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Two different multi catalytic approaches were here investigated to valorise the CO3. The first was the thermo-
assisted solar photocatalysis applied for the CO3 conversion into CO and CHy, the second was the solar photo-
assisted thermocatalysis for the CH4 and CO» conversion into syngas (dry reforming). For the first reaction a

I%/Feot]]itaene low content of TiO2 (10 wt%) was deposited on several zeolites to expose the TiO, surface-active sites to the
Cuo. simulated solar radiation. The best sample (0.5 wt% Cuy0/TiOz-mordenite) gave the 65% of CO; conversion at
x

Ni 120 °C with the formation of 12 pmolco/gcar'h and 4 pmolcya/gearh. The CugO co-catalyst, favoured the charge
carriers separation, generated on TiOo, to efficiently convert the CO, adsorbed on the mordenite basic sites.
Conversely, for the dry reforming an opposite strategy was adopted (the photo-assisted thermocatalysis) using Pd
(0.3 wt%)-Ni (2% wt)/TiO,. The exploitation of the visible part of the solar radiation promoted by the Ni-Pd sites
led to the decrease of the activation energy (E,) (the Eyco and the E;yp decreased from 29 and 27 kJ/mol of the
thermocatalysis to 23 kJ/mol for both the products of the photo-assisted thermocatalysis) and to increase the
CO,/CH4 conversion at lower temperature, 500 °C, instead of the 600 °C usually required. These new strategies

with easy-to-prepare catalysts are promising to improve the solar fuels formation from the COa.

1. Introduction

The increasing of the anthropogenic CO, emission in the environ-
ment is a critical issue of nowadays. Innovative and performing strate-
gies are required to both capture (CCS carbon capture and storage
processes) and/or re-use (CCU carbon capture and utilization processes)
the carbon dioxide. Among the various technologies the artificial
photosynthesis for the solar fuels production is a fascinating and inno-
vative approach. With the photocatalytic process in fact, it is possible to
mimic the nature using a semiconductor oxide and the solar irradiation.
The solar light allows the promotion of electrons from the valence band
(VB) to the conduction band (CB) of the photocatalyst with the simul-
taneous formation of holes in the VB. For the solar fuels production from
the photocatalytic CO5 reduction with water, it is necessary the reaction
of the carbon dioxide with both the electrons of the CB and the protons
generated through the oxidation of water (made by the holes) [1,2].
Moreover, to efficiently activate the CO, it is necessary the presence of
basic sites on the photocatalyst to favour the CO, adsorption and to
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promote its subsequent conversion [3,4]. For this reaction the titanium
dioxide (TiOg, titania) is the most used and investigated photocatalyst
[5,6]. However, its wide bandgap (3.0-3.2 eV depending on the crys-
talline structure) allows to exploit only the UV-A portion of the solar
radiation and its surface sites, weakly basic, do not favour the CO,
adsorption. Indeed, different strategies were applied to increase the
basicity as the introduction of basic sites and/or micropores on the
surface of TiO, or the formation of oxygen vacancies that favour the
adsorption of CO; on these vacancies. Also the addition of acid sites can
be useful to store electrons and to stabilize the species derived from CO,.
For these reasons several photocatalysts with a combination of acidic
and basic sites were developed [5,7-9].

Furthermore, to enhance the photocatalytic COy conversion the
addition of co-catalysts is fundamental. They can (i) increase the CO,
adsorption with surface basic sites, (ii) favour the electrons mobility
avoiding at the same time the electrons/holes recombination (a common
reason of the photocatalysts deactivation) with the formation of midgap
levels (defect states) in the structure of the main oxide, (iii) enlarge
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towards the visible region the solar light absorption [10,11].

To exploit the potentiality of the thermo-assisted photocatalytic COy
reduction, it is necessary to combine the photocatalytic properties of
TiO2 with the thermal/redox features of other semiconductors oxide as
CeO, [12,13], NiOy/Las0O3 [14] or the addition of noble metals as Ru
[15] or Au-Ru [16].

The current socio-economic situation strongly affected by the
COVID-19 pandemic and by the Ukrainian-Russian war, pointed to the
choose of the photocatalysts as a key aspect. Indeed, with the worsening
of the materials exportation many chemical elements entered in the EU
critical raw material list including the titanium and the noble metals
usually used as co-catalysts [17]. Therefore, for the photocatalytic
reduction of CO; a hard challenge is required: limiting the amount of
TiO, ensuring at the same time a good CO2 conversion and the solar fuels
evolution, which production rate however, did not overcome the order
of pmol/gcat.-h, also with the TiOy-based catalysts [5,6].

In this contest, the modification of the experimental parameters can
help to optimize the materials performance. A multi catalytic approach
as the photothermo-catalysis can be an optimal compromise to assure
the high activity of the thermocatalysis but at lower temperatures and
with milder conditions, also favouring a possible scale-up of the artificial
photosynthesis [18-20]. In particular, on the basis of the definition of
Ma et al. [21] the thermo-assisted photocatalysis is particularly inter-
esting applied to the CO2 reduction. In this hybrid catalytic process, the
light is the driving force of the reaction while the heat promotes the
photocatalytic process, increasing the number of electrons in the excited
states and boosting up the conversion of the adsorbed molecules.
Furthermore, the heat favours the desorption of the products from the
samples surface, and facilitates the charge carriers mobility [22,23].

The high versatility of the photothermo-catalysis can be explored
also for high endothermic reactions, as the methane dry reforming
(CO2+ CH4 — 2H3 + 2 CO) that had limited applications due to the
required high temperatures (T > 600 °C). In this case a photo-assisted
thermocatalytic process that permitted to decrease the activation en-
ergy of the reaction can open new ways to further valorise the carbon
dioxide with an energy saving [24,25].

On the basis of the above considerations, in this work different TiO5-
based materials: zeolite-TiO5 (10% wt) composites with small amount
(0.5% wt) of CuOy (CuO, Cu,0, and both of them) as co-cocatalysts were
investigated for the thermo-assisted solar photocatalytic conversion of
CO,, whereas Ni-Pd/TiO, samples were tested for the solar photo-
assisted thermocatalytic dry reforming.

In particular, it was evaluated the influence of a limited amount of
TiO, in the CO, reduction, and as different zeolites in the NH} form (to
favour the CO5 adsorption) can affect the thermo-assisted photocatalytic
performance. CuOy were chosen as efficient and not critical co-catalysts
because the CuO owns a high electronegativity, a low bandgap (1.3-1.7
eV) that permits to exploit the visible portion of the solar radiation, a
high number of basic sites, and a suitable bands position for the COy
reduction [26,27]. On the other hand, the Cu,0O is a semiconductor
which light absorption covers a wide range of the UV-vis region
(band-gap of 2.0-2.4 eV) with a more negative CB compared to CuO that
make it an optimal sustainable co-catalyst for the CO5 reduction [28,29].

Conversely, for the methane dry reforming the addition of small
amount of noble metals co-catalysts to Ni-based catalysts (the most
efficient and cheaper system used for this reaction) was an efficient
strategy to increase the contribution of photocatalysis in the photo-
assisted thermocatalytic approach, thanks to the localized surface
plasmon effect of the noble metals [25,30]. Furthermore, Ni showed a
similar catalytic activity compared to the noble metals [24,25]. Other
catalysts used in the photothermo-catalytic dry reforming were Pt/TiO5
[31], Pt/CeO3 [32], Co/Aly03 [33], Rh/TaON [34].

The application of a multi catalytic approach (the photocatalytic
mechanism boosted by the action of heat and vice versa the thermoca-
talytic mechanism enhanced by the photocatalysis) joined to the syn-
ergisms among the different catalytic components here proposed
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(zeolites for the adsorption of the CO,, TiO; for its photocatalytic ac-
tivity and the different co-catalysts as CuOy, Ni and Pd to improve the
performance under solar light irradiation) can be a promising way to
obtain an efficient CO, valorisation with sustainable and versatile
catalysts.

2. Material and methods
2.1. Samples preparation

For this work different composites made of zeolite-TiO, were pre-
pared with the aim to utilize a limited amount of TiO; and to favour its
dispersion on the surface of zeolites. Several zeolites were used as-
purchased from Zeolyst™: ZSM-5 (MFI) (Ammonium form, CBV
28014, SiO5/Al,03 molar ratio = 280, BET surface area 420 mz/g);
Mordenite (MOR) (Ammonium form, CBV 21 A, SiOy/Al,03 molar
ratio= 20, BET surface area 500 mz/g); Beta (BEA) (Ammonium form,
CP814E, SiO,/Al,03 molar ratio= 75, BET surface area 650 mz/g); Y
(FAU) (Ammonium form, CBV 712, SiO,/Al,03 molar ratio= 12, BET
surface area 600 Inz/g); Ferrierite (FER) (Ammonium form, CP 914c,
Si0,/Al,03 molar ratio= 20, BET surface area 400 mz/g).

