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Abstract

We here investigated a solar photothermo-catatytinbined process where the toluene
(as volatile organic compound model) was first @ed to CQ which was subsequently
converted into solar fuels in a second reactor tiigraim two noble-metal free catalytic
systems were used, namely MRZXO,, which gave the best results for the toluene
removal, androokite TiQ-CeG mixed oxides which were the most efficient in the
subsequent C£xonversion. This latter reaction was further inyeid by the addition of
small amounts of copper-based materials on broackite, acting as co-catalysts. The
key point for both the examined reactions was ymegism between the thermocatalytic
and the photocatalytic mechanisms that enhance@nbegy saving and the catalytic
performance. In particular, with the MpGwWt%ZrC, catalyst 90% of toluene was
converted into C@at 180°C, about 50°C less than in the bare theamtabgdic tests and
the obtained C®was converted into CO (17.6 umeldn) and CH (7.9 pumol/garh)
with the CuQ/TiO2-3%wt CeQ sample at 120°C. The photothermo-catalytic agtivit
was about 4 times higher than solar photocatalgtitvity and greater than the
thermocatalytic one that required a temperature@bite 200°C. The proposed approach

IS promising to obtain solar fuels starting fromitopollutants.
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1. Introduction

The removal of volatile organic compounds (VOCsdnir outdoor and indoor
environments is one of the current urgent taskpe@ally considering the recent
pandemic situation. Sustainable and green processesh as heterogeneous
photocatalysis, can provide performing solutionsrtprove air quality [1]. The complete
mineralization of VOCs should be preferred in orderansform an air pollutant into less
dangerous products as water and .C@owever, the produced GGOs also an
environmental issue, and today it must be consilasea resource to be exploited. Even
if with the photocatalytic process it is possibdecbnvert this gas in high added value
products (i.e. solar fuels) with the fascinatinggasses of the artificial photosynthesis
however, the process efficiency is often low [2].

In this contest, we originally proposed an integd&OCs-to solar fuelapproach,
where the solar fuels were obtained starting franp@allutants mineralization. For this
combined approach it is essential to ensure betlatal VOCs combustion (i.e., without
the formation of other by-products) and good vyietdssolar fuels. Recently, the
application of hybrid catalysis, as the photothewatalysis, to both reactions (VOCs
removal and C@reduction) has allowed to achieve an energy sasargpared to the
thermocatalytic tests and to strongly enhance thdopmance compared to the
photocatalytic route at room temperature [3-5].

In this work, we have explored and compared thetgihermo-catalytic
performance of noble metal-free mixed oxides iméegrated process where the toluene,
chosen as VOC model, was first oxidized toCénd this one was flowed in another
reactor to be converted into solar fuels. This stigated multi-catalytic approach can
help to design the optimal catalysts for both VO@moval and C® conversion.
Furthermore, the optimization of the entire comdipeocess allowed to propose, to the
best of our knowledge for the first time, an e#ii, environmentally friendly and
economical strategy to remove dangerous contansrigorh the air, reducing at the same
time the consumption of energy, and obtaining cleamsiwith high added value.

To this end, the choice of suitable catalysts sem8al. A photocatalytic semiconductor
material displaying activity under solar radiatemd redox thermocatalytic properties is
required. The synthesis of mixed oxides/composigethe best and easiest way to



combine all of these characteristics. In this csitihe brookite Ti@CeQ composites
showed promising performance in the photothermplr@gch for both VOCs removal
and CQ reduction [3,4] due to the peculiar photoreducpooperties of the brookite and
the thermocatalytic redox properties of GeO

Following this strategy, other transition metaldes, such as MnCand ZrQ, can be
examined for their photocatalytic and redox prapserby adopting this hybrid catalysis
[6]. In this way it is possible to avoid the useeapensive and critical catalysts based on

noble metals, widely applied for this type of reaws.

2. Material and Methods
2.1. Samples preparation

The MnQ-ZrO, systems were synthesized by co-precipitation WHOH (1 M)
starting from the manganese (ll) chloride tetrahyeland the zirconyl nitrate hydrate.
The powders were dried at 120°C and calcined iaté800°C for 2 h. The catalysts were
coded as MnZrX where X is the wt % of zZO

The brookite TiG-CeQ samples were prepared through the wetness imgregna
following the same procedures reported in the 4¢fThe code used for this samples is
TiCeX where X is the wt % of CeO

Furthermore, we have investigated the influencéhefaddition of small amounts of
copper-based co-catalysts on the brookitex¥d®C. In particular, CuO (0.5 wt%) was
impregnated by the wetness method on the as-pedaeokite TiQ-CeQ using
CU(NG)2-2.5H0 as the precursor. The obtained sample were driethight at 120°C
and calcined at 300°C for 2h.

