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A B S T R A C T   

Two different multi catalytic approaches were here investigated to valorise the CO2. The first was the thermo- 
assisted solar photocatalysis applied for the CO2 conversion into CO and CH4, the second was the solar photo- 
assisted thermocatalysis for the CH4 and CO2 conversion into syngas (dry reforming). For the first reaction a 
low content of TiO2 (10 wt%) was deposited on several zeolites to expose the TiO2 surface-active sites to the 
simulated solar radiation. The best sample (0.5 wt% Cu2O/TiO2-mordenite) gave the 65% of CO2 conversion at 
120 ◦C with the formation of 12 μmolCO/gcat⋅h and 4 μmolCH4/gcat⋅h. The Cu2O co-catalyst, favoured the charge 
carriers separation, generated on TiO2, to efficiently convert the CO2 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)/TiO2. The exploitation of the visible part of the solar radiation promoted by the Ni-Pd sites 
led to the decrease of the activation energy (Ea) (the EaCO and the EaH2 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 
CO2/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 CO2.   

1. Introduction 

The increasing of the anthropogenic CO2 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 CO2 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 CO2, it is necessary the presence of 
basic sites on the photocatalyst to favour the CO2 adsorption and to 

promote its subsequent conversion [3,4]. For this reaction the titanium 
dioxide (TiO2, 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 CO2 
adsorption. Indeed, different strategies were applied to increase the 
basicity as the introduction of basic sites and/or micropores on the 
surface of TiO2 or the formation of oxygen vacancies that favour the 
adsorption of CO2 on these vacancies. Also the addition of acid sites can 
be useful to store electrons and to stabilize the species derived from CO2. 
For these reasons several photocatalysts with a combination of acidic 
and basic sites were developed [5,7–9]. 

Furthermore, to enhance the photocatalytic CO2 conversion the 
addition of co-catalysts is fundamental. They can (i) increase the CO2 
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 CO2 

reduction, it is necessary to combine the photocatalytic properties of 
TiO2 with the thermal/redox features of other semiconductors oxide as 
CeO2 [12,13], NiOx/La2O3 [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 CO2 a hard challenge is required: limiting the amount of 
TiO2 ensuring at the same time a good CO2 conversion and the solar fuels 
evolution, which production rate however, did not overcome the order 
of μmol/gcat.⋅h, also with the TiO2-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 → 2H2 + 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 TiO2- 
based materials: zeolite-TiO2 (10% wt) composites with small amount 
(0.5% wt) of CuOx (CuO, Cu2O, and both of them) as co-cocatalysts were 
investigated for the thermo-assisted solar photocatalytic conversion of 
CO2, whereas Ni-Pd/TiO2 samples were tested for the solar photo- 
assisted thermocatalytic dry reforming. 

In particular, it was evaluated the influence of a limited amount of 
TiO2 in the CO2 reduction, and as different zeolites in the NH4

+ form (to 
favour the CO2 adsorption) can affect the thermo-assisted photocatalytic 
performance. CuOx 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 CO2 
reduction [26,27]. On the other hand, the Cu2O 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 CO2 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/TiO2 
[31], Pt/CeO2 [32], Co/Al2O3 [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 

(zeolites for the adsorption of the CO2, TiO2 for its photocatalytic ac
tivity and the different co-catalysts as CuOx, Ni and Pd to improve the 
performance under solar light irradiation) can be a promising way to 
obtain an efficient CO2 valorisation with sustainable and versatile 
catalysts. 