The composites zeolite-TiO2 (10% wt) were prepared with the solid-
state dispersion (SSD) method [35]. The zeolite and the TiO (Aeroxide®
P25) powders were mixed with an agate pestle in a mortar. Then they
were further mixed in a demineralized water solution (100 ml) and
stirred for 2 h at 70 °C. Afterwards the powders were dried at 110 °C
overnight.

The CuO co-catalyst were added by wetness impregnation utilizing
different copper salts precursor (copper (II) nitrate pentahemihydrate;
copper (II) sulphate; copper (II) chloride) adding the stoichiometric
amount of the precursor to the zeolite-TiO, composite to obtain the 0.5
wt% of CuO. The obtained dispersion was dried at 110 °C overnight and
calcined at 300 °C for 2 h.

The 0.5 wt% Cu0O/zeolite-TiO2 sample was synthetized modifying
the procedure reported by Zhang et al. [36]. In particular, an aqueous
solution of copper (II) chloride was added to the zeolite-TiO, samples
under stirring and at 55 °C maintained through a water bath. Succes-
sively, 10 ml of a solution of NaOH 2 M was added and the resultant
solution was stirred for 30 min. Afterwards 10 ml of ascorbic acid so-
lution (0.5 M) used as reducing agent were added and the dispersion
stirred for further 3 h. Finally, the obtained slurry was centrifugated at
900 rpm for 10 min and washed with deionized water several time. The
obtained powders were dried at 55 °C under vacuum overnight.

The 0.3 wt% Cuz0-0.3 wt% CuO/zeolite-TiO, sample was prepared
following the same procedures reported above adding on the as-
synthetized 0.3 wt% CuO/zeolite-TiOy powders (using copper nitrate)
the reagents necessary for the contextual deposition of Cuz0.

For the dry reforming reaction, the same type of TiO5 P25 was used
preparing mono and bimetallic Ni-Pd/TiO5 samples. In particular, the Ni
(2% wt) and different small amounts of Pd (0.1, 0.3 and 0.5 wt%) were
added to TiOy by wetness impregnation using the nickel (II) nitrate
hexahydrate and the palladium (II) chloride and drying the resultant
powders at 120 °C overnight.

2.2. Samples characterization

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

The UV-Vis DRS (Diffuse Reflectance Spectroscopy) was performed
with a spectrometer JASCO V-670. The E; (optical band-gap) of the
samples was estimated plotting the modified Kubelka—-Munk function vs
the hv [37].

The N5 adsorption-desorption measurements were performed with a
Thermo Quest (Sorptomatic 1990) apparatus.

The XPS (X-ray photoelectron spectroscopy) measurements were
made with a K-Alpha™-+ X-ray photoelectron spectrometer using the
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same procedures reported in the ref. [38]. The C (1 s) peak of the
adventitious carbon at 284.9 eV was the reference.

The CO, TPD (Temperature Programmed Desorption) determination
was carried out with a fixed bed quartz reactor filled with 150 mg of
sample. After the adsorption and the surface saturation of the sample,
the CO; flow (30 cc/min) was stopped. Then the reactor was heated
from 30 °C to 600 °C (rate of 10 °C/min). The CO5 desorption was
monitored with a mass spectrometer (Sensorlab VG Quadrupoles).
Before the measurements the samples were pre-treated with a He flow
(30 cc/min) for 1 h at 60 °C.

The TEM images were acquired with a JEOL JEM 1400 microscope.
The samples were dispersed in isopropanol and sonicated for 30 min.
Finally, they were deposited onto copper grids.

X-ray diffraction (XRD) pattern were acquired with a PANalytical
X’pertPro X-ray diffractometer using a Cu K, radiation. The JCPDS Data
File was used for the peaks assignment.

2.3. Catalytic activity experiments

The thermo-assisted CO, solar photocatalytic reduction tests were
carried out with a cylindrical Pyrex batch photoreactor kept at 120 °C.
0.2 g of catalyst has been irradiated with a solar lamp (Osram Ultra
Vitalux 300 W; 10.7 mW/cm?, emission spectrum Fig. S1A) for 5 h
(scheme of the experimental set-up illustrated in the Fig. S1B). Before
the measurements, the catalysts were cleaned from the possible carbo-
naceous species present in the samples surface [39]. The details of these
procedures are reported in the Supporting information. Before starting
the catalytic tests, a mixture of CO, and H,0 vapour were flowed inside
the photoreactor to guarantee the saturation of the sample surface with
the reactant gases. The COy/H,0 mixture was fixed, with the mass
flower controllers (Tylan), at molar ratio of 15, necessary to inhibit the
water splitting competitive reaction [40]. The CO5 conversion was
calculated by the GC-TCD measurements with the following equation:

AreQpeak standard in

Ar in_ A1 X
€dpeak CO2in €lpeak CO20ut Areapeak siandard out ) % 100

CO, conversion : (
AreQpearcodin

This method to calculate the CO5 conversion was in accordance with
the method of the mass balance (4 5%, reproducibility 95%) that
foresees this equation:

Ar ea/)eak CO20ut

CO, conversion : ( ) x 100

Areapeak products out + AT€0peak corour

The solar photo-assisted thermocatalytic dry reforming of methane
were carried out at 500 °C in a fixed bed quartz reactor filled with 0.2 g
of catalyst and using another solar lamp equal to that previously
described, for an irradiation time of 5 h (scheme of the experimental set-
up illustrated in the Fig. S1C). A reaction mixture of CO5 (15%) and CHy4
(15%) diluted with He for a total flow of 100 cc/min was used. Before of
these tests, the catalysts were pre-treated in situ for 1 h at 400 °C in
flowing of Ha.

For both the reactions, the obtained products were analysed with the
GC Agilent 6890 N equipped with a TCD detector and a HP-PLOT Q
column and with the Trace GC instrument with a FID detector (Porapak
Q column,) to identify the potential formation of organic products.

3. Results and discussion

3.1. Themo-assisted solar photocatalytic COz reduction: catalytic
screening

In the Fig. 1 is reported the first catalytic screening for the thermo-
assisted solar photocatalytic CO, reduction in order to evaluate the ef-
fect of the CuO precursor and the most performing zeolite. Starting from
the MFI zeolite (Fig. 1A) it is clear as the use of copper nitrate (coded as
NCuO) led to increase the CO5 conversion and the solar fuels formation
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Fig. 1. Thermo-assisted photocatalytic CO, reduction at T = 120 °C: (A) effect
of the copper oxide precursor; (B) effect of the different zeolites; (C) effect of
the copper oxide precursor on the MOR zeolite. In all the tests the composites
were irradiated for 5 h.

(in our experimental condition CO and CH4) compared to the bare TiO5
(the CO4 conversion increased from the 25% of bare TiO5 to the 32% of
NCuO/MFI-TiO,, with a slight higher CO and CH4 formation, 1.8 and
0.13 pmol/gcar-h respectively instead of 1.2 and 0.07 pmol/gca¢-h of bare
TiO3). These results highlighted as the presence of zeolite favoured the
dispersion of a limited amount of TiO, (10% wt) on the zeolite surface
with the exploitation of the surface-active sites of titania. Moreover, the
addition of small amount (0.5 wt%) of CuO co-catalyst allowed to
slightly overcome the performance of the pure TiO,. Conversely, the use
of copper sulphate (coded as SCuO) and copper chloride (coded as
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CCuO) was detrimental for the catalytic activity, probably for the for-
mation of sulphates or chlorides that can poison the zeolite and the TiOy
surface sites [41-43].

The effect of the different zeolites on the CO5 reduction is illustrated
in the Fig. 1B. Compared to the NCuO/MFI-TiO,, only the FER zeolite
showed worst performance, whereas the MOR zeolite exhibited the best
activity (CO; conversion of 51%, CO formation of 10.4 pmol/gcar-h and
CH4 formation of 2.2 pmol/gcar-h). Considering the Fig. 1A and 1B, the
order of activity was NCuO/MOR-TiO, > NCuO/FAU-TiO2 > NCuO/
BEA-TiO3 > NCuO/MFI-TiOy > TiO5 > NCuO/FER-TiO;.

Probably in this case, as reported [44,45], the peculiar interaction
between the MOR zeolite (surface area of 500 m?/ g, Si02/Al;03 molar
ratio of 20) and the TiO- led to obtain the best results independently to
the BET surface area and of the SiO3/Al;03 molar ratio, being the BEA
zeolite the one with the highest surface area (650 mz/g) and the MFI and
the FAU those with the highest (280) and the lowest (12) SiO3/Al;03
molar ratio, respectively. It is important to note that the values of the
zeolites surface area did not change after the addition of CuO and TiO,
due to the low content used for both the oxides (Table 1).

Finally, also on the best zeolite (MOR) the copper nitrate precursor
led to the best results compared to the copper sulphate and to the copper
chloride (Fig. 1 C).

