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Abstract

This paper focuses on different modification strategies to adjust the chemico-physical
properties of TiOz-based photocatalysts exploring the results of the modifications on H»
production by water splitting under UV or simulated solar irradiation. The results over
variously modified TiO, based catalysts were compared and rationalized in order to
discriminate among the key features involved in the photocatalytic Ho.

First approach considered the use of pulsed laser irradiation (LT) of aqueous TiO2
suspensions to induce structural transformations on the bulk and the surface of anatase TiO,.
In this case a great increase of the water splitting activity was found under UV light and this
was related to the presence of Ti** defects and oxygen vacancies in the TiOz structure. The
second strategy was based on a templating method to obtain TiO, with a macroporous
structure (Macro-TiO2), which results in an efficient light absorption process inside the
material pores, leading to higher H» production, mainly when working under solar light
irradiation. The third method consisted in the coupling of TiO> or Macro-TiO; with CeO> as
host components, or W as doping agent. It was found that this approach strongly enhanced the
TiO: photoactivity mainly under solar light irradiation, with CeO> acting as a photosensitizer

and W as doping agent inducing defects formation.
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1. Introduction

The rapid growth over the past century of a large-scale economy and industrialization has
given rise to serious concerns regarding both the depletion of natural resources and the global
warming. Despite these troubles, fossil fuels still remain the major source of energy in
people's daily life. This has prompted the research toward clean renewable energy sources.

After its first application in water cleavage, with hydrogen production using a TiO:
photoanode in 1972 [1], photocatalysis attracted an immediate interest, because of the 1973
and 1979 energy crises. Since then, the attention of the scientific community raised
continuously in so as photocatalysis represents the ideal green technology which uses a
renewable and available energy resource as solar light and mild reaction conditions.
Photodegradation of pollutants and production of clean fuels by photocatalytic water splitting
or CO; photoconversion were the hottest subjects in photocatalysis [2-4].

Since its appearance on the market in the early 20" century, titanium dioxide (TiO2)
underwent an extensive use in several applications (sunscreens, paints, ointments, toothpaste,
etc). Moreover after the first report in 1972 by Fujishima and Honda [1], TiO2 has been
largely employed in solar cells, lithium, biomedical devices and at present is by far the most
used photocatalyst exploiting its non-toxicity, good stability and low cost [5-7]. However,
there are still some inherent disadvantages restraining the wide use of TiO: in the various
photocatalytic applications. In fact, due to the wide band gap (3.2 and 3.0 eV for anatase and
rutile, respectively) TiO; suffers a low exploitation of the solar electromagnetic spectrum.
Moreover, a fast recombination of photo-produced electron-hole pairs and a large
overpotential for the splitting of water leads to low photoefficiency. Therefore, in the last
years, several efforts have been pursued in order to enhance the TiO> photoefficiency, aiming
to expanding the photocatalytic surface, giving rise to Schottky junctions or heterojunctions,
and tailoring the structure of bands to match specific energy levels with structural or chemical
modifications [8-10].

In this paper we compared different strategies that we have applied to adjust the chemico-
physical properties of TiO> pointing out the specific role of each of these changes on the
photocatalytic performance in the H> production by water splitting either under UV or solar
light irradiation. Specifically: a) we induced structural changes in the surface and bulk TiO2
by laser treatment in water, an easy and green method to obtain reduced highly photoactive
TiO> species [11], b) we used a template strategy to get TiO» with a highly ordered
macroporous structure (Macro-TiO2) [12], and ¢) we performed chemical modifications of
both anatase TiO, and Macro-TiO2 by the addition of a host component (CeQO2), acting as

photosensitizers, or a doping agent (W), introducing defects [13].



2. Experimental

2.1 Catalysts preparation

Concerning with untreated oxides used in this work, TiO> was commercial anatase (Sigma
Aldrich, prod. Nos. 637254) and CeO> was home synthesized by KOH (0.1 M) precipitation
from Ce(NO3)3-6H20 aqueous solution as reported in refs. [14,15].

Anatase TiO2-10 wt.% CeO> composite (coded TiO2-CeO») and anatase TiO>-10% at. W
(coded TiO-W) were prepared by wet-impregnation using the proper amount of
Ce(NO3)3-6H20 and tungsten (VI) chloride as metal salt precursor, then stirring the slurry for
3 h, drying in an oven at 100°C for 24 h and treating in air at 350°C for 3 h.

