.813.6 4.610.5 11.3#4.6 1.5+0.1 1.8+0.1 0.21+0.03 0.28+0.04 2.71 458

Ag0.25/Cu0.75" 6.710.3 11.24+0.1 5.3+0.2 9.4+0.1 6.2+0.2 10.6+0.2 1.3+0.1 1.1+0.1 0.16+0.09 0.13+0.02 2.81 442

Cu-TiO;# 8.0+0.2 12.1 6.6+0.2 8.510.8 7.510.2 10.7£0.9 1.1+0.1 1.7+0.1 0.13+0.06 0.2610.06 2.79 444

5.4+1.4 10.4+1.8 4.611.2 8.5t1.5 5.1+1.3 9.7+1.7 1.1+0.1 1.2+0.1 0.12+0.04 0.15+0.06 2.70 459

Ag1.50/Cu0.50 5.810.3 6.610.6 4,910.3 4.4+0.6 5.51£0.3 5.810.6 1.1+0.1 1.8+0.1 0.12+0.08 0.30+0.04 2.65 468

Agl/Cul 5.6+0.5 7.7£1.0 4.7+0.4 4.9+0.6 5.310.4 6.610.9 1.1+0.1 2.0£0.1 0.12+0.01 0.35+0.08 2.55 486

Ag0.50/Cul.50" 5.2+0.8 9.4+0.3 4.0+0.1 8.2+0.3 4.7+0.3 9.0+£0.8 1.4+0.1 0.910.1 0.20+0.01 0.09+0.07 2.75 452

2Cu-TiO5* 8.8+0.2 10.3+0.9 7.910.2 6.810.6 8.410.2 9.0+£0.8 0.810.1 1.9+0.1 0.07+0.03 0.32+0.07 2.75 451

*From [59]; *from [26]; “the relative errors in the E; estimations were < 1%.



Table 3 — WPPM agreement factors and unit cell parameters for the anatase, rutile and brookite TiO, polymorphs in the synthesised Ag/Cu-TiO, specimens.

Sample Agreement factors
Rup (%) | Rexp (%) = 22

a=b (nm)

Tia50% 6.17 1.96 3.15 0.3791(1)
3.63 2.52 1.44 0.3787(4)

Ag0.75/Cu0.25 3.55 2.57 1.38 0.3791(2)
Ag0.50/Cu0.50 3.48 2.61 1.33 0.3790(2)
Ag0.25/Cu0.75" 2.83 2.04 1.39 0.3790(1)
Cu-Tioy* 2.53 2.09 1.21 0.3790(1)
2.83 2.43 1.16 0.3788(4)

Ag1.50/Cu0.50 3.03 1.94 1.56 0.3793(1)
Agl/Cul 3.04 1.95 1.56 0.3794(1)
Ag0.50/Cul.50" 3.56 1.88 1.89 0.3790(2)
2Cu-TiOy* 3.85 1.95 1.97 0.3790(1)

*From [59]; *from [26].

Anatase

¢ (nm)
0.9515(1)
0.9503(12)
0.9510(6)
0.9510(6)
0.9516(2)
0.9510(3)

0.9487(16)
0.9524(9)
0.9516(10)
0.9514(4)
0.9511(3)

V (nm3)
0.137(1)
0.136(2)
0.137(1)
0.137(1)
0.137(1)
0.137(1)

0.136(2)
0.137(1)
0.137(1)
0.137(1)
0.137(1)

a=b (nm)
0.4598(1)
0.4594(3)
0.4601(5)
0.4599(3)
0.4608(1)
0.4600(1)

0.4599(5)
0.4606(3)
0.4607(2)
0.4596(3)
0.4600(1)

Unit cell parameters

Rutile

¢ (nm)
0.2959(1)
0.2959(2)
0.2935(6)
0.2947(3)
0.2955(1)
0.2959(1)

—_——_ =~ = =

0.2959(4)
0.2956(3)
0.2958(2)
0.2959(4)
0.2961(1)