3.2. Themo-assisted solar photocatalytic CO2 reduction: effect of the
addition of Cuz0 co-catalyst

In the Fig. 2 is illustrated the catalytic activity of the NCuO/MOR-
TiO2, Cup0/MOR-TiO; and Cuz0-CuO/MOR-TiO; samples, in order to
investigate the effect of the addition of the Cuz0 on the best zeolite-TiO5
composite. The CupO/MOR-TiO; led to increase the CO, conversion
(from 51% of NCuO/MOR-TiO3 to 65% of CupO/MOR-TiO2) with a
contextual increase of the CO and especially CH4 evolution (the evolved
CH4 was about 2 times higher compared to the NCuO/MOR-TiO; cata-
lyst). As reported in the literature, the high negative potential of the
conduction band of CuyO (more negative compared to that of CuO)
facilitated the CO, reduction with a better charge carriers (e /h™) sep-
aration [13,28,46]. Furthermore, the free electrons that are excited on
the CB of Cuy0 are able to boosted up the reaction, favouring the for-
mation of methane (that required 8 electrons and 8 protons) instead of
the CO formation (that required 2 electrons and 2 protons), which
reduction reaction (CO,/CO, —0.53 V at pH=7) however has a more
negative potential value compared to the methane formation (CO2/CHa,
—0.24V at pH=7) [47,48]. On the contrary, the contemporaneous
presence of the CuO (prepared with copper nitrate) and CuzO had a
detrimental effect on the photothermo-catalytic performance. Probably
in this case, a non-homogenous dispersion of the two co-catalyst oxides
on the surface of the TiO,-zeolite support led to an increase of the charge
recombination with a decrease of the catalytic activity.

To better investigate the modification in the chemico-physical fea-
tures of the TiOy-mordenite composites due to the addition of the CuOy
co-catalysts, structural, optical and surface analysis were performed.

The FTIR spectra of the examined samples are reported in the Fig. 3 A
where for comparison are reported also the spectra of the bare mor-
denite zeolite and of the bare TiO,. A wide band at centred at around

Table 1
BET surface areas of the zeolite-based samples.

Samples Sper (m* g™) Sper (m” g™)
bare zeolite
NCuO/MFI-TiOy 418 420
NCuO/FAU-TiO, 600 600
NCuO/BEA-TiO, 647 650
NCuO/FER-TiO, 400 400
NCuO/MOR-TiO, 498 500
Cuy0/MOR-TiO, 497 500

Cuz0-CuO/MOR-TiO, 496 500
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1130 cm™, assigned to the vibration of the mordenite framework, was
present in all the MOR-based samples, whereas the bands in the range
3120-3640 cm™ were associated to the silanol end-groups (Si-O-H and
Si-OH-Al) and aluminium vibrations (AIOH-) of the zeolite. In this
range of wavenumbers is also presence, in the TiO,-containing samples,
the band related to stretching of O-H groups of TiO> (in the bare TiO, at
3392 crn'l) [49-51]. The bands of the MOR zeolite in the 400-820 cm™!
assigned to the vibrations of Al-O-Al, Si-O-Si, and to the internal
asymmetric stretching of Al-O and Si-O, were covered in the TiO2-based
samples to the band related to the Ti-O-Ti vibration centred at around
615 cm™ [50-52]. In all the samples the band at around 1620 cm™ was
assigned to the O-H bending, whereas the band at 1400 cm}, visible in
the MOR-based samples, was probably associated to the symmetric vi-
bration of carboxylate groups (CO3) generated from the interaction of
the composites with the atmospheric carbon dioxide [53]. Only in the
NCuO/MOR-TiO4 sample was present another band related to the for-
mation of other carbonates at 1460 cm™ related to the monodentate
carbonates (asymmetric vibration of COO™ groups) [53].

On the best samples for the thermo-assisted CO; reduction (NCuO/
MOR-TiO2 and Cu0O/MOR-TiO,) the spectra were recorded also after
the catalytic tests to detect eventual differences compared to the fresh
samples (Fig. 3B). Interestingly, in the sample containing the Cus0O after
the catalytic test another band was present at about 1710 cm'! reason-
ably attributed to the formation of acid carbonates (HOCO3) during the
reaction [12,53]. The presence of these intermediate species was bene-
ficial for the activity. Indeed, these compounds can easily interact with
the photogenerated electrons and holes, thus accelerating the COy
reduction and the methane formation, due to also the improved charge
carriers separation [13,54]. Indeed, the CusO/MOR-TiO3 showed the
best performance and the highest CH4 formation (Fig. 2). On the con-
trary, on the NCuO/MOR-TiO; no substantial variations were detected
after the catalytic test, but it seems that the carbonates initially adsorbed
on the fresh sample were rapidly converted during the thermo-assisted
photocatalysis being the band at about 1460 cm™ (monodentate car-
bonates) not visible in the used sample.

The CO, adsorption features of these latter samples were further
investigated by CO,-TPD. As showed in the Fig. 4, the CO2-TPD profiles
acquired from 30° to 600°C can be separated into three parts indicated
as a, B and vy, related to weak, medium and strong basic sites, respec-
tively [55]. The three zones were correlated to the interaction of the CO2
with the surface sites of the catalysts; indeed the weak basic sites («
zone) are usually identified with the formation of hydrogen carbonates

460°C
08°C

80°C Cu, O/MOR-TIO, after test
254°C 309°C

381°C

e Cu,0/MOR-TiO,

Intensity (a.u.)

NCuO/MOR-TIO _after test are
‘ 588°C|

404°C

e NCUuO/MOR-TIO,

T ¥ T ¥ T ¥ T T T *
100 200 300 400 500 600
Temperature (°C)
Fig. 4. CO,-TPD curves of the analysed catalysts in the 50-600 °C temperature

range. The a, B, and y zones identify the weak, medium and strong basic sites,
respectively.
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from the reaction between the hydroxyl groups of the metal oxides
catalysts with the CO (linear adsorptive form). The signals in the § and
the y zones were associated to the bridge-bonded adsorptive form of CO,
[55]. In the NCuO/MOR-TiO; two desorbed peaks were clearly visible at
64 °C (o zone) and at 404 °C (B zone). After the test, the as-described
peaks were slightly shifted at higher temperatures. The o peak was
more intense whereas the  one was wider probably for a stronger CO,
adsorption. Furthermore, another feature was present in the y zone (at
588 °C) assigned to the decomposition of hydrogen and monodentate
carbonates [55,56] respectively, in accordance with the FTIR measure-
ments (Fig. 3B). The Cu;0/MOR-TiO, exhibited a peak in the weak basic
sites zone (at 80 °C, a higher temperature, i.e., strongest CO, adsorption,
compared to the o peak of NCuO/MOR-TiO5) and three features in the f§
zone. After the test, the formation of carbonates, in accordance with
FTIR, influenced the CO, adsorption on the active sites of the composite
and the a peak was shifted of 28 °C at higher temperatures whereas a
wide peak centred at 460 °C in the strong sites zone substituted the peak
present in the medium basic sites zone of the fresh samples (Fig. 4). Also
in this case, these features were due to the decomposition of the car-
bonates, strongly adsorbed respect to the NCuO/MOR-TiOs. This
confirmed as these intermediates, generated especially with CupO/-
MOR-TiO; catalyst, were determined to drive the CO, conversion into
CO and subsequently into methane.

The optical properties of the samples were examined by UV-DRS
(Fig. S2). The bare TiO, showed its typical spectrum, with an absorp-
tion band in the range 370-380 nm. The addition of zeolite and of
copper oxides co-catalysts did not substantially modify the reflectance
spectra, with another feature at about 650-700 nm, ascribed to the
interfacial charge transfer from the valence band of TiO; to the Cuz0 or
CuO co-catalyst [57]. Consequently, the optical band-gap estimated by
the modified Kubelka-Munk function [37] did not changed being 3.1 eV
for all the samples. The CupO-CuO/MOR-TiO; composite showed a wide
absorption in the range 650-450 nm reasonably assigned to the for-
mation of mid-gap levels, defect levels or to the pure CuO (the optical
gap of about 1.8 eV was the same reported value of bare CuO) (Fig. S3)
[58,59]. This can be ascribed to the not homogenous dis-
persion/interaction between the two copper oxides co-catalysts that can
explain the lower photothermo-catalytic activity of the composite pre-
pared with the two co-catalysts (Fig. 2). Probably in this sample, the
photogenerated excited electrons were inclined to recombine with the
holes or to be trapped into these defective levels instead of reacting with
the protons arising from the oxidation of water and with the CO», thus
making the action of the Cuz0-CuO co-catalyst detrimental for the cat-
alytic performance.