For laser treated samples (TiO2 LT), TiO> was dispersed in distilled water and sonicated,
then irradiated under stirring using the second harmonic radiation (532 nm) of a Nd:YAG
nanosecond pulsed laser. Details of the laser system, the beam and the irradiation conditions
were reported in ref [11].

Macroporous TiO; (coded Macro-TiO2) was synthesized by adopting the templating
strategy reported in refs [12-13]. Briefly, polystyrene (PS) spheres (300 nm) were
impregnated by drop-wise addition of titanium isopropoxide. The precursor-template mixture
was then dried for 24 h and treated in air at 550°C for 12 h. Macroporous anatase TiO»-
10wt.% CeO2 composite (coded Macro-TiO2-CeO2) was prepared by wet-impregnation of
Macro-TiO» using the appropriate amount of Ce(NO3)3-6H>0, followed by 100°C drying for
24h and 350°C air treating for 3h. Macroporous TiO»-10at.% W (coded Macro-TiO>-W) was
prepared with the same procedure of bare Macro-TiO2 adding titanium isopropoxide and a

proper amount of tungsten (VI) chloride.

2.2 Catalysts Characterization

The structure, the morphology and the texture of samples were evaluated by a) scanning
electron microscopy (SEM) ustrg with a Jeol JSM-7500F microscope; b) X-ray powder
diffraction (XRD) with a Bruker AXSD5005 diffractometer (Cu Ka radiation), comparing
peaks with the JCPDS database; c) adsorption-desorption of N2 at -196°C using a Sorptomatic
series 1990 (Thermo Quest) with prior overnight outgassing of samples at 120°C.

The characterization of the optical behaviour was carried out by: a) a WITec alpha 300
confocal Raman apparatus exciting with a 532 nm laser line of a Coherent Compass Sapphire
Laser; b) Ultraviolet-Visible-Diffuse Reflectance Spectroscopy (UV-Vis DRS) in the range of

200-800 nm using a Jasco UV-visible spectrometer, with a Labsphere for diffuse reflectance



analysis, and BaSOs as the reference; c) Photoluminescence (PL), using a Perkin Elmer LS45

apparatus and 320 nm as the excitation wavelength.

2.3 Photocatalytic activity tests

Photocatalytic water splitting test runs were carried out in a jacketed Pyrex reactor, kept at
30°C, and by irradiating the suspension of the catalyst (25 mg) in deionized water (45 ml)-
ethanol (5 ml, used as sacrificial agent) with a 100 W UV mercury lamp (Blak-Ray B 100A,
365 nm) or with a 300W sunlight simulating lamp (Osram Ultra Vitalux). Prior to irradiation
the stirred suspension was purged 1 h in Ar to get rid of dissolved air. H> evolution was
determined by an online gas chromatograph supplied with Carboxen 1000 packed column and

thermal conductivity detector working with Ar as carrier gas.

3. Results and discussion
As discussed in the introduction chapter of this paper, we applied different strategies in
order to modify properties of anatase TiO; and to assess the role of the changes on the

photocatalytic H» generation by water splitting either under UV or solar light.

3.1 Laser treatment in water

Reduced TiO: (TiOz-x) materials, also known as black titania, have received considerable
attention in the last years, on account of the high photocatalytic and photoelectro-chemical
performance [11, 16], caused by peculiar properties such as broadened absorption in the solar
light region, surface and bulk structural changes with creation of Ti** species and oxygen
vacancies. The most used methods to reduce TiO2 (thermal treatment in H> flow, treatment
under vacuum, or using hydrogen plasmas) entail high temperatures (400-700°C), the use of
vacuum arrangement and multistep procedures with long processing times. Here we
considered an alternative, easy and green approach to obtain reduced TiO by laser irradiation
in aqueous dispersion [11, 17]. According to the above literature, laser treatment of anatase
TiO> determined significant structural modifications of the TiO;, as confirmed by the
characterization techniques used (Raman and PL), which are gathered in Fig. 1 for TiO,, TiO2
LT and Macro TiO, samples, and by an indirect qualitative indication as the slight grey/blue
coloration of the treated sample.