V (nm3)
0.063(1)
0.062(1)
0.062(3)
0.062(1)
0.063(1)
0.063(1)

a (nm)
0.5440(2)
0.5455(19)
0.5467(35)

0.5459(4)
0.5485(55)
0.5470(17)

0.547825)

0.5455(6)

Brookite
b (nm) ¢ (nm)
0.9206(4) 0.5157 (1)
0.9134(18) 0.5164(9)
0.9110(18) 0.5156(7)
0.9129(29) 0.5147(7)
0.9156(75) = 0.5171(23)
0.9185(22) 0.5171(5)
0.9167(24) 0.5186(8)
0.9105(37) 0.5144(6)

V (nm3)
0.258(1)
0.257(4)
0.257(7)

0.256(2)
0.260(14)
0.260(4)
0.260(5)

0.255(2)
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Table 4 — Tetragonality (c/a) in anatase and rutile TiO, polymorphs.

Sample Tetragonality (c/a)
Anatase Rutile

Ti450 2.5099(3) 0.6435(4)
2.5094(16)  0.6441(9)
Ag0.75/Cu0.25 2.5086(8) 0.6379(23)
Ag0.50/Cu0.50 2.5092(8) 0.6408(12)
Ag0.25/Cu0.75 2.5108(3) 0.6413(4)
Cu-TiO, 2.5092(4) 0.6433(4)

2.5045(20)  0.6434(17)

Ag1.50/Cu0.50 2.5109(10) = 0.6418(12)
Agl/Cul 2.5082(11)  0.6421(8)
Ag0.50/Cul.50 2.5103(7)  0.6438(15)
2Cu-TiO, 2.5095(4)  0.6437(4)

HR-STEM imaging was performed to confirm these findings. HR-STEM images acquired on the sample Ti450
are shown in Figure 1. The diameter of the grains is between 4 nm and 60 nm and the high-crystalline
quality of them can be appreciated in Figure 1b. However, for this sample, indexation of the FFT patterns is
ambiguous because the same pattern can be ascribed to either anatase or rutile phases. The get more
information on this point, EELS analyses were performed in the energy range corresponding to the Ti-L33
edges (Figure 1c). The EELS spectra show chemical inhomogeneity which corresponds to a mixed phases
[63]. In particular EELS fine structures corresponding to a mix of anatase, rutile and/or brookite phases can
be clearly highlighted. This confirms the results obtained by XPRD. STEM HAADF images of Ag0.50/Cul.50
are shown in Figure 2. The presence of nanoparticles which are dispersed in the TiO, matrix and with a
diameter situated between 5 and 10 nm can be seen in Figure 2a. They have a brighter contrast than the
surrounding matrix which highlights a higher atomic number. The crystalline nature of these nanoparticles
is highlighted in Figure 2b and the automatic indexation of the FFT pattern by using the JEMS software [41],
showed that these nanoparticles correspond to the Ag face-centred cubic structure described in the [011]

zone axis.
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450 455 460 465 470 475
Energy (eV)

Figure 1 — a) HR-STEEM HAADF micrograph of the sample Ti450; b) HR-STEM ABF micrograph of Ti450; c) EELS spectra acquired on
the sample Ti450 and showing the Ti-L, 3 edges.

10 t/nm * Ag [o11]

Figure 2 — a) STEEM HAADF micrograph of the sample Ag0.50/Cul.50. The green arrow highlights the presence of nanoparticles
with a brighter contrast than the surrounding matrix b) HR-STEM HAADF micrograph of the sample Ag0.50/Cul.50. The inset
displays the FFT pattern obtained on the area highlighted by the red square.

