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Abstract: The thermocatalytic, photocatalytic and photothermo-catalytic oxidation of some volatile
organic compounds (VOCs), 2-propanol, ethanol and toluene, was investigated over brookite
TiO2-CeO2 composites. The multi-catalytic approach based on the synergistic effect between solar
photocatalysis and thermocatalysis led to the considerable decrease in the conversion temperatures of
the organic compounds. In particular, in the photothermo-catalytic runs, for the most active samples
(TiO2-3 wt% CeO2 and TiO2-5 wt% CeO2). the temperature at which 90% of VOC conversion occurred
was about 60 ◦C, 40 ◦C and 20 ◦C lower than in the thermocatalytic tests for 2-propanol, ethanol
and toluene, respectively. Furthermore. the addition of cerium oxide to brookite TiO2 favored the
total oxidation to CO2 already in the photocatalytic tests at room temperature. The presence of small
amounts of cerium oxide allowed to obtain efficient brookite-based composites facilitating the space
charge separation and increasing the lifetime of the photogenerated holes and electrons as confirmed
by the characterization measurements. The possibility to concurrently utilize the photocatalytic
properties of brookite and the redox properties of CeO2, both activated in the photothermal tests, is
an attractive approach easily applicable to purify air from VOCs.
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1. Introduction

Nowadays, high quality clean air for both indoor and outdoor environments is strongly
recommended. Recently, new and green approaches such as the photocatalytic oxidation of volatile
organic compounds (VOCs,), can be considered suitable solutions for an environmental friendly air
purification [1]. Compared to more consolidated processes, such as catalytic combustion or physical
adsorption. the possibility of an efficient use of sunlight under mild conditions leads to consider
photocatalytic applications as an optimal alternative for the removal of dangerous pollutants (VOCs)
from the air of our living spaces.

In the last decade, titanium dioxide (TiO2, titania)-based photocatalysis has played an important role,
TiO2 being an active component of paints, cements, building materials and self-cleaning products [2–6].
The lack of toxicity. the relatively low cost and the good performance especially under UV light
irradiation, makes this material one of the most used and studied photocatalysts [7–11]. Recently.
the interest in the least common crystalline structure of TiO2, i.e., brookite, increased exponentially,
and its superior performance compared to rutile and anatase TiO2 has been reported in several
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photocatalytic reactions [12,13]. However, as the other TiO2 crystalline forms. the wide band-gap
(around 3.2–3.4 eV [12]) limits its utilization to only UV irradiation, with a very poor exploitation of
the solar light (≈5%). One of the most investigated and performed strategies to shift the absorption
properties of TiO2 towards the visible light is the synthesis of mixed oxides (i.e., composites) [14–16].
In particular. the combination of TiO2 with CeO2 (ceria) allows to sensibly increase the TiO2 efficiency
in the solar/visible light irradiation range [17,18]. Cerium oxide has interesting properties such as
the possibility of favoring the transfer of electrons in its empty 4f energy levels (which facilitates the
separation of the charge carriers). the lower band gap (2.7–2.9 eV) compared to TiO2 (that allows the
activation by solar light irradiation). the redox properties that can promote a remarkable mobility of
the surface oxygen with a beneficial effect for the oxidation reactions and the formation of Ce4+/Ce3+

species [19,20].
In this context, despite the fact that anatase, rutile or mixed anatase/rutile TiO2 with ceria have

been sufficiently studied [21–23]. the photocatalytic, thermocatalytic and photothermo-catalytic
performance of pure brookite/CeO2 systems have not yet been analyzed to the best of our knowledge.

Moreover, although the photocatalytic oxidation is a green and sustainable method to remove low
concentrations of VOCs. the reported removal efficiencies are still far from a practical application on
an industrial scale [24–26]. The combination of photocatalysis, employing sunlight as the irradiation
source, with thermocatalysis, can be considered an optimal compromise to obtain high conversion
values that are typical of thermocatalysis, simultaneously decreasing the temperature of the treatments,
and favoring a more sustainable energy consumption [23,27].

For this purpose, in this work we compared the catalytic (photo)performance of some mixed
brookite TiO2-CeO2 composites, for the oxidation in the gas phase of some model VOCs (2-propanol,
ethanol and toluene). In particular, we correlated the performance of the catalysts in the thermocatalytic,
photocatalytic and photothermo-catalytic oxidation tests to the chemical and structural modifications
induced by the ceria addition on pure brookite.

The exploitation of the double synergy (between thermocatalysis and photocatalysis and between
the photocatalytic properties of the brookite TiO2 and the redox properties of CeO2), can allow to
develop a multi-catalytic green and efficient technology for the abatement of VOCs from the air.

2. Results and Discussion

2.1. Brookite TiO2-CeO2 Composites Characterization

As reported in the literature. the obtainment of pure brookite phase was difficult, being strongly
affected by the preparation method adopted [12]. One of the easy and consolidated approaches to
prepare pure brookite is the thermohydrolysis of TiCl4 in aqueous chloride solutions [28,29]. With this
procedure, it is possible to obtain the brookite phase without the presence of anatase or rutile.

The confirmation of the presence of the only brookite phase was obtained with Raman spectroscopy
(Figure 1a). Indeed, this characterization technique is more sensitive to detect the presence of the
brookite phase than the XRD one, that required a structure refinement method to clearly note
that brookite is the only crystalline structure present [12,30,31]. To investigate the change in the
physico-chemical properties of brookite due to the addition of cerium oxide, three different composites
were prepared with a growing amount of the hosted CeO2 oxide (1 wt%, 3 wt% and 5 wt%).

In previous works with anatase and P25 TiO2, we noted that a CeO2 concentration higher than
5 wt% had a detrimental effect for the titania photoactivity [23,32]. Consequently, in this work, although
we studied another type of TiO2 sample, we limited our investigations to the low amounts of cerium
oxide. The composites were coded as Ti/CeX where X is the weight percentage of CeO2. This is just a
code that does not identify the catalytic support which in this case could be considered to be TiO2.

