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Strong Metal—Support Interaction (SMSI) is a well-known phenomenon of heterogeneous catalysis that have not
been extensively investigated in photocatalytic applications. Moreover, the reactions previously studied for

Keywords: photocatalysts under SMSI state are mainly restricted to energy related uses. The present work seeks to explore
Au/TiO, the effect of SMSI induced by soft wet-chemistry in a Au/TiO, photocatalyst with specific focus on photocatalytic
:MStI environmental remediation. With this aim, the developed photocatalyst has been evaluated considering liquid,
oot . gas and solid pollutants in order to represent the wide range of environmental photocatalysis applications. These
Environmental Photocatalysis . K . . 5 .
NO photooxidation scenarios were methylene blue dissolved in water, gaseous NO, and soot directly deposited on the
x

photocatalyst. The results revealed that the SMSI induction has a generally positive effect on photoactivity
promoting the MB and soot removal by 53% and 60%, respectively. However, the SMSI did not provide any
additional benefit in the NOyx elimination compared to the non-SMSI Au/TiO, photocatalyst, because the
enveloping of AuNPs limits the gold-pollutant interaction.

1. Introduction

The Metal-Support Interaction (MSI) strongly affects activity of
metal supported catalysts [1]. Similarly, this interaction also modifies
the photocatalytic properties of semiconductors when a metal is
deposited on them [2]. Since noble metals, such as gold and platinum,
are the most appropriate for the photoactivity enhancement, the maxi-
mization of the MSI is an effective way to optimize the employment of
these expensive elements. The Au/TiO, photocatalysts would probably
be the most studied metal-TiO; photocatalytic system and the literature
is riddled with all sorts of works where different characteristics of these
photocatalysts are modified [3]. The change of gold dispersion is one of
the most direct ways of modifying the Au-TiO5 interaction, since the
gold nanoparticles (AuNPs) size affects the Schotky barrier produced by
the TiOz-Au contact and the resultant Fermi level [4], as well as the
electronic transference processes from Au to TiO, after gold plasmon
excitation [5]. Other strategies for modifying the Au-TiO; interaction
are based on the geometrical control of AuNPs [6] and TiO4 support [7].

The Strong Metal-Support Interaction (SMSI) is a particular type of
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MSI that is well-known in heterogeneous catalysis. The SMSI was
discovered by Tauster et al. for platinum group metal supported on TiO5
catalysts in the late 1970 s [8], while noting that these catalysts lost its
CO and H; adsorption capacities after a high temperature reduction
treatment. It had initially been proposed that this phenomenon was a
consequence of the formation of bonds or intermetallic compounds be-
tween the noble metal and titanium, but it was later demonstrated that
SMSI is generated because the metal is covered or totally encapsulated
by the support [9,10]. The SMSI induction has been widely studied in
heterogeneous catalysis as a method to increase the stability and/or to
promote the activity of metal supported catalysts, mainly in reactions
like the CO, hydrogenation or those dealing with the gen-
eration/purification of Hy [11]. Despite the SMSI was restricted to
platinum group metal catalysts during years, it was recently realised for
gold catalysts supported on ZnO [12] and TiO; [13].

Even though the photocatalysts with embedded metal nanoparticles,
such as the core-shell structures [14], have been frequently exploited to
increase the MSI and promote the photocatalytic activity, the research
about SMSI in photocatalytic applications has been much less
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significant. Specifically, most of these studies deal with Pd/TiO, and
Pt/TiO4 photocatalysts [15-17], being the literature about gold group
metals very scarce [18]. Despite the lack of results, the previous findings
suggest that SMSI has a positive effect on photoactivity, being a possible
method for optimizing Au/TiO, photocatalysts and enhancing the per-
formance of different photocatalytic processes. In addition to the clas-
sical methods for SMSI induction based on thermal treatments at high
temperature under reducing atmosphere, wet chemistry methods for
obtaining the SMSI under mild conditions have been developed [19].
This last methodology is of special interest because the high tempera-
tures conventionally employed can produce gold sintering but also al-
terations on TiO; support modifying the crystalline phases, surface area
and the resultant activity [20]. Despite some Au/TiO2 photocatalysts
can resist relatively high temperatures, the photocatalysts composed by
nanoparticles with non-thermodynamically stable geometries are more
susceptible to the heating [21,22], being mandatory the soft methods for
reaching the SMSI state in order to minimize the temperature side
effects.

With this aim, the present work investigates how the SMSI effect can
affect the photoactivity of low gold loadings and high metal dispersions
Au/TiO,, with a special emphasis on environmental applications. In
view of the lack of information concerning the performance of Au/TiOy
photocatalyst in SMSI state, a proper characterization and wide evalu-
ation has been performed. Specifically, three types of photocatalytic
reactions have been chosen in order to study the photocatalytic per-
formance simulating three different photooxidation scenarios: 1) mol-
ecules dissolved in water (methylene blue in water), 2) gas molecules
(NO) and 3) solid substance directly deposited on the photocatalyst
(soot). These reactions can also be considered representative examples
of real photocatalytic applications, such as the elimination of pollutants
in water and air, and the self-cleaning surfaces.

