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Graphical abstract

Impact of rutile fraction on TiO, visible-light absorption and visible-
light-induced photocatalytic activity
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Highlights
e Phase fractions & microstructure solved via XRD & HR-EELS, uncommon in catalysis
e A2 wt% rutile fraction is able to red-shift the optical E; of the mixture
e PC activity tested in gas- and liquid-solid phase using purely visible-light
o Arutile fraction 210 wt% granted vis-light absorption & less charge recombination

o Arutile fraction 210 wt% gave real vis-light PC activity

Abstract

Titanium dioxide is by far the most used semiconductor material for photocatalytic applications. Still, it is
transparent to visible-light. Recently, it has been proved that a type-ll band alignment for the
rutile-anatase mixture would improve visible-light absorption. In this research paper we thoroughly
characterised the real crystalline and amorphous phases of synthesised titanias — thermally treated at
different temperatures to get distinct ratios of anatase-rutile-amorphous fraction — as well as that of three

commercially available photocatalytic nano-TiO..



Optical spectroscopy showed that even a small fraction of rutile (2 wt%) is able to shift to lower energies
the apparent optical band gap of an anatase-rutile mixed phase. But is this enough to attain a real

photocatalytic activity promoted by merely visible-light? We tried to give an answer to that question.

Photocatalytic activity was assessed in the liquid- and gas-solid phase (employing rhodamine B and 4-
chlorophenol, and isopropanol, respectively, as the organic substances to degrade) using a light source

irradiating exclusively in the visible-range.

Photocatalytic activity results in the liquid-solid phase showed that a high surface hydroxylation led to
specimen with superior visible light-promoted catalytic activity — i.e. dye and ligand-to-metal charge

transfer complexes sensitisation effects, not photocatalysis sensu-strictu.

On the other hand, the gas-solid phase results showed that a higher amount of the absolute rutile fraction
(around 10 wt%), together with less recombination of the charge carriers, were more effective for both

IM

visible-light absorption and a “real” visible-light promoted photocatalytic oxidation of isopropanol.

KEYWORDS: advanced X-ray methods; high-resolution electron energy-loss spectroscopy; anatase-rutile

mixture; apparent optical band gap; visible-light

1. Introduction

1972 was the year when Honda and Fujishima firstly demonstrated electrochemical photolysis of water
using a titanium dioxide (TiO,, titania) electrode (and a Pt counter-electrode) [1]. Since then, the research
about TiO, and its photocatalytic (PC) application has been growing exponentially [2]. Indeed, TiO; still
remains the most widely used oxide for PC applications, owing to its low cost, high activity, and stability in

both basic and acidic media [3].

TiO; crystallises in a large number of polymorphs [4], though anatase and rutile are the most widely used
for PC applications, with anatase believed to have better PC performances than rutile [5,6]. [This is the
reason why the vast majority of the research to improve the PC performances and extend its light
absorption to the visible (see below), is headed to the anatase TiO, polymorph.] TiO, electronic
configuration retains zero 3d electrons, and the optical band gap (Eg) of anatase and rutile is accepted to be
around 3.2 and 3.0 eV [7], respectively, thus being transparent for most of the visible radiation region. This
means that the PC reaction is exploited by 3-5% of the solar spectrum [8], this is the reason why the

scientific community is challenging in extending its light response to the visible-region [9].



First attempts to modify TiO, electronic structure were made by doping TiO, with transition metals [10].
However, this strategy proved itself to be counterproductive, because transition metals behaved as
recombination centres for the photo-generated couple e/h* [11]. Then, researcher successfully synthesised
TiO, with Ti** dopants. This so-called “Ti** self-doping” is a technique to harvest visible-light without
introducing any foreign element into titania structure [12]. However, to be successful, this method involves
toxic precursors and solvents, i.e. hydrofluoric acid (HF), TiF4 and TiCl; [12,13], thus being contrary to most
of the principles of green chemistry — photocatalysis can be certainly considered as one of the most

innovative approaches in green chemistry [14].

Asahi and co-workers succeeded in doping TiO; with nitrogen, thus extending titania’s light response to the
visible [15]. However, also this approach proved itself to be somehow unsuccessful. Indeed, if from one
hand anionic doping extends TiO; light absorption to the visible, from the other it is reasonable that, during
the oxidising working conditions of a PC reaction, titania might have a “self-cleaning” disposition, ejecting
N3~ anions from the structure [16] — provided that nitrogen is present in the nitride state. The photocatalyst

is thus not stable and cannot be recycled after repeated PC runs [17].

Other strategies adopted to extend TiO; light response to the visible region were to graft / decorate its
surface with noble-metals atoms [18-21] — although effective, these methods proved to be quite
expensive. It was even found that high-pressure cubic TiO, would absorb visible-light, but those phases are

not stable at atmospheric pressure, thus unsuitable for real-world PC applications [22,23].

The investigations reported so far mainly regarded the doping and/or modifications of the anatase TiO;
polymorph. However, Degussa P25 is known to be one of the most effective commercial TiO,-based
photocatalysts. This is a mixture of nano-anatase and nano-rutile, as well as some amount of amorphous
fraction [24], and it possesses some weak absorption into the visible region [25]. From this starting point,
very recent literature has been paid to investigate the electronic structure of anatase/rutile mixed-phase
TiO2 nano-powders [26], and its possible synergy in PC reactions [27]. As a matter of fact, it is believed that
the phase junction of nanocomposite materials is key to obtain improved PC performances [28]. Scanlon et
al. showed that a type-Il (staggered) band alignment of ~0.4 eV exists between anatase and rutile TiO;
polymorphs when they form a hetero-junction, with anatase possessing the higher electron affinity [29].
This was further confirmed by a very recent work of Nosaka and Nosaka, who suggested that, in an
anatase-rutile hetero-junction, the conduction band bottom (Ecs), for the indirect E; of 3.2 eV, should be
0.4 V lower than the Ecg of rutile TiO,.[30] Indeed, such band alignment has a twofold advantage [31]: (i) on
excitation, it is beneficial for electrons to flow from rutile to anatase, and for holes to flow in the opposite
direction, this leading to efficient separation of the charge carriers. (ii) The effective E; of the mixture is

lower than that of the constituent polymorphs, this leading to enhanced visible light absorption.



Aware of these findings, the quest for attaining a visible-light activated PC material showing good
performances might be closed by investigating anatase-rutile hetero-junctions composed of different
fraction of anatase and rutile (and amorphous phase) [32]. Therefore, in this work, the real
crystalline/amorphous composition of several synthesised and commercial TiO»-based PC nanoparticles
(NPs) was thoroughly explored via X-ray powder diffraction (XRPD), and the materials fully characterised.
This is a very innovative approach within the catalysis community, as TiO, absolute crystallinity has been
rarely determined [33-38]. Furthermore, it has been shown that the amorphous fraction of TiO, has no or

little PC activity [39], this also influences the interpretation of the results.