CwO (0.5 wt%) was instead deposited on brookite,7W@G by chemical reduction
of CuCb. The stoichiometric amount of CuGhas previously dissolved in a solution of
NaOH (2 M) and stirred for 30 min. Afterwards agitkamount of NaBFH(NaBH/CuCb
molar ratio of 2:1) was added dropwise and stifoegdther 30 min. The obtained slurry
was centrifuged at 8000 rpm for 10 min and washiga eeionized water several times.
Finally, the powders were dried under vacuum aC5®6t 6 h.

We have also synthesized a bimetallic oxides-baseaple i.e., the CuO (0.3 wt%)-
CwO (0.3 wt%)/brookite Ti@3 wt%CeQ depositing the G®© on the as-prepared



CuO/brookite TiG-3 wt%CeQ with the same procedures previously discusseds Thi
sample was named as GUOCe3.

2.2. Samples characterization

The samples were structurally (XRD, Raman and FS&ctroscopies), texturally §N
adsorption-desorption measurements), morphologi¢CG8EM and TEM), optically (UV-
vis DRS and PL) and superficially (XPS) characestizThe details of the measurements

are reported in the supporting information.

2.3. Catalytic activity experiments

The photothermo-catalytic process was employedgusio photoreactors. The first
one, used for the toluene photothermo-catalytidaton in the gas phase at atmospheric
pressure, was a quartz flow reactor utilizing teaction conditions reported in the
supporting information. The obtained €®@as continuously flowed in a second quartz
reactor and mixed with water vapour until the sation of the catalysts surface.
Successively, the reactor was closed, heated 4Cl&fd irradiated for 5 h. The products
were analysed by GC. Two identical solar lamps &@siUltra Vitalux 300W; 10.7
mW/cn?) were used for both the reactions. The schemaefrttegrated process (Fig.
S1) and the details of the experimental set-upfumtber discussed in the supporting

information.

3. Results and discussion

3.1 First reactor: Solar photo-assisted thermocyitial oxidation of toluene to GO

In order to obtain an integrated approach ablertalyce solar fuels starting from air
contaminants, we chose the toluene as model VOLCoarthe basis of the definitions of
Ma et al.[7], we performed the reaction in the solar phatsisted thermocatalysis. In
this way, in our experimental conditions, the thecatalytic mechanism and the heating
power ensured the total combustion of toluene, #nmding the formation of other
compounds that can poison ttealystplaced in the second consecutive photoreactor (see
fig. S1). Furthermore, the contextual solar irréidia made it possible to decrease the
conversion temperature of the toluene with respedhe bare thermocatalytic tests.
Indeed, from the Fig. 1A it is possible to notdles MnZr5 sample reached the toluene
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T90 (temperature at which the 90% of toluene wawerded into CQ) at a relative low
temperature (180°C) decreasing of about 50°C tledf3he bare thermocatalytic tests
[6]. We have compared the single oxides and the dmaposites (MnZr5 and TiCe3)
that showed the best performance in the toluen¢ofifermo-catalytic oxidation. The
influence of the amount of zirconia on Mpé&nd of ceria on brookite TiQvas previously
investigated [4,6]. The order of activity was MnZr9MnsO4> TiCe3>ZrO. > brookite
TiO2 > CeQ. This highlighted as the composites exhibited éigrerformance compared
to the bare oxides and how the synergism betweemtnganese oxide and the zirconia
was more performing for this reaction comparedhe TiG-CeQ sample. Indeed,
although both the mixed oxides showed a similaicapbandgap (3.2-3.3 eV, Table S1)
the higher surface area of MnZr5 (85/g) compared to TiCe3 (68%q), coupled with
the peculiar surface and chemical features, weterméing to increase the toluene
conversion (Table S1). The driven force of the tieacwas the thermocatalytic
mechanism through a Mars-Van Krevelen (MvK) pathy&ywhere the oxygens in the
gas-phase and the surface and lattice oxygensdatitde catalysts contributed to the
total oxidation reaction. The high surface areMo¥r5, the higher reducibility/mobility
of its surface oxygen and its higher thermocatelgtitivity compared to TiCe3 explained
the different catalytic behaviour. In this photsiated thermocatalytic approach, the
solar photocatalysis helped to decrease the tolti®fewith the formation of hydroxyl
and superoxide radicals, that being more reacfitlieeooxygens in the gas-phase, further
promoted the MvK mechanism, also boosted up byredex properties of MnO The
H>-TPR profiles of the analysed samples confirm thesgures (Fig. 1B). The bare
brookite did not show reduction peaks, as expem@didering that the reduction of HO
started at temperature higher of 500°C, as the diarenia [9]. The bare Cef@xhibited