2. Material and methods 

2.1. Samples preparation 

For this work different composites made of zeolite-TiO2 were pre
pared with the aim to utilize a limited amount of TiO2 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, SiO2/Al2O3 molar ratio = 280, BET surface area 420 m2/g); 
Mordenite (MOR) (Ammonium form, CBV 21 A, SiO2/Al2O3 molar 
ratio= 20, BET surface area 500 m2/g); Beta (BEA) (Ammonium form, 
CP814E, SiO2/Al2O3 molar ratio= 75, BET surface area 650 m2/g); Y 
(FAU) (Ammonium form, CBV 712, SiO2/Al2O3 molar ratio= 12, BET 
surface area 600 m2/g); Ferrierite (FER) (Ammonium form, CP 914c, 
SiO2/Al2O3 molar ratio= 20, BET surface area 400 m2/g). 

The composites zeolite-TiO2 (10% wt) were prepared with the solid- 
state dispersion (SSD) method [35]. The zeolite and the TiO2 (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-TiO2 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% Cu2O/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-TiO2 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% Cu2O-0.3 wt% CuO/zeolite-TiO2 sample was prepared 
following the same procedures reported above adding on the as- 
synthetized 0.3 wt% CuO/zeolite-TiO2 powders (using copper nitrate) 
the reagents necessary for the contextual deposition of Cu2O. 

For the dry reforming reaction, the same type of TiO2 P25 was used 
preparing mono and bimetallic Ni-Pd/TiO2 samples. In particular, the Ni 
(2% wt) and different small amounts of Pd (0.1, 0.3 and 0.5 wt%) were 
added to TiO2 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 Eg (optical band-gap) of the 
samples was estimated plotting the modified Kubelka–Munk function vs 
the hν [37]. 

The N2 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 CO2 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 CO2 flow (30 cc/min) was stopped. Then the reactor was heated 
from 30 ◦C to 600 ◦C (rate of 10 ◦C/min). The CO2 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 Kα radiation. The JCPDS Data 
File was used for the peaks assignment. 

2.3. Catalytic activity experiments 

The thermo-assisted CO2 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/cm2, 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 CO2 and H2O vapour were flowed inside 
the photoreactor to guarantee the saturation of the sample surface with 
the reactant gases. The CO2/H2O mixture was fixed, with the mass 
flower controllers (Tylan), at molar ratio of 15, necessary to inhibit the 
water splitting competitive reaction [40]. The CO2 conversion was 
calculated by the GC-TCD measurements with the following equation: 

CO2 conversion : (
Areapeak CO2in− Areapeak CO2out ×

(
Areapeak standard in
Areapeak standard out

)

AreapeakCO2in
) × 100 

This method to calculate the CO2 conversion was in accordance with 
the method of the mass balance ( ± 5%, reproducibility 95%) that 
foresees this equation: 

CO2 conversion : (
Areapeak CO2out

Areapeak products out + Areapeak CO2out
) × 100 

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 CO2 (15%) and CH4 
(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 H2. 

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 CO2 reduction: catalytic 
screening 

In the Fig. 1 is reported the first catalytic screening for the thermo- 
assisted solar photocatalytic CO2 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 CO2 conversion and the solar fuels formation 

(in our experimental condition CO and CH4) compared to the bare TiO2 
(the CO2 conversion increased from the 25% of bare TiO2 to the 32% of 
NCuO/MFI-TiO2, with a slight higher CO and CH4 formation, 1.8 and 
0.13 μmol/gcat⋅h respectively instead of 1.2 and 0.07 μmol/gcat⋅h of bare 
TiO2). These results highlighted as the presence of zeolite favoured the 
dispersion of a limited amount of TiO2 (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 TiO2. Conversely, the use 
of copper sulphate (coded as SCuO) and copper chloride (coded as 

Fig. 1. Thermo-assisted photocatalytic CO2 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. 
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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 TiO2 
surface sites [41–43]. 

The effect of the different zeolites on the CO2 reduction is illustrated 
in the Fig. 1B. Compared to the NCuO/MFI-TiO2, only the FER zeolite 
showed worst performance, whereas the MOR zeolite exhibited the best 
activity (CO2 conversion of 51%, CO formation of 10.4 μmol/gcat⋅h and 
CH4 formation of 2.2 μmol/gcat⋅h). Considering the Fig. 1A and 1B, the 
order of activity was NCuO/MOR-TiO2 > NCuO/FAU-TiO2 > NCuO/ 
BEA-TiO2 > NCuO/MFI-TiO2 > TiO2 > NCuO/FER-TiO2. 