From the Raman spectra (Figure 1a) it is possible to note that bare brookite showed, in accordance
with the literature [29,33], 13 peaks: six A1g: four clearly visible (153, 246, 414 and 636 cm−1) whereas
the other two bands related to this Raman optical mode were at 128 cm−1 (as a shoulder of the main
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peak at 153 cm−1 also visible in Figure 1b) and at about 195 cm−1 (with a very low intensity overlapping
with the signal at 212 cm−1 (B1g mode)). The other Raman vibration modes were two B1g (212 and
325 cm−1), three B2g (365, 462 and 586 cm−1, this latter present with a very low intensity) and two
B3g (502 and 545 cm−1). The typical signal at 153 cm−1 is a fingerprint of the presence of brookite
and the lack of the usual Raman bands at 516 and 448 cm−1, typical of the anatase and rutile phases,
respectively [34], which indicates that brookite is the only phase present. Bare CeO2 showed a single
band at 462 cm−1 related to the cubic fluorite structure (F2g vibration) [20]. All of the TiO2-CeO2

composites exhibited the bands of pure brookite, whereas the signal of CeO2 at 462 cm−1 overlapped
with the second B2g band of brookite, although it is possible to note a broadening of this band in the
mixed oxide samples. A further indication of the composites formation was the slight blue shift of the
main brookite Raman band (Figure 1b), more evidently increasing the amount of ceria. The broadening
and the shift of the Raman band is, in fact, correlated to the modification of the principal oxide lattice
(in this case brookite TiO2) caused by the progressive interaction with the second oxide (in this case
CeO2) [35].
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Figure 1. (a) Raman spectra of the analyzed samples; (b) Raman shift of the main brookite band; (c) 
Raman confocal map of the Ti/Ce3 sample; and (d) Raman confocal map of the Ti/Ce5 sample. 
Figure 1. (a) Raman spectra of the analyzed samples; (b) Raman shift of the main brookite band;
(c) Raman confocal map of the Ti/Ce3 sample; and (d) Raman confocal map of the Ti/Ce5 sample.

From the Raman confocal maps (Figure 1c,d illustrating the Ti/Ce3 and the Ti/Ce5 as representative
samples), it is possible to note that there are no isolated regions with a prevalence of one color (the clear
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violet color area represents the presence of brookite whereas the darker violet area represents the
presence of CeO2, however, which are difficult to differentiate), thus indicating as the low amount of
cerium oxide is uniformly present on the brookite [10,18].

The good interaction of the cerium oxide with brookite TiO2 was also confirmed by the formation
of a heterojunction between the two oxides, detectable in the Ti/Ce5 sample through the HRTEM
(High Resolution Transmission Electron Microscopy) image (Figure 2), whereas in the other two
composites, due to the low amount of the cerium oxide, it was not possible to discern the interface
between the titania and ceria, in any case difficult to differentiate, even in the Ti/Ce5 sample, due to
the similar d-space values of the examined oxides. However, from Figure 2 it is possible to note the
boundary interaction between the brookite TiO2 (121) planes and the CeO2 (111) planes accordingly to
the d-spacing values [33,36]. The interplanar distance of 0.35 nm referred to the (210) or (111) planes of
brookite TiO2 [37] was not detected in our samples utilizing the employed TEM.
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Figure 2. HRTEM (High Resolution Transmission Electron Microscopy) image of the brookite Ti/Ce5 sample.

The specific surface area. the mean pores diameter and the pores volume of the brookite TiO2-CeO2

composites are reported in Table 1. Figure 3 displays the nitrogen physisorption curves (Figure 3a) and
the distribution of the pores size obtained by the Barrett, Joyner and Halenda (BJH) method (Figure 3b).
All the powders showed the characteristic mesoporous type IV isotherm (Figure 3a) [38] and a H1
hysteresis. The addition of cerium oxide diminished the specific surface area (Table 1) calculated with
the BET (Brunauer-Emmett-Teller) method, of brookite, reasonably due to the progressive interaction
of the hosted oxide with brookite, as confirmed by the Raman measurements, and to the calcination
treatment necessary for the formation of the composites.

Interestingly. the bare brookite showed a broader BJH pore size distribution curve (Figure 3b),
whereas the pure CeO2 exhibited the lowest surface area (60 m2/g) and pore volume (0.14 cm3/g) with
the highest mean pore diameter (32 nm) (Table 1).

Table 1. Brunauer-Emmett-Teller specific surface area (SA), mean pore diameter (dp), pore volume (vp)
and optical band-gap (Eg) of the analyzed samples.

Samples SA (m2/g) dp (nm) vp (cm3/g) Eg (eV)

CeO2 60 32.1 0.14 2.87
Brookite TiO2 100 27.3 0.33 3.22

Ti/Ce1 69 24.9 0.35 3.20
Ti/Ce3 68 25.2 0.34 3.21
Ti/Ce5 66 24.7 0.33 3.19
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Figure 3. (a) Nitrogen physisorption curves and (b) the Barrett, Joyner and Halenda (BJH) curves of
the analyzed samples.

The diffuse reflectance spectra (DRS) of the materials are shown in Figure 4 (Figure 4a.
the Kubelka-Munk function, i.e.. the reflectance function, was plotted versus the wavelength; whereas
Figure 4b illustrates the estimation of their optical band-gap through the modified Kubelka-Munk
function). It is possible to note (see also Table 1) that the addition of cerium oxide resulted in a slight
decrease of the optical band-gap of pure brookite, whereas. the bare CeO2 showed the highest red shift
(Figure 4a) and consequently a lower band-gap (Figure 4b) compared to TiO2, in accordance with the
literature data [17,32].
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Kubelka-Munk function versus the hν for the investigated samples.