In summary, with a multi catalytic approach (the thermo-assisted
solar photocatalysis) it was possible to obtain good performance in the
CO4 reduction and in the solar fuels formation using noble-metal free
catalysts and reducing the amount of critical materials as the TiO5. The
MOR zeolite was the best support to expose the surface-active sites of
TiO4 to the simulated solar light and the addition of small amount of
cuprous oxide boosted up the reaction, with an improved CO5 adsorp-
tion. The formation of carbonates as intermediates favoured the
methane formation. In particular, on the basis of the literature [12,40,
46,54] and on the experimental data the proposed reaction mechanism
was the following one (reactions i-v):

(i) Charge carriers generation: CupO/MOR-TiO3 + hv —a120:¢c — h*

+ e

(ii) Protons formation: 5H50 + 10 h* — 10 H™ +5/2 O,

(iii) CO formation: COy + 2 H' 4 2¢” — CO + H,0

(iv) Formation of carbonates on CuyO/MOR-TiO5: CO5 + H,OHOCO3
+ Hérarbonates

(v) Methane formation: HOCO3+ Harponates+ 8 HY + 8 e —CH,4
+ 3H20

The simultaneous heating allowed to speed up the proton mobility
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essential for the CO5 conversion [60]. This was verified in the tests
conducted at higher temperature than 120 °C (Table 2). The data
showed as, with the best catalyst (CupO/MOR-TiO5), it was possible to
enhance the CO5 conversion and therefore the CO and CH,4 formation,
increasing the contribution of the thermocatalysis, in accordance with
the literature [5,7,12].

Finally, the positive role of the cuprous oxide as co-catalyst can be
also influenced to the possible presence of metallic copper as detected by
XPS recorded in the Cu 2p region (Fig. 5). Indeed, in the CupO/MOR-
TiOy sample the two peaks at 932.1 and 952.7 eV (Fig. 5A) were
consistent with the presence of Cut [61]. However, the contempora-
neous presence of c species both in the CuyO/MOR-TiO3 and Cuy0--
CuO/MOR-TiO, composites cannot be excluded, being both the XPS
binding energies and spectral shape equal for cu® and Cu™ (as Cuz0)
[29,61]. By observing the energies of their LMM-2 Auger lines it could
be possible to discriminate between the two species but in this case this
it is not possible due to the very low intensity of the Auger signals caused
by the low amount of the co-catalyst. On the contrary in the CuO/-
MOR-TiO; the peaks at 934.0 and 953.9 eV with a 19.9 eV spin-orbit
separation, are typical of the Cu?t states [61] (Fi g. 5A). In the Cuy0--
CuO/MOR-TiO; sample the two Cu 2p peaks are shifted of about 0.6 eV
at higher binding energy compared to the CuyO/MOR-TiO and this is
associated to the partial oxidation of copper due to the concomitant
existence of the Cu>" species. No relevant changes were detected in
these bands in the used samples (Fig. 5B).

The TEM images (Fig. S4) of the Cup0O/MOR-TiO, sample showed
some dark regions associated to the deposition of CupO-TiO; particles on
MOR zeolite. As reported [62,63] the dispersion of the metal oxide
particles supported on the zeolite was also favoured to the cracking of
their aggregation inside the microporous cages of the zeolite, thus
favouring the exposition of the surface-active sites of the semiconductors
to the light.

3.3. COg valorisation through the photo-assisted thermocatalytic dry
reforming

The high versatility and the potentiality of a hybrid catalysis as the
phothermo-catalysis can be perfectly suitable for other reactions with
the aim to valorise the CO5 as the methane dry reforming. In this case,
being a very high endothermic reaction [24], to have an appreciable CO,
and CH4 conversion with the formation of syngas, a solar photo-assisted
thermocatalysis approach was here explored. On the contrary to the COy
reduction previously investigated, in this case the driving force of the
reaction was the heating and the photocatalysis allows to decrease the
apparent activation energy of the reaction improving the products for-
mation [21,60]. It is important to highlight that for this reaction are
necessary the Ni-based catalysts (with a content of 2 wt% as previously
determined as the best amount using a similar experimental set-up [64])
that are largely used among the non-noble metal catalysts due to their
similar performance compared to the noble metals [24,25]. Ni was
supported on TiOy to exploit the photocatalytic features of TiO9, to
better promote the photo-assisted thermocatalysis. [30]. The
zeolite-based composites studied previously, in this case were no active
due to the limited amount of TiO; present in the samples. As reported

Table 2
Thermo-assisted solar photocatalytic CO, reduction using the CuO;/MOR-TiO,
sample.

CO, CO formation CH,4 formation
conversion (umol/gcareh) (umol/gcareh)
(%)
Thermo-assisted solar 65.1 (120 °C) 11.8 (120 °C) 4.2 (120°C)
photocatalysis* 71.2 (180 °C) 16.5 (180 °C) 5.9 (180 °C)
86.2 (240 °C) 24.7 (240 °Q) 8.8 (240 °C)

97.3 (300 °C) 32.1 (300 °C) 11.4 (300 °C)

*after 5 h of simulated solar irradiation
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Fig. 5. XPS spectra in the Cu 2p region of the copper oxides-based catalysts: (A)
fresh samples, (B) used samples.

[24,25], in thermocatalysis the reaction was conducted at about
600-700 °C and usually are necessary noble metals co-catalysts. We
have evaluated the addition of small amount of Pd (0.1, 0.3 and 0.5 wt
%) to Ni/TiO2 and the reaction temperature was set at 500 °C. The
reactor was simultaneously irradiated by the solar lamp to exploit also
the photocatalytic mechanism.

The Fig. 6 displayed the catalytic activity of the examined samples.
For all the samples the CO formation was slightly higher compared to the
Hj; evolution. Considering that the stoichiometry of the reaction was 1:1
for CO5 and CH4 (CO2 + CH4 — 2 Hy + 2 CO), the higher CO formation
can be due, as reported, to the occurrence of the reverse water-gas shift
reaction (CO3 + Ho— CO + H30) [65]. Among the analysed samples, the
addition of Pd led an improvement in the catalytic activity with a
“volcano” trend with the performance that increased from 0.1 to 0.3 wt
% of Pd to decrease with the 0.5%. The excess of Pd can favour the
formation of an interstitial solid solution of carbon on the support (in
this case TiOs) that can block the light absorption and that at 500 °C
facilitated the formation of coke on the surface of the catalyst [66]. The
best sample Ni-0.3 Pd/TiO, led to increase the CO3/CH,4 conversion
from the 12% of Ni/TiO; to the 43%, tripling the CO and the Hjy for-
mation (from 17.1 mmolco/gearrh and 16.3 mmolya/gearrh of the
Ni/TiO3 to 51.3 mmolco/gearrh and  45.6 mmolys/gearrh  of
Ni-0.3 Pd/TiO2).
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Fig. 6. Solar photo-assisted thermocatalytic dry reforming at T = 500 °C for
the examined catalysts. The time of irradiation was 5 h.

On this catalyst (Ni-0.3 Pd/TiO,) it was evaluated the apparent
activation energy (E,) comparing the results at 500 °C, 550 °C and
600 °C with those obtained with the same catalyst in the bare thermo-
catalytic tests (i.e. without the use of the solar lamp, Fig. S5). The syn-
ergisms between the thermocatalytic and the photocatalytic
mechanisms allowed to decrease the E, both for the CO and the Hy
formation (from 28.7 kJ/mol and 26.5 kJ/mol of the thermocatalytic
tests for the CO and H; evolution respectively, to 22.8 kJ/mol for both
CO and Hj in the solar photo-assisted thermocatalytic tests). Further-
more, the products formation in the multi catalytic approach increased
with the reaction temperature and it was always higher than the bare
thermocatalytic reaction (Table 3). With this approach indeed, it is
possible to exploit simultaneously the thermal activation of two very
stable molecules as CO, and CH4 whose conversion into CO and Hy was
facilitated by the optical properties and the interaction of Ni-Pd with the
TiOs. Indeed, as showed by the UV-DRS spectra reported in the Fig. S6,
the presence of Ni led to another band at around 520 nm compared to
the bare TiOy P25 (the same titania used in the CO5 reduction applica-
tion) due to the charge transfer from Ni%2t >Ti*" [67] and when the
amount of Pd was higher than 0.1 wt% it is possible to note its band due
to the surface plasmon resonance effect [68] at around 450 nm (clearly
visible in the Ni-0.3 Pd/TiO3 and Ni-0.5 Pd/TiO5 samples) with a red
shift to the band related to the presence of Ni (from 520 nm to 575 nm).
The charge transfer between Ni and Ti improved the charge carriers
separation and the contemporaneous presence of Ni and Pd led to a red
shift of the TiO, band with a consequence decrease of the optical band
gap estimated with the modified Kubelka-Munk function from 3.1 eV of
TiO5 to 2.8 eV of the Ni-based samples. These optical features and the
surface plasmon resonance effect of Pd especially with the optimal
amount (0.3 wt%) allowed to better exploit the visible light portion of
the simulated solar radiation that promoted the thermocatalytic con-
version of CO, and CHy.

The XRD and XPS of the best sample (Ni-0.3 Pd/TiO3) showed the

Table 3
Comparison of the different catalytic approaches using the Ni-Pd0.3/TiO,
sample for the dry reforming reaction.