Probably in this case, as reported [44,45], the peculiar interaction 
between the MOR zeolite (surface area of 500 m2/g, SiO2/Al2O3 molar 
ratio of 20) and the TiO2 led to obtain the best results independently to 
the BET surface area and of the SiO2/Al2O3 molar ratio, being the BEA 
zeolite the one with the highest surface area (650 m2/g) and the MFI and 
the FAU those with the highest (280) and the lowest (12) SiO2/Al2O3 
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 TiO2 
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 Cu2O co-catalyst 

In the Fig. 2 is illustrated the catalytic activity of the NCuO/MOR- 
TiO2, Cu2O/MOR-TiO2 and Cu2O-CuO/MOR-TiO2 samples, in order to 
investigate the effect of the addition of the Cu2O on the best zeolite-TiO2 
composite. The Cu2O/MOR-TiO2 led to increase the CO2 conversion 
(from 51% of NCuO/MOR-TiO2 to 65% of Cu2O/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-TiO2 cata
lyst). As reported in the literature, the high negative potential of the 
conduction band of Cu2O (more negative compared to that of CuO) 
facilitated the CO2 reduction with a better charge carriers (e-/h+) sep
aration [13,28,46]. Furthermore, the free electrons that are excited on 
the CB of Cu2O 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 (CO2/CO, − 0.53 V at pH=7) however has a more 
negative potential value compared to the methane formation (CO2/CH4, 
− 0.24 V at pH=7) [47,48]. On the contrary, the contemporaneous 
presence of the CuO (prepared with copper nitrate) and Cu2O 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 TiO2-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 TiO2-mordenite composites due to the addition of the CuOx 
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 TiO2. A wide band at centred at around 

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

Samples SBET (m2 g-1) SBET (m2 g-1) 
bare zeolite 

NCuO/MFI-TiO2  418  420 
NCuO/FAU-TiO2  600  600 
NCuO/BEA-TiO2  647  650 
NCuO/FER-TiO2  400  400 
NCuO/MOR-TiO2  498  500 
Cu2O/MOR-TiO2  497  500 
Cu2O-CuO/MOR-TiO2  496  500  

Fig. 2. Thermo-assisted photocatalytic CO2 reduction at T = 120 ◦C: effect of 
the addition of Cu2O co-catalyst. 

Fig. 3. (A) FTIR spectra of the examined samples. (B) FTIR spectra after the 
thermo-assisted photocatalytic CO2 reduction on Cu2O/MOR-TiO2 and NCuO/ 
MOR-TiO2. 
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1130 cm-1, 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-1 were associated to the silanol end-groups (Si–O–H and 
Si–OH–Al) and aluminium vibrations (AlOH–) of the zeolite. In this 
range of wavenumbers is also presence, in the TiO2-containing samples, 
the band related to stretching of O-H groups of TiO2 (in the bare TiO2 at 
3392 cm-1) [49–51]. The bands of the MOR zeolite in the 400–820 cm-1 

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-1 [50–52]. In all the samples the band at around 1620 cm-1 was 
assigned to the O-H bending, whereas the band at 1400 cm-1, visible in 
the MOR-based samples, was probably associated to the symmetric vi
bration of carboxylate groups (CO2

- ) generated from the interaction of 
the composites with the atmospheric carbon dioxide [53]. Only in the 
NCuO/MOR-TiO2 sample was present another band related to the for
mation of other carbonates at 1460 cm-1 related to the monodentate 
carbonates (asymmetric vibration of COO- groups) [53]. 