Figure 5 reports the photoluminescence (PL) spectra of the investigated samples. The band at
388 nm, assigned to the band-to-band emission of brookite TiO2 [39–41], was progressively quenched
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increasing the amount of cerium oxide on TiO2, pointing to a lower recombination rate between the
photoholes and photoelectrons in the TiO2-CeO2 composites. Indeed. the decrease of the PL band
intensity is usually related to an enhancement of the charge carrier separation in the photoactive
materials [42,43]. In the TiO2-CeO2 composites, also the intensity of the PL brookite band at about
430 nm, due to the self-trapped excitons confined in the TiO6 octahedra [44], decreased, whereas
the PL band at 460 nm of pure brookite, attributed to the presence of oxygen vacancies in the TiO2

lattice [44,45], overlapped with the band at 455 nm due to the band-to-band emission of CeO2 [10,32].
Even for these bands. the intensity diminution in the composites was a further indication of the better
separation of the charge carriers in the Ti/Ce powders. Finally. the PL band at about 555 nm, present in
all of the samples, was related to the photoelectrons trapped in the defect centers generated by the
oxygen vacancies of titania and/or ceria [46].
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2.2. Surface Properties of Brookite TiO2-CeO2 Composites

The X-ray photoelectron spectroscopy (XPS) results of pure brookite TiO2 confirmed the presence
of only this crystalline form of TiO2. Indeed. the sharp Ti 2p3/2,1/2 spin–orbit components at 459.3 and
465.1 eV (5.8 eV spin–orbit coupling, Figure S1a) and the O 1s band centered at 530.8 eV (Figure S1b),
are typical of brookite phase [47,48]. It has been noted that the absence of broadening at low binding
energy (BE) due to a doublet in the titania band (ascribed to Ti3+) [49]. The O 1s spectral profile
suggests the presence of some Ti–OH hydroxide species, evident at a higher binding energy with
respect to the main peak.

As regards the XPS ionization of the 3d cerium levels of the cerium oxide sample, six distinct signals
were obtained (Figure S1c), in accordance with the literature data for the pure CeO2 species [50,51].
The ground state for Ce4+ is represented by the 3d104f0 electronic configuration. In this context.
the bands at 882.9, 889.2 and 898.8 eV are ascribed to the Ce 3d5/2 states, whereas the peaks at 901.5,
907.8 and 917.3 were assigned to the Ce 3d3/2 states (18.6 spin–orbit coupling). In accordance to
the literature data [50–52]. the signals at 882.9 and 889.2 eV were due to a mixed configuration
of 3d94f2(O 2p4) and 3d94f1(O 2p5) Ce4+ states, while the signal at 898.8 eV corresponds to the
3d94f0(O 2p6) Ce4+ state. Finally. the peaks at 901.5, 907.8 and 917.3 were consistent with the spin–orbit
components of the 3d3/2 states of the same configurations. Therefore, only the peaks expected for pure
CeO2 were observed. Furthermore. the absence of signals at 882.9, 889.2 and 898.8 eV excludes any
3d94f1 (O 2p6) and 3d94f2(O 2p5) Ce3+ final states. Figure S1d shows the high-resolution O 1s band for
the pure cerium oxide that involves two signals at 529.4 and 531.6 eV, respectively. The first peak is
due to the O2− species for CeO2, whereas the latter is assigned to the OH− species [52].
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The spectrum of the Ti/Ce5 sample displays the Ti 2p 3/2 and 1/2 spin–orbit peaks at 459.0 and
464.8 eV (Figure 6a) [48,53]. Therefore, these Ti 2p levels were just 0.3 eV at lower binding energies
compared to the bare brookite catalyst and can be rationalized in terms of the higher electronegativity of
Ti (1.5) with respect to that of Ce (1.1). This sizeable shift suggests some electronic interaction between
titanium and cerium cations. Moreover, these XPS binding energies are the same also considering the
Ti/Ce1 and the Ti/Ce3 catalysts (Table 2).
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Figure 6. (a) Al Kα-excited XPS of the Ti/Ce5 composite obtained in the Ti 2p zone; (b) in the O 1s
binding energy region and (c) in the Ce 3d binding energy region. Structure due to the satellite radiation
was subtracted from the spectra.

Table 2. Binding energies (eV) obtained by XPS for the analyzed materials.

Samples O 1s Ti 2p3/2,1/2 Ce 3d5/2,3/2

CeO2 529.4, 531.6 / 882.9–901.5, 889.2–907.8, 898.8–917.3
Brookite TiO2 530.8 459.3–465.1 /

Ti/Ce1 530.5 459.0–464.8 883.2–901.8, 886.5–905.1, 917.5
Ti/Ce3 530.5 459.0–464.8 883.2–901.8, 886.5–905.1, 917.5
Ti/Ce5 530.5 459.0–464.8 883.2–901.8, 886.5–905.1, 917.5

The high-resolution spectrum of the O 1s core level for the Ti/Ce5 sample (Figure 6b), and those
for both Ti/Ce1 and Ti/Ce3 analogues (Table 2), show a sharp O 1s peak at 530.5 eV, similar to the bare
brookite [47,48]. Moreover, this peak suffers a 0.3 eV lower binding energy shift, compared to the
un-modified titania.
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The Ce 3d binding energy region of Ti/Ce5 (Figure 6c) shows the typical superimposition of Ce4+

and Ce3+ contributions [48,51,53]. The lower binding energy doublet at 883.2 and 901.8 eV (18.6 eV
spin-orbit coupling) is attributed to the state of Ce(IV) 3d94f2(O 2p4) [48,51], while the doublet at 886.5
and 905.1 eV (18.6 eV spin-orbit coupling) is attributed to the state of Ce(III) 3d94f2(O 2p5) [50,53].
Moreover. the presence of Ce4+ is confirmed by the characteristic low peak at 917.5 eV [48,51]. All these
observations are in agreement with those previously reported for the XPS of Ce4+ and Ce3+ mixed
valence state systems [32,50,53].

For similar systems, it was reported that the presence of Ce3+ species may be attributed to
electronic interactions between TiO2 and CeO2 that cause the partial reduction of the Ce tetravalent
cation [32,53]. Obviously. the presence of some Ti3+ cations on the TiO2 surface must be considered
why this redox process takes place. Even though we have no XPS evidence of such Ti species, it is
widely recognized that the not complete axial coordination of the surface Ti cation in TiO2 leads to
some surface Ti reduction [54,55]. Reasonably, any chemical interaction between the two oxides should
be confined to the topmost ionic layers of each oxide nanoparticles, and this is consistent with the
formation of a heterojunction between the titania and ceria interfaces as confirmed by the HRTEM
(Figure 2).

On the basis of the above observation, we noted that the Ti 2p levels of the mixed oxides are
shifted at a 0.3 eV lower BE compared to bare brookite, while the binding energy of the Ce4+ 3d levels
in the TiO2-CeO2 mixed oxides are 0.3 eV at higher BE in comparison to the same signal detected
in CeO2 (882.9 eV). This confirms the existence of an electronic interaction between the Ti and Ce
(both Ce3+ and Ce4+) ions [32,48].