H, formation (mmol/
Zearoh)

45.6 (500 °C)

CO formation (mmol/
Zearoh)

51.3 (500 °C)

Solar photo-assisted

thermocatalysis* 65.6 (550 °C) 60.2 (550 °C)
82.2 (600 °C) 77.7 (600 °C)
Thermocatalysis 45.4 (500 °C) 41.6 (500 °C)

60.6 (550 °C)
71.2 (600 °C)

55.2 (550 °C)
66.2 (600 °C)

*after 5 h of simulated solar irradiation
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presence of both anatase and rutile crystalline phases, typical of TiO,
P25 (80% anatase, 20% Rutile) (Fig. S7A) [51], whereas the presence of
the metallic co-catalysts (not detectable by XRD due to the very low
amount used) was verified by XPS (Figs. S7B-S7D). Compared to the
literature and to the Ni/TiO, sample, the Ni-0.3 Pd/TiO, showed a shift
respect to the binding energy values of Ti 2p (decrease of 1.5 eV)
associated to the electrons transfers between the Ni-Pd and the surface of
TiOs. This indicates a strong interaction between the TiO and the metal
co-catalysts that also favoured the excitation of the TiO, photoelectrons
[30,69].

Shortly, with this hybrid catalysis, the photogenerated electrons in
the TiO, conduction band can be transferred from TiO, to Ni-Pd active
sites, thus reducing the CO5 to CO which desorption was favoured by the
thermal heating. Meanwhile the adsorbed CH, were oxidized by the h*
of the TiO, to generate CH; and H™ species. The H' can react with the
photoelectrons to generate Ho, or can interact with the CHy to produce
carbonate species that were further transformed into CO [30,70,71]
(reactions a-g)

a) Charge carriers generation: Ni 0.3 Pd-TiOy + A—j, - h" + ¢
b) Protons formation: 3 HoO + 6 ht — 6 H" +3/2 O,

¢) CO formation: COy + 2 H" + 2¢” — CO + Hp0

d) CHy and H' species formation: CH4 + xh™ — CH; +xH"

e) H, formation: 2 H'+ 2e” —»H,

f) Carbonates formation: CH; +xH"+3 Hy0 — CO%‘ + xH,

g) Further CO formation: CO3 + 2 H'+ 2e” - CO + Hy0+ 0%

An evidence of this mechanism was proven by the FTIR (Fig. S8). In
all the samples other to the typical bands of TiO already discussed, it is
present a band at about 1387 cm'! assigned to the symmetric vibration
of carboxylate groups (CO>) arising from the adsorption on the Ni or Ni-
Pd sites of atmospheric CO5 [53]. The spectrum recorded after the solar
photo-assisted thermocatalytic dry reforming on the best sample
(Ni-0.3 Pd/TiO,, navy line Fig. S8) showed the absence of this band,
probably because these carbonate species were rapidly converted into
CO due to the activation of the photocatalytic and thermocatalytic
mechanisms.

Therefore, several synergisms occurred in this reaction that allowed
to increase the formation of syngas. The presence of Ni and Pd was
essential to enrich the solar photo-generated electrons exploiting also
the visible light portion of the simulated solar radiation, the simulta-
neous heating favoured the CO, and the CH4 activation, increasing also
the H' mobility [60], whereas the TiO, generated the photoactive
species (e” and h™). All these effects allowed to decrease the E, of the
reaction compared to the bare thermocatalysis and increased the per-
formance of the best catalyst (Ni-0.3 Pd/TiO,), working at lower tem-
perature (500 °C) instead of these used with the most reported Ni-based
samples (600 °—700 °C) in thermocatalysis [24,25].

4. Conclusions

Different photothermo-catalytic mechanisms were investigated to
valorise the CO». In the first approach the thermo-assisted solar photo-
catalytic CO, reduction using water as reducing agent and noble metals-
free catalysts was explored to produce CO and CHy4. To limit the amount
of a critical material as TiOq, this has been deposited on several zeolites
with the aim to expose the surface-active sites of TiO2 to the simulated
solar radiation. Furthermore, to promote the solar formation a small
amount of copper oxides co-catalysts was added to the TiOp-zeolite
composites. The CupO/TiO-mordenite showed the best results with a
good adsorption of COy on the basic sites of mordenite and with the
further transformation of CO, into carbonates intermediate that fav-
oured the CO and the subsequent CH4 formation. The heating at relative
low temperature for the reaction (120 °C) promoted the protons
mobility essential for the synchronous reaction between them and the
photogenerated electrons efficiently separated with the holes due to the
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action of cuprous oxide co-catalyst.

For the methane dry reforming, due to high endothermicity of the
reaction an opposite approach was investigated, i.e., the solar photo-
assisted thermocatalysis. In this case the optical properties of Ni-Pd
(this latter added in a very small amounts) led to activate the visible
part of the solar radiation that together to the UV part absorbed by the
TiO, allowed to utilize efficiently the solar photons. This optical
contribution was essential to decrease the apparent activation energy of
the reaction compared to the bare thermocatalysis and to obtain more
than the 40% of COy/CHy4 conversion at lower temperature (500 °C)
compared to the temperatures (600-700 °C) usually required for the dry
reforming. Furthermore, with the Ni 2 wt%-Pd 0.3 wt%/TiO catalyst
and this multi catalytic approach the syngas formation was even higher
compared to the thermocatalysis using the same catalyst also at 550 °C
and 600 °C.

The high versatility of the photothermo-catalysis permitted to pro-
pose new solutions to the CO5 use for the production of high-added value
products using not critical catalysts in order to improve the sustain-
ability of the materials/processes investigated. With these hybrid
catalysis integrated processes can be proposed, as for example the con-
version of CO, evolved from air pollutants combustion [13] or the
conversion of CO, into CO and CH4 with the excess of CH4 and the
not-reacted CO2 that could be flowed in another reactor to produce
syngas on the basis of the requests of the industrial chemistry. The proof
of concepts of these latter reactions (the CO5 conversion into CO and
CH4 and the CO; and the CHy4 conversion into CO and Hjy) were exam-
ined in this work with two different photothermo-catalytic mechanisms.

CRediT authorship contribution statement

Roberto Fiorenza: Conceptualization. Roberto Fiorenza, Chiara
Contatino, Vanessa Spano, Maria Teresa Armeli Iapichino, Stefano
Andrea Balsamo: Investigation. Roberto Fiorenza: Writing — original
draft. Roberto Fiorenza: Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability

Data will be made available on request.

Acknowledgments

We thank Prof. Tudela for have inspired our research topics. The PIA.
CE.RI. 2020-2022 Linea 3 of the University of Catania Starting Grant
Project DOBLECO2RE is acknowledged for the support.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.cattod.2023.114251.

References

[1] S. Remiro-Buenamanana, H. Garcia, Photoassisted CO5 conversion to fuels,
ChemCatChem 11 (2019) 342-356, https://doi.org/10.1002/cctc.201801409.

[2] L. Liu, Y. Zhang, H. Huang, Junction engineering for photocatalytic and
photoelectrocatalytic CO, reduction, Sol. Rrl. 5 (2021) 2000430, https://doi.org/
10.1002/s01r.202000430.

[3] Y. Kato, M. Yamamoto, M. Akatsuka, R. Ito, A. Ozawa, Y. Kawaguchi, T. Tanabe,
T. Yoshida, Study on carbon dioxide reduction with water over metal oxide
photocatalysts, Surf. Interface Anal. 51 (2019) 40-45, https://doi.org/10.1002/
sia.6542.

[4]

[5]

[6]

71

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Catalysis Today 423 (2023) 114251

Q. Song, Y. Zhou, J. Hu, C. Zhou, X. Shi, D. Li, D. Jiang, Synergistic effects of
surface Lewis Base/Acid and nitrogen defect in MgAl layered double Oxides/
Carbon nitride heterojunction for efficient photoreduction of carbon dioxide, Appl.
Surf. Sci. 563 (2021), 150369, https://doi.org/10.1016/j.apsusc.2021.150369.

S. Al Jitan, G. Palmisano, C. Garlisi, Synthesis and surface modification of TiOy-
based photocatalysts for the conversion of COz, Catalysts 10 (2020) 227, https://
doi.org/10.3390/catal10020227.

A. Alhebshi, E. Sharaf Aldeen, R.S. Mim, B. Tahir, M. Tahir, Recent advances in
constructing heterojunctions of binary semiconductor photocatalysts for visible
light responsive CO reduction to energy efficient fuels: a review, Int. J. Energy
Res. 46 (2022) 5523-5584, https://doi.org/10.1002/er.7563.

I. Som, M. Roy, Recent development on titania-based nanomaterial for
photocatalytic CO2 reduction: a review, J. Alloy. Compd. 918 (2022), 165533,
https://doi.org/10.1016/j.jallcom.2022.165533.

A. Makdee, P. Kidkhunthod, Y. Poo-arporn, K.C. Chanapattharapol, Enhanced CH4
selectivity for CO, methanation over Ni-TiO; by addition of Zr promoter,

J. Environ. Chem. Eng. 10 (2022), 107710, https://doi.org/10.1016/j.

jece.2022.107710.

S. Chakroborty, N. Nath, S. Soren, A. Barik, K. Kaur, Plasmonic-based TiO2 and
TiO; nanoparticles for photocatalytic CO, to methanol conversion in energy
applications: current status and future prospects, Top. Catal. (2023), https://doi.
org/10.1007/s11244-023-01816-5.