The PC activity was evaluated using exclusively visible-light irradiation from a white LED lamp source, in the
liquid-solid as well as gas-solid phase. In the former, the PC activity was assessed monitoring the
decolouration of an organic dye, rhodamine B (RhB) and the degradation of a phenolic compound (highly
toxic and poorly biodegradable compounds) [40], 4-chlorophenol (4-CP). In the latter, isopropanol was used

as the organic substance to degrade.

2. Experimental section

2.1 Sample preparation

An adapted aqueous sol-gel method, developed by the authors, was used for the synthesis of TiO,-based
photocatalysts; very detail of it can be found elsewhere [41]. Briefly, sols were synthesised via the
controlled hydrolysis and peptisation of titanium(IV)isopropoxide (Ti-i-pr, Ti(OCH(CHs),)4) with Milli-Q water
(18.2 MQ cm, H,O:Ti-i-pr = 4:1) diluted in isopropyl alcohol (IPA). To get different anatase-to-rutile-to-
amorphous ratios, dried gels were thermally treated at different temperatures, with different dwell times,
always under a static air flow, and using an electric muffle furnace. In detail: samples were thermally
treated up to: (i) 250 °C with a heating rate of 15 °C min™, pre-heating the furnace at 200 °C, with a 8 h
dwell time (Ti250/8h); (ii) 450 °C, and (iii) 800 °C with a heating rate of 5 °C min™%, with a 2 h dwell time

(samples were designated as Ti450/2h and Ti800/2h, respectively).

Commercial TiO,-based, nanostructured photocatalysts — chosen because they are among the most widely
employed in photocatalysis — were also used, with a view to compare their phase composition and PC
activity with that of our synthesised titanias. These were: AEROXIDE® TiO, P25 (formerly known as Degussa
P25, here designated as P25), that is a mixture of nano-anatase, nano-rutile and amorphous phase [24],
Hombikat UV 100 (HK-UV100), an unmodified nano-anatase, and KRONOClean 7000® (K7000) — a carbon-
modified nano-anatase, known to be a visible-light active photocatalyst [42]. Commercial photocatalysts

were all used as received.



2.2 Sample characterisation

XRPD was used to get information about the real crystalline and amorphous fraction in the specimens. For
this purpose, XRPD patterns for full quantitative phase analysis (FQPA) were recorded at room temperature
(RT) on a 6/06 diffractometer (PANalytical X'Pert Pro, NL), equipped with a fast RTMS detector (PIXcel 1D,
PANalytical), with Cu Ka radiation (45 kV and 40 mA, 20-80 °26 range, with a virtual step scan of 0.0263
°28, and virtual time per step of 200 s). Divergence and antiscattering slits of 0.5°, as well as a Soller slit of
0.04 rad were mounted in the incident beam pathway. A Ni filter and a 5 mm anti-scatter blade were in the
diffracted beam pathway; the specimens were loaded on a zero-background monocrystalline Si sample-
holder. FQPA was assessed using the combined Rietveld and reference intensity ratio (RIR) methods, as
previously reported by Gualtieri and co-workers [43,44]. More specifically: 10 wt% a-alumina (NIST SRM
676a) with certified phase purity being 99.02+1.11 wt% [45], was added to the sample, and treated as an
additional phase in the refinements. In this way, the refined weight fractions of each crystalline phase (W)
were rescaled with respect to the known weight fraction of the added standard (Ws), with the purpose of

obtaining the real crystalline phase weight fraction (W), according to:

= ) ] 2

In (1), W is the refined weight fraction of the internal standard. Therefore, knowing the weight fractions of
all the crystalline phases, the amorphous content (W.) is given by the difference between 1 and the “as-

received” components (W), i.e. the TiO, polymorphs in the specimens:
W,=1-; W, (2)

The errors associated with the calculation of both the amorphous and crystalline phase fractions were

calculated according to the procedure proposed by Madsen and Scarlett.[46]

The Rietveld data analysis was assessed using the GSAS software package [47], and its graphical interface
EXPGUI [48]. Instrumental broadening, obtained from the refinement of LaBe standard (NIST SRM 660b),
was taken into account in all of the Rietveld refinements. These latter were accomplished by refining the
following parameters: scale-factors, zero-point, 6 coefficients of the shifted Chebyshev function to fit the
background, unit cell parameters. The profile was modelled using the Thompson-Cox-Hasting formulation
of the pseudo-Voigt function [49], and two Lorentzian (Lx and Ly) terms, peak correction for asymmetry, as
well as sample displacement effects, were refined. The Gaussian parameter (Gw, an angle independent
term) of the pseudo-Voigt profile shape function of the phases constituting the samples was instead
constrained to the value obtained for a-alumina (NIST SRM 676a). The starting atomic parameters for

anatase, rutile, and brookite when present, described in the space groups (SGs) /41/amd, P4,/mnm and
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Pbca respectively, were taken from the literature [50-52]. Furthermore, aiming at estimating FQPA
precision, both the sample preparation and data collection were repeated in triplicate per each specimen
(three different batches, in the case of commercial photocatalysts), and the confidence interval (Cl) at 95%,

reflecting a significance level of 0.05, was then calculated using t-statistic.

Microstructural features of the specimens were also determined via XRPD, using the same instrument and
setup as per the FQPA, but in the 20-145 °26 range, with a virtual step-scan of 0.1 °26, and virtual time per
step of 500 s, so to have data with a higher signal-to-noise ratio. The whole powder pattern modelling
(WPPM) [53,54], as implemented in the PM2K software [55], was used for the microstructural analysis of
the diffraction data. WPPM is a novel yet state-of-the art technique; it exploits XRPD by describing each
observed peak profile as a convolution of instrumental and sample-related physical effects, and refining the
corresponding model parameters directly on the observed data [56,57]. This way, adopting the WPPM
formalism, microstructure information (i.e. crystalline domain shape, size distribution, defect type, and
content) can be obtained quantitatively [58,59]. Indeed, it is quite rare in the catalysis community to
extract robust and physically meaningful microstructural information: as a matter of fact, this kind of
information is usually extracted using integral breadth methods for line profile analysis (LPA) — inter alia the
Scherrer formula [60], the Williamson-Hall plot [61], or the Warren-Averbach analysis [62]. On the
contrary, results given by the WPPM outshine — in terms of both quality and quantity — those frequently
obtained in the catalysis community using said LPA methods. This is because traditional LPA techniques are
essentially based on simplified hypotheses (often not met), and thus the corresponding results are hard to
interpret in terms of physical quantities that could be measured alternatively with other techniques, like
microscopy. Thus, with the WPPM formalism, all of the effects contributing to the line profile are
considered, and physical parameters are directly determined from the experimental data without any
intermediate stage of profile fitting [63]. In this work, considering the nanocrystalline nature of the
domains, these were assumed to be strain free and their shape was approximated to be spherical with
diameter distributed according to a log-normal curve (i.e. strain contributions to the peak profile were
neglected, and peak broadening was assumed isotropic). The instrumental contribution was obtained by
parametrising the profile of 18 hkl reflections from the NIST SRM 660b standard (LaBg), according to the
Caglioti et al. relationship [64]. To assess the WPPM modelling we used the anatase (SG /4:/amd), rutile (SG
P4,/mnm) and, when present, brookite (SG Pbca) phases; then these parameters were refined: background
(that was modelled using a 6th-order Chebyshev polynomial), peak intensities, specimen displacement,

lattice parameters, mean and variance of the log-normal size distributions.