Interestingly, as also already reported in the literature [47]. the increase of the amount of ceria in
the composites parallelly decreases the intensity of the XPS peaks of Ce4+ whilst it enhances those
of Ce3+. The XPS Ce(III)/Ce(IV) atomic ratio was investigated using a method already reported [53].
This method considers the relative intensities of the Ce(III) and Ce(IV) XPS 3d bands, obtained by the
fitting of the experimental spectrum. We are aware that all the final states of the ionizations of the Ce
(IV), already discussed for the blank CeO2 sample (Figure S1c, vide supra), must be included in the
band fitting. Moreover. the low intensity high binding energy band (Figure 6c) at 917.5 eV is with no
doubt due to the ionic 3d94f0 (O 2p6) 3d3/2 Ce4+ state. By taking all these considerations into account,
from the XPS spectral fitting of the Ti/Ce5 sample (Figure S1e) we obtained a Ce(III)/Ce(IV) = 1.4 value
that stresses a Ce(III) prevalence on the sample surface [56,57]. Finally. the surface composition of the
five analyzed powders, was calculated. Results indicate that the Ce/Ti ratios are 0.007, 0.010 and 0.030
for the Ti/Ce1, Ti/Ce3 and Ti/Ce5 systems. These ratios are consistent to the nominal molar ratio of the
investigated materials.

2.3. (Photo)Catalytic Oxidation of 2-Propanol

The results of the thermocatalytic oxidation in the gas phase of 2-propanol are reported in the
Table 3, where the T10, T50 and T90 are the temperatures at which the 10%, 50% and 90% of conversion
is achieved (the relative conversion curves for all the analyzed samples are reported in the supporting
information, Figure S2). Interestingly. the high surface area of bare brookite TiO2 (100 m2/g, Table 1)
allowed to obtain a T90 of 258 ◦C in the alcohol conversion and of 323 ◦C in the conversion to CO2,
which are 22 ◦C and 65 ◦C lower compared to the T90 of P25 TiO2 (80% anatase-20% rutile) under
the same experimental conditions [23]. Although the addition of CeO2 decreased the surface area
of brookite (Table 1) the synergism between the two oxides permitted to decrease the 2-propanol
conversion temperature that was the lowest for the Ti/Ce3 sample with a T90 of 253 ◦C.

The catalytic combustion of 2-propanol can follow two pathways that led to obtain as intermediate
products propene and water or acetone and water [23,58]. In our experimental conditions, acetone was
the main detected reaction intermediate, whereas the amount of propene was negligible. Interestingly.
the addition of cerium oxide on brookite favored the total oxidation to CO2. Indeed. the maximum
of acetone conversion decreased by increasing the amount of ceria in the brookite. This maximum
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varies from 93% (at 261 ◦C) for pure brookite to 41% for Ti/Ce5, similar to bare CeO2 (39%), but was
achieved at a much lower temperature (221 ◦C instead of 365 ◦C). Contextually. the T10, T50 and T90

values related to the conversion to CO2 over the composites were lower than those of the bare brookite
(Table 3) with the Ti/Ce5 that exhibited the lowest T90 (281 ◦C).

Table 3. The thermocatalytic oxidation of 2-propanol over the investigated samples.

Samples 2-Propanol Conversion Conversion to CO2 Maximum Conversion to Acetone

CeO2

T10 = 293 ◦C T10 = 336 ◦C
39% (365 ◦C)T50 = 342 ◦C T50 = 386 ◦C

T90 = 417 ◦C T90 = 434 ◦C

Brookite TiO2

T10 = 209 ◦C T10 = 271 ◦C
93% (261 ◦C)T50 = 226 ◦C T50 = 294 ◦C

T90 = 258 ◦C T90 = 323 ◦C

Ti/Ce1
T10 = 195 ◦C T10 = 253 ◦C

79% (248 ◦C)T50 = 222 ◦C T50 = 277 ◦C
T90 = 256 ◦C T90 = 306 ◦C

Ti/Ce3
T10 = 194 ◦C T10 = 212 ◦C

47% (248 ◦C)T50 = 213 ◦C T50 = 260 ◦C
T90 = 253 ◦C T90 = 294 ◦C

Ti/Ce5
T10 = 176 ◦C T10 = 199 ◦C

41% (221 ◦C)T50 = 208 ◦C T50 = 238 ◦C
T90 = 257 ◦C T90 = 281 ◦C

The results of the photocatalytic oxidation of 2-propanol after 2 h of simulated solar irradiation
at room temperature are reported in the Figure 7. In this case. the brookite TiO2-CeO2 composites
showed a similar 2-propanol conversion to bare brookite with only a slight increase in the conversion
values with the increase of the amount of cerium oxide. The alcohol conversion varies from 60% of
pure brookite to 62% of Ti/Ce1 and 66% of Ti/Ce3 and Ti/Ce5. In addition, also in this case acetone
was the main intermediate produced, in accordance with the literature data [59,60]. The bare CeO2

showed the lowest photocatalytic activity with the 22% of 2-propanol conversion, but with the highest
selectivity to CO2 (36%). The presence of ceria allowed to increase the selectivity to CO2 with respect to
the bare brookite (from the 3% of bare brookite to 21% of the Ti/Ce5 sample). This is another indication
of a mutual synergism between titania and ceria, while pure brookite was an optimal photocatalyst for
the partial oxidation to acetone (selectivity of 95%).
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The synergism between TiO2 and CeO2 was even more exploited in the photo-thermo catalytic
oxidation, i.e., with the contemporaneous use of the simulated solar irradiation and the thermal heating
of the reactor. The thermal catalysis favored the total oxidization of the 2-propanol to CO2, limiting
the formation of acetone to a close range of temperatures, whereas the contemporaneous utilization
of the solar light permitted to decrease the conversion temperatures. In particular, from Table 4
(conversion curves illustrated in the Figure S3) it is possible to note for all of the samples a decrease of
the conversion temperatures with respect to the thermocatalytic tests (Table 3), most relevant for the
mixed oxides catalysts. The T90 of brookite decreased by 40 ◦C and 20 ◦C for the 2-propanol conversion
and for the conversion to CO2, respectively; for the Ti/Ce1 the T90 decrease was of 48 ◦C for the alcohol
conversion and 19 ◦C for the conversion to carbon dioxide. The Ti/Ce3 and the Ti/Ce5 composites
showed a higher decrease of T90 (see Tables 3 and 4). The diminution was of about 60 ◦C (2-propanol
conversion) and 70 ◦C (conversion to CO2) for both samples. The positive effect of the photothermal
approach was less effective for the bare CeO2 (T90 diminution of 7 ◦C for the 2-propanol conversion
and of 18 ◦C for the conversion to carbon dioxide).