J. Albero, Y. Peng, H. Garcia, Photocatalytic CO, reduction to C2+ products, ACS
Catal. 10 (2020) 5734-5749, https://doi.org/10.1021/acscatal.0c00478.

J. Xiao, C. Chen, S. Chen, H. Liu, T. Peng, Insight into the significantly enhanced
photocatalytic CO; reduction performance of Pt/MnO dual cocatalysts on sea-
urchin-like anatase TiO5 microspheres, Chem. Eng. J. 425 (2021), 131627, https://
doi.org/10.1016/j.cej.2021.131627.

R. Fiorenza, M. Bellardita, S.A. Balsamo, L. Spitaleri, A. Gulino, M. Condorelli,

L. D’Urso, S. Scire, L. Palmisano, A solar photothermocatalytic approach for the
CO3 conversion: Investigation of different synergisms on CoO-CuO/brookite TiOz-
CeO;, catalysts, Chem. Eng. J. 428 (2022), 131249, https://doi.org/10.1016/j.
€ej.2021.131249.

R. Fiorenza, M. Bellardita, S.A. Balsamo, A. Gulino, M. Condorelli, G. Compagnini,
S. Scire, L. Palmisano, A solar photothermo-catalytic combined process for the
VOCs combustion and the subsequent CO valorization using noble metal-free
catalysts, Catal. Today 413- 415 (2023), 113949, https://doi.org/10.1016/j.
cattod.2022.11.010.

T.H. Tan, B. Xie, Y.H. Ng, S.F.B. Abdullah, H.Y.M. Tang, N. Bedford, R.A. Taylor,
K.-F. Aguey-Zinsou, R. Amal, J. Scott, Unlocking the potential of the formate
pathway in the photo-assisted Sabatier reaction, Nat. Catal. 3 (2020) 1034-1043,
https://doi.org/10.1038/541929-020-00544-3.

C. Wang, S. Fang, S. Xie, Y. Zheng, Y.H. Hu, Thermo-photo catalytic CO2
hydrogenation over Ru/TiO3, J. Mater. Chem. A 8 (2020) 7390-7394, https://doi.
org/10.1039/C9TA13275A.

L. Zhang, G. Kong, Y. Meng, J. Tian, L. Zhang, S. Wan, J. Lin, Y. Wang, Direct
Coupling of Thermo- and Photocatalysis for Conversion of CO2-H20 into Fuels,
ChemSusChem 10 (2017) 4709-4714, https://doi.org/10.1002/cssc.201701472.
E. Lewicka, K. Guzik, K. Galos, On the possibilities of critical raw materials
production from the EU’s primary sources, Resources 10 (2021) 50, https://doi.
org/10.3390/resources10050050.

W.K. Fan, M. Tahir, Recent developments in photothermal reactors with
understanding on the role of light/heat for CO, hydrogenation to fuels: a review,
Chem. Eng. J. 427 (2022), 131617, https://doi.org/10.1016/j.cej.2021.131617.
N. Keller, J. Ivanez, J. Highfield, A.M. Ruppert, Photo-/thermal synergies in
heterogeneous catalysis: towards low-temperature (solar-driven) processing for
sustainable energy and chemicals, Appl. Catal. B Environ. 296 (2021), 120320,
https://doi.org/10.1016/j.apcatb.2021.120320.

M. Bellardita, R. Fiorenza, L. D’Urso, L. Spitaleri, A. Gulino, G. Compagnini,

S. Scire, L. Palmisano, Exploring the Photothermo-Catalytic Performance of
Brookite TiO2-CeO, Composites, Catalysts 10 (2020) 765, https://doi.org/
10.3390/catal10070765.

R. Ma, J. Sun, D.H. Li, J.J. Wei, Review of synergistic photo-thermo-catalysis:
mechanisms, materials and applications, Int. J. Hydrog. Energy 45 (2020)
30288-30324, https://doi.org/10.1016/j.ijhydene.2020.08.127.

A. Iglesias-Juez, F. Fresno, J.M. Coronado, J. Highfield, A.M. Ruppert, N. Keller,
Emerging high-prospect applications in photothermal catalysis, Curr. Opin. Green.
Sustain. Chem. 37 (2022), 100652, https://doi.org/10.1016/j.cogsc.2022.100652.
F. Parrino, M. D’Arienzo, S. Mostoni, S. Dire, R. Ceccato, M. Bellardita,

L. Palmisano, Electron and energy transfer mechanisms: the double nature of TiO,
heterogeneous photocatalysis, Top. Curr. Chem. 380 (2022) 2, https://doi.org/
10.1007/541061-021-00358-2.

C. He, S. Wy, L. Wang, J. Zhang, Recent advances in photo-enhanced dry reforming
of methane: a review, J. Photochem. Photobiol. C. Photochem. Rev. 51 (2022),
100468, https://doi.org/10.1016/j.jphotochemrev.2021.100468.

Z. Li, Q. Lin, M. Li, J. Cao, F. Liu, H. Pan, Z. Wang, S. Kawi, Recent advances in
process and catalyst for CO, reforming of methane, Renew. Sustain. Energy Rev.
134 (2020), 110312, https://doi.org/10.1016/j.rser.2020.110312.

M.A. Avila-Lépez, S. Gavrielides, X. Luo, A.E. Ojoajogwu, J.Z.Y. Tan, E. Luévano-
Hipdlito, L.M. Torres-Martinez, M.M. Maroto-Valer, Comparative study of CO3
photoreduction using different conformations of CuO photocatalyst: powder,
coating on mesh and thin film, J. COy Util. 50 (2021) 1-9, https://doi.org/
10.1016/j.jcou.2021.101588.

S.C. Roy, O.K. Varghese, M. Paulose, C.A. Grimes, Toward solar fuels:
photocatalytic conversion of carbon dioxide to hydrocarbons, ACS Nano 4 (2010)
1259-1278, https://doi.org/10.1021/nn9015423.


https://doi.org/10.1016/j.cattod.2023.114251
https://doi.org/10.1002/cctc.201801409
https://doi.org/10.1002/solr.202000430
https://doi.org/10.1002/solr.202000430
https://doi.org/10.1002/sia.6542
https://doi.org/10.1002/sia.6542
https://doi.org/10.1016/j.apsusc.2021.150369
https://doi.org/10.3390/catal10020227
https://doi.org/10.3390/catal10020227
https://doi.org/10.1002/er.7563
https://doi.org/10.1016/j.jallcom.2022.165533
https://doi.org/10.1016/j.jece.2022.107710
https://doi.org/10.1016/j.jece.2022.107710
https://doi.org/10.1007/s11244-023-01816-5
https://doi.org/10.1007/s11244-023-01816-5
https://doi.org/10.1021/acscatal.0c00478
https://doi.org/10.1016/j.cej.2021.131627
https://doi.org/10.1016/j.cej.2021.131627
https://doi.org/10.1016/j.cej.2021.131249
https://doi.org/10.1016/j.cej.2021.131249
https://doi.org/10.1016/j.cattod.2022.11.010
https://doi.org/10.1016/j.cattod.2022.11.010
https://doi.org/10.1038/s41929-020-00544-3
https://doi.org/10.1039/C9TA13275A
https://doi.org/10.1039/C9TA13275A
https://doi.org/10.1002/cssc.201701472
https://doi.org/10.3390/resources10050050
https://doi.org/10.3390/resources10050050
https://doi.org/10.1016/j.cej.2021.131617
https://doi.org/10.1016/j.apcatb.2021.120320
https://doi.org/10.3390/catal10070765
https://doi.org/10.3390/catal10070765
https://doi.org/10.1016/j.ijhydene.2020.08.127
https://doi.org/10.1016/j.cogsc.2022.100652
https://doi.org/10.1007/s41061-021-00358-2
https://doi.org/10.1007/s41061-021-00358-2
https://doi.org/10.1016/j.jphotochemrev.2021.100468
https://doi.org/10.1016/j.rser.2020.110312
https://doi.org/10.1016/j.jcou.2021.101588
https://doi.org/10.1016/j.jcou.2021.101588
https://doi.org/10.1021/nn9015423

R. Fiorenza et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

C.A. Celaya, C. Delesma, S. Torres-Arellano, P.J. Sebastian, J. Muniz,
Understanding CO» conversion into hydrocarbons via a photoreductive process
supported on the CusO(1 0 0), (1 1 0) and (1 1 1) surface facets: a first principles
study, Fuel 306 (2021), https://doi.org/10.1016/j.fuel.2021.121643.

Y. Zheng, L. Zhang, J. Guan, S. Qian, Z. Zhang, C.K. Ngaw, S. Wan, S. Wang, J. Lin,
Y. Wang, Controlled synthesis of Cu’/Cu,0 for efficient photothermal catalytic
conversion of CO, and H20, ACS Sustain. Chem. Eng. 9 (2021) 1754-1761,
https://doi.org/10.1021/acssuschemeng.0c07702.