a reduction feature at about 500°C attributed to start of the surface ceria oxygen
reduction that ends at higher temperatures [10¢ @uhe low amount of ceria on THO
the profile of TiCe3 is similar to the unmodifiedobkite. The bare Mi©4 exhibited a
broad peak centred at 361°C, assigned to th&lyi» MnO reductior{11]. In the MnZr5
profile a low temperature reduction peak (207°Q)rissent and it can be assigned to the
Mn203 —Mn3z04 reduction [11]. The formation of M@®zin the MnZr5 sample, favoured
by the small amount of zirconia [6], was also conéd by XRD (Fig. S2). The lower

reduction peak of this sample is related to they Yegh mobility of oxygen, beneficial



for the solar assisted MvK mechanism, and may @xhe greater activity of this catalyst
in the combustion of toluene compared to other rrese Another evidence that
correlates the reduction properties of the MnZrbhwis photothermo activity is the
similar values of the initial TPR reduction temgara and the low reduction temperature
peak (about 154°C and 200°C respectively) withntieasured toluene T90 (180°C) (Fig.
1B). The morphology of MnZr5, determined by SEMg(S2), was characterized by

nearly spherical particles.

3.2 Second reactor: Solar photo-thermo co-catalgi® conversion

To evaluate the conversion of the £@oduced in the first reactor from the photo-
assisted thermocatalytic oxidation of toluene i@ pnesence of MnZr5 catalyst, it was
mixed with water vapor and flowed in a second bagetctor (Fig. S1).

The results of the C{ronversion at 120 °C are illustrated in the Fignzhis case, a
photo-thermal co-catalysis with the synergism betw#he two mechanisms is necessary
to guarantee a good production of solar fuels @imition, the activity of the combined
approach should be higher than the sum of theesithgirmocatalysis and photocatalysis
[7]). The CuQ/TiCe3 system resulted the best sample and theatowmrate for CO and
CHs at 120°C was about 3.5 times and 5 times, resmdgtihigher compared to solar
photocatalytic tests (at 30°C), whereas for thentlegatalytic conversion it was required
a temperature higher than 180°C (instead of thé@ 20 the photo-thermo co-catalysis)
with, however, lower performance up to 300°C (T&BB). In this case, being the €0
activation a more difficult reaction than the phbermal oxidation of toluene, only the
brookite TiQ-based samples were able to convert the @M solar fuels, due to more
suitable band positions of TiGnd to the strong synergism between the brookite a
ceria to activate the GQB]. Moreover, in accordance with the literatut@] the presence
of co-catalysts is needed to improve the synchren@action between the excited
electrons, the protons arising from the water axateby the holes, and the G@dsorbed
on the surface of the samples. Due to the pedoéiad positions, the copper oxides are
particularly suitable for the COeduction, as well as the metallic copper [13]e TO
and the CH formation increased of about 8 and 9 times respdygf comparing the
CwO/TiCe3 sample with the TiCe3 (Fig. 2), with a £€nversion that enhanced from
the 24% of the TiCe3 to the 52% of the>OLriCe3. A further increase above all in the
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formation of methane was obtained with the bimetalkide co-catalyst (Cu@riCe3),
which duplicated the evolution of Ghvith respect to GO/TiCe3 (conversion of CO
by 61%).

The different catalytic behaviour of the samples doe correlated to the
modification of the structural, surface and optisadperties of the TiCe3 composite due
to the addition of the Cu-based co-catalysts. Tam&h and XRD analyses (Figs. S3)
pointed to the presence of the only brookite ctiista phase in the as-synthesized
samples as indicated by the typical Raman vibratiorodes of this phase, with the main
one at 155 cnmhand to the contextual absence of the fingerpviiisation at 516 cr and
446 cmt characteristic of the anatase and rutile phasspectively (Fig. S3A) [14]. Also
the main XRD peak ath2= 30.8° (Fig. S3B) was another hint of the pureolite phase
[14]. The absence of XRD signals related to coppétes and Cefwas reasonably due
to the low amount/good dispersion of these spamdbe brookite Ti@ On the contrary,
in the CuQ/TiCe3 sample it is possible to see two weak Rabeams at 581 cthand
1067 cmt related to the G and CuO respectively (Fig. S3A) [15,16]. Alsdiliis case,
the samples showed a spherical morphology (inget3dB), whereas the addition of the
copper-based co-catalysts led to a slight incred#séhe BET surface area in the
CuQ/TiCe3 sample (74 fg) compared to the TiCe3 sample (68gh However, these
values were lower respect to the pure brookiteni®@, Table S1) probably due to the
further thermal treatments used for the preparaifdhe TiCe3-based samples.

