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ABSTRACT

The interplay on anatase TiO, photoactivity between particle morphology and gold
nanoparticles (NPs) deposition, via either deposition-precipitation (DP) or photodeposition (P),
is here investigated by evaluating the photoactivity of Au modified anatase (Au/TiO,)
nanocrystals with either a pseudo-spherical shape or a nanosheet structure, in both reduction
and oxidation test reactions. The presence of Au NPs on the anatase surface only slightly affects
its photoactivity in Cr(VI) reduction, which is kinetically limited by the anodic half-reaction,
whereas a larger exposure of highly oxidant {001} facets is beneficial for overcoming this rate-
determining step. In the photocatalytic oxidation of both formic acid, proceeding through a
direct mechanism, and Rhodamine B (RhB) on surface fluorinated photocatalysts, occurring
through a hydroxyl-radical mediated mechanism, the presence of gold NPs produces a
significant photoactivity increase only with spherically shaped photocatalysts mainly exposing
{101} facets. These results are rationalized in the light of the preferential migration of
photogenerated oppositely charged carriers towards different crystal facets. In fact, when the
Au/Ti0, material mainly exposes the more oxidant {001} facets, where photoproduced holes
preferentially migrate, recombination between these latter and the electrons captured by Au
NPs is favored. Instead, Au NPs on {101} facets efficiently capture photopromoted electrons
preferentially migrating toward such facets, with a consequent improvement of photoproduced

charge separation.
Keywords: {001} facets; Au nanoparticles; Cr(VI) photoreduction; Rhodamine B and formic
acid photooxidation; fluorinated TiO,.
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1 INTRODUCTION

Photocatalysis is a promising technology for a sustainable and greener society, which offers
highly valuable opportunities not only for environmentally friendly and sustainable wastewater
and air remediation from harmful pollutants,'= but also for solar energy into chemical energy
conversion, as an alternative energy source.*> Key challenge in photocatalysis is the
development of cost-effective and scalable photoactive materials. Among these, TiO,-based
materials remain particularly attractive for photocatalytic applications due to their versatility,
low cost, chemical stability, and non-toxicity.

One strategy proposed to overcome the main shortcomings of all transition metal oxide
photocatalysts, i.e., the fast recombination of photoproduced charge carriers and the need for
activation by high energy UV radiation, consists in tailoring the shape of anatase TiO, towards
nanosheet-shaped crystallites.”® This can be achieved by preferentially stabilizing the
thermodynamically less stable and in principle more reactive {001} facets (Figure 1).'%-12
However, the effects on anatase photoactivity of a higher exposure of {001} facets are still
under lively debate, anatase nanosheets (Figure 1b) having been recently reported to exhibit
both higher!316 and lower!72° photoefficiency in different reactions compared to truncated

bipyramidal crystallites with a pseudo-spherical morphology (Figure 1a).

001
{001} b)

Figure 1. Schematic representation of (a) pseudo-spherically shaped and (b) {001} facet-
enriched nanosheet-shaped Ti0O; anatase.
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Surface modifications may also affect TiO, photoactivity. In particular, surface fluorination,
which can be easily attained by a simple ligand substitution reaction, increases the rate of
photocatalytic reactions proceeding through hydroxyl radical-mediated oxidation paths.?!
Intriguing synergistic effects in such type of reactions were recently evidenced by us upon
combining surface fluorination and {001 }-facets enrichment of anatase TiO,.?> On the other
hand, we found that the photoactivity of bare TiO, in Cr(VI) photoreduction is greatly enhanced
upon increasing the crystallites truncation degree, but is suppressed upon surface fluorination.>

Semiconductor oxides photoactivity can also be increased by noble metal (NM)
nanoparticles (NPs) surface deposition.?3-*4 In fact, the equilibration of the Fermi level among
metal-semiconductor heterojunctions results in the generation of a Schottky barrier, leading to
electron trapping within the metal NPs, with consequently improved photoproduced charge
separation. However, the effects on photoactivity of NM NPs deposition over differently
shaped TiO, crystals are rather controversial. For instance, a photoefficiency increase was
reported in H; photocatalytic production from water containing organic hole scavengers upon
platinum NPs deposition over the {001}-facets of nanosheet-shaped TiO, photocatalysts.?
However, more recently an enrichment in {101} facets surface exposure together with NM NPs
deposition was found to be more beneficial,'’?¢ while a morphology-dependent photoactivity
was evidenced only for bare, metal-free TiO,, and not for Pt-modified TiO,.'

Aiming at getting a more in-depth insight into the effects that anatase morphology combined
with NM NPs co-catalysts has on photoactivity, in the present work we explore the effects that
different amounts of Au NPs deposited on differently shaped titanium dioxide materials have
in three photocatalytic reactions proceeding through different paths, i.e., Cr(VI) reduction and
two oxidation reactions, i.e., formic acid and Rhodamine B (RhB) oxidation, proceeding
through either a direct, hole mediated mechanism or an indirect, hydroxyl radical-mediated

mechanism, respectively. To exclude any self-sensitized dye photodegradation path, the latter

3

ACS Paragon Plus Environment



cONOYULT A~ WN =

ACS Applied Materials & Interfaces

reaction was investigated on fluorinated TiO,. Au NPs were deposited either by deposition-
precipitation (DP)?’ or by photodeposition (P).?® The first method is expected to provide a
uniform deposition of NM NPs on the whole semiconductor oxide surface, without preferential
NPs deposition on any region of the TiO, surface.?® On the other hand, photodeposition is
expected to trigger the nucleation and growth of metal NPs close to the sites where
photopromoted electrons preferentially migrate, i.e., in the proximity of electron-trapping
defective states such as Ti*" centres,®® or toward anatase {101} facets,’! because of the
mismatch of band edges in {101}/{001} facets heterojunctions in morphology controlled

TiO,.3?

2 EXPERIMENTAL SECTION

2.1 Photocatalysts preparation

Differently shaped titanium dioxide powders were prepared according to a slightly modified
version of the well-established hydrothermal process.!%33 All reagents were purchased from
Sigma-Aldrich and employed as received. Ultrapure water, supplied by a Millipore Direct-Q 3
UV water purification system, was used throughout.

Briefly, two different amounts of concentrated hydrofluoric acid (see Table S1 in the
Supporting Information), used as capping agent to preferentially stabilize {001} surfaces, were
added to a fixed amount (10 cm?) of titanium isopropoxide (97%) in a Teflon liner, which was
then transferred into a stainless-steel autoclave and heated at 180 °C in an electric oven for 24
h. The resulting bluish paste was washed several times with water until the fluoride anion
concentration in the supernatant, detected through ionic chromatography (Metrohm 761
Compact IC equipped with a Metrosep A Supp 4/6 Guard anion column), was below 5 ppm.
White powders were then thoroughly washed in 0.1 M NaOH, as already described,?? to
successfully remove the residual fluorine on the materials’ surface, and finally ground in an

agate mortar. Prepared samples were labelled as HT X, with X =0.1 or 1 representing the F/Ti
4

ACS Paragon Plus Environment

Page 4 of 33



Page 5 of 33

cONOYULT A~ WN =

ACS Applied Materials & Interfaces

molar ratio employed during the synthesis, leading to a pseudo round-shaped (HT 0.1) or
nanosheet-like (HT 1) morphology, respectively (Figure 1).