On the best samples for the thermo-assisted CO2 reduction (NCuO/ 
MOR-TiO2 and Cu2O/MOR-TiO2) 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 Cu2O after 
the catalytic test another band was present at about 1710 cm-1 reason
ably attributed to the formation of acid carbonates (HOCO2

- ) 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 CO2 
reduction and the methane formation, due to also the improved charge 
carriers separation [13,54]. Indeed, the Cu2O/MOR-TiO2 showed the 
best performance and the highest CH4 formation (Fig. 2). On the con
trary, on the NCuO/MOR-TiO2 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-1 (monodentate car
bonates) not visible in the used sample. 

The CO2 adsorption features of these latter samples were further 
investigated by CO2-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 α, β and γ, 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 (α 
zone) are usually identified with the formation of hydrogen carbonates 

from the reaction between the hydroxyl groups of the metal oxides 
catalysts with the CO2 (linear adsorptive form). The signals in the β and 
the γ zones were associated to the bridge-bonded adsorptive form of CO2 
[55]. In the NCuO/MOR-TiO2 two desorbed peaks were clearly visible at 
64 ◦C (α zone) and at 404 ◦C (β zone). After the test, the as-described 
peaks were slightly shifted at higher temperatures. The α peak was 
more intense whereas the β one was wider probably for a stronger CO2 
adsorption. Furthermore, another feature was present in the γ 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 Cu2O/MOR-TiO2 exhibited a peak in the weak basic 
sites zone (at 80 ◦C, a higher temperature, i.e., strongest CO2 adsorption, 
compared to the α peak of NCuO/MOR-TiO2) and three features in the β 
zone. After the test, the formation of carbonates, in accordance with 
FTIR, influenced the CO2 adsorption on the active sites of the composite 
and the α 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-TiO2. This 
confirmed as these intermediates, generated especially with Cu2O/
MOR-TiO2 catalyst, were determined to drive the CO2 conversion into 
CO and subsequently into methane. 

The optical properties of the samples were examined by UV-DRS 
(Fig. S2). The bare TiO2 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 TiO2 to the Cu2O 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 Cu2O-CuO/MOR-TiO2 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 CO2, thus 
making the action of the Cu2O-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 
CO2 reduction and in the solar fuels formation using noble-metal free 
catalysts and reducing the amount of critical materials as the TiO2. The 
MOR zeolite was the best support to expose the surface-active sites of 
TiO2 to the simulated solar light and the addition of small amount of 
cuprous oxide boosted up the reaction, with an improved CO2 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: Cu2O/MOR-TiO2 + hν →Δ120◦C → h+

+ e-  

(ii) Protons formation: 5H2O + 10 h+ → 10 H+ +5/2 O2  
(iii) CO formation: CO2 + 2 H+ + 2e- → CO + H2O  
(iv) Formation of carbonates on Cu2O/MOR-TiO2: CO2 + H2OHOCO2

- 

+ H+
carbonates  

(v) Methane formation: HOCO2
- + H+

carbonates+ 8 H+ + 8 e-→CH4 
+ 3H2O 

The simultaneous heating allowed to speed up the proton mobility 

Fig. 4. CO2-TPD curves of the analysed catalysts in the 50–600 ◦C temperature 
range. The α, β, and γ zones identify the weak, medium and strong basic sites, 
respectively. 
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essential for the CO2 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 (Cu2O/MOR-TiO2), it was possible to 
enhance the CO2 conversion and therefore the CO and CH4 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 Cu2O/MOR- 
TiO2 sample the two peaks at 932.1 and 952.7 eV (Fig. 5A) were 
consistent with the presence of Cu+ [61]. However, the contempora
neous presence of Cu0 species both in the Cu2O/MOR-TiO2 and Cu2O-
CuO/MOR-TiO2 composites cannot be excluded, being both the XPS 
binding energies and spectral shape equal for Cu0 and Cu+ (as Cu2O) 
[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-TiO2 the peaks at 934.0 and 953.9 eV with a 19.9 eV spin-orbit 
separation, are typical of the Cu2+ states [61] (Fig. 5A). In the Cu2O-
CuO/MOR-TiO2 sample the two Cu 2p peaks are shifted of about 0.6 eV 
at higher binding energy compared to the Cu2O/MOR-TiO2 and this is 
associated to the partial oxidation of copper due to the concomitant 
existence of the Cu2+ species. No relevant changes were detected in 
these bands in the used samples (Fig. 5B). 