Aberration corrected high-resolution scanning transmission electron microscopy (HR-STEM) experiments
have been performed using a FEI Titan Low-Base microscope operated at 300 kV and equipped with a

CESCOR Cs probe corrector, an ultra-bright X-FEG electron source, a monochromator and an energy-
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dispersive X-ray spectroscopy (EDS) detector. HR-STEM imaging was performed by using high-angle annular
dark field (HAADF) and annular bright field (ABF) detectors. Automatic interpretations of the fast Fourier
transform (FFT) patterns were performed by using the JEMS software [65]. Spatially-resolved electron
energy loss spectroscopy (SR-EELS) experiments were performed with a monochromated beam. To check
the homogeneity of the samples, several areas per sample were probed, however only the most
representative spectra are shown here. The energy resolution was 210 meV with a dispersion of 0.03 eV
per pixel and the acquisition time was about 0.18 second per pixel (total acquisition time ~70 seconds) for
core-loss spectra. The acceptance and convergence angles were 10 and 34 mrad, respectively. The datasets

were de-noised by using the principal component analysis routines of the HyperSpy software package [66].

Diffuse reflectance spectroscopy (DRS) was used to obtain information about the apparent optical E; of the
specimens, as this is a key-point for PC applications. Optical spectra were acquired on a Shimadzu UV-3100
spectrometer (JP), equipped with an integrating sphere and a white reference material made of
Spectralon®; spectra of the samples were recorded in the UV—Vis range (250-750 nm), with 0.2 nm step
size. As the apparent optical E; is a key-issue for PC applications, this was calculated through the Tauc
formalism [67], and also the differential reflectance method [68]. According to the former, the band-to-

band transition in a semiconductor material is defined by:
ahv = A(hv — Eg)Y (3)

In equation (3), h is the Planck’s constant; v is the frequency of the light; A is a material constant; E; is the
optical energy band gap of the allowed transitions; the power coefficient y is characteristic for the type of
transition — it is considered to be equal to 1/2 or 2 depending on whether the type of transition is directly
allowed, or indirectly allowed, respectively [67]. The first term of the Tauc formula, «, is the pseudo-

absorption coefficient, which is derived from the Kubelka-Munk theory [69]:

_k_ (1-Rep)? _
@~ =72 =F(Ra) (4)

In which K and S are the absorption and scattering coefficients (S of most materials are relatively invariant
along the visible range of the optical spectrum, so it can be treated as a constant), respectively; R is the
reflectance. Thus, applying the Tauc plot, the apparent optical E; of a semiconductor material can be
achieved from the x-axis intercept (i.e. a = 0) of the line which is tangent to the inflection point of the
(ahv)" versus hv curve. In this work, this was found by fitting the transformed Kubelka—Munk equation
against the photon energy (hv) with a sigmoidal Boltzmann function (via the Origin ProLab software
package, version 8.5.0). In the latter method, it is presumed that the apparent optical £; of a semiconductor
material is given by the maximum value of the plot originated by the first derivative of reflectance versus

the wavelength (dR/dA).



Raman spectroscopy was used to investigate the disorder into the TiO, structures. Raman spectra were
recorded using a RFS 100/S (Bruker, DE) equipped with a 1064 nm Nd:YAG laser as the excitation source, in

the 50-1000 cm™ wavenumber range, with 2 cm™ resolution.

FT-IR spectra, in attenuated total reflectance (ATR) mode, were recorded on a Bruker Tensor 27 (DE)
spectrometer, in the wavenumber range of 4000-350 cm™. This was done to detect the occurrence of OH

groups and/or water adsorbed on the photocatalyst surface.

Photoluminescence (PL) spectra were recorded at RT, in the visible spectral range, with a modular double
grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-3, Horiba
Scientific, JP) coupled to a R928 Hamamatsu photomultiplier, using a front face acquisition mode. The
excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for detection and optical
spectral response of the spectrofluorimeter, and the excitation spectra were corrected for the spectral

distribution of the lamp intensity using a photodiode reference detector.

The specific surface area (SSA) of the specimens was measured using the Brunauer—Emmett-Teller (BET)
method (Micromeritics Gemini 2380, US) by means of N, as the adsorbate gas, on samples degassed at 120

°C.

Dynamic light scattering (DLS) measurements were recorded at RT using a Zetasizer Nano ZS (Malvern
Instruments, UK). The scattering was measured at an angle of 173°, using a 633 nm laser, and the refractive
indexes of water and the TiO, NPs were assumed to be 1.33 and 2.50, respectively. Reported results are

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

2.3 Photocatalytic activity

2.3.1 Liguid-solid phase

A detailed description of the PC tests assessed in the liquid-solid phase is reported in the Supplementary

Information Material.

2.3.2 Gas-solid phase

The device employed for the gas-solid phase PC activity tests is a cylindrical reactor (1.4 L in volume)
covered by a quartz glass connected by Teflon tubes to a FT-IR spectrometer; the whole system was
hermetically sealed. IPA was chosen as the pollutant to degrade, and the principle behind that technique is

presented in very detail elsewhere [70-72].



IPA was chosen because its photocatalytic oxidation is as follows: IPA E acetone k—2> further products - CO,
+ H,0. According to Munuera and colleagues [73,74], the IPA to acetone reaction is a zero order reaction,
whilst the second reaction (acetone to further products) is a first order reaction. Furthermore, Larson et al.
[75], demonstrated that k; >> k,, therefore, we can safely assume the initial reaction rate of acetone

formation to be reasonably approximated as linear, and obtain a reliable kinetic for the PC activity.