2. Experimental
2.1. Photocatalysts synthesis

A Au/TiO; photocatalyst was prepared with a 1.24% wt% nominal
gold loading employing the classical deposition-precipitation method of
Haruta [23]. KAuCly (99.995% purity from Sigma-Aldrich) was dis-
solved in 300 ml of distilled water, the pH of solution was adjusted to 8
using 1 M NaOH solution, 3 g of TiOy Aeroxide P25 from Evonik (ac-
cording to the manufacturer: BET SSA 50 + 15 m2/g, anatase/rutile
ratio 80/20 and primary particle size 21 nm) was added and the pH was
readjusted to 8. The suspension was heated at 80 °C under vigorous
stirring for 2 h. The obtained slurry was centrifuged and redispersed in
water three times in order to remove any synthesis residues, being
negative the chloride test using AgNOs. The obtained solid was dried at
100 °C overnight, ground using an agate mortar and calcined at 300 °C
for 4 h.

The strong metal support interaction (SMSI) was induced in the Au/
TiOy photocatalysts through a wet-chemistry method proposed by
Zhang et al. [19]. Accordingly, 1 g of the previously prepared Au/TiO;
sample was dispersed in 60 ml of HO. A TiOx sol was prepared by
dissolving 77 mg of TiCls solution (12% in hydrochloric acid from
Sigma-Aldrich) in 10 ml of H,0 and adding 18 mg of NaHCOs. This sol
was added dropwise to the photocatalyst suspension under vigorous
stirring. After stirring for 1 h, 1 ml of 1 M NaHCO3 aqueous solution was
added dropwise and the mixture was stirred for another 2 h. The
resultant solid was washed, dried and calcined following the same
procedure described above, except that the calcination time was 1 h.
This sample was designed as Au/TiO2-SMSI.

2.2. Photocatalysts characterization

The gold content of photocatalysts was determined by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) using an Iris
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Intrepid spectrophotometer from Thermo Scientific.

The acid-base behaviour of the photocatalysts was studied measuring
the pH of an aqueous dispersion of the photocatalysts. 20 mg of pho-
tocatalyst was dispersed in 10 ml of water in an ultrasound bath during
10 min. The previous dispersions were diluted 1:3 in order to study the
zeta potential and hydrodynamic size by dynamic light scattering (DLS)
using a Zetasizer Nano Z analyser from Malvern Instruments.

N> physisorption at — 196 °C was performed using an Autosorb iQ3
gas sorption analyser from Quantachrome. Approximately 0.125 g of
samples, previously outgassed at 200 °C under vacuum, were employed.
The Brunauer-Emmett-Teller specific surface area (BET SSA) was
determined using the multipoint BET method within the P/P interval
0.05-0.2 and the Barrett-Joyner-Halenda (BJH) pore size distributions
were calculated from the isotherm desorption branches.

The UV-visible absorption spectra of the photocatalysts were ob-
tained by diffuse reflectance spectroscopy using a UV-2600 spectro-
photometer equipped with an ISR-2600 integrating sphere from
Shimadzu. The photocatalysts band gap values were calculated by using
the Kubelka-Munk function and the Tauc plot [24,25].

The X-Ray Photoelectron Spectroscopy (XPS) characterization of the
samples was performed on an Axis Ultra DLD spectrometer from Kratos
using Al K, radiation (1486.6 €V) and operating at 150 W. The photo-
catalysts samples were previously pressed as pellets and the survey and
relevant high resolution core levels spectra were recorded. The binding
energy (BE) scale was corrected using the C 1 s core level from adven-
titious carbon at 284.8 eV.

The transmission electron microscopy characterization was carried
out using a Talos F200X G2 microscope from Thermo Fisher Scientific
operated at 200 kV in High-Resolution (HRTEM) and High-Angle
Annular Dark-Field Scanning Transmission (HAADF—STEM) modes
with resolutions of 0.12 and 0.16 nm, respectively.

CO chemisorption measurements were conducted using a Micro-
meritics ASAP 2020 C automatic analyser. The apparent equilibrium
data for the obtained isotherms were considered to be reached when the
pressure change was less than 5% for 11 consecutive readings taken at 8-
s intervals. The analyses were carried out using approximately 0.25 g of
sample at — 80 °C in order to minimize the possible contribution of
spillover effects [26]. Two consecutive isotherms separated by an in-
termediate evacuation under vacuum (30 min) were carried out. The CO
specifically adsorbed on Au can be determined subtracting the second
isotherm of bare support from the second isotherm of the corresponding
gold containing photocatalyst [27]. The amount of CO adsorbed spe-
cifically on AuNPs was calculated using the values of CO adsorbed at 200
torr. The TiO, P25 sample was previously calcined at 300 °C (4 h) to
make it comparable to the gold-loaded samples.