Different amounts of Au NPs, namely 0.3 wt%, 0.5 wt%, and 1.0 wt%, were then deposited
on the photocatalyst surface either by a modified version of Haruta’s deposition-precipitation
(DP) method,?”** or by photodeposition (P), as detailed in previous works.33-36

Briefly, in the DP method a slurry containing 20 g dm of fine TiO, powder suspended in
water via sonication, the HAuCl,-xH,O amount to deposit the desired amount of metallic Au
and urea (0.42 M), was heated under constant stirring at 80 °C for 4 h. TiO, powders were then
separated from the liquid phase via centrifugation, re-suspended in 20 cm? of water and Au
was reduced upon NaBH, addition in slight excess. Au-modified powders (Au/Ti0;) were then
washed with water, until the concentration of chloride ions in the supernatant, detected by ionic
chromatography, was below 1 ppm, then dried overnight in oven at 70 °C, and finally ground
in an agate mortar. The so-obtained samples were labeled as Y% HT X DP, with Y%
indicating the nominal Au weight percent (Y% = 0.3%, 0.5% or 1.0%).

In the photodeposition (P) method, a slurry containing 3 g dm™ of finely dispersed TiO,
powder, the HAuCl4-xH,O amount to obtain the desired amount of deposited Au NPs and
CH3O0H (10 vol%), was prepared in a photoreactor consisting of a 250 cm? Schott DURAN
glass laboratory bottle jar equipped with a GLS 80® connection system and four GL18 screw
caps, one of which was holed and connected to a gas resistant PTFE/silicone septum, for gas
bubbling. The slurry was bubbled with N, for 15 min and then irradiated for 60 min under
constant stirring, using the same lamp used for photocatalytic activity tests (see below), which
was always switched on at least 30 min before starting irradiation. The color of the powder
changed from white to deep purple within few seconds after starting irradiation, due to Au(III)

reduction to metallic gold. The powder was recovered by centrifugation, washed several times,
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dried overnight at 70 °C and finally ground. The so-obtained samples were labeled as

Y% HT X P, where P indicates that photodeposition was employed to deposit gold NPs.

2.2 Photocatalysts characterization

X-Ray powder diffraction (XRPD) patterns were acquired using a Panalytical X’Pert Pro
diffractometer, using Ni-Filtered Cu K, radiation (A = 1.54056 A) at a scan rate of 0.05 degree
s7!. The relative amount of exposed {001} facets of the full anatase samples was calculated by
applying a Rietveld-based approach on diffraction data.’’ Rietveld analysis was performed
using the GSAS II software.38

The specific surface area (SSA) was determined from N, adsorption/desorption isotherms
at liquid nitrogen temperature, according to the Brunauer-Emmet-Teller (BET) method,
employing a Micrometrics Tristar II 3020 V1.03 apparatus equipped with a surface area and
porosity analyzer, after outgassing at 150 °C for 2 h under constant nitrogen flux.

The UV-Visible absorption spectra of the materials in powder form were acquired in diffuse
reflectance mode using a Jasco V-670 spectrophotometer equipped with a PIN-757 integrating
sphere, using barium sulfate as a reference standard. Reflectance (R) spectra in the 200-800
nm region were converted into absorption (A) spectra using the relation A =1 —R.

The Au amount on the photocatalysts surface was determined via ICP-OES analysis,
employing a PerkinElmer® Optima™ 8000 instrument. NM NPs were dissolved through a
digestion treatment in aqua regia at 108 °C under constant stirring for 4 h in the dark.

High-resolution transmission electron microscopy (HR-TEM) images were recorded with a
JEOL JEM 2010 electron microscope, equipped with a LaBg electron gun operating at 200 keV
and a Gatan CCD camera. Specimens for HR-TEM analysis were sonicated in 2-propanol and
then transferred as a suspension to a copper grid covered with a holey carbon film.

X-ray photoemission spectra (XPS) were recorded on a M-Probe apparatus, Surface Science

Instruments, equipped with an Al-K, monochromatic radiation X-Ray source (1,486.6 eV
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photon energy). Binding energy values were aligned to the Ti 2p;), core-level signal peaking at

459.0 eV.

2.3 Photocatalytic activity tests

Formic acid photocatalytic oxidation runs were carried out following the previously
reported procedure,>® while photocatalytic Cr(VI) reduction and RhB oxidation tests were
performed as already described.??3° The initial concentrations of K,Cr,0-, formic acid and
RhB in the irradiated aqueous suspension were 3.3 - 10° M, 1.11 - 10> M and 1.0 - 10> M,
respectively. All suspensions initially contained 0.1 g dm of finely dispersed photocatalyst at
pH 3.7, adjusted by addition of small amounts of concentrated HCIOy, if necessary. In the case
of RhB oxidation on fluorinated TiO,, the proper amount of NaF to obtain a F/Ti molar ratio
equal to 2 was added to the suspensions prior to RhB addition. All suspensions were stirred in
the dark for 15 min to attain the adsorption equilibrium of the substrate on the photocatalyst
surface, before being transferred to a 70 cm? quartz glass cylindric reactor, in the case of formic
acid degradation tests, or to a 100 cm? spherical glass photoreactor, for Cr(VI) photocatalytic
reduction and RhB oxidation tests. Irradiation was performed under constant stirring
employing an Osram Powerball HCI-T 150 W/942 NDL lamp as light source (emission
spectrum reported in Figure S1),3® mounted on a Twin Beam T 150 R reflector and kept at 10
cm distance from the reactor. The full emission intensity on the reactor, 120 mW cm™2, was
periodically checked using a Thorlabs PM200 Power and Energy Meter Console equipped with
a S130VC Slim Photodiode Power Sensor. Ambient temperature was maintained by a
continuous stream of compressed air. Samples (5 cm?) were withdrawn from the reactor at
regular time intervals and the powders separated from the liquid phase via centrifugation.

The residual Cr(VI) content in the supernatant was determined colorimetrically, using the
1,5-diphenylcarbazide method.*® The residual formate concentration was monitored during the

runs via ionic chromatography (Metrohm 761 Compact IC). The residual RhB concentration
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was determined via spectrophotometric analysis at 553 nm.?> The intensity of the RhB
absorption maximum gradually decreased during the runs, without modification of the spectral
shape, which excludes the formation of large amounts of light absorbing intermediate species
during the runs (Figure S4).

While formic acid photodegradation runs proceeded according to a pseudo-zeroth order rate
law,?¢ both photocatalytic Cr(VI) reduction and RhB oxidation runs proceeded according to a
pseudo-first order rate law. Thus, the photocatalytic activity of the materials was compared in
terms of zero-order rate constants in formic acid degradation and of pseudo-first order rate
constants in the two other reactions. All kinetic runs were performed up to ca. 70% substrate
removal and repeated at least twice, to check their reproducibility. Representative kinetic runs

for each test reaction are reported in Figures S2-S4.

3 RESULTS AND DISCUSSION

3.1 Materials characterization

All diffraction patterns obtained from XRPD analysis of the materials match those of pure
anatase, without any peak characteristic of other TiO, crystalline phases, or TiOF,.4142
Moreover, the absence of any Au characteristic diffraction peak in Au/TiO, materials indicates
that finely dispersed NM NPs were deposited on the photocatalyst surface, with a small average
size. The diffraction patterns of all prepared materials are characterized by a broadening of
reflections with (/> h,k) with increasing nominal F/Ti ratio, accompanied by a shrinking of the
peaks with a strong 4 component in the 35-50° 29 range (see Figure S5). This highlights the
morphological evolution of the synthesized materials, passing from a pseudo-spherical shape
to a sheet-like morphology.?2-3341

Table 1 reports the crystallite dimensions along specific crystallographic directions, i.e., the
crystallite thickness ¢ and width w, as well as the relative {001} surface exposure percentage

in differently shaped materials, which were calculated through the Rietveld-based approach.’’
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With increasing nominal F/Ti ratio adopted in the synthesis an increase in the width of the
crystallites results, accompanied by a decrease in their thickness, with a consequent drastic

increase of {001} facets percent exposure, passing from ca. 15% to ca. 65%.