The light source employed for the PC tests was a 300 W Xenon lamp (Newport Oriel Instruments, US). The
lamp imitates solar light spectrum, both in the UV and visible range. To exclude the UV light, a 400 nm cut-
off filter was used, and thus measurements were taken only under visible-light irradiation. The filter
decreases the light intensity, which reaches a value of 8.5 mW cm™ in the 400-800 nm range. Samples used
in these tests were prepared in the form of a thin layer of powder with a constant mass (about 50 mg), and
therefore approximately constant thickness, in a petri-dish having 6 cm in diameter. The working distance
between the petri-dish and the lamp was 6 cm. The relative humidity in the reacting system was kept
constant in the range 25%—30% by means of a flow of air passing through molecular sieves until a pre-
defined humidity was attained. Each experiment was performed by injecting 8 uL of IPA (~800 ppm in gas
phase) into the reacting system through a septum; the total reaction time was set at 24 h, and the lamp
was turned on after a certain period of time after IPA injection, to allow for an equilibration of IPA
adsorption onto the powder. IPA degradation, as well as the acetone formation-degradation process, was
followed by monitoring the calculated area of their characteristic peaks at 1104 and 1207 cm™,
respectively, by using a FT-IR spectrometer (Perkin ElImer Spectrum BX, US). The acetone formation kinetics
was taken as a measurement of PC activity, because the only source of acetone is PC oxidation of IPA. On
the other hand, the decreasing concentration of IPA may come about due to PC activity and some other

unintended processes, like adsorption and possible minor leaking.

3. Results and discussion
3.1 Microstructural, chemical and FQPA analyses: HR-STEM, EELS and XRPD

Fig. 1a,b depicts the HR-STEM micrographs of sample Ti250/8h. This sample is made of clustered NPs with a
diameter typically ranging typically between 3 and 9 nm. The crystalline nature of the NPs is clearly seen in
all the micrographs and also in the FFT pattern (inset of Fig. 1b). However, automatic indexation of the FFT
pattern by the JEMS software yields solution for both the anatase and brookite phases, thus it is not
possible to discriminate the TiO, polymorphs only by quantitative image analysis. To get more information
on the chemical nature of the nanoparticles, SR-EELS spectra were recorded on different areas of 50 x 50

nm (Fig. 1c). Beyond elemental quantification, EELS analyses in the core-loss region can provide meaningful
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information related to the local chemical environment, such as the valence state, the local site symmetry,
and bonding nature [76—79]. Fig. 1d shows a representative spectrum of the sample Ti250/8h, around the
Ti-L,3 edges, which are related to Ti 2p transitions. The L3 (situated between 455 and 461 eV) and L,
(situated between 461 and 467 eV) edges are split in two lines as a consequence of the crystal field splitting
of the t; and eg orbitals [80,81]. The shape of the spectrum is influenced by the local site symmetry and
band-structure effects: this can be used to distinguish the three TiO, polymorphs [82]. In particular, the L3
line situated at higher energy (highlighted by an arrow in Fig. 1d) is the fingerprint of the crystallographic
phases.[81,82] In case of the sample Ti250/8h, the shape of the Ti-L,3 edges is a clear gauge of anatase
phase [81]. It should be noted that no variation in fine structures is observed on the probed area. This
means that the sample is quite homogeneous at the nanometre scale. Fig. 2a,b shows the STEM
micrographs of sample Ti450/2h. This is also made of clustered NPs with diameters ranging between 4 and
60 nm. Most of the NPs are crystalline, as it can be clearly seen from Fig. 2b. However, the indexation of
The FFT patterns is not conclusive. In particular, the FFT, inset of Fig. 2b, can be indexed as anatase in the
[001] zone axis, but also as brookite in the [100] zone axis. Fig. 2d shows three representative EELS spectra
for this sample. Several variations of the Ti-L, 3 fine structures can be seen in the probed area, highlighting
the chemical inhomogeneity at the nanoscale for this sample. In particular, spectrum A (red line in Fig. 2d)
indicates the presence of the anatase crystallographic phase, while spectrum B (blue line in Fig. 2d) could
correspond to the rutile crystallographic phase. The spectrum C (green line in Fig. 2d) indicates a mix of

anatase and rutile and/or the presence of the brookite phase.

Fig. S2a,b shows HR-STEM micrographs of the sample HK-UV100. This sample is made of small NPs strongly
clustered and with a diameter between 3 and 10 nm. The crystalline nature of the NPs is clearly seen in Fig.
S2a,b, even if some areas of the sample seem to be amorphous (red arrows in Fig. S2b). Fig S2c depicts two
representative EELS spectra taken on two different areas. The spectrum A is characteristic of anatase TiO;
polymorph. The spectrum B is completely different, and is observed less frequently than the spectrum A. In

particular, the L3 and L, edges are not split, this being a characteristic of amorphous TiO [82].

DLS measurements confirmed that the analysed NPs were prone to clustering, via
aggregation/agglomeration, also in the liquid medium, as shown in Fig. S3a-e. Their (hydrodynamic)

diameters are reported in Table S1.

XRPD patterns of prepared samples, as well as of commercial specimens, are reported in Fig. 3a,b. A
graphical output of a Rietveld FQPA refinement is displayed in Fig. S4; whilst FQPA results employing the
Rietveld-RIR method are listed in Table 1. In the synthesised specimens, the fraction of anatase, rutile,
brookite and amorphous phase varies with the thermal treatment. As it is seen in Table 1, specimen
Ti250/8h is mainly composed of anatase (88.5 wt%, with a Cl at 95% of +1.9), rutile (2.0 wt%; Cl = £0.7),

amorphous phase (6.0 wt%; Cl = £3.9), and a small amount of brookite fraction (3.4 wt%; Cl = £1.6). An
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increase in the thermal treatment, specimen Ti450/2h, is reflected by a rise in the anatase-to-rutile phase
transition (ART). This specimen is made of a less anatase fraction, 70.2 wt% (Cl = +1.8), but a higher amount
of rutile and brookite, 15.4 and 6.7 wt%, respectively, and also amorphous phase, 7.6 wt% (Cl = £2.6). The
presence of brookite is due to the acidic conditions of the synthesis method.[83,84] Furthermore, a longer
dwell time at 250 °C (i.e. 8 h), favoured to some extent the crystallisation of anatase at the expense of the
amorphous phase — as a matter of fact, Ti250/8h has 6.0 wt% amorphous, whilst Ti450/2h 7.6 wt%. At 800

°C, ART is accomplished: specimen Ti800/2h is virtually composed of crystalline rutile only.

As per the commercial specimens, anatase is the unique crystalline phase in both K7000 and HK-UV100.
K7000, as we reported previously, contains 92.8 wt% anatase (Cl = £1.5), and 7.2 wt% amorphous phase (Cl
= +1.5) [42]. HK-UV100 contains a higher amount of amorphous phase, 20.9 wt% with a Cl of +1.5, this
being in contrast with findings reported in previously published literature, which found an even higher
amount of amorphous phase in HK-UV100, i.e. around 30% [33,36]. On the other hand, P25 is composed of
anatase (78.6 wt%; Cl = +5.7), rutile (10.7 wt%; Cl = +2.6), and amorphous phase (10.6 wt%; Cl = +4.2).[24]
The anatase-to-rutile wt% ratio, in the crystalline fraction of P25, is 88:12, in line with what reported
previously [24,36,85]. However, given the large values of Cl, it is conceivable that the phase composition of
P25 greatly fluctuates amongst the three different batches used for the FQPA, this being fully consistent
with the findings reported by Ohtani et al. [85], and with the data published by Lebedev et al. [36]. On the
other hand, the values found in this work are in contrast with those of Jensen and co-workers [33], who
stated P25 to be close on being fully crystalline, consisting of 73% anatase, 18% rutile and 9% amorphous —

they also claimed the amount of amorphous material to be overestimated.