Table 4. The photo-thermocatalytic oxidation of 2-propanol over the investigated samples.

Samples 2-Propanol Conversion Conversion to CO2 Maximum Conversion to Acetone

CeO2

T10 = 281 ◦C T10 = 374 ◦C
52% (367 ◦C)T50 = 348 ◦C T50 = 403 ◦C

T90 = 407 ◦C T90 = 416 ◦C

Brookite TiO2

T10 = 170 ◦C T10 = 260 ◦C
96% (235 ◦C)T50 = 192 ◦C T50 = 282 ◦C

T90 = 218 ◦C T90 = 303 ◦C

Ti/Ce1
T10 = 162 ◦C T10 = 240 ◦C

97% (225 ◦C)T50 = 178 ◦C T50 = 265 ◦C
T90 = 208 ◦C T90 = 287 ◦C

Ti/Ce3
T10 = 130 ◦C T10 = 172 ◦C

61% (180 ◦C)T50 = 152 ◦C T50 = 200 ◦C
T90 = 196 ◦C T90 = 224 ◦C

Ti/Ce5
T10 = 114 ◦C T10 = 166 ◦C

57% (165 ◦C)T50 = 151 ◦C T50 = 187 ◦C
T90 = 199 ◦C T90 = 214 ◦C

Another interesting effect verified with the multi catalytic approach was the increase of the
maximum of acetone conversion occurring for all of the samples at a lower temperature in comparison
to the thermocatalytic tests (see Tables 3 and 4). The presence of the solar radiation facilitated the
2-propanol conversion to acetone, as also detected in the photocatalytic test at room temperature
(Figure 7). However, similarly to the thermocatalytic tests. the increase of cerium oxide in the
composites decreased the maximum of acetone conversion, (from the 97% at 225 ◦C of Ti/Ce1 to the
57% at 165 ◦C of Ti/Ce5), confirming that the addition of ceria favors the 2-propanol conversion to CO2

more than the conversion to acetone.

2.4. (Photo)Catalytic Oxidation of Ethanol

With respect to 2-propanol, ethanol, being a primary alcohol, required a higher temperature for
the thermocatalytic oxidation (Table 5, Figure S4). In this case, acetaldehyde was the main intermediate.
Similar to the 2-propanol thermocatalytic oxidation. the Ti/Ce5 and the Ti/Ce3 were the best active
samples with the following order of activity both for the ethanol conversion and for the conversion to
CO2: Ti/Ce5 > Ti/Ce3 > Ti/Ce1 > TiO2 > CeO2.

The lowest T90 temperatures were obtained with the Ti/Ce5 sample (270 ◦C for the ethanol
conversion and 292 ◦C for the conversion to CO2). Moreover, also in this case the presence of cerium
oxide favored the conversion to CO2, and consequently the maximum of acetaldehyde conversion
decreased from 69% at 271 ◦C with bare brookite to 41% at 232 ◦C with the TiCe/5 composite.
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Table 5. Ethanol thermo-catalytic oxidation over the investigated samples.

Samples Ethanol Conversion Conversion to CO2 Maximum Conversion to Acetaldehyde

CeO2

T10 = 299 ◦C T10 = 342 ◦C
38% (375 ◦C)T50 = 347 ◦C T50 = 393 ◦C

T90 = 426 ◦C T90 = 440 ◦C

Brookite TiO2

T10 = 244 ◦C T10 = 279 ◦C
69% (271 ◦C)T50 = 258 ◦C T50 = 303 ◦C

T90 = 290 ◦C T90 = 330 ◦C

Ti/Ce1
T10 = 222 ◦C T10 = 273 ◦C

71% (268 ◦C)T50 = 248 ◦C T50 = 298 ◦C
T90 = 284 ◦C T90 = 327 ◦C

Ti/Ce3
T10 = 218 ◦C T10 = 232 ◦C

44% (271 ◦C)T50 = 237 ◦C T50 = 282 ◦C
T90 = 274 ◦C T90 = 315 ◦C

Ti/Ce5
T10 = 187 ◦C T10 = 208 ◦C

40% (232 ◦C)T50 = 216 ◦C T50 = 249 ◦C
T90 = 270 ◦C T90 = 292 ◦C

Likewise, in the solar photocatalytic oxidation of ethanol (Figure 8) the conversion values were
lower compared to those of 2-propanol. Similar to the previous cases. the main difference in the
photocatalytic behavior of the composites compared to the bare brookite was the high selectivity to
CO2 that was 20% for the Ti/Ce5, 15% for the Ti/Ce3 and 10% for the Ti/Ce1, higher than that measured
for the bare brookite (8%).Catalysts 2020, 10, x FOR PEER REVIEW 12 of 22 

 

 

Figure 8. Photocatalytic oxidation of ethanol at room temperature, under simulated solar irradiation 
for 2 h over the investigated catalysts. 

Table 6. Ethanol photothermo-catalytic oxidation over the investigated samples. 