Table 1. Average TiO, nanoparticle thickness ¢, width w, percent {001}
facets exposure and BET specific surface area (SSA) of the synthesized
pure anatase materials.

Thickness Width {001} SSA
Photocatalyst () / nm (w) / nm (%) /m? o)
HT 0.1 18+3 17+3 16 +2 83+3
HT 1 8+2 38+3 66 +3 85+3

The specific surface area (SSA) of the materials, also reported in Table 1, is almost
morphology independent, which allows a direct comparison of their photoactivity, without
taking into account any exposed surface discrepancy. Moreover, we also verified that Au NPs
deposition on the powders does not affect their SSA. The BET adsorption/desorption isotherms
of all materials (see Figure S6) can be classified as type IV, according to TUPAC
classification.®3 The observed porosity originating hysteresis loops is attributed to crystallites
packing rather than to an actual porosity of the material, anatase being not inherently porous.>
However, an increase in the nominal F/Ti ratio employed during the synthesis of the materials
results in a shift from H2-type pores, associated to “ink bottle” pores, to slit-shaped pores (H3-
type), formed due to packing of plate-like particles.

The absorption spectra of pristine TiO, materials (Figure S7) are characterized by the typical
absorption onset at 400 nm.**> After the deposition of Au metal NPs on the titanium dioxide
surface a localized surface plasmon resonance absorption band appeared, centered around 550
nm,304¢ evidenced by a chromatic shift from brilliant white to deep purple (Figure 2a). This
band can be better evidenced in the absorption difference spectra, obtained by subtracting the
absorption spectra of the bare materials from those of the corresponding metal-modified ones.
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As exemplified in Figure 2b and Figure S8, all Au/Ti0, materials containing either 0.3 or 0.5
wt% of Au NPs display a similar intensity and absorption difference profile, independent of
the morphology of the anatase particles and of the method adopted to deposit Au NPs on them.
This points to a similar amount of Au NPs with similar average size and distribution, grown on
the anatase surface.3%47 The absorption difference spectra of all TiO, photocatalysts containing
0.5 wt% Au NPs are slightly more intense than those of the 0.3 wt% Au NPs-containing ones

(see Figure 2b vs. Figure S8).
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Figure 2. (a) Absorption spectra of HT 0.1 materials modified with different amounts of Au
NPs by photodeposition. (b) Absorption difference spectra of differently shaped titanium
dioxide materials with 0.5 wt% Au NPs.

Differently, materials modified by deposition of 1% Au NPs show markedly different
absorption intensities in the plasmonic region (Figure S9), pointing to a not quantitative
deposition of metal NPs in Au/Ti0, materials prepared through the DP technique. Indeed, in
the case of 1% HT X DP materials, the formation of unsupported metal NPs in the aqueous
phase was evidenced by the color change, from brownish to black, observed upon NaBH,
addition. Therefore, the 1% HT X DP materials were discarded. Photodeposition allowed
instead quantitative gold NPs deposition up to 1 wt% nominal loading.

The surface deposition of Au NPs on 0.5 wt% Au-modified TiO, was confirmed by XPS
spectra, exhibiting two peaks at binding energy ca. 84.0 and 87.7 eV, attributable to the

emission of photoelectrons from Au 4f7, and Au 4fs, core levels (Figure S10). As shown in
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Table S2, the actual Au loadings determined by ICP-OES analysis are very close to the nominal
ones.

HR-TEM images (Figure 3) confirm the pseudo-spherical or platelet-like shape of the
materials, showing TiO, crystallites with thickness and width comparable to those calculated
from XRPD analysis (Table 1). TiO, nanosheets tend to pile up in a face-to-face configuration
to minimize their surface energy, whereas HT 0.1 materials appear as randomly aggregated

nanoparticles.?2:4349

Figure 3. HR-TEM images highlighting the morphology of (a) HT 0.1 and (b) HT 1 materials.
The incident angle between diffraction planes illustrated in panel (b) is perfectly compatible
with the theoretical value between {001} and {101} planes in anatase (68.7°).

HR-TEM images of Au-modified powders (Figure 4 and Figure S11) evidence the presence
of gold NPs on the titanium dioxide surface, with an average size following a slightly positively
skewed lognormal distribution,>® as confirmed by the non-rejection of the null hypothesis for
the Kolmogorov-Smirnov test (o = 0.05). In all cases, the deposited Au NPs have similar
average size (~ 5-10 nm) and distribution, with mean diameters in the 6-10 nm range, regardless
of anatase morphology, Au loading or employed deposition technique. These images do not
allow to ascertain any preferential gold NPs deposition on either {001} or {101} anatase facets

by the two adopted deposition routes.

11

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 12 of 33

0.5%_HT_0.1_DP

2 e b) <diam>=6%1nm

0.25

0.2

0.15

04

Probability Distribution

0.05

10 12 14

6 8
Diameter / nm

diam>=7 12 nm

(] 8
Diameter / nm

<diam>=9%3 nm

Probability Distribution
2
=

o
8

8 10
Diameter / nm

0.25
h) <diam>=7*1nm

2
e
@

Probability Distribution
e
-

o
&

6 12 14

8 10
Diameter / nm

Figure 4. TEM images and Au NPs diameter distributions in (a-d) HT 0.1 and (e-h) HT 1
materials DP- or P-modified with 0.5 wt% Au NPs. The total Au NPs counts ranged from 100
to 200.
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3.2 Photocatalytic activity tests

3.2.1 Photocatalytic reduction of Cr(VI)

Cr(VI) photocatalytic reduction, an environmentally relevant test reaction, was chosen as
photocatalytic reduction test reaction. Prior to all photocatalytic runs, we verified that no
Cr(VI) conversion occurred under irradiation through a 420 nm cutoff filter, which
demonstrates that Au NPs plasmonic effects do not contribute to the overall photocatalytic
efficiency of Au/TiO,.

Table 2 collects the first-order rate constants k¢, obtained with differently shaped titanium
dioxide materials, either bare, or modified with different amounts of Au NPs. Coherently with
the results reported, rationalized and in depth discussed in our previous work on morphology-
controlled bare TiO, materials,?? an increase in the truncation degree of the square bipyramidal
crystallites (typical of HT 0.1 materials) leads to an almost threefold photoactivity

improvement. Notably, plate-like shaped TiO, materials (HT 1) outperform even benchmark

P25 TiO,, for which k¢, = (4.3 £ 0.1) - 10* s! under the same experimental conditions.

Table 2. Pscudo first-order rate constants (k¢ - 10%/ s 1) of photocatalytic Cr(VI) reduction at
pH 3.7 obtained with differently shaped bare TiO, and Au/TiO, materials with 0.3 and 0.5 wt%
Au NPs deposited by the DP or the P method.

Photocatalyst HT 0.1 HT 1
Bare TiO, 2.11+0.09 58+0.2
0.3% DP 2.7+£0.3 5.8+0.3
0.5% DP 2.26 £ 0.06 7.2+0.1

0.3% P 2.1+£0.2 6.2+0.2
0.5% P 24+0.2 7.1+£0.2
13
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The photocatalytic activity of the materials, however, was either unaffected or only slightly
improved by gold NPs deposition, with a maximum ~20% increase of the rate constant in the
case of platelet-like materials modified with 0.5 wt% Au NPs. Instead, upon Au NPs deposition
spherical-shaped materials mostly retained their intrinsic photoactivity, independently of the
Au NPs deposition method.