In particular the Raman characterization (Fig. 1A) clearly show similar spectra for TiO>
and Macro-TiO> samples, pointing to the presence of the typical features of anatase, namely a
main band at 140 cm’! (Eg), due to the O-Ti-O vibration, and three other ones at 395 cm’!
(A1g), 515 cm™ (Big) and 635 cm! (E,). It can be noticed that the laser irradiation treatment in
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water causes a partial crystalline phase change from anatase to rutile, as demonstrated by the
appearance of the bands at 445 and 600 cm™ in the TiO, LT sample, distinctive of rutile (Eg).
This is also well discernible in the Raman maps reported in Fig. 1B showing in blue the
signals at 140 cm! for anatase and in red those at 445 cm! for rutile. A similar trend of partial
phase transformation (anatase - rutile) has been already reported by some of us in the case of
laser treatment of TiO, P25 [11].

In Fig. 1C PL spectra of TiO», TiO2 LT and Macro TiO> samples are abridged. It can be
seen that for all three samples the spectrum is quite broad, with several components in the
350-600 nm range, reasonably related to the typical PL features of anatase titania, namely at
370-390 nm (band to band emission of the TiO: [18]), 430 (self-trapped excitons confined on
TiOs octahedral [19]), 475, 525 and 560 nm (electrons in defective Ti centres connected with
oxygen vacancies [20]). Interestingly the TiO» LT sample exhibits a spectrum with a
significant higher intensity in the 450-600 nm region, pointing to a higher number of defects,
whose number has been reported to be somewhat correlated to the PL intensity in this region
[20-22].

The band gap energies values for the investigated samples, calculated using the modified
Kubelka-Munk spectral function [F(R.)hv]"? on the basis of UV-vis DRS spectra are
displayed in Table 1. No substantial variations of the E; values were calculated for TiO2, TiO2
LT and Macro TiO> samples.

On account of the above characterization it can be concluded that laser treatment of TiO:
results in the introduction of lattice distortion with Ti** species and oxygen vacancies and in a
moderate change in the crystal phase of TiO; with a small increase in the BET surface area
(Table 1). These changes probably concur to the relevant enhancement of the photoactivity of
TiO> LT with a significant increase of H» production by photocatalytic water splitting,
especially under UV irradiation (Fig. 2). The occurrence of defects in the crystalline structure
of TiO: is the key factor explaining the increase of the H> production. The defects, in fact, act
as hole traps owing to the creation of a Ti** donor level just below the bottom of the CB [11],

thus strongly decreasing the recombination rate between the photoholes and the electrons.

3.2 Templating strategy and chemical modifications

The second approach was based on the combination of a template strategy, aimed to obtain
TiO> with a macroporous structure (Macro TiO2), and chemical modifications achieved by
adding CeO: as host component or W as doping agent.

TiO: catalysts with macro-mesoporous structures have attracted the interest of the

researchers working in heterogeneous photocatalysis due to the highly available surface area
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and the regular size of the pores with intrinsic connectivity, which help both efficacious
charge transfer and reactants mass flow [23]. The higher photoactivity of these systems was
attributed to the specific porous structure of TiO2 leading to a high efficient light absorption
process inside the material pores [12, 13, 24, 25]. In Fig. 3 the SEM images, at the same
magnification, of Macro TiO», Macro TiO>-CeO> and Macro TiO>-W are reported. It can be
seen that all macroporous TiO»-based samples have a specific porous macrostructure made of
interconnected cavities. This is in accordance with the lower surface area of these latter
samples (23-28 m?/g vs. 55-61 m?/g of the non-Macro TiO> samples) as shown in Table 1.
Interestingly the Macro TiO> sample was more active than TiO; in the H> production (Fig.
2). In particular the activity enhancement effect of the macroporous TiO2 was much higher
under simulated solar than UV light irradation. In fact, Macro TiO> exhibited 2 and 6 times
higher H> production than the anatase TiO> sample under UV and solar light, respectively.
While the Raman spectra of TiO> and Macro TiO» are similar (Fig.1A), the Macro TiO>
shows instead a PL spectrum more intense than the TiO one in the band to band emission
region (Fig. 1C), pointing to the presence of more excitons species. The highly porous
structure, in fact, increases the formation of charge carriers in so as it leads to an easier
access and mass transfer allowing light waves to easily enter the photocatalyst [12, 13, 23-

25]. This results in an increase of the path length of light and in an improved photoactivity.