The TEM images (Fig. S4) of the Cu2O/MOR-TiO2 sample showed 
some dark regions associated to the deposition of Cu2O-TiO2 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. CO2 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 CO2 as the methane dry reforming. In this case, 
being a very high endothermic reaction [24], to have an appreciable CO2 
and CH4 conversion with the formation of syngas, a solar photo-assisted 
thermocatalysis approach was here explored. On the contrary to the CO2 
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 TiO2 to exploit the photocatalytic features of TiO2, 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 TiO2 present in the samples. As reported 

[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 
H2 evolution. Considering that the stoichiometry of the reaction was 1:1 
for CO2 and CH4 (CO2 + CH4 → 2 H2 + 2 CO), the higher CO formation 
can be due, as reported, to the occurrence of the reverse water-gas shift 
reaction (CO2 + H2→ CO + H2O) [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 TiO2) 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/TiO2 led to increase the CO2/CH4 conversion 
from the 12% of Ni/TiO2 to the 43%, tripling the CO and the H2 for
mation (from 17.1 mmolCO/gcat⋅h and 16.3 mmolH2/gcat⋅h of the 
Ni/TiO2 to 51.3 mmolCO/gcat⋅h and 45.6 mmolH2/gcat⋅h of 
Ni-0.3 Pd/TiO2). 

Table 2 
Thermo-assisted solar photocatalytic CO2 reduction using the CuO2/MOR-TiO2 
sample.   

CO2 

conversion 
(%) 

CO formation 
(µmol/gcat•h) 

CH4 formation 
(µmol/gcat•h) 

Thermo-assisted solar 
photocatalysis* 

65.1 (120 ◦C) 
71.2 (180 ◦C) 
86.2 (240 ◦C) 
97.3 (300 ◦C) 

11.8 (120 ◦C) 
16.5 (180 ◦C) 
24.7 (240 ◦C) 
32.1 (300 ◦C) 

4.2 (120 ◦C) 
5.9 (180 ◦C) 
8.8 (240 ◦C) 
11.4 (300 ◦C) 

*after 5 h of simulated solar irradiation 

Fig. 5. XPS spectra in the Cu 2p region of the copper oxides-based catalysts: (A) 
fresh samples, (B) used samples. 
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On this catalyst (Ni-0.3 Pd/TiO2) it was evaluated the apparent 
activation energy (Ea) 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 Ea both for the CO and the H2 
formation (from 28.7 kJ/mol and 26.5 kJ/mol of the thermocatalytic 
tests for the CO and H2 evolution respectively, to 22.8 kJ/mol for both 
CO and H2 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 CO2 and CH4 whose conversion into CO and H2 was 
facilitated by the optical properties and the interaction of Ni-Pd with the 
TiO2. 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 TiO2 P25 (the same titania used in the CO2 reduction applica
tion) due to the charge transfer from Ni2+ →Ti4+ [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/TiO2 and Ni-0.5 Pd/TiO2 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 TiO2 band with a consequence decrease of the optical band 
gap estimated with the modified Kubelka-Munk function from 3.1 eV of 
TiO2 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 CO2 and CH4. 

The XRD and XPS of the best sample (Ni-0.3 Pd/TiO2) showed the 

presence of both anatase and rutile crystalline phases, typical of TiO2 
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/TiO2 sample, the Ni-0.3 Pd/TiO2 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 
TiO2. This indicates a strong interaction between the TiO2 and the metal 
co-catalysts that also favoured the excitation of the TiO2 photoelectrons 
[30,69]. 