Samples 
Ethanol 

Conversion Conversion to CO2 Maximum Conversion to Acetaldehyde 

CeO2 
T10 = 294 °C T10 = 337 °C 

40% (360 °C) T50 = 343 °C T50 = 386 °C 
T90 = 418 °C T90 = 435 °C 

Brookite TiO2 

 
T10 = 221 °C 

 
T10 = 256 °C 68% (253 °C) T50 = 236 °C T50 = 279 °C 

T90 = 268 °C T90 = 307 °C 

Ti/Ce1 

 
T10 = 198 °C 

 
T10 = 249 °C 72% (244 °C) 

T50 = 224 °C T50 = 273 °C 
T90 = 259 °C T90 = 302 °C 

Ti/Ce3 

 
T10 = 178 °C 

 
T10 = 192 °C 

43% (228 °C) T50 = 197 °C T50 = 242 °C 
T90 = 236 °C T90 = 275 °C 

Ti/Ce5 

 
T10 = 145 °C 

 
T10 = 167 °C 

39% (190 °C) T50 = 174 °C T50 = 207 °C 
T90 = 226 °C T90 = 250 °C 

2.5. (Photo)Catalytic Oxidation of Toluene 

To test the reactivity of the brookite TiO2–CeO2 composites towards aromatic VOCs, the 
thermocatalytic (Figure 9a), photocatalytic (Figure 9b) and photothermo-catalytic oxidation (Figure 
9c) of toluene was investigated. As expected, due to the minor reactivity of the aromatic compounds 
with respect to the alcohols, the conversion temperatures for toluene were higher than those 
measured for the 2-propanol and ethanol oxidation [65,66]. In all experiments, including the solar 
photocatalytic tests at room temperature, only the CO2 and water were detected with a very low 
selectivity (1–3%) to benzaldehyde [67–70]. The catalytic trend observed in the (photo)catalytic 
oxidation of alcohols was further confirmed in the toluene thermocatalytic oxidation with an order 

Figure 8. Photocatalytic oxidation of ethanol at room temperature, under simulated solar irradiation
for 2 h over the investigated catalysts.

The lower acidity of ceria compared to that of TiO2 [61–63] enhanced the formation of carbon
dioxide, as also stated by the (photo)catalytic oxidation of 2-propanol. Indeed, similarly to the
2-propanol solar photocatalytic oxidation. the bare CeO2 showed the highest CO2 selectivity (30%)
(Figure 8). In the same employed experimental conditions. the bare brookite exhibited higher ethanol
photocatalytic conversion at room temperature (27%) with respect to P25 TiO2 (≈17%) and commercial
anatase TiO2 (≈18%) [27,64].

In the photothermo-catalytic oxidation of ethanol (Table 6, Figure S5) a decrease of the conversion
temperatures with respect to the thermocatalytic tests was detected. This diminution was lower
compared to the 2-propanol photothermo-oxidation, but however, it was consistent especially in the
samples with the highest amount of cerium oxide, confirming the occurrence of a synergism between
the cerium oxide and the brookite TiO2. The Ti/Ce5 catalyst showed a decrease of the T90 temperatures
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of 44 ◦C for the alcohol conversion and of 42 ◦C for the conversion to CO2. the Ti/Ce3 sample displayed
a decrease of about 40 ◦C for both temperatures, whereas the diminution was less marked for the
Ti/Ce1 and the bare brookite samples (decrease of ≈ 25 ◦C). Additionally, in this case, a contextual
decrease of the temperature of maximum conversion to the intermediate was verified, whereas only a
slight variation (temperatures decrease in the range 5–8 ◦C) was detected for the bare CeO2.

Table 6. Ethanol photothermo-catalytic oxidation over the investigated samples.

Samples Ethanol Conversion Conversion to CO2 Maximum Conversion to Acetaldehyde

CeO2

T10 = 294 ◦C T10 = 337 ◦C
40% (360 ◦C)T50 = 343 ◦C T50 = 386 ◦C

T90 = 418 ◦C T90 = 435 ◦C

Brookite TiO2

T10 = 221 ◦C T10 = 256 ◦C
68% (253 ◦C)T50 = 236 ◦C T50 = 279 ◦C

T90 = 268 ◦C T90 = 307 ◦C

Ti/Ce1
T10 = 198 ◦C T10 = 249 ◦C

72% (244 ◦C)T50 = 224 ◦C T50 = 273 ◦C
T90 = 259 ◦C T90 = 302 ◦C

Ti/Ce3
T10 = 178 ◦C T10 = 192 ◦C

43% (228 ◦C)T50 = 197 ◦C T50 = 242 ◦C
T90 = 236 ◦C T90 = 275 ◦C

Ti/Ce5
T10 = 145 ◦C T10 = 167 ◦C

39% (190 ◦C)T50 = 174 ◦C T50 = 207 ◦C
T90 = 226 ◦C T90 = 250 ◦C

2.5. (Photo)Catalytic Oxidation of Toluene

To test the reactivity of the brookite TiO2–CeO2 composites towards aromatic VOCs.
the thermocatalytic (Figure 9a), photocatalytic (Figure 9b) and photothermo-catalytic oxidation
(Figure 9c) of toluene was investigated. As expected, due to the minor reactivity of the aromatic
compounds with respect to the alcohols. the conversion temperatures for toluene were higher than
those measured for the 2-propanol and ethanol oxidation [65,66]. In all experiments, including the
solar photocatalytic tests at room temperature, only the CO2 and water were detected with a very
low selectivity (1–3%) to benzaldehyde [67–70]. The catalytic trend observed in the (photo)catalytic
oxidation of alcohols was further confirmed in the toluene thermocatalytic oxidation with an order
of activity that was Ti/Ce5 > Ti/Ce3 > Ti/Ce1 ≥ TiO2 > CeO2, with the most active catalysts (Ti/Ce5
and Ti/Ce1) exhibiting a T90 of 374 ◦C and 378 ◦C, respectively. Furthermore, in this case. the addition
of cerium oxide had a beneficial effect. the T90 temperatures being lower compared to pure brookite
(411 ◦C), whereas the Ti/Ce1 showed only a slightly better activity (T90 = 403 ◦C).

In the photocatalytic tests under solar irradiation (Figure 9b). the composites with the higher
amount of cerium oxide improved the photoactivity of pure single oxides, although the degradation
percentages were lower compared to the photoconversion of alcohols.

In the photothermo-catalytic tests (Figure 9c) with the Ti/Ce5 and the Ti/Ce3 samples, a decrease
of the T90 temperature compared to the thermal catalytic tests of about 20 ◦C and 13 ◦C was verified,
respectively, whereas in the other samples. the decrease of the conversion temperatures was smaller.