This is in line with literature results evidencing that the photoactivity of mesoporous titania
in Cr(VI) photoreduction remains practically unchanged upon Au NPs deposition,’! and also
upon modification with Pt NPs.3> Moreover, we evidenced that the photoactivity improvements
on photocatalytic Cr(VI) reduction induced by NM NPs deposition over P25 TiO, largely
derive from structure modifications of the titanium dioxide support occurring during NM NPs
deposition, rather than to the presence of Au NPs themselves.?® On the other hand, the
photoactivity of Au/TiO, materials is known to increase in the presence of hole scavengers
undergoing oxidation more easily than water, without any photoactivity improvement of the
composite materials with respect to the corresponding bare titanium dioxide.

These results indicate that in Cr(VI) photocatalytic reduction the anodic half reaction, i.e.,
water oxidation, represents the Kinetic bottleneck limiting the overall photocatalytic process.>
Instead, the electrons photopromoted to the TiO, conduction band (and/or trapped in Au NPs
in Au/Ti10,) are very efficiently transferred to Cr(VI) in chromate anions chemisorbed on the
titanium dioxide surface at the here employed pH.>* Thus, the presence of reduction co-
catalysts, such as gold NPs, improving the rate of photocatalytic reduction paths, has little-to-
no influence on the overall photocatalytic activity of the composite systems in Cr(VI)

reduction, the overall reaction rate being limited by the oxidation component of the process.>?

3.2.2 Formic acid photocatalytic oxidation
Formic acid photodegradation was chosen as test reaction to check the ability of differently

shaped Au-modified anatase photocatalysts to directly oxidize substrates by means of the holes
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photogenerated at their surface.’® Also in this case we verified that none of the materials was
able to photocatalyze formic acid degradation under irradiation through a 420 nm filter, which
excludes any plasmonic contribution to this test reaction.

We found that in this reaction the photoactivity of bare, metal-free TiO, increases upon
passing from a pseudo-spherical morphology to a nanosheet-like shape, the rate constant of
formic acid degradation (kg,) attained with HT 0.1 and HT 1 photocatalysts being (1.4 £0.2)
107 M s and (2.1 £0.4) - 107 M s7!, respectively. This can be attributed to the interplay
between {101} and {001} facets which, due to the slightly different energy location of their
band edges, would improve the preferential migration of photopromoted electrons toward the
{101} facets, while photoproduced holes would spontaneously move toward the {001} facets.
The coexistence of different facets in the most favorable {001}/{101} ratio in platelet-like
materials may lead to an optimized photocatalytic activity as a consequence of a more efficient
charge separation.?2->%

Surprisingly, we found that in formic acid oxidation the deposition of Au NPs is beneficial
only for the photoactivity of pseudo-spherically shaped materials, but it produces a
photoactivity decrease in platelet-like anatase materials. This can be better discussed in terms
of photocatalytic activity ratio ARga, calculated as:

k
ARFA _ Au_FA

(1

kFA

where ka, ra and kga are the zeroth-order rate constants obtained for this reaction with the
metal modified TiO, materials and the corresponding bare, unmodified titanium dioxide
photocatalyst. The ARgs values obtained with the investigated Au/TiO, photocatalysts are
shown in Figure 5.

Clearly, ARg, is larger than 1 only for round-shaped materials, and it increases with
increasing Au NPs loading for DP-prepared Au/TiO, photocatalysts, while it progressively
decreases in the case of Au/TiO, photocatalysts prepared by NM NPs photodeposition.
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Differently, all nanosheet-shaped materials undergo a photoactivity decrease upon Au NPs
deposition (ARga < 1), the lowest ARg5 values being attained with Au/TiO, photocatalysts

obtained by photodeposition (Figure 5).
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Figure 5. Photocatalytic activity ratio ka, ra/kra in formic acid oxidation of Au/TiO,
photocatalysts obtained upon deposition of different percent amounts of Au NPs by the DP or
the P method on round-shaped (HT 0.1) or platelet-like (HT 1) anatase TiO,.

Thus, in the case of Au/TiO, photocatalysts, only materials bearing a pseudo-spherical shape
positively exploit the electron trapping effect offered by the Schottky barrier formed upon Au
NPs deposition, consistently with the photoactivity improvement obtained in formic acid
oxidation with TiO, materials without any morphology control.3>3¢ The lower photoactivity
here unveiled for metal modified nanosheet-shaped materials with respect to bare ones is in
line with very recent results obtained in ethanol photo-steam reforming with nanosheet-like
anatase TiO, modified with Au clusters prepared by ball milling.?® This effect should be strictly
related to morphology-dependent interactions occurring between deposited Au NPs and
titanium dioxide. Indeed, when NM NPs are mainly present on the most abundant {101} facets,

as in the case of HT 0.1 materials, they may efficiently capture photoexcited electrons, which
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preferentially migrate towards such facets as a consequence of the above mentioned slightly
different location of the conduction and valence band edges of the different crystal TiO, facets.
This improves the overall charge separation ability of the material. On the opposite side, when
Au NPs are mainly present on {001} facets, mostly exposed in anatase nanosheets, the
preferential migration of photogenerated holes toward such facets may lead to their
recombination with photopromoted electrons captured by the Au NPs present on such facets,
with a consequent photoefficiency drop. Moreover, as the redox potential of the Au*/Au®
couple is 1.68 V vs. NHE, the holes photogenerated on the TiO, surface and preferentially
migrating towards the {001} facets, instead of directly interacting with the adsorbed formic
acid molecules, may partially oxidize Au NPs to Au” species, which, being back reduced by
photoexcited electrons, may act as charge carriers recombination centers.3¢

Among all investigated materials, those containing 0.5 wt% Au guarantee the highest
kau ra/kea value (Figure 5). Notably, a higher gold content produces detrimental effects on
photoactivity, independently of the TiO, morphology, possibly due to Au NPs shielding effects,

limiting light absorption by TiO, and thus resulting in lower photoactivity.

3.2.3 Photocatalytic degradation of RhB

The photocatalytic degradation of RhB was tested as environmentally relevant oxidation
reaction proceeding through a hydroxyl radical mediated path. In this case we employed
fluorinated TiO, photocatalysts, for two reasons, i.e., because i) surface TiO, fluorination
enhances the rate of this hydroxyl-radical mediated reaction,?”> and ii) a self-sensitized
degradation path of the RhB cationic dye>’~® can be safely excluded when the TiO, surface is
fluorinated. In fact, surface fluorination hampers RhB adsorption on the photocatalyst surface??
which is a pre-requisite for self-sensitization to occur. We also verified that RhB does not
undergo degradation in the presence of any of the investigated photocatalytic materials under
irradiation through a 420 nm cut off filter.
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Figure 6 reports the first order RhB photodegradation rate constants obtained with
fluorinated bare and 0.5 wt% gold NPs-modified photocatalysts, as an example of the
photoactivity results obtained in this reaction. First of all, in the absence of Au co-catalyst the
rate of this photocatalytic reaction is higher with platelet-like shaped than with spherically
shaped anatase photocatalysts, as fully supported by the data discussion reported in our
previous work.?? The rate enhancement attained in the presence of either DP- or P-deposited
gold NPs is more remarkable for {101} facets-enriched spherically shaped anatase and is
maximum upon Au NPs deposition by the DP method. Minor beneficial effects are clearly

attained in the case of Au-modified platelet-like materials.