2.3. Photocatalysts performance evaluation

Methylene blue (MB) aqueous solution decolourization tests were
employed to study the capacity of the photocatalysts for degrading
organic molecules in aqueous media. A photocatalysts aqueous sus-
pension (100 mg/200 ml) was sonicated in an ultrasound bath for 15
min and 2 ml of MB solution 1 mM was added in order to get a MB
concentration nearly 10~ M. The suspension was kept under vigorous
stirring in dark conditions for 30 min to ensure the complete MB
adsorption on TiOy before the light irradiation. Two light sources were
employed: UV radiation from a 15 W fluorescent backlight bulb lamp
and UV-Vis radiation from an Ultra Vitalux 300 W lamp from Osram. In
both cases the lamp position was adjusted in order to obtain an irradi-
ance of 1 mW/cm? in the range 300-400 nm. Sample aliquots were
obtained at progressive irradiation times and their UV-Visible spectra
were recorded using the UV-2600 spectrophotometer, after filtration
through a 0.45 pm syringe filter. The degradation plots were represented
using the Abs/Absg at 664 nm and the results were fitted to a first order
rate equation.

The depolluting properties of photocatalysts for removing air
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pollutants were evaluated through NO photooxidation tests according to
the ISO 22197-1 standard [28]. An aqueous dispersion containing 50
mg of photocatalysts and 50 mg of Ca(OH), were deposited on 10x5x
0.4 cm glass plates, obtaining the photocatalytic layer after evaporation.
The sample was placed in a PMMA reactor connected to the gas system,
the NO in air (1000 ppb 50% relative humidity) flowed through the
reactor and after stabilization of NO concentration the sample was
irradiated with the Osram Ultra Vitalux lamp for two hours. The con-
centrations of NO, NOy and NO;, were measured by chemiluminescence
using a model 42i analyser from Thermo Scientific.

The amount of NO converted, NO, generated and NOx removed were
calculated by integration of concentration profiles during the light
irradiation periods as described in the standard procedure above
mentioned and the results were expressed as percentages using the
following equations:

. n
% NO conversion = 100 —2
NINO total
n
% NO, generated = 100—02
NNOotal

% NO, removed = IOOM

NNOotal

where nyy are the pmol of the corresponding gas.
The selectivity of the process towards NO, formation of the process
was calculated as follows:

% NO, selectivity = 100-
Nno

The DeNOy index [29] was calculated using the next equation:
DeNO, = % NO conversion — 3(% NO, generated)

Finally, soot was chosen to evaluate the photoelimination of solid
polluting substances deposited on the photocatalyst. The samples were
prepared depositing 20 mg of photocatalyst on 2.5 x 7.5 cm microscope
glass slides following the same procedure employed for NO evaluation
samples without Ca(OH), addition. Non-photocatalytic samples were
also prepared by deposition of SiO; Aerosil OX50 from Evonik (fumed
silica with BET SSA 50 + 15 m2/g and average particle size of 40 nm).
Soot was deposited exposing the sample to a hexane flame according to
the following procedure. The sample was disposed face down over a
porcelain crucible at a height of 12 cm and 1 ml of hexane was burnt in
the crucible for producing the soot layer. This method produced a soot
layer with an estimated thickness of 0.35 pym, according to the absor-
bance of the soot layer deposited in a non-coated glass slide and
considering a soot absorption coefficient of 2 x 10* cm™! at 350 nm
[30]. The samples were irradiated with UV-vis light from the Osram
Ultra Vitalux lamp at an irradiance of 2mW/cm? in the range
300-400 nm. The UV-Vis spectra of the samples were recorded at
different irradiation time employing the previously described spectro-
photometer. The soot elimination was quantified considering the
Abs/Absg at 420 nm and the results were fitted to a first order rate
equation.

For all the photodegradation studies the measurements were carried
out by duplicate.

3. Results and discussion
3.1. Characterization

The compositional analysis of Au/TiO, photocatalysts revealed that
the wet-chemical process for SMSI induction did not modify the gold
loading of the starting material (Table 1). On the other hand, the gold
deposition on TiOy produced an evident change in the acid-base
behaviour of TiO, increasing their pH in water dispersion by two
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Table 1
Results of compositional and physicochemical characterization of the
photocatalyts.

TiO, Au/TiOy Au/TiO,-SMSI
Au loading (wt%)? - 0.99 + 0.02 0.98 + 0.02
pH 4.4 6.5 6.3
Hydrodynamic size (nm)b 124 1020 2261
Z potential (mV)" 14.7 3.5 0.6
BET SSA (m?%/g)° 58 56 55
Average pore diameter (nm)© 62 34 35
CO chemisorbed (mmol/g) - 0.020 0.009