3.3 Chemical modification (Doping with CeO2 or W)

It has been broadly accounted that photocatalytic activity of titania can be strongly affected
by coupling TiO> with other oxides (ZnO, Cu20O, Bi2O3, BiVOs, CeO,) [12, 15, 26-28] or
doping with metallic (V, W, Fe) [13, 29-31] or non-metallic elements (C, N, S, F) [13, 32-35].
In particular the combination of titania with an appropriate amount of specific oxides (as
CeO») can be highly beneficial for the photoactivity in so as the oxide can favour the electron
transfer from TiO» to the other oxide or vice versa, leading to a lower e/h* recombination rate
and therefore to an enhancement of the charge separation [10, 12, 15]. Doping with metallic
or non-metallic elements may instead boost the generation of oxygen vacancies, propping up
the activity via excitation of electrons from the VB to the oxygen vacancies energy levels
[31,36]. In accordance with the above considerations in this work we investigated how CeO>
or W modified the physicochemical and photocatalytic properties of anatase TiO> (TiO2
sample) and macroporous TiO2 (Macro TiO> sample).

Interestingly, Raman spectra (Fig. 4A) show that chemical treatments with CeO> do not
significantly affect the distribution and the position of the TiO; bands, pointing out that

anatase remains the only phase present. It can be noted that ceria-modified samples (TiO»-
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CeO> and Macro TiO2-CeOz) show an E; value 0.05 eV lower than anatase TiO; and Macro
TiO2, in agreement with previous literature data [10, 12] and ascribed to the substitution of
the lattice Ti** species with Ce** or Ce** ones [37, 38].

The addition of tungsten results in a different behaviour depending on the TiO> used (TiO2
or Macro TiO3). Interestingly, in fact, the Raman spectra of TiO»-W (Fig. 4A) exhibited two
bands at 273 cm™ and 718 cm! respectively, attributed to vibration modes of orthorhombic
WOs [39, 40]. In particular, the peak at 270 cm™ is related to the O—-W—O bending vibrations
of the bridging oxygen, and the peak at 718 cm™ to the corresponding stretching mode.
Furthermore, in this latter sample a red shift of the main peak of the anatase phase (at around
150 cm™") was observed (inset of Fig. 4A). Considering that this band is attributed to the main
vibrational mode of anatase (O-Ti—O) [10], the presence of WOs in the TiO> lattice probably
produces a bond distortion which causes the measured shift. However, the above peaks and
the red shift of the O-Ti—O band of anatase are not observed in the spectra of Macro TiO2-W.
Reasonably, in this sample the porous backbone of TiO. allows a higher dispersion of
tungsten with chance of interstitial substitution of titanium by tungsten ions. As reported in
the literature [41-43], in fact, tungsten ions can replace Ti*" in the lattice of TiO; because of
the correspondence of the ionic radius of W*/W® and Ti**. Accordingly, nonstoichiometric
solid solution of WxTi1-xO2 or TiO2-amorphous WOx composites would form, with potential
generation of tungsten impurity energy levels.

The PL spectra of investigated TiO»-based catalysts are reported in Fig. 4B. It must be
reminded that the bare CeO> displays the band to band emission peak at around 455 nm. It can
be noted that doping TiO> with CeO2 or W (TiO2-CeO; and TiO>-W samples) causes an
increase of the intensity of the band to band emissions (region at around 375 cm’) but a
decrease in the intensity of bands at higher wavelengths (> 470 cm!), associated with the
recombination rate of charges, thus pointing to a lower recombination rate of electron-hole
pairs, in other words to a better charge separation efficiency of the doped samples [20-22].
The combination of ceria or W with the Macro TiO, (Macro TiO2-CeO; and Macro TiO>-W
samples) caused a drop of the intensity of all of the bands. This indicates a restrained radiative
recombination process in the Macro TiO> doped sample [44], which can be attributed to a
change of the defective state at a thin level of the Macro TiO; surface [45], probably due to a
synergistic effect of the doping and the photonic effect (light harvesting) of macroporous
TiO». These features enhance the chance of interfacial transport of photo-induced electrons
and holes favouring a higher photo-activity [44-46]. The presence of tungsten didn’t change
the band-gap extension of TiO (Table 1).