12 .
1‘}-5 | mBare TiO2
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- : B0.5%_P
2 8 | I
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x 6 F : 5.54
2 ! '
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Figure 6. Pseudo-first order rate constants of RhB photocatalytic degradation kg,g with
differently shaped fluorinated bare (blue bars) and Au-modified TiO, materials obtained by 0.5
wt% Au NPs deposition through the DP (orange bars) or P technique (green bars).

A general overview of the rate increase in RhB photocatalytic degradation induced by the
presence of different amounts of Au NPs on differently shaped fluorinated anatase TiO, is

provided in Figure 7, in terms of the ARgpp ratio between the rate constants kx, rng Obtained

with the metal modified TiO, materials and the rate constant kg,g obtained with the
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corresponding bare (no Au NPs) photocatalyst, all runs being performed under fluorinated

conditions:
kau rhB
ARRhB = k (2)
RhB
4 T
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Figure 7. Photocatalytic activity ratio ka, rns/krns In RhB degradation obtained upon
deposition of different percent amounts of gold NPs by the DP or the P method on fluorinated
round shaped (HT 0.1) or platelet-like (HT 1) anatase TiO,.

Au NPs on TiO, clearly produce a significant RhB degradation rate increase in the case of
fluorinated anatase mainly exposing {101} facets, the highest ARgyp being achieved with
photocatalysts containing 0.5 wt.% DP-deposited Au NPs. Differently, coupling the TiO,
platelet-like morphology with Au NPs does not produce any substantial increase of the intrinsic
photoefficiency of fluorinated {001} facet-enriched TiO,. ARgyp values close to 1 are in fact
obtained with gold-containing fluorinated HT 1 photocatalysts.

Moreover, no significant ARgpp difference is evidenced upon depositing Au NPs on
nanosheet-shaped anatase TiO, by either the DP or the P method. This suggests the inability of

the here adopted photodeposition route to selectively anchor Au NPs on the relatively less

exposed, but in theory more prone to accept photoexcited electrons, {101} facets.?!
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The effects of Au NPs on the photocatalytic activity in RhB degradation of differently
shaped fluorinated anatase TiO, can be rationalized as shown in Figure 8. We recall, first of
all, that a beneficial synergy between surface fluorination and predominant exposure of anatase
{001}-facets has been observed in this test reaction,>?> with a significantly more marked
photoactivity improvement upon fluorination of {001}-enriched materials compared to
pseudo-spherically shaped TiO,. This was attributed to an improved charge carriers separation
induced by the presence of a negative electric field generated by surface fluorine, which
enhances the intrinsic tendency of holes to migrate toward such facets (Figure 8a).>%° On the
other hand, charge recombination more largely occurs on fluorinated spherically-shaped TiO,,
where negatively charged fluorides adsorbed on the mainly exposed {101} facets tend to repel
photoexcited electrons, thus favoring their recombination with photogenerated holes (Figure
8b). Indeed, the RhB degradation rate constant here obtained with the differently shaped bare
fluorinated materials (see the example shown in Figure 6, blue bars) confirm that fluorinated
nanosheet-like HT 1 is more photoactive than fluorinated round-shaped HT 0.1 anatase TiO,.

Concerning Au-modified photocatalysts, on the basis of the previously discussed materials’
characterization and the pretty similar photoactivity trends attained with either DP- or P-
modified materials in all test reactions, we cannot presume any significant difference in terms
of Au NPs distribution depending on the adopted deposition technique. The only relevant
parameter affecting photoactivity is thus the different relative facets exposure of the materials.
Therefore, we can reasonably assume that Au NPs are predominantly present on {101} or
{001} facets, in the case of pseudo-spherically or nanosheet-shaped anatase TiO,, respectively.

Interestingly, the co-catalyst trapping action of gold NPs seems to reverse the morphology-
dependent photoactivity scale attained with fluorinated bare TiO, materials, Au/HT 0.1
materials performing better than Au/HT 1 photocatalysts (Figures 6 and 7). In particular, in

the case of platelet-like photocatalysts, the beneficial charge separation induced by {001}
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facets fluorination may be limited by gold NPs deposited on such prevailing facets, because
Au NPs may efficiently capture photopromoted electrons on the same crystal facets where

photoproduced holes preferentially migrate, thus favoring their recombination (Figure 8c).

a) q,é b)
|Aﬂraction‘

° = Au Nanoparticles

Figure 8. Schematic representation of the effects induced by the presence of Au NPs on
fluorinated anatase TiO, with (a,c) platelet-like or (b,d) pseudo spherical morphology.

Moreover, as in the case of formic acid degradation, Au NPs deposited on {001} facets may
be oxidized by photogenerated holes migrating there, in competition with water molecules
oxidation at the semiconductor surface.3® This results not only in a lower "OH radical
production, due to the competition for photogenerated holes between gold NPs and water

molecules, but also in the generation of a partial positive charge on Au NPs, which may be
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restored to their metallic state by photopromoted electrons. Consequently, the combination of
all these factors produces a relatively limited photoefficiency gain for Au/HT 1 materials.
Differently, in the case of pseudo-spherically shaped Au/TiO, photocatalysts, Au NPs are
mainly present on {101} facets and may rapidly and efficiently capture photoexcited electrons
already tending to migrate toward such crystalline facets (Figure 8d). This beneficial Au NPs-
induced effect, evidenced by a remarkable RhB photodegradation rate increase (Figures 6 and
7), overtakes the detrimental charge recombination process occurring instead with fluorinated
bare spherical-shaped TiO,. The deposition of Au NPs on the mainly exposed {101} facets of
pseudo-spherically shaped titanium dioxide therefore increases charge carriers separation,

favoring RhB degradation.

4 CONCLUSIONS

This work sheds light on the effects induced by the presence of Au NPs on the photoactivity
of differently shaped TiO, anatase. In spite of their intrinsically higher photoefficiency,
titanium dioxide nanosheets are not the optimal support of gold NPs co-catalysts. Indeed, when
Au NPs are deposited on intrinsically less reactive pseudo-spherically shaped TiO,, mainly
exposing {101} facets, a more remarkable photoactivity improvement is obtained. The
preferential migration of oppositely charged carriers towards different crystal facets clarifies
why potentially more reactive nanosheet-shaped anatase should not always be preferred to
pseudo-spherically shaped TiO, in combination with Au NPs co-catalysts. This provides
insight on the principles to be taken into account in the design and preparation of noble-metal

NP-containing nanostructured TiO, photocatalysts.
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SUPPORTING INFORMATION

HF amount employed for the synthesis of each TiO, morphology; ICP-OES-determined Au
content; examples of Cr(VI), formic acid and Rhodamine B kinetic runs; XRPD patterns of
selected materials; BET isotherms of selected materials; UV-vis absorption spectra of bare
Ti0,; UV-vis absorption difference spectra of materials with 0.3 and 1 wt% Au NPs; Au 4f
XPS spectra of materials with 0.5 wt% Au NPs; HR-TEM images and Au NPs size distribution

of materials with 0.3 and 1 wt% Au NPs.

Notes

The authors declare no competing financial interest.

ACKNOWLEDGEMENTS
The collaboration of Nicold Lo Presti in performing photocatalytic oxidation kinetic runs is
gratefully acknowledged. This work received financial support from MUR (Italy), through both

PRIN Project MAPEC (N. 2022599NR3), and PRIN Project PERFECT (N. P2022TK9B9),

which are gratefully acknowledged.