The Fig. S4A showed the XPS spectra of the exahsaenples, in the Ti region.
For all the samples, the Ti 2p 12 spin-orbit components lie at 458.4 and 464.1 eV,
respectively, and these energies are almost c@ntimith those observed for the pure
brookite phase [4,17]. Three signals in the O ggre present in all the samples, at 529.6,
531.3 and 535.7 eV (Table 1) mainly refer to theéJTiTi-OH and Ti-HO states. In the
Ce 3d region, nevertheless the low intensity sgy@ald the low concentration, it was
possible to spot for all the samples five differeminponents at 881.4, 884.8, 899.4, 903.5
and 915.4 eV, typical of the overlap of‘Cand Cé&" states [18,19] (Table 1). In the Cu
2p region (Fig. S4B, Table 1) it is possible toenfatr the CuO/TiCe3 the signals at 933.9
and 953.8 eV with a 19.9 eV spin—orbit separatammsistent with the Cti states [20],
whereas for the CO/TiCe3 the two peaks at 932.1 and 951.7 eV wdetea to the

presence of Cu[21]. As reported in the literature for similamsles, it is not possible



to exclude the contemporaneous presence of metaltiper species in the W TiCe3
and CuQ/TiCe3 samples being both the XPS binding energied spectral shape
identical for Cd and Cui (as Cu0)[22,23].In theory it could be possible to discriminate
between the Cuand the CUspecies by observing the energies of their LMM«&yér
lines but this observation was not possible becatiee very low intensity related to the
Auger signals as a consequence of the low amouhtafo-catalysts on the Tin the
CuQJ/TiCe3 sample the two Cu 2p peaks are at abow\Dtkgher binding energy (B.E.)
with respect to those observed for thex@iTiCe3 (Fig. S4B, Table 1) and this is
correlated to the occurrence of a partial oxidabbnopper due to the contemporaneous
presence of the Glispecies.

On the basis of the catalytic results, on the lmshples (C¢O/TiCe3 and
CuO/TiCe3) we have evaluated the possible surfacegptigs variations due to the €O
reduction reaction, comparing the XPS spectra ef fiesh and the used samples.
Interestingly, in the Ti region (Table 1) the usadO/TiCe3 sample showed the Tiz2p
12 Signals at about 0.4 eV higher B.E. with respet¢hbse observed on the fresh sample.
This can be due to some CO coordinated to Ti(IWisjaarising from the formation of
some reaction intermediates, that on the contramgwotally desorbed from the surface
of the CuO/TiCe3, the Ti 2p signals of this sample beford after the reaction being
highly similar. The main variation related to Cerevéound in the surface concentration.
For the used GXO/TiCe3, the experimental Ce/Ti at% was 1.5, ctogbe nominal value
(1.4 at%), whereas it was 4.0 in the fresh santples indicating some cerium bulk
segregation occurring during the catalytic reac(ibatble S3). Also with the CudXiCe3
a slight segregation of cerium in the bulk was deig after the C®conversion (Ce/Ti
at% 2.7 for the fresh sample, decreased to 2.8 ades Table S3). Contextually, it was
detected an increased copper surface enrichmeartth#t reaction and especially with
CuO/TiCe3. The Cu/Ti at% ratio, indeed, rose from @&.7he fresh sample to 11.2 after
the reaction, much higher than the nominal rati@)(OVith the CwO/TiCe3 this surface
segregation was less evident but however presen€ua/Ti at% of the used sample being
1.25 times higher compared to the fresh one (T@Ble No substantial variations were
detected after the catalytic tests in the signbte@Cu 2p region (Table 1).

The optical properties of the TiCe-based sampd¢srchined by the UV-DRS and

PL spectroscopies are illustrated in the Figs. I8bthe estimated values of the optical



bandgap are reported in the Table S1. A littlesieift-in the UV-DRS spectra (Fig. S5A)
was verified with the addition of cuprous oxide afdhe bimetallic species Cyu®@n
TiCe3, that pointed to a small decrease of the gapdompared to the unmodified TiCe3
(Table 1). Furthermore, a feature at about 660s#0assigned to the interfacial charge
transfer from the valence band of Tito the CuO/CuQ [24], is present in these samples.
The PL spectrum of TiCe3 showed several banddatéd to band-to band emission of
brookite (at about 390 nm), to the presence ofesatfted excitons (at 411 nm) and to the
oxygen vacancies induced by Ge®@and at 464 nm) [3,4] (Fig. S5B). The addition of
the copper oxides co-catalysts quenched these batidthe formation of others at 432,
485 and 540 nm. The first one is attributed to fidvenation of defect states, surface
oxygen vacancies and/or to the excitons recomlonatia bulk defects, the second one
is ascribed to the excitonic transitions from suble of the conduction band, generated
by the presence of the copper species, to the elband of TiCe3. The last one was
probably due to the formation of surface defecthencrystalline structure of TiCe3 [25].
The intensity of these bands was lower in the@ZUTiCe3 and CugTiCe3 samples
pointing to an increased charge carrier separatitimese materials [26].