Shortly, with this hybrid catalysis, the photogenerated electrons in 
the TiO2 conduction band can be transferred from TiO2 to Ni-Pd active 
sites, thus reducing the CO2 to CO which desorption was favoured by the 
thermal heating. Meanwhile the adsorbed CH4 were oxidized by the h+

of the TiO2 to generate CHx
⋅- and H+ species. The H+ can react with the 

photoelectrons to generate H2, or can interact with the CHx
⋅- to produce 

carbonate species that were further transformed into CO [30,70,71] 
(reactions a-g)  

a) Charge carriers generation: Ni 0.3 Pd-TiO2 + Δ→hν → h+ + e-  

b) Protons formation: 3 H2O + 6 h+ → 6 H+ +3/2 O2  
c) CO formation: CO2 + 2 H+ + 2e- → CO + H2O  
d) CHx

⋅- and H+ species formation: CH4 + xh+ → CHx
⋅- +xH+

e) H2 formation: 2 H++ 2e- →H2  
f) Carbonates formation: CHx

⋅- +xH++3 H2O → CO3
2- + xH2  

g) Further CO formation: CO3
2- + 2 H++ 2e- → CO + H2O+ O2- 

An evidence of this mechanism was proven by the FTIR (Fig. S8). In 
all the samples other to the typical bands of TiO2 already discussed, it is 
present a band at about 1387 cm-1 assigned to the symmetric vibration 
of carboxylate groups (CO2

- ) arising from the adsorption on the Ni or Ni- 
Pd sites of atmospheric CO2 [53]. The spectrum recorded after the solar 
photo-assisted thermocatalytic dry reforming on the best sample 
(Ni-0.3 Pd/TiO2, 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 CO2 and the CH4 activation, increasing also 
the H+ mobility [60], whereas the TiO2 generated the photoactive 
species (e- and h+). All these effects allowed to decrease the Ea of the 
reaction compared to the bare thermocatalysis and increased the per
formance of the best catalyst (Ni-0.3 Pd/TiO2), 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 CO2. In the first approach the thermo-assisted solar photo
catalytic CO2 reduction using water as reducing agent and noble metals- 
free catalysts was explored to produce CO and CH4. To limit the amount 
of a critical material as TiO2, 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 TiO2-zeolite 
composites. The Cu2O/TiO2-mordenite showed the best results with a 
good adsorption of CO2 on the basic sites of mordenite and with the 
further transformation of CO2 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 

Fig. 6. Solar photo-assisted thermocatalytic dry reforming at T = 500 ◦C for 
the examined catalysts. The time of irradiation was 5 h. 

Table 3 
Comparison of the different catalytic approaches using the Ni-Pd0.3/TiO2 
sample for the dry reforming reaction.   

CO formation (mmol/ 
gcat•h) 

H2 formation (mmol/ 
gcat•h) 

Solar photo-assisted 
thermocatalysis* 

51.3 (500 ◦C) 
65.6 (550 ◦C) 
82.2 (600 ◦C) 

45.6 (500 ◦C) 
60.2 (550 ◦C) 
77.7 (600 ◦C) 

Thermocatalysis 45.4 (500 ◦C) 
60.6 (550 ◦C) 
71.2 (600 ◦C) 

41.6 (500 ◦C) 
55.2 (550 ◦C) 
66.2 (600 ◦C) 

*after 5 h of simulated solar irradiation 
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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 
TiO2 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 CO2/CH4 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%/TiO2 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 CO2 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 CO2 evolved from air pollutants combustion [13] or the 
conversion of CO2 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 CO2 conversion into CO and 
CH4 and the CO2 and the CH4 conversion into CO and H2) were exam
ined in this work with two different photothermo-catalytic mechanisms. 
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