L.P. acknowledges funding by:

e Funder: Project funded under the National Recovery and Resilience Plan (NRRP), Mission
4 Component 2 Investment 1.3 - Call for tender No. 341 of 15.03.2022 of Ministero
dell’Universita e della Ricerca (MUR); funded by the European Union — NextGenerationEU;

e Award Number: Project code PE0000021, Concession Decree No. 1561 of 11.10.2022
adopted by Ministero dell’Universita e della Ricerca (MUR), CUP D43C22003090001,

Project title “Network 4 Energy Sustainable Transition — NEST”.

23

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Table of Contents (TOC)

MORPHOLOGY

HU/WOZ _DP
ﬁU/ﬂ02 _P

PHOTOACTIVI

Au NPs DEPOSITION

24

ACS Paragon Plus Environment

Page 24 of 33



Page 25 of 33

cONOYULT A~ WN =

ACS Applied Materials & Interfaces

REFERENCES

(1

2)

)

4

©)

(6)

(7

Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. Environmental
Applications of Semiconductor Photocatalysis. Chem Rev 1995, 95 (1), 69-96.

https://doi.org/10.1021/cr00033a004.

Li, Z.; Wang, S.; Wu, J.; Zhou, W. Recent Progress in Defective TiO, Photocatalysts for
Energy and Environmental Applications. Renewable and Sustainable Energy Reviews

2022, 156, 111980. https://doi.org/10.1016/j.rser.2021.111980.

Zhou, G.; Xu, H.; Song, H.; Yi, J.; Wang, X.; Chen, Z.; Zhu, X. Photocatalysis toward
Microplastics Conversion: A Critical Review. ACS Catalysis 2024, 14 (11), 8694—8719.

https://doi.org/10.1021/acscatal.4c01449.

Hisatomi, T.; Domen, K. Reaction Systems for Solar Hydrogen Production via Water
Splitting with Particulate Semiconductor Photocatalysts. Nat Catal 2019, 2 (5), 387—

399. https://doi.org/10.1038/s41929-019-0242-6.

Cheng, Q.; Yuan, Y. J.; Tang, R.; Liu, Q. Y.; Bao, L.; Wang, P.; Zhong, J.; Zhao, Z.;
Yu, Z. T.; Zou, Z. Rapid Hydroxyl Radical Generation on (001)-Facet-Exposed
Ultrathin Anatase TiO, Nanosheets for Enhanced Photocatalytic Lignocellulose-to-H;
Conversion. ACS Catal 2022, 12 (3), 2118-2125.

https://doi.org/10.1021/acscatal.1c05713.

Nakata, K.; Fujishima, A. TiO, Photocatalysis: Design and Applications. J Photochem
Photobiol C Photochem Rev 2012, 13 (3), 169-189.

https://doi.org/10.1016/j.jphotochemrev.2012.06.001.

Dozzi, M. V.; Selli, E. Specific Facets-Dominated Anatase TiO,: Fluorine-Mediated
Synthesis  and  Photoactivity. Catalysts 2013, 3 (2), 455-485.
https://doi.org/10.3390/catal3020455.

25

ACS Paragon Plus Environment



cONOYULT A~ WN =

(8)

©)

(10)

(11)

(12)

(13)

ACS Applied Materials & Interfaces Page 26 of 33

Li, Y.; Gao, C.; Long, R.; Xiong, Y. Photocatalyst Design Based on Two-Dimensional
Materials. Mater Today Chem 2019, 11, 197-216.

https://doi.org/10.1016/;.mtchem.2018.11.002.

Liu, S.; Yu, J.; Jaroniec, M. Anatase TiO, with Dominant High-Energy {001} Facets:
Synthesis, Properties, and Applications. Chem Mater 2011, 23 (18), 4085-4093.

https://doi.org/10.1021/cm200597m.

Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S. C.; Cheng, H. M.; Lu,
G. Q. Anatase TiO2 Single Crystals with a Large Percentage of Reactive Facets. Nature

2008, 453 (7195), 638—641. https://doi.org/10.1038/nature06964.

Pantaleone, S.; Pellegrino, F.; Maurino, V.; Corno, M.; Ugliengo, P.; Mino, L.
Disclosing the True Atomic Structure of {001} Facets in Shape-Engineered TiO,
Anatase Nanoparticles. J Mater Chem A Mater 2024, 12 (7), 4325-4332.

https://doi.org/10.1039/d3ta06694k.

Zhang, Y.; Shang, M.; Mi, Y.; Xia, T.; Wallenmeyer, P.; Murowchick, J.; Dong, L.;
Zhang, Q.; Chen, X. Influence of the Amount of Hydrogen Fluoride on the Formation
of (001)-Faceted Titanium Dioxide Nanosheets and Their Photocatalytic Hydrogen
Generation  Performance.  ChemPlusChem 2014, 79 (8), 1159-1166.

https://doi.org/10.1002/cplu.201402036.

Fu, C.; Li, F.; Yang, J.; Xie, J.; Zhang, Y.; Sun, X.; Zheng, X.; Liu, Y.; Zhu, J.; Tang,
J.; Gong, X. Q.; Huang, W. Spontaneous Bulk-Surface Charge Separation of TiO,-
{001} Nanocrystals Leads to High Activity in Photocatalytic Methane Combustion. ACS

Catal 2022, 12 (11), 6457-6463. https://doi.org/10.1021/acscatal.2c01706.

26

ACS Paragon Plus Environment



Page 27 of 33

cONOYULT A~ WN =

(14)

(15)

(16)

(17)

(18)

(19)

(20)

ACS Applied Materials & Interfaces

Feng, N.; Lin, H.; Song, H.; Yang, L.; Tang, D.; Deng, F.; Ye, J. Efficient and Selective
Photocatalytic CH4 Conversion to CH;0OH with O, by Controlling Overoxidation on

TiO,. Nat Commun 2021, 12 (1), 4652. https://doi.org/10.1038/s41467-021-24912-0.

Wang, Y.; Zhang, Y.; Zhu, X.; Liu, Y.; Wu, Z. Fluorine-Induced Oxygen Vacancies on
Ti0O, Nanosheets for Photocatalytic Indoor VOCs Degradation. Appl Catal B 2022, 316.

https://doi.org/10.1016/j.apcatb.2022.121610.

Mamaghani, A. H.; Haghighat, F.; Lee, C. S. Role of Titanium Dioxide (Ti0O;) Structural
Design/Morphology in Photocatalytic Air Purification. Appl Catal B 2020, 269.

https://doi.org/10.1016/j.apcatb.2020.118735.

Pellegrino, F.; Sordello, F.; Mino, L.; Minero, C.; Hodoroaba, V. D.; Martra, G.;
Maurino, V. Formic Acid Photoreforming for Hydrogen Production on Shape-
Controlled Anatase TiO, Nanoparticles: Assessment of the Role of Fluorides,
{101}/{001} Surfaces Ratio, and Platinization. ACS Catal 2019, 9 (8), 6692—6697.

https://doi.org/10.1021/acscatal.9b01861.

Qin, S.; Shui, L.; Osuagwu, B.; Denisov, N.; Tesler, A. B.; Schmuki, P. Facet-Control
versus Co-Catalyst-Control in Photocatalytic H, Evolution from Anatase TiO,
Nanocrystals. ChemistryOpen 2022, 11 (3), €202200010.

https://doi.org/10.1002/0pen.202200010.