The increased charge carrier separation, the presanthe brookite phase and an
important surface segregation phenomenon, espe@salhced with the Cu@TiCe3
sample (the best one for the £€onversion) were the key features that alloweobimst

up the solar fuels formation from the €@&rising from the first reactor.

3.3 Photo-thermal co-catalysis mechanism of the &fversion

The proposed reaction mechanism for the: @&uction, coming from the solar
assisted photothermo catalytic oxidation of tolyeves depicted in the Fig. 3. Different
processes synergistically act to obtain the saklsfusing the best catalyst (CdCe3)
for this second reaction: (i) an efficient chargeriers separation, established thanks to
the heterojunction between the brookite and £M,27] and to the presence of the
copper-based co-catalysts as determined by the @sumements; (ii) the synergism
between the thermocatalytic and the photocatatggchanism. This allowed to improve
the proton mobility generated from the oxidationaatter (i.e. the rate determining step
of the CQ photoreduction [3,28]), ensuring the synchron@agction among the excited



electrons, the protons and the adsorbed. @@eed, comparing the apparent activation
energy (B) of the thermocatalytic and of the photo-thernwlcatalytic tests using the
CuQJ/TiCe3 sample (Fig. S6) it is possible to note &k the hybrid catalysis thesivas
strongly reduced (for the CO formation from 41.2nkdl of the thermocatalytic tests to
9.6 kJ/mol of the photo-thermo co-catalysis andMer CH, formation from 33.5 kJ/mol
to 10.2 kJd/mol) pointing to as the multi catalygmproach is essential to improve the solar
fuels formation; (iii) the high surface enrichmeot the copper-based species on
CuQJ/TiCe3, as detected by XPS. Indeed, all the Cuispere beneficial for the GO
photothermo reduction, the cuprous oxide acts astreins mediator due to its high
energetic conduction band (CB) (-1.27 eV) [29], theoric oxide favours the GO
adsorption due to its basic sites [30], whereasrtatllic copper facilitates the electron
mobility decreasing in this way the kinetic barsiéor the CQ reduction [13]. For these
reasons, in the sample where all of these specgeprasent (i.e., the CudiCe3 as
established by XPS) the solar fuels formation viamgly increased. Moreover, the XPS
after the tests stated the possible formation tefiediate species on CuJ®iCe3 with

a further copper-based species surface enrichrimetite Figs. S7 are reported the FTIR
spectra performed before and after the reductid@d®f As confirmation of the previous
observations, the fresh CuO/TiCe3 sample showeathd bt 1384 crhassociated to the
monodentate carbonate [31] formed after the remaaifahe atmospheric GQuith the
basic surface sites of the CuO [30]. In the usedpsas no substantial variations were
detected pointing to the desorption of intermedmteducts, whereas the spectra of the
used CuQTiCe3 was completely different (Figs. S7). In te@nple both monodentate
(bands at 1463 cthand at 1332 cr and bidentate (1261 chand 995 cm) carbonates
together to other bands at lower wavenumber, aatsatto the interaction of the copper
species with the COwere present [32]. The formation of these intetfiaies can favour
the formation of methane, being these compoundsshedavengers, further increasing
the availability of the excited electrons (the £idrmation requires 8 electrons and 8
protons) and facilitating the GCand the carbonates reduction [33]. Indeed, with th
CuQd/TiCe3 it was measured the highest#olution (Fig. 2). These reactions were
favoured on this latter catalyst by the solar pftbermo-co catalysis that enriched the
surface of TiCe3 of the copper species; (iv) finadl good catalytic stability (Fig. S8)

was verified after four consecutive runs on GUI@Ce3 powders. This is another
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promising point being the photocorrosion one ofrtteen problems of the copper-based
catalysts (especially based on cuprous oxide [18,E8om the mechanism proposed in
the Fig. 3, considering the reported values ofliheds positions [13, 27, 29] and the
literature concerning similar systems [29, 34, 83 reasonable that, due to the high
negative potential of the CB of the copper-basedatalyst, the excited electrons arising
from the TiCe heterojunction can recombine with hiodes of the Cu@system. In this