To have a general idea of the catalytic stability of the TiCe/5 after the photothermo oxidation of
toluene (as stated before the most difficult VOC to oxidize among those used in this work). the toluene
conversion was measured after long-time on-stream measurements at T = 350 ◦C (i.e.. the T90 of the
sample, Figure 10a) and after five consecutive runs (Figure 10b). Only a little decrease from 90% to
84% of toluene conversion was measured after 45 h of the test, and also a little shift of T90 at a higher
temperature (about 8 ◦C) was verified after five consecutive runs, pointing to the discrete stability of
the investigated composite.
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The XPS results after the photothermo catalytic oxidation of 2-propanol (as representative alcohol)
and after the long-time on-stream toluene tests of the Ti/Ce5 sample showed no significant variations
(Figure S6) in the Ce 3d and Ti 2p regions compared to the sample analyzed before the catalytic tests.
In the O 1s and C 1s regions, a small contribution ascribed to the carbonation process was verified after
the toluene tests, and reasonably the occurrence of this process can be the cause of the little decrease of
the conversion values after a long time and consecutive tests of toluene photothermo-catalytic oxidation.

2.6. Photothermo-Catalytic Mechanisms

The (photo)catalytic data of the VOC oxidation have shown as the main result that the addition of
even small amounts of cerium oxide in brookite TiO2 has led to an increase in activity, with also an
improvement in the formation of CO2. The good affinity between TiO2 and CeO2 was further exploited
in the photothermo-catalytic tests, where the synergism between the catalytic and the photocatalytic
mechanism also played a crucial role.

Indeed. the thermo-driven oxidation of VOCs, with reducible oxides (as CeO2) followed a
Mars–van Krevelen (MvK) redox mechanism, where the surface reducible oxygens of the employed
catalyst directly participate in the oxidation of the organic compound, facilitating the total oxidation to
CO2 [17,71]. In particular, for the CeO2-based catalyst. the high reactivity of its oxygens was strictly
connected with its redox properties: the Ce4+

→ Ce3+ reduction releases oxygens (that will oxidize
the VOC) with a consequent formation of oxygen vacancies in the ceria lattice. These vacancies will
be successively filled by oxygens in the gas phase, thus exploiting the redox properties of cerium
oxide [23,72] (Figure 11a). In the photocatalytic oxidation of VOCs with semiconductor catalysts.
the generation of highly reactive species as the hydroxide and the superoxide radicals after the
irradiation of the photoactive materials allows to degrade the dangerous pollutants [73,74] (Figure 11b).

In our case, in the thermocatalytic tests. the good interaction between titania and ceria permitted
to increase the performance compared to the single oxides, whereas when the photo-oxidation route
was also activated. the presence of the oxygen radicals boosted up the total oxidation of VOCs,
simultaneously favoring the redox cycle of CeO2 [18,23,32,36] (Figure 11c). Indeed. the oxygen
radicals, more reactive compared to the oxygen in the gas phase, interact with the cerium oxide
surface, accelerating its redox cycle [19,75]. Therefore. the redox process on the cerium oxide is
speeded up in the photothermo-catalytic tests. The solar light-driven photothermo-catalytic oxidation
rate of VOCs was in this way significantly enhanced, thus explaining the decrease of the conversion
temperatures with respect to the thermocatalytic tests, observed for all of the composite materials.
This strong affinity between the TiO2 and CeO2 strongly affected the selectivity of products after the
(photo)catalytic oxidation of VOCs. Indeed, whereas with the bare brookite. the partial oxidation
of alcohols was favored (Tables 3–6, Figures 7 and 8), a crescent amount of cerium oxide allowed to
increase the selectivity to CO2, facilitating the total oxidation of VOCs. This catalytic behavior was
further promoted in the photothermal tests and in the oxidation of toluene where no intermediate
products were formed. With the TiO2-CeO2 composites, it was possible to exploit a double effect: the
photoactivity of TiO2 allowed to start the oxidation of VOCs, whereas the redox properties of CeO2

boosted up the VOC conversion towards the total oxidation to CO2.
The occurrence of this mutual synergism between the brookite TiO2 and the CeO2 was also

confirmed by XPS. This strong interaction in fact favored the formation of the Ce3+ species increasing
the amount of cerium oxide in the brookite. This feature is advantageous for the thermo-catalytic
and even more for the photothermo-catalytic reactions, since the redox cycle of ceria was even more
promoted by the continuous interaction with TiO2, thus explaining the higher activity of the Ti/Ce3
and Ti/Ce5 samples. Although the bare CeO2 showed the lowest optical band-gap (2.87 instead of
the 3.22 eV of brookite), only the combination with brookite allowed to increase its photocatalytic
performance. The good dispersion of ceria in the TiO2, and the formation of an efficient heterojunction
between the two oxides (as verified by the Raman and HRTEM characterizations) resulted in an
improvement of the charge carrier separation, as confirmed by the PL measurements, that allowed to
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efficiently activate the photo-oxidation mechanism. Moreover, with the multi catalytic approach and
the contemporary exploitation of the photocatalytic properties of brookite and the redox properties of
the ceria. the TiO2-photogenerated electrons can be moved to the empty 4f energy levels of CeO2 or
can be trapped by the ceria oxygen vacancies that are formed during the oxidation reactions, further
increasing the separation of the charge carriers, and simultaneously promoting the oxidation of VOCs
by the titania and ceria photoholes [76] (Figure 11d).
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In this context. the utilization of brookite was advantageous because a moderate depth of
photoelectron trap with respect to anatase or rutile TiO2 was reported, and consequently both the
electrons and holes are highly reactive [31,77]. This is beneficial for the oxidation of VOCs because
the residual free photoelectrons of brookite can reduce the gas-phase oxygens to further increase the
formation of superoxide radicals that in turn can re-oxidize the cerium oxide, enhancing in this way
the overall performance of the brookite TiO2-CeO2 composite.

The combination of the peculiar photocatalytic properties of brookite TiO2 together with the redox
properties of CeO2 activated with a multi-catalytic approach can be a fascinating strategy to increase
the efficiency of the catalytic VOC degradation.

3. Materials and Methods

3.1. Catalysts Synthesis

Brookite TiO2 was synthesized with the thermohydrolysis of titanium tetrachloride in a
hydrochloric acid-concentrated solution as reported in the refs. [28,29]. Briefly, 5 mL of titanium
tetrachloride (98% Fluka) were slowly adjunct to a 210 mL of H2O and 80 mL of hydrochloric acid.
After heating the solution in a closed reactor, it was transferred to the oven and aged at 100 ◦C for
48 h. The obtained brookite-rutile mixture was washed to remove the supernatant and to separate the
brookite phase. The drying under vacuum at 55 ◦C was the final step of the synthesis.