3.2 Optical properties: DRS
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DR spectra are shown in Figure 3. The absorption band located at < 3.0 eV is ascribed to the band gap
transition in TiO, [44]; the absorption feature in 2Ag-TiO, and Agl/Cul, located at around 2.75 eV, belongs
to interfacial charge transfer (IFCT), that is the electron transferring from the valence band of TiO, to the Ag
and/or Cu,O clusters that are grafted around titania [64]. The weak band at approximately 2.25 eV in 2Ag-
TiO, can be tentatively attributed to the localised SPR in Ag® [65], or to the uphill electron transfer process
from Ag® to the conduction band of TiO, — plasmon-induced charge separation (PICS) [66]. The strong
absorption band seen at lower energies (< 2.25 eV) and centred at ~1.5 eV in Agl/Cul and 2Cu-TiO,,

belongs to d—d electronic transition in Cu?* [67].

104 o
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
10 15 20 25 30 35 40 45 50 55
Photon Energy (eV)

—— Ti450
2Ag-TiO,
Ag1/Cul-TiO,

—— 2Cu-TiO,

Reflectance

Figure 3 — Diffuse reflectance spectra of selected specimens. Reflectance values on the y-axis are normalised.

The apparent optical E; was estimated via the Tauc formalism, taking into account an indirect transition
(Figure S4, Agl.5/Cu0.5). The obtained values are listed in Table 2 (12" and 13™ columns). Ti450 had an
indirect E; equal to 2.94. This is consistent with the expected value for rutile, as this TiO, polymorph
possesses a stronger relative response factor for diffuse reflectance than that of anatase [68] — that
specimen contained 19.8 wt% rutile, see Table 1. Addition of Ag/Cu systematically shifted the apparent
optical E; toward lower energies, this meaning that those specimens can (potentially) harvest visible-light.
However, it has to be stressed that E; values reported in Table 2 do not necessarily correspond to an actual
upward shift of the valence band edge toward the conduction band of TiO,, or to a real contraction of the

actual band-gap [69].
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3.4 Functional properties

In this section are only discussed the de-NOy results and C¢Hs removal tests of specimens in which Ag+Cu =
1 mol%. Previous literature showed that an excessive loading of both Cu and Ag to be detrimental for the

PC activity: both CuO/Ag likely behaved as recombination centres (see for instance Figure S5) [70-72].

3.4.1 Gas-solid phase photocatalytic activity: de-NOy

Results describing the de-NOx PC activity, over 10 min irradiation time, are shown in Figure 4a-c.
Unmodified TiO, displayed a de-NOy rate of 2.5x107® molecules.photon™. As per the mono-modified TiO>
specimens, they both were more active than Ti450, with Ag-TiO; being more active than Cu-TiO, having a
NO, removal rate of 3.9x1073, and 2.6x10~® molecules.photon™, respectively (Figure 4b). Those results are
somehow confirmed by the kinetic constant (k’spp) for the initial 2 min of reaction time, Figure 4c. Ti450 had
a K’app value of 6.9x10 min?, being followed by Cu-TiO, (7.8x1072 min™), and Ag-TiO, being the most
active (8.9x1072 min™?). This is quite expected for Ag-TiO,, as when a noble-metal/metal-oxide nano-hybrids
system is irradiated with UV-light, electrons in the semiconductor are promoted from the valence band to
the conduction band. They are then transferred to the Fermi level of the noble-metal, thus favouring the
separation of e’/h* photo-generated pair [21], as depicted in Scheme 1a. On the other hand, from DR
measurements, we know that copper was (mostly) in its cupric form. CuO valence band and conduction
band are sandwiched between those of TiO; [73], as shown in Scheme 1b. This scenario, that is: type—I
band alignment, favours a charge recombination [60]: a charge transfer from both the conduction band and
valence band of TiO; to those of CuO happens. This agrees well with previous literature in which copper
modification of TiO, has been reported to not improve the PC performances of titania, because of the
afore-mentioned charge recombination [60,74,75]. As per the Ag/Cu modified specimens, Ag0.50/Cu0.50
was the most active sample, as also shown by the FQE rate (4.2x10~® molecules.photon™) and the initial
(first 2 min of reaction) pseudo-first order kinetic constants (12.5x1072 min™), ¢f Figure 4b,c. According to
Remita et al. [28], when Ag and CuO are grafted on TiO, NPs, they scavenge electrons, thus inducing an
increase in the PC activity — Ag NPs act themselves as an electron trap for both TiO; and CuO. However,
according to those authors, an Ag:Cu = 1:3 ratio was found to be the optimum for phenol degradation [28];
yet, Ovcharov et al. reported the molar ratio Ag:Cu=1:6 to be the optimum for PC carbon dioxide reduction