Microstructural features of the synthesised titanias are shown in Fig. 4a-c, and Table 2; an example of a
WPPM graphical output is illustrated in Fig. S5. The average diameter of anatase crystalline domains in
Ti250/8h is 4.4+0.1 nm, that of rutile 8.7+1.4 nm. As displayed in Fig. 4a, both the size distributions have
positive skewness [i.e. 0.8(1) and 0.9(1), respectively], with a low polydispersity index (PDI), equal to 0.06(1)
and 0.09(3) for anatase and rutile, respectively (Table 2), depicting narrow size distributions. Furthermore,
anatase NPs are described by a narrower size distribution than that of rutile (the mode being 4.1+£0.1 nm,
and 7.6%1.2, respectively). As per Ti450/2h, the increase in thermal treatment also led to an increase in the
average size of anatase and rutile crystalline domains — ART being a nucleation-and-growth phenomenon
[86]. Anatase grew to an average size of 11.0+0.1 nm, whilst rutile almost doubled its diameter compared
to that at 250 °C, this being: 16.1+0.1 nm — both anatase and rutile are described by moderate size
distributions, the PDI being 0.11(1) and 0.23(4), respectively, as well as positive skewness. At 800 °C,
Ti800/2h, ART is complete and, following the nucleation-and-growth mechanism, the rutile mean

crystalline domain diameter increased, attaining 89.4 nm [PDI = 0.13(3)].
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Following on from our earlier studies, we have already shown that the average crystalline domain diameter
of anatase and rutile in commercial P25 is 15.5+0.3 and 19.3+0.6 nm, respectively [24]. PDI of anatase size
distribution is 0.18(1), with positive skewness [1.4(1)], and mode being 12.1(3) nm. Rutile, on the other
hand, has a higher PDI, this being 0.29(6), positive skewness [1.8(1)], but it is described by a broader size
distribution, the mode being 13.0(4) — as also suggested by its larger PDI value. K7000 and HK-UV100,
despite being anatase the only crystalline phase, have a more complex microstructure. Tobaldi et al. [42],
taking advantage of XRPD and WPPM, reported K7000 to be described by a bimodal size distribution of
anatase crystalline domains, mostly 4 nm in diameter, but with a small amount of a larger fraction between
12 and 15 nm - the diffraction results were confirmed by HR-TEM investigations. Similarly, HK-UV100
shows complex microstructural features, cf Fig. 5. The fitting using a unimodal size distribution did not give
satisfactory results: this is highlighted by the difference curve, the continuous black line in Fig. 5, meaning
that some features are still present, probably because of a non-ideal distribution of crystalline domains.
Assuming a bimodal model for the probability distribution, we obtain a better fit, as shown in Fig. 5 by the
difference curve marked with a continuous blue line. Adopting the bimodal model, anatase crystalline
domains of 2.0£0.1 nm in diameter co-exist together with a smaller population of a larger-sized fraction of
anatase (having an average diameter of 9.9+0.4 nm). Both log-normal size distributions have a right-hand
tail (i.e. positive skewness), and the larger-sized fraction of anatase has a lower PDI than that of the
smaller-sized — 0.09(1) versus 0.28(8). These results contrast those of Lindner et al. [87], and those of Chen
and Ray [88], who reported HK-UV100 to be composed of anatase nanocrystals having size of 5 nm, and
approximately 6 nm, respectively. On the contrary, they are partly consistent with those of Jensen et al.
[33], who stated that HK-UV100 has a complex structure, and also assumed it to be composed of “two
sizes” — through small-angle X-ray scattering (SAXS) measurement — but they assigned the smaller fraction
to the amorphous phase present in HK-UV100, and the larger fraction to crystalline anatase — 3.9 and 50.9
nm, respectively, in reference [33]. Results regarding the crystalline domain diameters confirm the HR-

STEM observations.

3.2 Spectroscopic analyses

The results of Kubelka-Munk analyses of the optical data are shown in Fig. 6. In these, a single absorption
band is noticeable for all the spectra in the high energy region (i.e. < 360 nm), that is typically associated
with the band-to-band transition in titania [89]. The onset of the absorption edge is different amongst the
entire set of specimens, shifting to lower energies in the synthesised specimens. That behaviour reveals
dissimilar apparent optical E; values. For this reason, and being the optical E; a key-factor for PCA
application, this was determined using both the Tauc procedure and the differential reflectance method;

results are listed in Table 3. An indirect nature is widely attributed to the interband transition in anatase,
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whilst rutile is accepted to belong to the family of direct E; semiconductor materials [90,91]. On the other
hand, there is still no utter consensus among the scientific community about the transition in the E; of
brookite; nevertheless, this is located well in the UV region, being reported to be around 3.4-3.3 eV (~365—
376 nm) [92,93]. Therefore, when using the Tauc procedure, we examined plots of (ahv)’ versus photon
energy, with y = % or 2, to define the apparent optical E;. As shown in Table 3, an indirect transition to
anatase, and a direct one to rutile (i.e. specimen Ti800/2h), agree well with previous literature data [5,91].
Actually, looking at the synthesised specimens, Table 3, apparent indirect optical E; values of Ti250/8h, and
Tid50/2h are 3.05 and 2.99 eV, respectively, thus shifted toward the visible-range. Similarly, a direct band-
to-band transition for Ti800/2h, giving an E; value equal to 3.07 eV, is consistent with the expected rutile
direct Eg value of 3.0 eV [5,91]. Thus, the observed red-shifting in Ti250/8h, Ti450/2h is indeed due to the
presence of rutile. Furthermore and most importantly, even a small amount of rutile (i.e. 2.0 wt% in
Ti250/8h) is effective in shifting titania apparent optical £; toward the edge of the visible region. Therefore,

endorsing what theoretically calculated by previous literature [29].

As per the commercial specimens, the apparent indirect optical E; of K7000 and HK-UV100, being equal to
3.28 eV for both the samples, is perfectly consistent with their phase composition, thus with the expected
E; of anatase [5,91]. P25 deserves special attention: its apparent indirect optical E; is at 3.06 eV, thus it is
also red-shifted compared to that expected for anatase TiO; (i.e. around 3.2 eV) [5,91]. On the contrary,
adopting the direct E; model for P25, we achieved a larger optical Eg, 3.50 eV (354 nm), therefore being in

contrast with most of the available literature data.