2 determined by ICP-AES; ® obtained by DLS; € from N physisorption

points, that remains similar in the Au/TiO5-SMSI sample (Table 1). The
water dispersibility of photocatalysts was also reduced significantly
after the synthesis processes, which was demonstrated by the determi-
nation of photocatalyst hydrodynamic sizes by DLS technique (Fig. 1 and
Table 1). The size distribution of TiO, was centred around 100 nm
which corresponds to low size agglomerates composed by a small
number of particles [31], contrarily to the Au/TiO, and Au/TiO2-SMSI
photocatalysts in which larger agglomerates in the micrometric range
were produced. This agglomeration can be directly related to the change
of acid-base behaviour of the photocatalysts. In this sense, both Au/TiO4
and Au/TiO,-SMSI samples exhibited pH values close to the isoelectric
point of TiO, P25 that is around 6.5 [32]. In this situation, the TiO,
charge will be low promoting the particle agglomeration due to the lack
of electrostatic repulsion. The Z potential measurements (Table 1)
confirmed this interpretation, showing the Au/TiO5 sample a Z potential
considerably lower than TiOy while Au/TiO,-SMSI exhibited a value
very close to 0. Additionally, the titanium oxide overlayer of
Au/TiO2-SMSI could act bonding the TiOy particles making their
dispersion more difficult. The Ny physisorption isotherms of the pho-
tocatalysts are showed in Fig. S1 as Supplementary Information. TiOy
sample showed a type II isotherm which is related to the presence of
macropores but with H3 hysteresis revealing also the existence of mes-
oporosity [33]. Both gold-containing photocatalysts exhibited similar
type Il isotherms with H1 hysteresis that is characteristic of mesoporous
materials with a nanoparticle aggregate structure [34]. Despite these
differences, there are not significant changes in the photocatalysts spe-
cific surface area (Table 1), indicating that TiO; sintering was not pro-
duced by neither the AuNPs deposition nor SMSI induction processes.
On the contrary, the BJH pore size distributions substantially changed
after the AuNPs deposition (Fig. S2 in Supplementary Information). TiOg
exhibited a wide pore distribution centred around 60 nm, confirming
the presence of macropores responsible for the H3 hysteresis. These pore

30
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Fig. 1. DLS hydrodynamic size distributions.
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sizes are considerably higher than the P25 average size (25 nm) indi-
cating a very low particle compaction, which was in line with its low
tapped density (0.12 g/cm® compared to the TiO bulk density
(4.23 g/cm3). On the other hand, Au/TiO, and Au/TiO2-SMSI showed
nearly identical pore sizes distributions that were considerably narrower
and centred at approximately 35 nm, size closer to P25 dimensions. This
can be attributed to a higher compaction of TiO, particles that decrease
the interparticle distance and, consequently, the pore size due to the
wetting and drying processes that these photocatalysts underwent.

The intense purple colour of the photocatalysts containing AuNPs
clearly indicated the presence of the gold localized surface plasmon
resonance (LSPR) band as observed in the UV-vis absorption spectra
(Fig. 2). The maximum of LSPR band was located at 558 nm for Au/TiO»
photocatalyst, a significant redshift in comparison with AuNPs in
aqueous media [35], which is related to the change of the media sur-
rounding the AuNPs [36]. In the case of Au/TiO-SMSI, the band was
slightly shifted to 563 nm and its width increased from 178 to 194 nm.
This change in the LSPR band may be an evidence of the covering of
AuNPs with a thin TiO; layer, because the high refractive index of TiO5
has a strong influence on the plasmon [37]. The UV absorption associ-
ated to the band-to-band transition of TiO, was also modified by the
presence of AuNPs resulting in a decrease of band gap values. The
calculated band gap for bare TiO5 was 3.24 eV, very close to the value
for anatase (3.2), and decreased to 3.09 eV for Au/TiO,. This band gap
decrease can be related to the presence of new energetic levels associ-
ated with the Schottky junction produced by the Au-TiO; interaction
[38]. Comparing Au/TiO2 and Au/TiO2-SMSI, the band gap also
changed decreasing to 3.07 eV, this new reduction can be explained by a
greater Au-TiO; interaction due to a higher Au-TiO3 contact.