[27].
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Still, such an efficient charge separation is able to increase the lifetime of the photo—generated exciton,
thus improving the PC activity, cf Scheme 1c, in which the left side is supposed to dominate. Moreover, the
visible component present in the solar lamp is able to sensitise TiO, by transferring excited electrons from
CuO/Ag NPs to the conduction band of TiO, through IFCT [24,76], thus further enhancing the PC activity.

Therefore, those PC redox reactions are proposed to happen in the Ag/Cu-modified TiO, specimens:

Ag/Cu-TiOzs + hv > ecs™ + hys* (1)
hve* + Hy0(ads) = “OH(ads) + H* (2)
ecs” + Oz(ads) > "O2(ads)” (3)
NO + *Ojads) - > NO5~ (4)
NO;™ + H* > HNO; (5)
NO + *OH(ads) - HNO; (6)
HNO; + *OH(aas) = NO; + H,0 (7)
NO; + "OH(ads) > HNO3 (8)
HNO3(ads) > HNO3(ag) (9)

Equations (1) to (3) depict the typical PC reactions at the surface of a semiconductor material, that are the
charge carrier (exciton) generation [i.e. Equation (1)], as well as the trapping of an e” and of a h* to give
active hydroxyls and oxygen radicals, see Equations (2) and (3). Equations (4) to (8) describe the oxidation
reactions by oxygen radicals and hydroxyl radicals — with Equations (4) and (5) being more likely to happen
in Ag0.50/Cu0.50, as shown in Figure 5, in which is reported a plot of the degradation of NO and NO; versus
reaction time of Ag0.50/Cu0.50. In it, it is shown that the concentration of NO,, after having turned the
lamp on, is virtually stable, whilst that of NO is degraded. Therefore, as suggested by recent literature, O,"~
should be the main active oxidative species for the PC reduction of NO [51]. As a final point, nitric acid is
the end-product of NO, PC degradation [77], however it can be easily eluted from the catalyst into water,

thus the de-NOy cycle should be closed via Equation (9) [78].
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system; c) an anatase—Ag®—CuO system. The energy levels of TiO, are from specimen Ti450 (this work); those of CuO from Xu and
Schoonen [79]; the value of the work function (WF) in Ag® is from Michaelson [80].

Note that, although the data reported here might not reflect a rigorous picture of the absolute values of conduction band and
valence band potentials, they provide a reasonable estimate of the relative band edge positions.
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3.4.2 Gas-solid phase photocatalytic activity: benzene removal

An example of benzene removal plot is shown in Figure 6a, whilst in Figure 6b,c are depicted the benzene
removal data, reported as FQE rates over 6 h irradiation time, and as the initial (first 60 min of reaction)
pseudo-first order kinetic constants, k’.p,. Ti450 showed a removal rate of benzene of 2.1x1073
molecules.photon™. Ag-TiO, was the best performing specimen in terms of FQE benzene removal rate
(2.5%10™° molecules.photon™). Still, over 6 h irradiation time, Ag/Cu specimens had FQE rate lower than
that of unmodifeied TiO2 (Figure 6b). Again, the less active TiO, specimen in benzene removal was that
modified with 1 mol% copper (FQE = 0.5x10™° molecules.photon™), confirming itself to be not a good
candidate to improve TiO, solar PC activity. However, considering the initial kinetic of benzene removal
(first 1 h irradiation), Figure 6c, the best performing specimens were Ag-TiO,, Ag0.50/Cu0.50, and
Ag0.25/Cu0.75 (19.8x107, 19.8x107%, and 19.2x1072 min, respectively), which is in a way a trend close to

that obtained with the abatement of NO, gases.