The observed changes in the TiO» structure due to the coupling with CeO> or W have a key
importance to interpret the improvement of the photocatalytic activity of this mixed oxide
system for the water splitting. In fact, the photoactivity of ceria- or W-doped TiO, samples as
for H production through water splitting (Figs. 5 and 6) was found to be enhanced both for
non-macroporous (Fig.5) and, even more, for macroporous (Fig.6) TiO> modified samples. In
both cases the extent of this effect appears more relevant under solar light than under UV
irradiation. Therefore applying a mixed approach, consisting in modifying TiO2 or Macro
TiO> with CeO> or W, appears highly effective in the enhancement of the titania
photoactivity. In this case the introduction of shallow level defects in a macroporous structure
contemporaneously boosts up the light absorption ability and the electron-hole charge
disjointing of TiO: thus favouring the water reduction for which CB electrons are crucial.
Noteworthy regarding the non-macroporous TiO> samples, the most important effects can be
observed mainly under solar light irradiation, with an H> production of about 4 and 6 times
higher with TiO2-CeO2 and TiO2-W compared to the bare TiO.. In the case of UV irradiation
the modifications with cerium oxide and tungsten lead to have comparable performances
being the Hz production 12.5 and 10 mmol-h'-geu! with TiO2-CeO, and TiO2-W,
respectively, anyhow higher than the un-modified TiO> sample (7.7 mmol-h™!- gea ™).

3.4 General comparison of data and discussion

Fig. 7 summarizes the comparison of the results obtained in this work in terms of H»
production by photocatalytic water splitting carried out at the same experimental conditions
under UV (Fig. 7A) and simulated solar (Fig. 7B) irradiation over the representative TiOx-
based catalysts used. It can be easily observed that under UV light (Fig. 7A), the TiO> sample
treated by laser ablation in liquid (TiO2 LT) is notably the most active one, with H> generation
rate almost triple than that of the untreated sample and about twice those of the other two
modified TiO»-based catalysts (TiO2-CeO2 and TiO2-W).

On the basis of the characterization data, laser treatments lead to a more defective titania
sample with the growth of Ti** and oxygen vacancies. The formation of under-coordinated
titanium ions, the stimulated lattice distortion together with the moderate increase of surface
area and the formation of rutile phase (see Raman spectra) are the key factors to explain the
higher H, production under UV irradiation compared to the other modified samples. The
under-coordinated Ti ions act, in fact, as anchored and charge injection/recombination sites,
changing in a decisive way the electrons/holes recombination dynamics and favouring an
easier reduction of proton from water [47,48]. The H atoms will replace the locations of

oxygen vacancies in the TiO> crystalline structure, thus attracting the electrons from the
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nearby Ti and O atoms, resulting in an enhanced H> production [49-51]. Reasonably, these
effects influence the photocatalytic performance mainly under UV irradiation. In fact,
considering that the E, value of TiO; LT is comparable to that of the bare TiO> (Table 1), the
formation of photoelectrons was much smaller when the reaction was performed under solar
than under UV irradiation, even though the laser treatment can induce mid-gap states within
the band gap of TiO: [52]. Moreover, it cannot be excluded the positive role in the
photoactivity played by the contact between the formed rutile phase under laser irradiation
and the pre-existing anatase phase [48].

The use of a template strategy to obtain macroporous TiO; leads to a raise of the
photocatalytic H> production of about 1.7 under UV irradiation and 6 times higher under solar
irradiation than bare TiO». The presence of a macroporous structure enhances the absorption
of photons, boosting the optical path length and the transfer rate of electron-hole pairs on the
titania surface. This allows an easier H* ions reduction on the surface of Macro TiO» by the
photoproduced electrons [53-55]. This behaviour well agrees with the PL spectrum of the
Macro TiO», exhibiting a higher intensity of the band due to the excitons (375 nm), according
to the higher light adsorption on the macroporous surface and a lower intensity of the bands
generally related to the electron-holes recombination rate, as a consequence of the enhanced
electron-hole pairs migration rate [12, 13].

The combination of a structural (Macro TiO2) and a chemical (addition of CeO; or W)
modification permits to further increase the photoactivity. In particular, with the addition of
cerium oxide, the photo-generated electrons can be transferred from CeO> to TiO> whilst
holes, owing to the more positive valence band of TiO, can proceed reversely giving rise to
an efficacious charge separation and a superior hydrogen production [10, 12, 56]. Moreover,
the presence of the Ce**/Ce** redox couple gives rise to a scavenging effect in the TiOa
conduction band further enhancing the charge carrier separation. CeO, acts as photosensitizer
favouring also a remarkable activity also under solar irradiation. The contemporaneous
presence of these effects, namely the macroporous structure with the increase of the light path
length and the photosensitizer action of cerium oxide, are essential to rise the hydrogen
production with respect to both un-modified TiO> and Macro TiO, samples.