However, looking at the DRS spectra of Ti250/8h and P25, cf Fig. 7, the slope of the absorption feature in
the 300—400 nm region — that typically associated with absorption across the bandgap in TiO, NPs — has
different trends. In case of Ti250/8h, that slope is steady; on the contrary, that of P25 is characterised by
the presence of two steps, as highlighted by the arrows in Fig. 7. This is indeed caused by two distinct band-
to-band transitions, as better revealed in the inset of Fig. 7, where is reported the first derivative of
reflectance against the wavelength A. In it, one transition is assigned to anatase (E; at 3.34 eV, dash-dotted
line in the inset of Fig.7), the other to rutile (E; at 3.11 eV, dashed line, inset of Fig. 7) [94]. This implying
P25 to be mainly composed by individual anatase and rutile NPs, in some way confirming a very recent
work by Jiang et al [95]. By contrast, the plot of the first derivative of reflectance versus A in Ti250/8h
displays only one local maximum, suggesting that — being here anatase and rutile NPs in a more intimate
contact, forming a hetero-junction, as shown in Fig. 1a,b — a small amount of rutile (i.e. 2.0 wt%) is able to
give a single band-to-band transition (at around 3.10 eV, 400 nm). This is consistent with recent results
obtained by Celik et al. [94], who demonstrated rutile possessing a stronger relative response factor for
diffuse reflectance than that of anatase. [For sake of clarity, this also happens for Ti450/2h, whose dR/dA

plot is not reported here; refer instead to Table 3.] Therefore, for this system, the differential reflectance
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method (cf Table 3, sixth to ninth columns), seems to be the most suitable for estimating the apparent

optical Eg [96].

Raman spectra are shown in Fig. S6, whilst the position and full width at half maximum (FWHM) of Raman
E; mode of anatase are listed in Table 4. A shift toward higher energies of that Raman mode, as well as a
broadening in its FWHM have been reported to be due to phonon confinement, non-stoichiometry, internal
stresses and changes in the size of anatase nanocrystals [97]. For instance, Zhang and co-workers found
that Raman E; mode to be at 143.5 cm™, with a FWHM of 9 cm™ on anatase NPs having 27.9 nm in size
[98]. Li Bassi et al., studying anatase NPs with 33 nm in diameter, found them having a FWHM value of ~13
cm™, and a position of ~145.6 cm™ [99]. The values of E; Raman band position and FWHM listed in Table 4
are blue-shifted, and their FWHM are broader compared to these literature data [98,99], this confirming
the very reduced dimensions of the anatase crystalline domains found with both diffraction and microscopy

(cf Table 2, and Figs. 1 and 2).

FT-IR spectra, reported to show the existence of surface adsorbed water, are depicted in Fig. S7a,b. The
strong asymmetric band with its maximum at around 3100 cm™ depicts the presence of adsorbed
molecular H,0, which also gives rise to the feature near 1630 cm™, that is due to H—O-H bending [100].
Among the synthesised specimens, Ti250/8h is that adsorbing more water from the atmosphere; HK-

UV100, that with the strongest feature at ~3100 cm™ between the commercial set of samples.

3.3 Visible-light photocatalytic activity

3.3.1 Liquid-solid phase

Liquid-solid phase PC tests with the visible-light LED lamp showed that RhB was essentially decoloured via
dye sensititsation effects, as shown in Scheme 1la. The same happened to 4-CP: its disappearance under
visible-light irradiation was due to the formation of ligand-to-metal charge transfer complexes (LMCTC) on
TiO; surface, which is known to induce visible light absorption. As photo-oxidation by direct excitation of
TiO, did not (likely) happen, a detailed description of liquid-solid phase PC tests is reported in the

Supplementary Information Material. The main text will be focussed on the gas-solid phase results.

3.3.2 Gas-solid phase

PC activity results of the samples in the gas-solid phase regime — shown as the formation rate of acetone
(ppm h7Y), which is a measure of the PC activity — are summarised in Fig. 8. Although liquid-solid and gas-
solid phase PC activities cannot be directly compared, the difference amongst the reaction rates obtained

in the liquid-solid phase is evident (cf Supplementary Information Material). P25 and K7000 are the most
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active specimens, having an acetone formation rate of 24 and 25 ppm h™, respectively. Both the
synthesised samples, Ti250/8h and Ti450/2h, show a lower PC activity: 7 and 14 ppm h™?, respectively.
However, conversion of IPA to generate acetone under direct visible-light irradiation clearly suggests that

photo-oxidation of TiO; by direct excitation took place.

3.3.3 Mechanistic aspects of photocatalytic activity

Key-factors of PC activity are: optical E;, SSA and particle size (intimately related to each other), and
availability of OH surface groups [101]. According to the FT-IR analysis, Ti250/8h was the specimen with
stronger bands due to adsorbed H,0 and H—-O-H surface groups, this being in favour of its PC activity, refer
to Fig. S7a. Ti250/8h has also the highest SSA (134.4 m? g!), whilst those of Ti450/2h and P25 are
comparable (45.9, and 52.5 m? g7}, respectively), this indeed being of further benefit for Ti250/2h, see
Table 3. Consistent with the higher SSA, Ti250/8h has also the smaller size of anatase and rutile crystalline
domains (4.4 and 8.7 nm, respectively), as reported in Table 2. As it is seen in Fig. 8, the most active
specimens were the commercial K7000 (25 ppm h™) and P25 (24 ppm h™). Still, the visible PC activity of the
former is attributed to the presence of aryl carboxylate species, thus discussion about K7000 will be

ignored. Ti450/2h PC activity was higher than that of Ti250/8h (i.e. 14 versus 7 ppm h™).

In the gas-solid phase regime we can safely discard (dye and LMCTC) sensitisation effects. Although the
apparent Eg in Ti250/8h is shifted to the visible range, and it possesses the highest SSA (cf Table 3), it is the
less effective photocatalyst. A recent investigation by Besenbacher et al. [35], showed that the size of the
crystalline domains was more important than crystallinity in the PC degradation of phenol. A recent study
by Palmisano and co-authors [102] demonstrated that increasing the size of TiO, nanocrystals by thermal
annealing improves IPA photo-degradation by reducing the defects density in the material, thus preventing
the recombination of photo-generated electron-hole pairs. Furthermore, Idriss and co-workers [27],
observed higher PC H; generation on a catalyst composed of 80% anatase, 18% rutile and 2% brookite — this
being, roughly, the composition of P25. Those in references [27,35] might be the reasons for the superior
IPA degradation of P25 compared to that of Ti250/8h, regardless of the higher SSA and smaller size of both
anatase and rutile crystalline domains in the latter. Indeed, Ti450/2h — being a mixture of anatase (70.2
wt%), rutile (15.4 wt%), brookite (6.7 wt%) and amorphous (7.6 wt%) — showed a higher PC IPA degradation
than Ti250/8h (14 vs 7 ppm h™1). Additionally, we can genuinely assume that IPA, in P25 and Ti450/2h, was
oxidised to acetone (passing through several reaction pathways) by reaction with "OH (created by the
photo-generated h*) and *O,~ [103,104]. This proviso looking at the experiments using scavengers in the
liquid-solid phase: h* and "0,  were the main oxidative species in P25 and Ti450/2h. The single crystal