case, this phenomenon, being limited due to the ev amount of the copper species,
can be regarded as a positive aspect decreasicgpper photocorrosion [29] caused by
the migration of the holes in the valence bandhef@uQ (Fig. 3). Additionally, it causes

the generation of heat that can further favourgbiar photo-thermo-co catalysis, and
allows to fully exploit the high reduction potentia the excited electrons of the Cu-

based co-catalysts, boosting up thex@&luction.
4. Conclusions

The high versatility of the proposed hybrid catalygpproach allowed to convert a
toxic pollutant as the toluene to €@nd subsequently to transform it into solar fuels.
The photo-assisted thermocatalytic approach allotgetbtally mineralize the toluene
into CO: with the MnQ-ZrO: catalyst at relative low temperature (180°C) ahe t
obtained greenhouse gas was further convertedd@@nd CH using the CuQTIO»-
Ce(Q sample. For the toluene removal the solar-assidi@d Van Kreveln mechanism
boosted up by the redox properties of the mangamede allowed to decrease of 50°C
the temperature necessary for the 90% of conversidoluene compared to the bare
thermocatalytic tests. The CuDiO.-CeQ» system permitted to increase the formation
of solar fuels from the previously evolved gthanks to the different synergisms of the
solar photo-thermal co-catalytic mechanism. Thisutar fascinating strategy is, at the
best of our knowledge, not yet explored and it nec@iraging to propose new and
sustainable ways to obtain high added value pradsterting from air contaminants and

using not-critical and noble metals-free catalysts.
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Table 1 XPS Binding Energies (eV) of the analysed samples

Samples Ti2p O1s Ce3d Cu2p
Brookite TiQ 458.5 529.7 / /
464.1 531.1
535.F
TiCe3 458.4 529.4 881.2 /
464.1 531.2 884.8
535.6 899.4
903.5
9156 (Ce*)
CuO/TiCe3 458.3 529.5 881.3 933.9
464.1 531.4 884.8 953.8
535.6 899.4
903.5
915.5 (Cé"
CwO/TiCe3 458.4 529.6 881.4 932.1
464.1 531.3 884.8 951.7
535.7 899.4
903.5
915.4 (Cé"
CwO/TiCe3 after test 4585 | 530.1 881.2 932.0
464.0 | Broad tail 884.8 951.9
535.0 899.4
903.3
915.4 (Cé&"
CuQJ/TiCe3 458.5 529.8 881.7 932.6
464.2 531.7 884.8 952.2
535.9 899.3
903.3
915.6 (Cé"
CuQ/TiCe3 after test 458.9 529.8 881.5 932.1
464.6 531.7 885.0 952.0
535.9 899.9
903.2
915.7 (Cé&Y
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Captionsto figures

Fig.1  (A) Solar photo-assisted thermocatalytic oxidatdtoluene and, (B) HTPR
profiles of the examined samples.

Fig.2  Solar photo-thermo co-catalytic @G@duction (T= 120°C) on the examined
catalysts. They were irradiated for 5 h.

Fig.3  Proposed mechanism for the £€dnversion arising from the toluene photo-

thermocatalytic oxidation.
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Supporting information

» Samples Characterization

X-ray powder diffraction (XRD) measurements wergied out with a PANalytical X'pertPro X-
ray diffractometer using a Cu«Kadiation. Diffraction peaks of crystalline phasesre compared
with those of standard compounds present in thd&d8Pata File.

The Raman spectra were performed by using the ddtammonic (532 nm) of an Nd:YAG laser
in the backscattering mode using a Witec Alpha R&instrument. For all the samples, the power
of the exciting laser was 5 mW and the acquisitiome and accumulation number were fixed
respectively at 10 seconds and 10 spectra. The Ramensity map was acquired with the same
apparatus but with 10 mW of power and an accunaratme of 0.1 seconds.

FTIR measurements were carried out with a Specffuwo System (Perkin Elmer), using KBr
powders as reference.

The N adsorption-desorption determinations were perfdrmigh a Thermo Quest (Sorptomatic
1990) apparatus. The powders were pre-treated fgassing for 24 h at 50°C.

The SEM morphology of the examined samples wasirddawith a ZEISS SUPRA 55 VP
equipped with an energy dispersive X-ray (EDX) INOkford windowless detector.

The TEM images were carried out with a JEOL JEMOlAicroscope. The samples were dispersed

in 2-propanol and sonicated for 30 min. Afterwatttksy were deposited onto copper grids.
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The UV-Vis DRS (Diffuse Reflectance Spectroscopgswerformed with a spectrometer JASCO
V-670. The E (optical band gap) of the samples was estimateattind the modified Kubelka—Munk
function versus thew

The photoluminescence (PL) spectra were determisig) a JobinYvon instrument (Horiba) and
an excitatiorh of 300 nm.