Pan, J.; Liu, G.; Lu, G. Q. (Max); Cheng, H.-M. On the True Photoreactivity Order of
{001}, {010}, and {101} Facets of Anatase TiO, Crystals. Angew Chem Int Ed 2011,

50 (9), 2133-2137. https://doi.org/10.1002/anie.201006057.

Zhong, Y.; Wang, R.; Chen, J.; Duan, C.; Huang, Z.; Yu, S.; Guo, H.; Zhou, Y. Surface-

Terminated Hydroxyl Groups for Deciphering the Facet-Dependent Photocatalysis of

27

ACS Paragon Plus Environment



cONOYULT A~ WN =

21

(22)

(23)

(24)

(25)

(26)

ACS Applied Materials & Interfaces Page 28 of 33

Anatase TiO,. ACS Appl Mater Interfaces 2022, 14 (15), 17601-17609.

https://doi.org/10.1021/acsami.2c04302.

Mrowetz, M.; Selli, E. Enhanced Photocatalytic Formation of Hydroxyl Radicals on
Fluorinated TiO,. Phys Chem Chem Phys 2005, 7 (6), 1100-1102.

https://doi.org/10.1039/b500194c.

Dozzi, M. V.; Montalbano, M.; Marra, G.; Mino, L.; Selli, E. Effects of Anatase TiO,
Morphology and Surface Fluorination on Environmentally Relevant Photocatalytic
Reduction and Oxidation Reactions. Mater Today Chem 2021, 22, 100624.

https://doi.org/10.1016/;.mtchem.2021.100624.

Wu, S. M.; Hwang, 1.; Osuagwu, B.; Will, J.; Wu, Z.; Sarma, B. B.; Pu, F. F.; Wang, L.
Y.; Badura, Z.; Zoppellaro, G.; Spiecker, E.; Schmuki, P. Fluorine Aided Stabilization
of Pt Single Atoms on TiO, Nanosheets and Strongly Enhanced Photocatalytic H,

Evolution. ACS Catal 2023, 13 (1), 33—41. https://doi.org/10.1021/acscatal.2c04481.

Zhou, X.; Ye, S.; Zhao, S.; Song, H.; Gong, H.; Fan, S.; Liu, M.; Wang, M.; Zhou, W.;
Liu, J; Yao, S.; Lin, L. Unraveling Structure Sensitivity in the Photocatalytic
Dehydrogenative C-C Coupling of Acetone to 2,5-Hexanedione over Pt/TiO, Catalysts.

ACS Catal 2023, 13 (17), 11825-11833. https://doi.org/10.1021/acscatal.3c01930.

Yu, J.; Qi, L.; Jaroniec, M. Hydrogen Production by Photocatalytic Water Splitting over
Pt/TiO, Nanosheets with Exposed (001) Facets. J Phys Chem C 2010, 114 (30), 13118—

13125. https://doi.org/10.1021/jp104488b.

Chen, Y.; Soler, L.; Cazorla, C.; Oliveras, J.; Bastis, N. G.; Puntes, V. F.; Llorca, J.
Facet-Engineered TiO, Drives Photocatalytic Activity and Stability of Supported Noble
Metal Clusters during H, Evolution. Nat Commun 2023, 14 (1), 6165.

https://doi.org/10.1038/s41467-023-41976-2.
28

ACS Paragon Plus Environment



Page 29 of 33

cONOYULT A~ WN =

27

(28)

(29)

(30)

€19

(32)

(33)

ACS Applied Materials & Interfaces

Zanella, R.; Giorgio, S.; Henry, C. R.; Louis, C. Alternative Methods for the Preparation
of Gold Nanoparticles Supported on TiO,. J Phys Chem B 2002, 106 (31), 7634—7642.

https://doi.org/10.1021/;p0144810.

Wenderich, K.; Mul, G. Methods, Mechanism, and Applications of Photodeposition in
Photocatalysis: A Review. Chem Rev 2016, 116 (23), 14587-146109.

https://doi.org/10.1021/acs.chemrev.6b00327.

Qian, K.; Fang, J.; Huang, W.; He, B.; Jiang, Z.; Ma, Y.; Wei, S. Understanding the
Deposition-Precipitation Process for the Preparation of Supported Au Catalysts. J Mol

Catal A Chem 2010, 320 (1-2), 97-105. https://doi.org/10.1016/j.molcata.2010.01.010.

Dozzi, M. V.; Candeo, A.; Marra, G.; D’Andrea, C.; Valentini, G.; Selli, E. Effects of
Photodeposited Gold vs Platinum Nanoparticles on N,F-Doped TiO, Photoactivity: A
Time-Resolved Photoluminescence Investigation. J Phys Chem C 2018, 122 (26),

14326—-14335. https://doi.org/10.1021/acs.jpcc.8b02997.

Meng, A.; Zhang, L.; Cheng, B.; Yu, J. Dual Cocatalysts in TiO, Photocatalysis. Adv

Mater 2019, 31 (30), 1807660. https://doi.org/10.1002/adma.201807660.

Di Liberto, G.; Tosoni, S.; Pacchioni, G. Role of Heterojunction in Charge Carrier
Separation in Coexposed Anatase (001)-(101) Surfaces. J Phys Chem Lett 2019, 10 (10),

2372-2377. https://doi.org/10.1021/acs.jpclett.9b00504.

Yang, H. G.; Liu, G.; Qiao, S. Z.; Sun, C. H.; Jin, Y. G.; Smith, S. C.; Zou, J.; Cheng,
H. M.; Lu, G. Q. Solvothermal Synthesis and Photoreactivity of Anatase TiO,
Nanosheets with Dominant {001} Facets. J Am Chem Soc 2009, 131 (11), 4078—4083.

https://doi.org/10.1021/;a808790p.

29

ACS Paragon Plus Environment



cONOYULT A~ WN =

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

ACS Applied Materials & Interfaces

Tsubota, S.; Haruta, M.; Kobayashi, T.; Ueda, A.; Nakahara, Y. Preparation of Highly
Dispersed Gold on Titanium and Magnesium Oxide. Stud Surf Sci Catal 1991, 63 (C),

695-704. https://doi.org/10.1016/S0167-2991(08)64634-0.

Dozzi, M. V.; Saccomanni, A.; Altomare, M.; Selli, E. Photocatalytic Activity of NH,4F-
Doped TiO, Modified by Noble Metal Nanoparticle Deposition. Photochem Photobiol

Sci 2013, 12 (4), 595-601. https://doi.org/10.1039/c2pp25175b.

Dozzi, M. V.; Prati, L.; Canton, P.; Selli, E. Effects of Gold Nanoparticles Deposition
on the Photocatalytic Activity of Titanium Dioxide under Visible Light. Phys Chem

Chem Phys 2009, 11 (33), 7171-7180. https://doi.org/10.1039/6907317e.

Coduri, M.; Maisano, M.; Dozzi, M. V.; Selli, E. Morphological Characterization of
Shape-Controlled TiO, Anatase through XRPD Analysis. Z fur Phys Chem 2016, 230

(9), 1233-1248. https://doi.org/10.1515/zpch-2015-0715.

Toby, B. H.; Von Dreele, R. B. GSAS-II: The Genesis of a Modern Open-Source All
Purpose Crystallography Software Package. J Appl Crystallogr 2013, 46 (2), 544-549.

https://doi.org/10.1107/S0021889813003531.

Dozzi, M. V.; Saccomanni, A.; Selli, E. Cr(VI) Photocatalytic Reduction: Effects of
Simultaneous Organics Oxidation and of Gold Nanoparticles Photodeposition on TiO,.