facets of both rutile and anatase are another variable to take into account. For instance, Matsumura and
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colleagues found that the {110} facets of rutile particles provides the effective reduction site and the {011}
facets works as the oxidation site [105]. Other researchers proved that clean anatase {010} facets showed
the highest photocatalytic reactivity in generating OH radicals and hydrogen evolution [106]. Yet others
demonstrated that the photo-oxidation activity of {001} facets is greater than that of {101} facets when the
crystals size of anatase TiO; is identical [107]. Therefore, a synergistic effect on the PC activity of those

exposed anatase and rutile facets cannot be excluded a priori.

To further investigate the scenario under visible-light irradiation, PL spectra (displayed in Fig. 9) were
recorded with Aex = 604 nm. In them, the broad band centred at around 420 nm is assigned to Ti* in
octahedral coordination; the emissions at higher wavelength are attributed to the recombination of charge
carriers [108]. The recombination of the photo-generated pair lead PL emission, thus a decrease in the PL
signal indicates less e”/h* recombination. P25 possesses the lowest PL signal, followed by Ti450/2h, with
Ti250/8h having that most intense. This means that the recombination rate of the photo-generated pair is
lower in P25, and higher in Ti250/8h, being perfectly consistent with gas-solid phase PC results. Therefore,
in P25 (and to a lesser extent in Ti450/2h), a proposed path of the excited electron is described in Scheme
1b. When an anatase-rutile junction is excited by visible-light, an electron transfers itself from the VB to the
CB of the rutile TiO; polymorph, leaving a hole behind [path (1) in Scheme 1b]. That hole is able to generate
*OH radicals. The electron, on the other hand, migrates to the less negative CB of anatase, generating *0;”
by reaction with adsorbed oxygen [path (2) in Scheme 1b]. This enables an efficient separation of the

charge carriers.

At last, results reported in this work emphasise once more the complexity of PC water and air purification
processes on anatase-rutile mixed phases, when adopting a visible-light source. From one hand, in the
liquid-solid phase, visible-light dye and LMCTC sensitisation effects (favoured by a high surface
hydroxylation) seem to dictate the disappearance of RhB and 4-CP, respectively. Still, in the gas-solid phase,
it appears that anatase and rutile together are needed for inducing absorption of visible-light, and also for

an efficient separation of photo-generated charge carriers, as shown in Fig. 9 and Scheme 1b.

4. Conclusions

The real crystalline and amorphous composition of three synthesised TiO,, as well as that of three
commercially available photocatalytic nano-TiO, (chosen because they are most widely used in the catalytic
community), were investigated in very detail. This was done via an advanced X-ray method, the Rietveld-
RIR method. The microstructure of the specimens was also studied thru an advanced X-ray method, namely
the whole powder pattern modelling, quite rare indeed among the catalysis community. The results

obtained by these two methods were confirmed by using advanced transmission electron microscopy
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techniques. In particular, high-resolution electron energy-loss spectroscopy was used to check the

homogeneity of the local chemical environment at the nanoscale.

Results showed that a hetero-junction made by a combination of anatase and rutile nanoparticles,
thermally treated at a relatively low temperature (i.e. 250 °C), having average diameters below 10 nm (thus
having high specific surface area, and also adsorbing water from the atmosphere), with an absolute rutile
fraction as small as 2 wt%, is able to red-shift the apparent optical band gap of the hetero-structure, and to
harvest visible-light. These features together seemed to dictate its visible-light induced photocatalytic
activity, in the liquid-solid phase (RhB and 4-CP). It was also shown that, under these experimental
conditions, amorphous fraction had no relevant influence on the visible-light induced photocatalytic
activity. All in all, in the liquid-solid phase we assisted to dye and LMCTC sensitisations more than a purely

photocatalytic process —i.e. photo-oxidation by direct TiO; excitation.

In the gas-solid phase regime (IPA degradation), on the other hand, neither dye nor LMCTC sensitisation
effects are known to be granted. Under these experimental conditions, both anatase and rutile are still
required for harvesting visible-light and for effective charge carrier separation. Still, a rutile weight content
higher than 2 wt% (i.e. around 10 wt%, as in P25) as well as bigger size of the crystalline domains (i.e.
samples calcined at temperature higher than 250 °C: less defects density in the material), together with a
lower rate in the recombination of the photo-generated charge carriers, were shown to be more effective

for a real (i.e. direct TiO; excitation) IPA photocatalytic oxidation.
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Tables and Figures

Table 1 — Phase fraction (wt%) and confidence interval (Cl) at 95% of studied specimens.

Sample Phase composition, wt%
anatase | Cl rutile | Cl brookite | CI amorphous | Cl

Ti250/8h 88.5 1.9 2.0 0.7 3.4 1.6 6.0 3.9
Ti450/2h 70.2 1.8 154 2.2 6.7 0.5 7.6 2.6
Ti800/2h - - 99.0 1.4 - - 1.0° 1.4
P25 78.6 5.7 10.7 2.6 - - 10.6 4.2
K7000" 92.8 1.5 - - - - 7.2 1.5
HK-UV100 | 79.1 1.5 - - - - 20.9 1.5

Note: the wt% fraction of each phase was calculated as an average over three different sample preparations
and data collections for each specimen (three different batches in case of the commercial photocatalysts).

The Rietveld agreement factors were: R(F*) < 4.19%; Rup < 6.79%; x* < 4.96 for all the FQPA refinements.

There were 2285 observations for every refinement; the number of anatase, rutile and brookite (this latter

when present) reflections was 32, 31 and 158, respectively.

t From reference [42].

* Values of amorphous phase less than 2 wt% are under the detection limit of the Rietveld-RIR method.
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Table 2 — WPPM agreement factors, average diameter of the crystalline domains, and polydispersity index (PDI).

Sample Agreement factors Mean crystalline domain diameter (nm) PDI
Ruwp (%) | Rexp (%) | X* anatase rutile anatase rutile

Ti250/8h 3.65 3.38 1.08 | 4.410.1 8.7t1.4 0.0610.01 0.09+0.03
Tia50/2h 4.27 2.31 1.85 11.0+0.1 16.1+0.1 0.11+0.01 0.23+0.04
Ti800/2h 3.89 2.49 1.56 | - 89.413.7 - 0.13+0.03
P25" 3.19 2.07 1.54 15.5+0.3 19.3+0.6 0.18+0.01 0.2910.06
K7000*" 3.77 2.25 1.68 | 4.1+0.2 | 13.7¢0.6 | — 0.29+0.09 | 0.12+0.03 | —
HK-UV100® | 3.24 1.88 1.72 2.0+£0.1 | 9.910.4 - 028+0.08 0.09+0.01 | -

t From reference [24].