The wetness impregnation was used on the as-synthetized brookite to obtain the composites with
different (1, 3, and 5) weight percentages (wt%) of CeO2. In particular, a solution of cerium nitrate
hexahydrate (Fluka, Buchs, Switzerland), was added towards impregnation to the brookite, and the
obtained slurry was dried at 120 ◦C and calcined at 350 ◦C for 4 h.

The bare CeO2 was synthetized through the chemical precipitation with KOH (Fluka, Buchs,
Switzerland) following the procedure reported in the refs. [20,78]. After digestion and filtration.
the same thermal treatments described above (drying at 120 ◦C and calcination at 350 ◦C) were used.

3.2. Characterization Measurements

Raman characterizations were performed using a WITec alpha 300 confocal Raman instrument
(WITec Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany) exciting at 532, and the
details of the configuration are reported in the ref. [18].

The HRTEM measurements were made with a JEOL JEM 2100F (JEOL Europe SAS, Allée de
Giverny, France) working at 200 kV.

N2 adsorption–desorption measurements were accomplished utilizing a Sorptomatic series 1990
instrument (Thermo Quest, Milano, Italy). The samples were pre-treated with an outgassing step at
100 ◦C for 12 h.

The UV-vis Diffuse Reflectance Spectroscopy (UV-Vis DRS (Diffuse Reflectance Spectroscopy))
measurements were carried with a Cary 60 spectrometer (Agilent Stevens Creek Blvd. Santa Clara,
CA, USA).

Photoluminescence (PL) spectra were obtained by means of a Horiba Jobin Yvon spectrofluorometer
(FluoroMax-4, Horiba UK Limited, Kyoto Close, Moulton ParkNorthamptonNN3 6FL, United
Kingdom). The spectra were obtained with an excitation energy of 300 nm.

X-ray photoelectron spectra (XPS) were performed with a PHI 5600 Multi Technique System
(Physical Electronics GmbH, Feldkirchen, Germany, base pressure of the main chamber 1 × 10−8 Pa,
instrumental energy resolution < 0.4 eV) adopting the experimental conditions reported in the
ref. [79,80]. The samples were excited with Al Kα X-ray radiation using a pass energy of 5.85 eV.
The calibration was set on C 1s signal at 285.0 eV and the intensity of peaks plotted after a Shirley
background removal [81]. The fitting of the Ce 3d XP spectrum was performed, following the procedure
reported in the ref. [82].
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The surface atomic concentration of the sample was calculated considering the relevant atomic
sensitivity factors. It should be noted that considering the surface XPS measured concentrations.
the so-called 1, 3 and 5 % TiO2-CeO2 samples refer to the weight nominal composition, while in terms
of atomic concentrations, these values turn in 0.47, 1.41 and 2.38%, respectively.

3.3. (Photo)Catalytic Measurements

The gas-phase thermo-catalytic oxidation of VOCs was performed continuously in a flow reactor
packed with the powder sample (P = 1 atm, 150 mg, 80–140 mesh) employing the reaction conditions
reported in the ref. [27]. For each test, a ramp with a rate of 10 ◦C/min was used (from room temperature
to 500 ◦C). The reactant mixture was adsorbed–desorbed over the catalyst (0.1 vol.% VOCs; 10 vol.%
air, rest He) for 30 min to assure the steady-state before starting with the analyses. The products were
examined online by a gas chromatography (Smart-IQ+ Thermo Onix, Thermo Fisher Scientific 168
Third Avenue, Waltham, MA USA 0245) utilizing a packed column with 10% FFAP on Chromosorb W
(from Merck KGaA, Darmstadt, Germany) with a FID (Flame Ionization Detector), coupled with a
quadrupole mass spectrometer (VG quadropoles, Fergutec B.V. Dragonder 13C, 5554 GM Valkenswaard,
The Netherlands).

The photothermo-catalytic measurements were carried out with the same instruments described
above, contextually heating the reactor and irradiating it with an artificial solar lamp (OSRAM
Vitalux 300W, OSRAM Opto Semiconductors GmbH, Leibniz, Regensburg Germany). A water jacket
surrounding the solar lamp was used to avoid the simultaneous heating due to the continuous emission
of the lamp.

The photocatalytic experiments at room temperature were carried out irradiating the reactor
for 2 h with the artificial solar lamp, using the refrigeration water jacket and the experimental setup
described above. In our experimental conditions. the conversion and selectivities were reproducible
within the 3%.

4. Conclusions

The (photo)catalytic abatement of VOCs was investigated through a multi-catalytic approach.
The combination between thermocatalysis and photocatalysis permitted to exploit the two

oxidation mechanisms, and the addition of cerium oxide to the brookite TiO2 allowed to sensibly
increase the catalytic activity of the bare oxides. The presence of a small amount of ceria (1, 3 and
5 wt%) on brookite TiO2 led to a reduction of the recombination rate between the charge carriers,
producing a substantial decrease of the VOCs conversion temperatures also favoring the combustion
of dangerous organic compounds to CO2. The solar driven-photothermo-catalytic oxidation of VOCs
with semiconductor composites is a simple, green and charming strategy for the removal of these
hazardous compounds from both the indoor and outdoor living environment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/765/s1:
Figure S1: (a) Al Kα excited XPS of the brookite TiO2 sample, measured in the Ti 2p binding energy region; (b) Al
Kα excited XPS of the brookite TiO2, measured in the O 1s binding energy region; (c) Al Kα excited XPS of the
CeO2 sample, measured in the Ce 3d binding energy region; (d) Al Kα excited XPS of the CeO2 sample, measured
in the O 1s binding energy region; (e) Fitting of the Al Kα excited XPS of the Ti/Ce5 sample, measured in the Ce 3d
binding energy region, Figure S2: 2-propanol thermocatalytic oxidation over the investigated samples, Figure S3:
2-propanol photothermo-catalytic oxidation over the investigated samples, Figure S4: Ethanol thermocatalytic
oxidation over the investigated samples, Figure S5: Ethanol photothermo-catalytic oxidation over the investigated
samples, Figure S6: XPS spectra of the Ti/Ce5 sample before and after the photothermo catalytic oxidation of
2-propanol and toluene: (a) Ti 2p binding energy region; (b) O 1s binding energy region; (c) C 1s binding energy
region; (d) Ce 3d binding energy region.
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