Interestingly, the Macro TiO,-W sample is the most active catalyst under solar light
irradiation (Fig. 7). As reported in the literature [57-59] tungsten can enter the TiO; lattice
and partly replace the titanium ions. Moreover, the doping with W can generate new
electronic states above the TiO» valence band. These new states may facilitate the visible light
absorption by TiO», thus favouring the activity under solar light irradiation. Similarly to the

cerium oxide effect, the addition of tungsten aids in detrapping of charge carriers to the
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surface of the photocatalyst, being the energy level of Ti 3d electrons close to that of W 5d
electrons [60, 61]. Noteworthy, TiO>-W and Macro TiO>-W showed quite different Raman
and PL spectra (Fig. 4). Probably, the porous structure promotes the migration of tungsten
ions into the crystalline lattice of TiO; thus allowing the formation of more electronic states
between the valence and the conduction bands of TiO,. The very low intensity of Macro
TiO2-W PL bands is a further evidence of a higher charge carriers separation. This well agrees
with the higher H> production observed on the Macro TiO2>-W sample compared to TiO2 and
Macro TiO; samples, both under UV and solar light. In the case of the non-macroporous TiO>
system, the W ions can segregate more easily on the surface of TiO, with formation of WO3
species, pointed out by Raman characterization (Fig. 4A), which can partially block the light
absorption process of titania and then contributing to explain the lower photoactivity of TiO>-

W compared to Macro TiO>-W.

4. Conclusions

On the basis of the results discussed in this paper we can conclude that the induction of
structural and chemical modifications of TiO; by various approaches is a promising strategy
to achieve a more efficient hydrogen production through water splitting over TiO»-based
photocatalysts. The key results of the paper can be summarized as it follows:

a) laser treatment of TiO; results in a series of structural changes as introduction of Ti**
species and oxygen vacancies, surface area and crystal phase of TiO», which all together
concur to the relevant enhancement of the photoactivity of TiO2 LT sample, specially under
UV irradiation.

b) the use of a macroporous ordered structure of TiO> leads to slow photon effects with
high light absorption, strongly enhancing the TiO> photoactivity mainly under solar light
irradiation. The positive effect was further increased by the presence of a photosensitizer as
CeO2 or by a doping agents as W, which enhanced the light absorption and the charge

separation between electrons and holes of the photocatalyst.
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Caption to figures

Fig. 1

Characterization data of TiO», Macro TiO> and TiO> LT samples. (A) Raman spectra;
(B) Raman map of TiO» LT sample showing in blue the signal at 145 cm™! for anatase
phase and in red that at 445 cm™! for rutile; (C) PL spectra for TiO,, Macro TiO: and
TiO2 LT materials respectively.

Fig. 2 H; production over TiO», TiO2 LT and Macro TiO; samples: (A) under UV lamp; (B)

Fig. 3

under solar lamp.
SEM images of macroporous TiO»-based photocatalysts (Macro-TiO2, Macro TiO»-
CeO» and Macro TiO2-W).

Fig. 4 Characterization data of TiO2 and macroporous TiO»-based photocatalysts. (A) Raman

Fig. §

spectra, (B) PL spectra.
H> production over TiO», TiO»-CeO> and TiO>-W photocatalysts: (A) under UV lamp;

(B) under solar lamp.

Fig. 6 H> production over macroporous TiO>-based photocatalysts: (A) under UV lamp; (B)

under solar lamp.

Fig. 7 General comparison of H> production by photocatalytic water splitting over TiO»-

based catalysts used in this work: (A) under UV lamp; (B) under solar lamp.
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Table 1 BET Surface area and band-gap energies (E,) for investigated TiO»-based samples.

Catalysts Ser (m?g!) | Eg(eV)
TiO; 55.0 3.24
TiO2 LT 61.1 3.23
TiO2-CeO2 57.5 3.19
TiO2-W 56.1 3.25
Macro TiO> 28.3 3.23
Macro TiO2-CeO> | 23.3 3.18
Macro TiO2-W 28.8 3.26
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