¥ Averaged from reference [42].

* The anatase crystalline domains in K7000 and HK-UV100 are described by a bimodal size distribution.

Table 3 — Apparent optical E,, estimated according the Tauc procedure and the differential reflectance method (dR/dA), BET specific surface area, 3 h pseudo-
first-order apparent rate constant, and relative correlation coefficients for the tested samples, in case of RhB degradation in liquid—solid phase, using
the LED white lamp.

Apparent optical E,
Tauc plot dR/dA
Sample Indirect Direct anatase rutile SSAger K app
eV nm eV nm eV nm eV nm m2g? h? R?
Ti250/8h | 3.05+0.01 | 406 3.31+0.01 | 374 3.10+£0.01 | 400 - - 134.442.1 | 1.698+0.053 | 0.995
Tia50/2h | 2.99+0.01 | 415 3.27+0.01 | 379 3.08+0.01 | 403 - - 45.9+0.7 0.347+0.022 | 0.980
Ti800/2h | 2.91+0.01 | 426 3.07£0.01 | 403 - - 3.00£0.01 | 413 1.6+0.2 0.023+0.001 | 0.993
P25 3.06£0.01 | 405 3.50+0.01 | 354 3.34+0.01 | 371 3.11+0.01 | 398 52.5+0.6 0.103+0.002 | 0.998
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ACCEPTED MANUSCRIPT

K7000

3.28+0.01

378

3.52+0.01

353

3.35:0.01

371

229.244.2

0.164+0.007

0.990

HK-UV100

3.28+0.01

378

3.60+0.01

345

3.31+0.01

375

278.8+4.3

0.055+0.001

0.999
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Table 4 — Position and FWHM of Raman E; mode of anatase

Anatase Raman E; mode (cm™)
Sample Position FWHM
Ti250/8h 149.6+0.2 24.2+1.3
Ti450/2h 145.1+0.1 15.4+0.6
P25 142.9+0.1 13.3+0.5
K7000 146.9+0.2 20.1+1.1
HK-UV100 | 148.8+0.2 22.1+1.3




Figures and captions

Fig. 1 — a) HR-STEEM HAADF micrograph of sample Ti250/8h; b) HR-STEM ABF micrograph of sample
Ti250/8h. The inset shows the fast Fourier transform (FFT) image computed by using the area
highlighted by a red square (scale bar = 10 nm™); ¢) STEM-HAADF micrograph of sample Ti250/8h.
The green square highlights the area used for the SR-EELS analysis; d) EELS spectrum showing the
Ti-L,3 edges recorded on Ti250/8h. The arrow highlights the feature that can be used to
discriminate rutile, brookite and anatase structure.

Fig. 2 — a) HR-STEEM HAADF micrograph of sample Ti450/2h; b) HR-STEM ABF micrograph of sample
Ti4a50/2h. The inset shows the fast Fourier transform image computed by using the area highlighted
by a red square (scale bar = 10 nm™); ¢) STEM-HAADF micrograph of sample Ti450/2h. The green
square highlights the area used for the SR-EELS analysis; d) EELS spectra showing the Ti-L, 3 edges
recorded on sample Ti450/2h.

Fig. 3 — a) XRPD patterns of synthesised specimens; b) XRPD patterns of commercial specimens. The vertical
bars represent the XRPD reflections of anatase (black, JCPDS-PDF card no. 21-1272), rutile (red,
JCPDS-PDF card no. 21-1276), brookite (light blue, JCPDS-PDF card no. 29-1360 — only the three
most intense reflections were reported here).

Fig. 4 — Size distribution, as obtained from the WPPM modelling of: a) Ti250/8h; b) Ti450/2h; c) Ti800/2h.

Fig.5 — a) Bimodal size distribution for anatase (size reported in log-scale) in HK-UV100; b) WPPM output of
the HK-UV100 specimen. The red line represents the calculated pattern and the black open squares
the measured one. The blue (upper) and dark grey (lower) continuous lines at the bottom are the
difference curves between observed and calculated profiles, for the proposed bimodal and
unimodal size distribution models, respectively. A magnification in the 20-35 °20 range is shown in
the inset, in order to highlight the difference in the most intense reflection, (101), of anatase.

Fig. 6 — Absorption data derived by Kubelka-Munk analysis of the DRS data.

Fig. 7 — DRS spectra of specimens Ti250/8h (orange line) and P25 (black line). The plot of the first derivative
of reflectance versus A (dR/dMA) is shown in the inset, in order to highlight the rutile and anatase
contribution to the apparent optical £; of P25.

Fig. 8 — Gas-solid phase photocatalytic activity under visible-light exposure, expressed as the rate constant
of the initial acetone formation.

Fig. 9 — Photoluminescence spectra under visible-light (Aex = 604 nm).
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Fig. 3a
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Fig. 3b
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Fig. 4a
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Fig. 4b
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Fig. 4c
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Fig. 5a
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Fig. 5b
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 9
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Scheme 1a

Band alignment of an anatase-rutile mixture in a RhB-TiO, system. The E, of anatase (light blue) is from HK-
UV100, that of rutile (dark blue) from Ti250/8h. Energy levels of TiO, are from Scanlon et al. [29], those of
Rhbo and RhB* from Pan et al [109]. When irradiated by visible-light, RhBg is excited to RhB* (1). There is
then an electron injection from the excited RhB* state into the CB of TiO: (2). (3) Recombination; (4)
electron transfer from the CB of rutile to the CB of anatase and following transfer to the acceptor.

Potential Vs AVS

Vacuum level

-11 — anatase rutile

Energy relative to vacuum, eV

Note that, although the data reported here might not reflect a rigorous picture of the absolute values of CB
and VB potentials, they provide a reasonable estimate of the relative band edge positions.
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Scheme 1b

Band alignment of an anatase-rutile mixture, according to Scanlon et al [29]. The E; of anatase (light blue) is
from HK-UV100, that of rutile (dark blue) from Ti250/8h. (1) Visible-light excitation of TiO, and electron
transferring from the VB to the CB of rutile, leaving a hole behind. (2) Electron transfer from the CB of rutile
to the CB of anatase and following transfer to the acceptor.

Potential Vs AVS

Vacuum level

-6 — ‘O,

anatase rutile

Energy relative to vacuum, eV

Note that, although the data reported here might not reflect a rigorous picture of the absolute values of CB
and VB potentials, they provide a reasonable estimate of the relative band edge positions.
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