The three samples exhibited very similar survey XPS spectra,
showing the titanium and oxygen signals corresponding to TiO; (Fig. 3)
and the characteristic adventitious carbon contamination peak, the only
most remarkable difference was the presence of weak gold signals from
the AuNPs for Au/TiO; and Au/TiO,-SMSI photocatalysts. The atomic
compositions obtained from these spectra (Table 2) determined O:Ti
ratios of 2.3, 2.4 and 2.2 for TiO,, Au/TiO; and Au/TiO5-SMSI,
respectively. These deviations from the TiO, stoichiometry are due to
the contribution of O 1 s signal associated to surface hydroxyl groups
[39], thus, the observed differences can be related to changes in the OH
surface density. If the OH contribution is omitted, the O/Ti ratio for all
samples becomes 2 indicating that the synthetic procedure did not
produce substantial changes in the TiO, oxidation state. The gold con-
tents (equivalent to 5 and 4 wt%) were higher than those determined by
ICP-AES. This variation is common for this type of photocatalysts [40]
due to the surface sensitivity of the XPS, which overestimates the Au
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Fig. 2. UV-Visible spectra of the studied photocatalysts.
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signal of AuNPs located in the TiO5 outer surface. The lower gold con-
tent of Au/TiO,-SMSI can be also associated with the surface sensitivity
of the technique because the covering of AuNPs with a TiO5 layer may
reduce the gold signal intensity. The Ti 2p high resolution spectra of the
photocatalysts (Fig. 3) were composed by two peaks corresponding to
2ps3,2 and 2p; o levels at around 458.5 and 464 eV, respectively, whose
separation was 5.7 eV. The exact position of Ti 2p3,, peaks are presented
in Table 2. The bare TiO, showed a value in accordance with the
bibliography [41], but slight shifts were observed for Au/TiO2 and
Au/TiO2-SMSI. The shift to higher binding energies for Au/TiO, suggest
that Ti atoms have a lower electron density due to electron transference
from TiO5 to AuNPs [42-45]. The difference in the work function of TiO5
(4.0-4.7 eV for anatase [46,47]) and Au (5.1 eV [48]) produces an
electron migration from TiO3 to AuNPs until the equilibration of Fermi
levels [49]. In the case of the Au/TiO,-SMSI sample, this peak was
shifted to lower binding energies in comparison with Au/TiO and this
might be related to a less oxidized titanium. Indeed, an additional small
peak can be found at 456.56 eV for Au/TiO2-SMSI, a position close to the
tabulated value for Ti3* (457.1 eV [50]). This feature suggests that the
produced overlayer contained a significant amount of Ti>* atoms due to
the incomplete oxidation of Ti* precursor. The detection of Ti** state
allows to distinguish between SMSI and a simple massive coverage with
titania, since the formation of a partially reduced support overlayer on
metal nanoparticles is one of the identifying features of classical SMSI
[51]. According to this finding the formed overlayer will be hereinafter
denoted as TiOyx. The O 1 s spectra can be fitted by two components, a
main peak centred close to 530 eV attributed to oxygen atoms in the
TiOg lattice and a small peak at higher energies that corresponds to the
surface hydroxyl groups of TiO2 [52]. The oxygen main peak was shifted
following the same trend observed for Ti 2p3,, peak (Table 2) and even
an additional peak related to oxygen bonded to Ti®" can be also
observed for Au/TiO,-SMSI. Regarding the hydroxyl peak, its intensity
was considerably higher for Au/TiOy being 0.19 its area ratio with
respect to the main peak and 0.12 for the other samples. This seems to
confirm a higher presence of hydroxyl groups in Au/TiO2. The Au 4 f
core level exhibited two peaks from the Au 4 f7,, and 4 f5  signals that
were positioned in binding energy values lower than 84 eV, the tabu-
lated value for bulk gold (Table 2) [41]. A negative shift implies a higher
electron density in the atoms, which confirms the electron transfer from
TiO4 to AuNPs [53]. The higher work function of Au (5.1 eV [48]) causes
the electron movement from TiO, (4.0-4.7 eV for anatase [46,47]) to
AuNPs until the Fermi levels equilibration [49]. This shift was higher for
Au/TiO,-SMSI revealing a higher electron transference associated to the
AuNPs covered by TiOy that increases the gold-titania interphase and the
consequent interaction. Regarding the valence band spectra (Fig. 3),
TiO4 showed the valence band edge at 2.6 eV and slightly decreased to
2.4 eV for the Au/TiO, and Au/TiO»-SMSI photocatalysts. Additionally,
these photocatalysts exhibited higher electron population at low binding
energies which can be related to gold energy levels associated to its 5d
band [39].

TEM becomes an essential technique in order to detect TiOx over-
layers covering the AuNPs. In our case, the bare TiO, was formed by
angular nanoparticles with sizes around 25 nm and less abundant par-
ticles with bigger sizes (Fig. 4a). This structure corresponds to the
characteristic morphology of P25 photocatalyst, where the small parti-
cles are identified as anatase and the bigger ones as rutile [54]. Both gold
containing photocatalysts showed essentially the same structure (Fig. 4b
and c) since the employed synthesis conditions were too soft to induce
changes in the TiO5 morphology [55]. The AuNPs were easily identified
in these photocatalysts due to their darker contrast. A closer view of
AuNPs allowed to observe their structure denoting differences between
Au/TiOy and Au/TiO2-SMSI photocatalyts. Au/TiOy showed particles
with well-defined edges (Fig. 4d) whereas the AuNPs of Au/TiO2-SMSI
were enveloped by a thin layer that emerged from the support (Fig. 4e
and f). The same change has been observed for Au/TiO, catalysts when a
classical SMSI geometrical effect is induced [56], which confirms that
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Fig. 3. Survey XPS (top), high resolution XPS and valence band spectra (bottom right) obtained for the photocatalysts under study.
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Table 2
Results of XPS characterization.

TiO, Au/TiO, Au/TiO,-SMSI
Concentration (at%) Ti 30.71 29.04 31.06
[¢] 69.29 70.21 68.44
Au - 0.75 0.50
Peak Energy (eV) Ti 2p3/2 458.57 458.65 458.60
Ols 529.78 529.92 529.74
Au 4f;/ - 83.54 83.46
Chemical shift (eV)* Ti 2p3/2 - 0.08 0.03
Ols - 0.14 -0.04
Au 4 f; /5 - -0.46 -0.56

* Chemical shifts for Ti 2p3/2 and O 1 s calculated from TiO, sample values, for
Au 4f7/2 the reference value (84 eV) was employed.

the wet-chemistry method employed effectively induced a SMSI effect in
the Au/TiO, photocatalyst. The elemental mapping using the
STEM-HAADF technique (Fig. 4g) allowed confirming the presence of
titanium on AuNPs providing another evidence about the formation of
TiOy overlayers.