T. Xie, Z.-Y. Zhang, H.-Y. Zheng, K.-D. Xu, Z. Hu, Y. Lei, Enhanced photothermal
catalytic performance of dry reforming of methane over Ni/mesoporous TiOz
composite catalyst, Chem. Eng. J. 429 (2022), 132507, https://doi.org/10.1016/].
€ej.2021.132507.

B. Han, W. Wei, L. Chang, P. Cheng, Y.H. Hu, Efficient visible light photocatalytic
CO;, reforming of CH4, ACS Catal. 6 (2016) 494-497, https://doi.org/10.1021/
acscatal.5b02653.

M. Mao, Q. Zhang, Y. Yang, Y. Li, H. Huang, Z. Jiang, Q. Hu, X. Zhao, Solar-light-
driven CO; reduction by methane on Pt nanocrystals partially embedded in
mesoporous CeO2 nanorods with high light-to-fuel efficiency, Green. Chem. 20
(2018) 2857-2869, https://doi.org/10.1039/C8GCO1058G.

S. Wy, Y. Li, Q. Zhang, Z. Jiang, Y. Yang, J. Wu, X. Zhao, High light-to-fuel
efficiency and CO; reduction rates achieved on a unique nanocomposite of Co/Co
doped Al;O3 nanosheets with UV-vis-IR irradiation, Energy Environ. Sci. 12
(2019) 2581-2590, https://doi.org/10.1039/COEE01484E.

Y. Cho, S. Shoji, A. Yamaguchi, T. Hoshina, T. Fujita, H. Abe, M. Miyauchi, Visible-
light-driven dry reforming of methane using a semiconductor-supported catalyst,
Chem. Commun. 56 (2020) 4611-4614, https://doi.org/10.1039/D0CC00729C.
M.V.P. Sharma, V. Durgakumari, M. Subrahmanyam, Solar photocatalytic
degradation of isoproturon over TiO2/H-MOR composite systems, J. Hazard.
Mater. 160 (2008) 568-575, https://doi.org/10.1016/j.jhazmat.2008.03.042.

X. Zhang, D. Han, M. Dai, K. Chen, Z. Han, Y. Fan, Y. He, D. Han, L. Niu, Enhanced
photocatalytic degradation of tetracycline by constructing a controllable
Cup0-TiO; heterojunction with specific crystal facets, Catal. Sci. Technol. 11
(2021) 6248-6256, https://doi.org/10.1039/D1CY00761K.

P. Makuta, M. Pacia, W. Macyk, How to correctly determine the band gap energy of
modified semiconductor photocatalysts based on UV-Vis spectra, J. Phys. Chem.
Lett. 9 (2018) 6814-6817, https://doi.org/10.1021/acs.jpclett.8b02892.

R. Fiorenza, S.A. Balsamo, M. Condorelli, L. D’Urso, G. Compagnini, S. Scire, Solar
photocatalytic Hy production over CeOz-based catalysts: Influence of chemical and
structural modifications, Catal. Today 380 (2021) 187-198, https://doi.org/
10.1016/j.cattod.2021.02.003.

M. Dilla, R. Schlogl, J. Strunk, Photocatalytic CO5 reduction under continuous flow
high-purity conditions: quantitative evaluation of CH,4 formation in the steady-
state, ChemCatChem 9 (2017) 696-704, https://doi.org/10.1002/cctc.201601218.
E. Karamian, S. Sharifnia, On the general mechanism of photocatalytic reduction of
CO», J. CO, Util. 16 (2016) 194-203, https://doi.org/10.1016/j.jcou.2016.07.004.
C. Young, T.M. Lim, K. Chiang, J. Scott, R. Amal, Photocatalytic oxidation of
toluene and trichloroethylene in the gas-phase by metallised (Pt, Ag) titanium
dioxide, Appl. Catal. B Environ. 78 (2008) 1-10, https://doi.org/10.1016/j.
apcatb.2007.08.011.

A. Taheri Najafabadi, F. Taghipour, Cobalt precursor role in the photocatalytic
activity of the zeolite-supported TiO-based photocatalysts under visible light: a
promising tool toward zeolite-based core-shell photocatalysis, J. Photochem.
Photobiol. A Chem. 248 (2012) 1-7, https://doi.org/10.1016/j.
jphotochem.2012.07.015.

D. Langhammer, J. Kullgren, L. Osterlund, Photoinduced adsorption and oxidation
of SO, on anatase TiO2 (101), J. Am. Chem. Soc. 142 (2020) 21767-21774,
https://doi.org/10.1021/jacs.0c09683.

A. Taheri Najafabadi, F. Taghipour, Physicochemical impact of zeolites as the
support for photocatalytic hydrogen production using solar-activated TiO»-based
nanoparticles, Energy Convers. Manag. 82 (2014) 106-113, https://doi.org/
10.1016/j.enconman.2014.03.003.

M. Takeuchi, J. Deguchi, M. Hidaka, S. Sakai, K. Woo, P.-P. Choi, J.-K. Park,

M. Anpo, Enhancement of the photocatalytic reactivity of TiO, nano-particles by a
simple mechanical blending with hydrophobic mordenite (MOR) zeolite, Appl.
Catal. B Environ. 89 (2009) 406410, https://doi.org/10.1016/j.
apcatb.2008.12.022.

S. Ali, J. Lee, H. Kim, Y. Hwang, A. Razzaq, J.W. Jung, C.H. Cho, S. Il In, Sustained,
photocatalytic CO, reduction to CHy in a continuous flow reactor by earth-
abundant materials: Reduced titania-CupO Z-scheme heterostructures, Appl. Catal.
B Environ. 279 (2020), https://doi.org/10.1016/j.apcatb.2020.119344,

H. Xie, J. Wang, K. Ithisuphalap, G. Wu, Q. Li, Recent advances in Cu-based
nanocomposite photocatalysts for CO2 conversion to solar fuels, J. Energy Chem.
26 (2017) 1039-1049, https://doi.org/10.1016/j.jechem.2017.10.025.

J. Bian, Z. Zhang, Y. Liu, E. Chen, J. Tang, L. Jing, Strategies and reaction systems
for solar-driven CO2 reduction by water, Carbon Neutrality 1 (2022) 5, https://doi.
org/10.1007/543979-022-00006-8.

X. Huang, M. Ma, M. Li, W. Shen, Regulating the location of framework aluminium
in mordenite for the carbonylation of dimethyl ether, Catal. Sci. Technol. 10 (2020)
7280-7290, https://doi.org/10.1039/D0CY01362E.

M.A. Klunk, S.B. Schropfer, S. Dasgupta, M. Das, N.R. Caetano, A.N. Impiombato,
P.R. Wander, C.A.M. Moraes, Synthesis and characterization of mordenite zeolite

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Catalysis Today 423 (2023) 114251

from metakaolin and rice husk ash as a source of aluminium and silicon, Chem.
Pap. 74 (2020) 2481-2489, https://doi.org/10.1007/s11696-020-01095-4.

R. Fiorenza, M. Bellardita, L. Palmisano, S. Scire, A comparison between
photocatalytic and catalytic oxidation of 2-Propanol over Au/TiO,-CeO,, Catal., J.
Mol. Catal. A Chem. 415 (2016) 56-64, https://doi.org/10.1016/j.
molcata.2016.01.025.

M. Bevilacqua, G. Busca, A study of the localization and accessibility of Brgnsted
and Lewis acid sites of H-mordenite through the FT-IR spectroscopy of adsorbed
branched nitriles, Catal. Commun. 3 (2002) 497-502, https://doi.org/10.1016/
$1566-7367(02)00196-6.

A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces, Wiley, 2003,
https://doi.org/10.1002/0470867981.

N.M. Dimitrijevic, B.K. Vijayan, O.G. Poluektov, T. Rajh, K.A. Gray, H. He,

P. Zapol, Role of water and carbonates in photocatalytic transformation of CO; to
CH4 on titania, J. Am. Chem. Soc. 133 (2011) 3964-3971, https://doi.org/
10.1021/ja108791u.

Y. Bao, C. Huang, L. Chen, Y. Dong Zhang, L. Liang, J. Wen, M. Fu, J. Wu, D. Ye,
Highly efficient Cu/anatase TiO, {001}-nanosheets catalysts for methanol
synthesis from COg, J. Energy Chem. 27 (2018) 381-388, https://doi.org/
10.1016/j.jechem.2017.12.015.

Y. Wang, J. Zhao, T. Wang, Y. Li, X. Li, J. Yin, C. Wang, CO; photoreduction with
H»0 vapor on highly dispersed CeO2/TiO2 catalysts: Surface species and their
reactivity, J. Catal. 337 (2016) 293-302, https://doi.org/10.1016/j.

jcat.2015.12.030.

K. Wang, Z. Bielan, M. Endo-Kimura, M. Janczarek, D. Zhang, D. Kowalski,

A. Zieliniska-Jurek, A. Markowska-Szczupak, B. Ohtani, E. Kowalska, On the
mechanism of photocatalytic reactions on CuyO@TiO core-shell photocatalysts,
J. Mater. Chem. A. 9 (2021) 10135-10145, https://doi.org/10.1039/
DOTA12472A.