PC oxidation of benzene is quite a complex matter. According to Einaga and co-workers, the highly reactive
*OH radical [see Equation (2)] can oxidise benzene to CO; [81]. These authors stated that, during benzene
oxidation, many kinds of intermediate radicals might be formed, including cyclohexadienyl radical, which in
turn can be subsequently oxidised to a hydroperoxyl radical. These intermediate radicals are eventually
decomposed to CO, and CO, and/or transformed to other intermediate species [81]. Otherwise, Ollis et al.,
proposed benzene degradation to follow two routes: (I) direct h* oxidation to yield phenol; (ll) benzene
polymerisation — benzene radical cation might react with an incoming benzene molecule, or a benzene
molecule adsorbed on the surface, to form polymers [82]. Han et al., identified 11 gaseous by-products
from the PC oxidation of benzene — these were all saturated hydrocarbons, less toxic than benzene [83]. Or
else, recently, Selishchev and colleagues found that the conversion of benzene led to the formation of CO
as a harmful by-product (approximately 5%) [84]. Yet, Lyulyukin et al., by means of FT-IR spectroscopy,
reported that benzene is completely (photocatalytically) oxidised to CO, and CO without the formation of
any gaseous intermediates [85]. As it is seen, benzene PC degradation is quite an intricate matter, with still
no utter consensus amongst the scientific community about the intermediates compounds formed during
its (photo)-oxidation. Indeed, from the gas-chromatograms available in this work, we could mainly detect
the formation of intermediates compounds that are lighter than benzene (Figure S6), probably alkanes
and/or alkenes and/or alkynes [more investigation is needed to clarify this complex point]. Indeed, Ti450
was found to be yellowish after the benzene removal reaction. The FT-IR band (Figure S7) appearing at
around 1430 cm™ was tentatively assigned to some aromatic compounds [87]. A similar behaviour has
been observed by Ollis et al. [82]. However, likewise those authors, specimens were regenerated and
recovered in a pure air flow and under UVA-irradiation, the specimens being reusable. Besides, as

suggested by Lichtin and Sadeghi [86], the formation of those intermediated might inhibit the reaction(s)
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responsible for the removal of benzene, thus initiating a competition amid benzene and those degradation
products (and among degradation products themselves) that can interfere in the kinetic of benzene
removal. A complete VOC degradation is therefore a staggeringly intricate matter: for instance, Jenkin and
colleagues have detected 1,926 different degradation steps together with the formation of 602 unique
intermediate organic species before CO and water were finally formed in the isoprene (CsHs) atmospheric

oxidation [88].

Conclusions

Hybrid Ag/Cu-TiO, composite semiconductive materials were synthesised by means of an aqueous sol-gel
method. The photocatalytic activity of prepared materials was tested by monitoring the abatement of NOy
and the removal of a volatile organic compound (benzene) in the gas-solid phase. An excessive loading of
both Cu and Ag (> 1 mol%) showed itself to be detrimental for potocatalytic activity. Addition of silver and
copper (Ag0.50/Cu0.50) greatly increased titania’s ability in the photocatalytic removal of NO,. This was
shown to be due to an efficient charge separation that grants an increase in the lifetime of the photo—
generated exciton. On the other hand, hybridisation of TiO, with 1 mol% Ag (Ag-TiO.) proved itself to be
the optimum in the photocatalytic removal of benzene, although its photocatalytic oxidation confirmed to
be a complicated issue. Modification of TiO, with copper was unfavourable for titania solar induced
photocatalytic activity. This work demonstrated that the judicious choice (or exclusion) and amount of
modifying agents is essential for granting the optimum efficiency in TiO; solar induced removal of

pollutants in the gas-solid phase.
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