The change in AuNPs size distribution after SMSI induction was
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determined from HAADF-STEM images where the difference in contrast
between gold and titanium phases is sharpened. The Au/TiO presented
AuNPs with sizes ranging from 1.5 to 7 nm being their average size 3.1
+ 1.0 nm (Fig. 5a). On the other hand, Au/TiO,-SMSI displayed a
fraction of particles higher in size (Fig. 5b), widening its particle size
distribution and extending the upper size limit until nearly 10 nm, with
an average size of 3.8 + 1.7 nm. Similar growth of AuNPs was observed
for Au/TiOs catalysts prepared employing the same procedure as ours to
achieve the SMSI effect [19]. It should be noted that temperatures as
higher as 600 °C under a reducing atmosphere are required for inducing
the SMSI interaction on AuNPs sizes around 3 nm employing the clas-
sical procedure in the Au/TiO; system [56]. In addition to more severe
gold sintering effects, these high temperatures can also modify the
structure of TiO9 support having a significant impact on photoactivity
[57]. In this way, it is confirmed that the employed soft methodology
allows obtaining SMSI effects in titania-based photocatalysts with a
reduced impact on their structure.

The suppression of chemisorption of small molecules such as Hy and
CO onto the surface of the metal supported nanoparticles is one of the
characteristics of a classical SMSI state [13]. This feature was

Fig. 4. TEM and HRTEM images of TiO, (a), Au/TiO5 (b and d) and Au/TiO»-SMSI (c, e and f) photocatalysts. STEM-HAADF image of the Au/TiO,-SMSI sample and

the corresponding Ti (green) elemental map (g).
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Fig. 5. Representative STEM-HAADF images and AuNPs size distributions obtained for Au/TiO; (a) and Au/TiO,-SMSI (b) photocatalysts.

investigated by CO chemisorption measurements and the corresponding
isotherms are showed in Fig. 6. The CO adsorption on Au/TiO2 was
significantly higher than that obtained on bare TiO,, so we can attribute
the excess to CO adsorbed onto the AuNPs surface. As expected, the
AuNPs coverage with the TiOy overlayer partially blocked the CO
adsorption on the gold surface thus decreasing the amount of CO
adsorbed. Specifically, the amount of CO adsorbed on gold was reduced
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Fig. 6. Second CO adsorption isotherms obtained for the photocatalysts
under study.

by half for Au/TiO2-SMSI with respect to the starting photocatalyst
(from 0.39 to 0.19 expressed in CO/Au apparent ratio, Table 1). This
decrease cannot be justified by the slight difference of AuNPs sizes be-
tween both samples confirming that this effect was mainly due to the
TiOy covering of gold atoms.

3.2. Photoactivity evaluation

The activity of the photocatalysts was evaluated by means of meth-
ylene blue (MB) degradation tests under UV and UV-Vis radiation, being
this molecule a standard model for studying the performance of the
photocatalysts for water pollutants removal. The evolution of MB
absorbance solution is illustrated in Fig. 7 and the corresponding reac-
tion rate constants for a first order kinetic fitting are compiled in Table 3.
Under UV light, both gold containing photocatalysts showed less activity
than bare TiO,, which can be related to its higher tendency to particle
aggregation observed by DLS that reduces the photocatalyst effective
area. Comparing Au/TiO, and Au/TiO2-SMSI the MB degradation was
higher when SMSI effect is present in the photocatalyst, because the
TiO2-Au contact creates a Schottky junction that decreases the electron-
hole recombination rate [58] and the AuNPs coverage promotes this
interaction. Furthermore, the TiO,_y layer can also promote the pho-
toactivity due to the Ti>* states that can act as electron traps preventing
the recombination [59]. The differences between the samples were more
significant when UV-Vis light was employed. No improvement in MB
degradation was observed for TiO; since the contribution of new
wavelengths corresponding to visible range cannot be absorbed by TiO,.
On the other hand, the MB degradation for Au/TiO; slightly promoted
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Rate constants obtained from the first order fitting for MB and soot degradation
results.

Photocatalyst Reaction rate constant

MB UV (min~") MB UV-Vis (min~") Soot (d™1)
TiO, 0.030 0.029 0.08
Au/TiO, 0.025 0.030 0.15
Au/TiO,-SMSI 0.028 0.046 0.24

because visible light can be absorbed by the AuNPs due to LSPR effect
and the excited electrons can be injected to the conduction band of TiO,
triggering the formation of radicals responsible for the MB degradation
[60]. The MB degradation for Au/TiO3-SMSI under UV-vis light was
considerably promoted showing a reaction rate 50% higher than that of
all other experiments. This better performance of the photocatalyst with
SMSI effect can be attributed to the combination of two factors: (1) the
plasmonic effect is promoted due to the formation of the new interface
contact Au-TiO, 4 overlay [18] and (2) the presence of oxygen va-
cancies in the TiO,_y interface also increases the LSPR effect and pro-
motes the electron transference [61]. Therefore, considering the results,
this type of photocatalytic processes where the photocatalysts are
dispersed in water must be carried out at pH values that ensure the
proper photocatalyst dispersion.