X-ray photoelectron spectra (XPS) were measuré8 aake-off angle relative to the surface plane
with a PHI 5000 VersaProbe Multi Technique Systéthygical Electronics GmbH, Feldkirchen,
Germany, base pressure of the main chamberx2.00® Pa). Samples were excited with
monochromated Al K X-ray radiation using a pass energy of 11.75 e&dtdise of some very low
intensity signals (Cu and Ce) the XP spectra wecarraulated for about 24 h for each sample. The
XPS peak intensities were obtained after a Shidagkground removal [1,2]. The instrumental
energy resolution was 0.4 eV. Spectra calibration was achieved by fixing main C 1s signal at
285.0 eV.The atomic concentration analysis was performedalyng into account the relevant
atomic sensitivity factors. Note that, the nomiBakeight % of Ce®@in TiO. corresponds to a 1.4
mol % of CeQ in TiO. for all samples. In addition, the nominal 0.5 wei§o of CuO Iin TiO;
corresponds to 0.58 mol % as well of CuO in ZiMoreover, the nominal 0.3 weight % of LQu
plus 0.3 weight % of CuO in TiZorrespond to 0.66 mol %.

The H-TPR (Temperature programmed reduction) measuramedre carried out in a
conventional flow apparatus with a TCD detectomgst heating rate of 10°C/ min and a gas mixture
of 5vol% H in Ar.

* Experimental set-up for the solar photother mo-catalytic tests

In the figure S1 the used experimental set-uplustilated. In particular, in the first reactor (B
toluene photothermo-catalytic oxidation was caroetl The reaction was performed continuously
in a flow reactor packed with the powder sample (Patm, 150 mg, 80—-140 mesh). For each test,
the reactor was heated with a small programabla and irradiated from the top by a solar lamp (6)
(OSRAM Vitalux 300 W, 10.7 mW/cAL. The reactant mixture was adsorbed—desorbed theer
catalyst (0.1 vol.% VOCs; 10 vol.% air, rest Hef) 30 min to assure the steady-state. By using the
above procedure, conversion and selectivity wethiwi3—5% of reproducibility. Preliminary runs
performed at different flow rates showed the abs@i@xternal diffusional limitations. The absence
of internal diffusion limitations was verified byumning experiments with different grain size
powders. We excluded the occurrence of heat trarsfaetations because we found that the

temperature of the reactor at different heights swdsstantially the same, reasonably due to the low
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concentration of the reactants used in the catalgtts. The reactant mixture was fed to the reacto
by flowing a part of the He stream through a saturéd) containing the toluene, and then mixing
with air and He before reaching the catalyst. Tow frate of the reactant mixture was 20%ommn ™
with a resulting space velocity (GHSV) of 7.6 x 4fioloch™ gear . The effluent gases were
analysed on-line by a gas chromatograph, equippéd avpacked column with 10% FFAP on
ChromosorbW and FID detector, and by a quadrupalesmspectrometer (7) (VG quadropoles). The
carbon balance was always higher than 95%.

1 A
. @ Air 1 =t —
N . %@ He —_—l]
P
N

Figure S1. Scheme of the used experimental set-up: (1) Gas dlantrollers; 2) Tylan gas flow
controller unit; 3) Thermostat; 4) VOC saturatorHeated flow reactor; 6) Solar lamps; 7) GC-MS;
8) Heating bands; 9) Pyrex batch photoreactorMt@ber bubbler; 11) GC.

The obtained C®was flowed in a second cylindrical Pyrex batchtpheactor (9), using an identical
solar lamp (6) employed also for the toluene rerhdeafore the measurements, the catalysts were
left overnight under He flow (20 cc/min) and UVadiation (using a 100W mercury lamp, Black-
Ray B-100A, 365 nm) in order to remove the possibletaminants and/or the carbonaceous species
present in the sample surface. Afterwards, a mexafrwater vapour- He flow (25 é&min) was
flowed inside the reactor and several portions i gas in output were examined by gas-
chromatography (GC) to monitor the efficacy of tdheaning process and the potential existence of
residual carbonaceous contamination. Th® Mapours (10) were mixed with the €@nd flowed
inside the photoreactor to attain the saturatigdh@sample surface with the reactant gases. Bysnea
of gas flow controllers ((1) and (2)) the flow ratethe mixture C@H-0 was set in order to obtain

a molar ratio of 15. In this way, on the surfacehs catalysts, the GGadsorption/reduction was
favoured, inhibiting the competitive water spligineaction [3,4].