R. Yang, L. Yang, T. Tao, F. Ma, M. Xu, Z. Zhang, Contrastive study of structure and
photocatalytic performance with three-dimensionally ordered macroporous
CuO-TiO4 and CuO/TiOy, Appl. Surf. Sci. 288 (2014) 363-368, https://doi.org/
10.1016/j.apsusc.2013.10.033.

R. Fiorenza, M. Bellardita, S. Scire, L. Palmisano, Photocatalytic Hy production
over inverse opal TiO; catalysts, Catal. Today 321- 322 (2019) 113-119, https://
doi.org/10.1016/j.cattod.2017.12.011.

S. Fang, Y.H. Hu, Thermo-photo catalysis: a whole greater than the sum of its parts,
Chem. Soc. Rev. 51 (2022) 3609-3647, https://doi.org/10.1039/D1CS00782C.
S. Poulston, P.M. Parlett, P. Stone, M. Bowker, Surface oxidation and reduction of
CuO and CuyO studied using XPS and XAES, Surf. Interface Anal. 24 (1996)
811-820, https://doi.org/10.1002/(SICI)1096-9918(199611)24:12<811::AID-
SIA191>3.0.CO;2-Z.

C. Aprile, A. Corma, H. Garcia, Enhancement of the photocatalytic activity of TiO2
through spatial structuring and particle size control: from subnanometric to
submillimetric length scale, Phys. Chem. Chem. Phys. 10 (2008) 769-783, https://
doi.org/10.1039/B712168G.

M.S. Rajan, A. John, M. Yoon, J. Thomas, Zeolite Y-supported carbon-doped TiO2
nanocomposites: efficient solar photocatalysts for the purification of medicinal
wastewater, Environ. Sci. Pollut. Res. 30 (2023) 60638-60653, https://doi.org/
10.1007/511356-023-26768-x.

C. Crisafulli, S. Scire, S. Minico, L. Solarino, Ni-Ru bimetallic catalysts for the CO,
reforming of methane, Appl. Catal. A Gen. 225 (2002) 1-9, https://doi.org/
10.1016/50926-860X(01)00585-3.

F. Pan, X. Xiang, Z. Du, E. Sarnello, T. Li, Y. Li, Integrating photocatalysis and
thermocatalysis to enable efficient CO, reforming of methane on Pt supported
CeO, with Zn doping and atomic layer deposited MgO overcoating, Appl. Catal. B
Environ. 260 (2020), 118189, https://doi.org/10.1016/j.apcatbh.2019.118189.

C. Crisafulli, S. Scire, R. Maggiore, S. Minico, S. Galvagno, CO reforming of
methane over Ni-Ru and Ni-Pd bimetallic catalysts, Catal. Lett. 59 (1999) 21-26,
https://doi.org/10.1023/A:1019031412713.

Y.-J. Lin, Y.-H. Chang, W.-D. Yang, B.-S. Tsai, Synthesis and characterization of
ilmenite NiTiO3 and CoTiO3 prepared by a modified Pechini method, J. Non Cryst.
Solids 352 (2006) 789-794, https://doi.org/10.1016/j.jnoncrysol.2006.02.001.
B. Jin, X. Ye, H. Zhong, F. Jin, Light-Driven Hydrogenation of Bicarbonate into
Formate over Nano-Pd/TiO, ACS Sustain. Chem. Eng. 8 (2020) 6798-6805,
https://doi.org/10.1021/acssuschemeng.0c01616.

N.C.T. Martins, J. Angelo, A.V. Girao, T. Trindade, L. Andrade, A. Mendes, N-doped
carbon quantum dots/TiO; composite with improved photocatalytic activity, Appl.
Catal. B Environ. 193 (2016) 67-74, https://doi.org/10.1016/j.
apcatb.2016.04.016.

A.A. Khan, M. Tahir, Well-designed 2D/2D Ti3C2TA/R MXene coupled g-C3N4
heterojunction with in-situ growth of anatase/rutile TiO, nucleates to boost
photocatalytic dry-reforming of methane (DRM) for syngas production under
visible light, Appl. Catal. B Environ. 285 (2021), 119777, https://doi.org/
10.1016/j.apcatb.2020.119777.

M. Tahir, B. Tahir, Z.Y. Zakaria, A. Muhammad, Enhanced photocatalytic carbon
dioxide reforming of methane to fuels over nickel and montmorillonite supported
TiO2 nanocomposite under UV-light using monolith photoreactor, J. Clean. Prod.
213 (2019) 451-461, https://doi.org/10.1016/j.jclepro.2018.12.169.


https://doi.org/10.1016/j.fuel.2021.121643
https://doi.org/10.1021/acssuschemeng.0c07702
https://doi.org/10.1016/j.cej.2021.132507
https://doi.org/10.1016/j.cej.2021.132507
https://doi.org/10.1021/acscatal.5b02653
https://doi.org/10.1021/acscatal.5b02653
https://doi.org/10.1039/C8GC01058G
https://doi.org/10.1039/C9EE01484E
https://doi.org/10.1039/D0CC00729C
https://doi.org/10.1016/j.jhazmat.2008.03.042
https://doi.org/10.1039/D1CY00761K
https://doi.org/10.1021/acs.jpclett.8b02892
https://doi.org/10.1016/j.cattod.2021.02.003
https://doi.org/10.1016/j.cattod.2021.02.003
https://doi.org/10.1002/cctc.201601218
https://doi.org/10.1016/j.jcou.2016.07.004
https://doi.org/10.1016/j.apcatb.2007.08.011
https://doi.org/10.1016/j.apcatb.2007.08.011
https://doi.org/10.1016/j.jphotochem.2012.07.015
https://doi.org/10.1016/j.jphotochem.2012.07.015
https://doi.org/10.1021/jacs.0c09683
https://doi.org/10.1016/j.enconman.2014.03.003
https://doi.org/10.1016/j.enconman.2014.03.003
https://doi.org/10.1016/j.apcatb.2008.12.022
https://doi.org/10.1016/j.apcatb.2008.12.022
https://doi.org/10.1016/j.apcatb.2020.119344
https://doi.org/10.1016/j.jechem.2017.10.025
https://doi.org/10.1007/s43979-022-00006-8
https://doi.org/10.1007/s43979-022-00006-8
https://doi.org/10.1039/D0CY01362E
https://doi.org/10.1007/s11696-020-01095-4
https://doi.org/10.1016/j.molcata.2016.01.025
https://doi.org/10.1016/j.molcata.2016.01.025
https://doi.org/10.1016/S1566-7367(02)00196-6
https://doi.org/10.1016/S1566-7367(02)00196-6
https://doi.org/10.1002/0470867981
https://doi.org/10.1021/ja108791u
https://doi.org/10.1021/ja108791u
https://doi.org/10.1016/j.jechem.2017.12.015
https://doi.org/10.1016/j.jechem.2017.12.015
https://doi.org/10.1016/j.jcat.2015.12.030
https://doi.org/10.1016/j.jcat.2015.12.030
https://doi.org/10.1039/D0TA12472A
https://doi.org/10.1039/D0TA12472A
https://doi.org/10.1016/j.apsusc.2013.10.033
https://doi.org/10.1016/j.apsusc.2013.10.033
https://doi.org/10.1016/j.cattod.2017.12.011
https://doi.org/10.1016/j.cattod.2017.12.011
https://doi.org/10.1039/D1CS00782C
https://doi.org/10.1002/(SICI)1096-9918(199611)24:12<811::AID-SIA191>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1096-9918(199611)24:12<811::AID-SIA191>3.0.CO;2-Z
https://doi.org/10.1039/B712168G
https://doi.org/10.1039/B712168G
https://doi.org/10.1007/s11356-023-26768-x
https://doi.org/10.1007/s11356-023-26768-x
https://doi.org/10.1016/S0926-860X(01)00585-3
https://doi.org/10.1016/S0926-860X(01)00585-3
https://doi.org/10.1016/j.apcatb.2019.118189
https://doi.org/10.1023/A:1019031412713
https://doi.org/10.1016/j.jnoncrysol.2006.02.001
https://doi.org/10.1021/acssuschemeng.0c01616
https://doi.org/10.1016/j.apcatb.2016.04.016
https://doi.org/10.1016/j.apcatb.2016.04.016
https://doi.org/10.1016/j.apcatb.2020.119777
https://doi.org/10.1016/j.apcatb.2020.119777
https://doi.org/10.1016/j.jclepro.2018.12.169

	Photothermo-catalytic strategies for the CO2 valorisation using TiO2-based composites
	1 Introduction
	2 Material and methods
	2.1 Samples preparation
	2.2 Samples characterization
	2.3 Catalytic activity experiments

	3 Results and discussion
	3.1 Themo-assisted solar photocatalytic CO2 reduction: catalytic screening
	3.2 Themo-assisted solar photocatalytic CO2 reduction: effect of the addition of Cu2O co-catalyst
	3.3 CO2 valorisation through the photo-assisted thermocatalytic dry reforming

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