Another key scenario for photocatalytic environmental applications
is the removal of gaseous pollutants, this characteristic was evaluated by
means of NO abatement. The evolution in the NO, NO5 and NOy con-
centration during the photooxidation tests are plotted in Fig. 8. The
results considering the total irradiation time are presented in Fig. 9
which shows the amount of NO converted, NOy removed and NO,
generated expressed as percentage with respect to the total amount NO
and also the selectivity percentage of the process towards NO;, forma-
tion. Once irradiation started, the NO concentration dropped immedi-
ately after the sample irradiation started and recovered the initial
concentration when the irradiation finished, confirming the

photoactivity of the samples. All samples reached similar NO levels that
remained almost stable during the irradiation period, probably this is
the maximum NO conversion that can be achieved under these experi-
mental settings. However, obvious differences in NO2 concentrations
were observed being the released amounts far lower for the gold con-
taining photocatalysts. This resulted in the increase of total NOy elimi-
nation and lower selectivity towards NO. This trend in selectivity is
especially desirable due to the fact that NO5 is more toxic than NO and
an excessive release of NO, can increase the harmfulness of the air rather
than mitigate it [29]. Therefore, the DeNOy index (Fig. 9), which con-
siders the NO conversion and the NO release, is a better way for
comparing the NOy depolluting potential of the photocatalysts. In this
way, the DeNOy index for Au/TiO and Au/TiO,-SMSI photocatalysts
was approximately 3.5 times the value corresponding to TiO,, empha-
sizing the effect of AuNPs.

This better performance is not only because AuNPs promote the TiO,
photoactivity improvement but also it has been reported that AuNPs
have a role in the NO oxidation process adsorbing Oz and NO on their
surface [45,62]. Additionally, the NO, molecule can be also adsorbed
and activated by gold [63]. These effects can explain the great change in
the selectivity when AuNPs are deposited on TiO,. Comparing Au/TiO,
and Au/TiO2-SMSI, the SMSI effect did not add any benefit and their
results are even slightly worse than those corresponding to Au/TiOx.
Despite the SMSI effect promotes the photoactivity of Au/TiO2 photo-
catalyst, it also blocks the adsorption of gas molecules, as demonstrated
by CO chemisorption experiments. This loss of gold adsorption capacity
can also affect how the gas molecules involved in the NO photooxidation
process react. In this sense, the NO and NO, molecules can be strongly
adsorbed on AuNPs surface being activated and facilitating their reac-
tion with the radicals generated in the photocatalyst surface. If Au
adsorption sites are covered by the TiOy, the radicals react with weakly
adsorbed molecules (non-activated) or they need diffusing to the gas
phase to interact with non-adsorbed molecules. In this way, the potential
benefits of the SMSI state are counterbalanced by the loss of adsorption
capacity of the gold phase. On this basis, if the mechanism of the
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during NO photooxidation tests.

photocatalytic process requires the adsorption of species on gold, the
SMSI geometrical effect would be not recommended. Instead, a partial
encapsulation of the AuNPs or the formation of a porous TiOx overlayer
that would allow the adsorption on gold should be explored in these
cases.

Finally, here we present the results of the photodegradation of pol-
lutants directly deposited on the photocatalysts. This situation is of
particular interest to applications related to self-cleaning surfaces but it
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is also relevant to every photocatalytic application since the accumu-
lation of organic matter on the photocatalysts can deactivate them. Soot
was chosen because it is a common pollutant associated with combus-
tion processes, it is difficult to remove and its deposition produces dark
stains that limit the radiation received by the photocatalyst. Fig. 10
shows the evolution of a soot layer deposited on glass plates coated with
the photocatalysts under study at different irradiation times. SiO coated
samples were also prepared in order to confirm that the soot elimination
was due to TiO photoactivity rather than other effects such as photol-
ysis. The soot layer on SiO, remained unaltered after 14 days of irra-
diation, the slight disappearance of soot colour around the plate edges
corresponds to the mechanical removal of soot during the sample
manipulation to perform the measurements. On the contrary, soot
deposited on TiO, gradually disappeared from the ends to the centre of
the plate, which is related to the carbon photomineralization to CO2 by
TiO5 [64]. The non-homogeneous degradation pattern observed can be
related to the soot deposition method employed, the centre of the
samples was placed over the flame producing a thicker soot layer in that
area. Soot degradation was significantly faster in Au/TiO, sample being
the stain almost totally eliminated after 14 days of irradiation whereas a
considerable fraction of the stain remained in the TiO, sample.
Au/TiO,-SMSI showed the highest degradation rate achieving in only 10
days a soot elimination similar to that observed for Au/TiO; at the end of
the performed tests.