J Hazard Mater 2012, 221-22, 188—-195. https://doi.org/10.1016/j.jhazmat.2011.09.038.

Clesceri, L. S.; Greenberg, A. E.; Eaton, A. D. Standard Methods for the Examination
of Water and Wastewater, 20th Ed.; American Water Works Association, American

Public Health Association, and the Water Environment Federation, 1998.
Maisano, M.; Dozzi, M. V.; Coduri, M.; Artiglia, L.; Granozzi, G.; Selli, E. Unraveling

the Multiple Effects Originating the Increased Oxidative Photoactivity of {001}-Facet

30

ACS Paragon Plus Environment

Page 30 of 33



Page 31 of 33

cONOYULT A~ WN =

(42)

(43)

(44)

(45)

(46)

(47)

ACS Applied Materials & Interfaces

Enriched Anatase TiO,. ACS Appl Mater Interfaces 2016, 8 (15), 9745-9754.

https://doi.org/10.1021/acsami.6b01808.

Zhang, Y.; Zhang, Q.; Xia, T.; Zhu, D.; Chen, Y.; Chen, X. The Influence of Reaction
Temperature on the Formation and Photocatalytic Hydrogen Generation of (001)
Faceted TiO, Nanosheets.  ChemNanoMat 2015, 1 (4), 270-275.

https://doi.org/10.1002/cnma.201500030.

Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.; Rodriguez-Reinoso, F.;
Rouquerol, J.; Sing, K. S. W. Physisorption of Gases, with Special Reference to the
Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical Report). Pure

Appl Chem 2015, 87 (9-10), 1051-1069. https://doi.org/10.1515/pac-2014-1117.

Dozzi, M. V.; Ohtani, B.; Selli, E. Absorption and Action Spectra Analysis of
Ammonium Fluoride-Doped Titania Photocatalysts. Phys Chem Chem Phys 2011, 13

(40), 18217-18227. https://doi.org/10.1039/c1cp21558b.

Maisano, M.; Dozzi, M. V.; Selli, E. Searching for Facet-Dependent Photoactivity of
Shape-Controlled Anatase TiO,. J Photochem Photobiol C Photochem Rev 2016, 28,

29-43. https://doi.org/10.1016/j.jphotochemrev.2016.07.002.

Tanaka, A.; Hashimoto, K.; Kominami, H. A Very Simple Method for the Preparation
of Au/TiO, Plasmonic Photocatalysts Working under Irradiation of Visible Light in the
Range of 600-700 Nm. ChemComm 2017, 53 (35), 4759-4762.

https://doi.org/10.1039/c7cc01444a.

Kowalska, E.; Mahaney, O. O. P.; Abe, R.; Ohtani, B. Visible-Light-Induced
Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces. Phys

Chem Chem Phys 2010, 12 (10), 2344-2355. https://doi.org/10.1039/b917399d.

31

ACS Paragon Plus Environment



cONOYULT A~ WN =

(48)

(49)

(50)

(1)

(52)

(33)

ACS Applied Materials & Interfaces

Mino, L.; Pellegrino, F.; Rades, S.; Radnik, J.; Hodoroaba, V. D.; Spoto, G.; Maurino,
V.; Martra, G. Beyond Shape Engineering of TiO, Nanoparticles: Post-Synthesis
Treatment Dependence of Surface Hydration, Hydroxylation, Lewis Acidity and
Photocatalytic Activity of TiO, Anatase Nanoparticles with Dominant {001} or {101}
Facets. ACS  Appl  Nano Mater 2018, 1 9), 5355-5365.

https://doi.org/10.1021/acsanm.8b01477.

Dozzi, M. V.; Selli, E. Effects of Phase Composition and Surface Area on the
Photocatalytic Paths on Fluorinated Titania. Catal Today 2013, 206, 26-31.

https://doi.org/10.1016/j.cattod.2012.03.029.

Dimitratos, N.; Villa, A.; Prati, L.; Hammond, C.; Chan-Thaw, C. E.; Cookson, J.;
Bishop, P. T. Effect of the Preparation Method of Supported Au Nanoparticles in the
Liquid Phase Oxidation of Glycerol. Appl Catal A Gen 2016, 514, 267-275.

https://doi.org/10.1016/j.apcata.2015.12.031.

Li, H.; Bian, Z.; Zhu, J.; Huo, Y.; Li, H.; Lu, Y. Mesoporous Au/TiO, Nanocomposites
with Enhanced Photocatalytic Activity. J Am Chem Soc 2007, 129 (15), 4538-4539.

https://doi.org/10.1021/;a069113u.

Siemon, U.; Bahnemann, D.; Testa, J. J.; Rodriguez, D.; Litter, M. I.; Bruno, N.
Heterogeneous Photocatalytic Reactions Comparing TiO, and Pt/TiO,. J Photochem
Photobiol A Chem 2002, 148 (1-3), 247-255. https://doi.org/10.1016/S1010-

6030(02)00050-3.

Litter, M. I. Heterogeneous Photocatalysis: Transition Metal lons in Photocatalytic
Systems. Appl Catal B 1999, 23 (2-3), 89-114. https://doi.org/10.1016/S0926-

3373(99)00069-7.

32

ACS Paragon Plus Environment

Page 32 of 33



Page 33 of 33

cONOYULT A~ WN =

(54)

(35)

(56)

(57)

(58)

(39)

ACS Applied Materials & Interfaces

Navo, J. A.; Colon, G.; Trillas, M.; Peral, J.; Doménech, X.; Testa, J. J.; Padrén, J.;
Rodrguez, D.; Litter, M. 1. Heterogeneous Photocatalytic Reactions of Nitrite Oxidation
and Cr(VI) Reduction on Iron-Doped Titania Prepared by the Wet Impregnation
Method. Appl Catal B 1998, 16 (2), 187-196. https://doi.org/10.1016/S0926-

3373(97)00073-8.

Dozzi, M. V.; Livraghi, S.; Giamello, E.; Selli, E. Photocatalytic Activity of S- and F-
Doped TiO, in Formic Acid Mineralization. Photochem Photobiol Sci 2011, 10 (3), 343.

https://doi.org/10.1039/cOpp00158a.

Guan, L.; Chen, X. Photoexcited Charge Transport and Accumulation in Anatase. ACS

Appl Energy Mater 2018, 1 (8), 4313—4320. https://doi.org/10.1021/acsaem.8b00944.

Qu, P.; Zhao, J.; Shen, T.; Hidaka, H. TiO,-Assisted Photodegradation of Dyes: A Study
of Two Competitive Primary Processes in the Degradation of RB in an Aqueous TiO,
Colloidal Solution. J Mol Catal A Chem 1998, 129 (2-3), 257-268.

https://doi.org/10.1016/S1381-1169(97)00185-4.

Yao, C.; Wang, X.; Zhao, W.; Li, T.; He, Y.; Ran, X.; Guo, L. Probing the Facet-
Dependent Intermediate in the Visible-Light Degradation of RhB by Carbon-Coated
Anatase TiO, Nanoparticles. J Alloys Compd 2020, 846, 156335-1/9.

https://doi.org/10.1016/j.jallcom.2020.156335.

Chen, M.; Ma, J.; Zhang, B.; He, G.; Li, Y.; Zhang, C.; He, H. Remarkable Synergistic
Effect between {001} Facets and Surface F Ions Promoting Hole Migration on Anatase

Ti0,. Appl Catal B 2017, 207, 397-403. https://doi.org/10.1016/j.apcatb.2017.02.048.

33

ACS Paragon Plus Environment