The catalyst (200 mg, 80—140 mesh) was contexth@iated (at 120°C) by means of heating bands
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(8) and irradiated for 5h. The obtained productssvemalysed with the GC Agilent 6890N equipped
with a TCD detector and a HP-PLOT Q column (for @@ and the Ckdetection) and with the
Trace GC instrument with a FID detector (Porapato@mn,) to identify the potential formation of

organic products.



» Textural and optical propertiesof the examined samples

Table S1 BET surface areas and optical bandgaps (Eg) aétbhenined samples.

Samples Sser (M?2g?) Eq(eV)
Mn3O4 87 3.3
ZrO 25 3.0
MnZr5 85 3.3
CeQ 60 2.9
Brookite TiG 80 3.2
TiCe3 68 3.4
CuO/TiCe3 67 3.6
CwO/TiCe3 70 3.2
CuQd/TiCe3 74 3.0




* Crystalline structure and mor phology of the M nOx-based samples

e Mn O'V’MnSO4

273

Intensity (a.u.)

20 (degree)

Fig. S2 XRD patterns of the Mngbased samples. In the inset the SEM image of th&ryl

sample.



e Comparison of the amounts of solar fuels formation with the CuOx/TiCe3 catalyst

between the solar photocatalytic, thermocatalytic and the solar photo-thermal co-

catalytic tests.

Table S2 Comparison of the different catalytic approachasgithe Cu@TiCe3 sample for the

CO; conversion.

CO formation | CH4 formation
(umol/ccarh) (Lmol/cearh)
Photothermo-catalysis} 12.23 (80°C)| 5.0 (80°C)
17.6 (120°C) | 7.9 (120°C)
25.2 (180°C) | 9.9 (180°C)
36.2 (260°C) | 15.2 (260°C)
46.3 (340°C 18.6 (340°C
Thermocatalysis / (80°C) / (80°C)
/ (120°C) / (120°C)
6.3 (180°C) 2.5 (180°C)
25.1 (260°C) | 12.6 (260°C)
101.9 (340°C | 31.6(340°C
Photocatalysis 4.9 (30°C 1.6 (30°C

* after 5h of simulated solar irradiation




» Structural and morphological properties of the TiCe3-based materials
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Fig. S3 (A) Raman spectra and (B) XRD patterns of the emathsamples. In the inset of Fig. S3A
the Raman confocal map, where the yellow areashareegions of the sample where the peak at

1067 cm' is more intense. In the inset of the fig. S3BTEM image of the Cu@TiCe3 sample.
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 XPSanalysis: Ti 2p and Cu 2p region
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Fig. 4 (A) Al Ka excited XPS of the examined samples measuredeiitl2p binding energy

region (B) Al Ka excited XPS of the examined samples measureceiiCth2p binding
energy region.



» XPSanalysis. Surface atomic concentration analyses

Table S3 XPS atomic concentration analyses of the bestempased TiCe3 samples.

(CelTiy100 | Nominal (Cu/Ti)100 | Nominal
(CelTi)r10C (Cu/Ti)-10C

Cu0O/TiCel | 4.C 14 4.C 0.5¢
CwO/TiCe3| 1.5 14 5.0 0.58
after tes

CuGJ/TiCeZ | 2.7 14 2.7 0.6¢€
CuQJTiCe3| 2.3 1.4 11.2 0.66
after tes
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* Optical propertiesof the TiCe3-based samples
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Fig. S5 (A) UV-DRS spectra and (B) Photoluminescence spe@texcitaio=300 nm) of the

examined samples.

11



* Apparent activation energy of the solar photo-thermo co-catalytic CO2 reduction with

the CuOx«/TiCe3 catalyst
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Fig. S6 Apparent activation energy calculated with theh&mius equation, for the CO and the<CH
formation on Cu@QTiCe3 sample on the basis of the catalytic apgreacNo solar fuels
formation was detected in the themocatalytic tas®0°C (1/T = 0.0028 ®) and 120°C
(1/T = 0.0026 K.
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* FTIR spectra before and after the solar photo-ther mo co-catalytic CO2 conversion

CuO /TiCe3 after test
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Fig. S7 (A) Comparison of the FTIR spectra before andrafie photo-thermo co-catalytic GO

reduction; (B) Focus on the “carbonates” region.
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» Catalytic stability of the CuOx/TiCe3 samplein the the solar photo-thermo co-catalytic

CO2 conversion
20 mrco CuQ /TiCe3
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Fig. S8 Catalytic stability after 4 consecutive runs oé tbolar photo-thermo co-catalytic €0
conversion on Cu@TiCe3 sample.
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