A deeper analysis of the soot degradation based on the measurement
of the soot layer absorbance was performed in order to obtain quanti-
tative results about its elimination. The soot degradation curves ob-
tained from these absorbance measurements are shown in Fig. 11. The
obtained results are in accordance with the visual inspection of the
photographs, showing the same trend with no elimination for SiOg
sample and an increasing degradation rate in the order TiO2 < Au/TiO»
< Au/TiO2-SMSI. Mills et al. suggested that the results of this type of
soot photodegradation approximate a first order kinetics [64], but more
complex models are required to get a good fitting [65]. However, the
present results fitted very well to a first order kinetics (R? > 0.99)
providing the rate constants compiled in Table 3. This discrepancy can
be attributed to the different methodologies employed for determining
the soot degradation. Mills et al. measured the amount of CO; released
and this method considers the soot elimination in the whole sample.
Since there were areas where soot elimination was faster than other, due
to the inhomogeneous soot deposition, the kinetics of CO2 release would
be a combination of the different kinetics in each sample area. Despite
the samples in this work also exhibited a non-homogeneous soot elim-
ination, each absorbance measurement was made in the same point of
the sample presenting a more consistent kinetics during the entire test.
In any case, our results revealed that the soot degradation rate was
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nearly doubled for the Au/TiO, photocatalyst. The hydroxyl radical is
the main oxidizing agent responsible for degrading soot, being the
migration of these radicals from TiOj surface to soot the dominant
mechanism [30]. The higher lifetime of photogenerated holes in
Au/TiO, due to the Schottky junction promotes the generation of *OH
radicals [58], explaining their higher activity. In addition, Au/TiOy
photocatalysts are able to produce *OH radicals after the AuNPs exci-
tation and the electron injection to TiO; conduction band under visible
light [66]. For its part, Au/TiO2-SMSI increased the degradation rate by
60% confirming that SMSI effect promotes the processes where the
degradation mechanism happens through the formation of reactive ox-
ygen species. As mentioned earlier, the SMSI state intensifies the

10

mechanisms that promote the photoactivity in Au/TiOy photocatalyst
and, additionally, the presence of Ti>" defects in the TiOy_, overlayer
also promote the formation of *OH radicals [67]. Because the photo-
catalyst was immobilized and soot did not have to interact directly with
Au surface, the drawbacks associated with Au/TiO2-SMSI photocatalyst
observed in the previous processes do not have impact on this reaction.

4. Conclusions
A Strong Metal-Support Interaction (SMSI) was induced in Au/TiO,

photocatalysts using a wet chemistry, non-conventional, soft method in
order to evaluate its impact on photocatalytic activity excluding side
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Fig. 11. Soot degradation curves corresponding to the photodegradation test.

effects related to the use of thermal treatments at elevated temperatures.
The characterization of the photocatalysts confirmed that the effective
covering of the gold nanoparticles (AuNPs) was produced without
detectable changes in the titania support. The XPS revealed that the
SMSI induced the photocatalyst showed shifts in their core levels and the
presence of Ti>* while HRTEM and compositional STEM mapping
allowed detecting TiOy covering the AuNPs. As expected, the capacity of
the gold phase to adsorb gaseous molecules such as CO was significantly
limited.

The photocatalytic properties were deeply evaluated under three
different photooxidation scenarios that are representative examples of
real photocatalytic environmental applications. The solid-water process,
typical application related to elimination of water pollutants, was
evaluated by the photodegradation of MB under UV and UV-vis radia-
tion. In both cases, the Au/TiO5 photocatalyst under SMSI state showed
higher MB elimination than Au/TiO,, especially under UV-vis light with
an increase of over 50%. The solid-air process is associated with atmo-
spheric pollutants removal and it was evaluated by means of NO
photooxidation. Despite AuNPs considerably promoted the NOy elimi-
nation of TiO,, the SMSI did not provide additional benefits, being the
results even slightly worse. This was attributed to the coverage of AuNPs
with the TiOx overlayer that hinders the adsorption of molecules onto
the gold surface. The solid-solid reaction represents the elimination of
pollutants deposited on a photocatalytic coating, which is linked to self-
cleaning application and it was studied by soot photodegradation. In this
case, the SMSI revealed the highest photoactivity enhancement,
increasing the soot photoelimination rate of Au/TiO2 by 60% and it was
tripled compared to TiO,.

As a final remark, despite the SMSI in Au/TiO2 photocatalysts has a
positive impact on photoactivity, it can also promote certain side effects
that may limit the real depolluting effectiveness under specific sce-
narios. Specifically, we have detected changes in the acid-base behav-
iour of the photocatalyst and a loss of NOx adsorption capacity by gold.
These side effects must be taken into consideration depending on the
type of photocatalytic application to make the appropriate optimiza-
tions that avoid an activity loss. For example, for the cases studied in this
work, a pH that ensure the proper photocatalyst dispersion must be
employed for water applications and a partial AuNPs coverage must be
considered if the reaction mechanism require adsorption of the involved
species on Au surface.
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