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A B S T R A C T   

One of the strategies to mitigate the greenhouse effect is converting the CO2 into high-added value products. In 
this work, a photothermo-catalytic approach, using peculiar Ni-phyllosilicates samples, was applied for the CO2 
conversion into solar fuels. In particular, the Ni-phyllosilicates were modified with the introduction of the Ce ions 
in their structure and successively they were covered with the CeO2 semiconductor. The structural, morpho-
logical, textural, optical and reducibility properties as well as the interaction with CO2 were investigated. The Ni/ 
Ce-phyllosilicate covered with CeO2 achieved a CO2 conversion of 87% after 5 hours of photothermo-catalytic 
test using simulated solar irradiation at 120◦C, producing 15.8 μmol/gcat•h of CO and 5.6 μmol/gcat•h of CH4. 
The same sample was tested in an integrated approach where the CO2 was evolved by the catalytic oxidation of 
toluene and then was converted into CO and CH4, obtaining a CO2 conversion of 50% and 8.8 μmolCO/gcat•h and 
3.3 μmolCH4/gcat•h. The presence of Ni in the phyllosilicates structure guaranteed a good catalytic stability 
whereas the deposition of CeO2 allowed to exploit the improved thermal (redox) properties of cerium oxide and 
favoured the CO2 adsorption on its basic sites and oxygen vacancies. Furthermore, the high surface area of the as- 
synthetized Ni-phyllosilicates permitted to efficiently expose the CeO2 surface-active sites to the solar radiation. 
The here investigated catalysts showed versatile properties ideal for hybrid catalytic approaches as the 
photothermo-catalysis, allowing to propose new solutions for the CO2 valorization.   

1. Introduction 

Nowadays, the increase of the greenhouse effect and the necessity to 
favour the decarbonization of the processes make the technologies of the 
CO2 valorisation, as the Carbon Capture and Storage (CCS) and the 
Carbon Capture and Utilization (CCU), valuable and sustainable solu-
tions for the mitigation of the carbon dioxide emission. CCU make also 
possible to obtain high-added value products from this gas [1]. In this 
context, the solar photocatalytic CO2 conversion into solar fuels is one of 
the most fascinating process that mimics the natural photosynthesis, 
giving chemicals (CO, CH4, CH3OH, etc.), that could be used by the 
industries with a zero-carbon balance, thus increasing the overall sus-
tainability [2]. 

Unfortunately CO2 is a very stable molecule with strong bonds 

between carbon and oxygen, consequently, considerable energy is 
required for its conversion [3]. Therefore, the thermocatalytic CO2 
conversion is an energy-consuming process (it requires temperatures 
higher than 200◦C) with a poor stability of the employed catalysts [4]. 
Conversely, the bare solar photocatalytic CO2 reduction, using the most 
common semiconductors as the TiO2-based materials, suffers of two 
main drawbacks as an inefficient solar light absorption and a high 
charge carriers recombination that strongly limits the yields into solar 
fuels [5]. 

Recently, a hybrid catalysis, as the photothermo-catalysis, has 
emerged as promising solution that favoured the CO2 conversion into 
solar fuels working at lower temperatures compared to the thermoca-
talytic approach, and obtaining, at the same time, higher performance 
respect to both the solar photocatalysis and the thermocatalysis [6]. 
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Moreover, the high versatility of this methodology allows to use cata-
lysts able to absorb visible and infrared photons with a more efficient 
harvesting of the solar spectrum. In addition, with proper materials, it is 
possible to exploit the increase of the global/local temperature of the 
catalyst surface during the reaction, in order to overcome the equilib-
rium limit of the thermocatalytic reaction, further improving, in this 
way, the CO2 conversion [7,8]. 

For this purpose, the proper catalysts should exhibit both photo-
catalytic and thermocatalytic (redox) features. In recent works, we 
demonstrated that the TiO2-CeO2 composites with the addition of small 
amounts of co-catalysts (CoO-CuO) can efficiently promote the 
photothermo-catalytic CO2 conversion into CO and CH4 at relative low 
temperature (120◦C), with higher performance compared to the corre-
sponding photocatalytic and thermocatalytic approaches [9]. The per-
formance was enhanced, especially in terms of CH4 formation, if the 
TiO2 was properly supported on porous materials as some basic zeolites, 
that favoured the adsorption of CO2 on their sites, whereas the CO2 
conversion was boosted up by the photothermo-catalytic properties of 
cuprous oxide added as co-catalyst [10]. 

However, since 2020 the Ti metal entered in the EU critical raw 
material list, and this was also confirmed in the 2023 updated list [11]. 
Therefore, the choice of proper catalysts is a key parameter to propose 
new and sustainable alternatives to the most employed materials [12]. 

On the basis of these considerations, in this work the performance of 
peculiar phyllosilicates (ps) modified with Ni and Ce ions and coated 
with CeO2 (ceria) were examined. The phyllosilicates are green mate-
rials widely used in catalysis [13–15] and recently also in photocatalysis 
[16]. Their structure consists of continuous tetrahedral and octahedral 
sheets [15] and their textural properties combined with the possibility to 
incorporate different ions make them an ideal support and/or catalyst 
for different applications. 

In particular, we have synthetized Ni-ps considering the good cata-
lytic properties of Ni, that is widely used in the reforming reactions at 
high temperatures, and for its very strong interaction with silica that led 
to an excellent stability and carbon resistance [15,17]. Furthermore, 
Ni-based catalysts are widely used in CO2 reduction reactions thanks to 
peculiar features of this metal resembling those of more expensive noble 
metals [18,19]. Likewise, Ni-based materials are employed also in 
photocatalysis due to their interesting optical properties, as the signifi-
cant visible light absorption in the UV–vis region and the surface plas-
mon resonance effect [20,21]. 

The addition of Ce ions into the ps structure and the following 
coating with cerium oxide allowed to exploit the redox properties of the 
Ce ions and to further promote the CO2 adsorption on the ceria basic 
sites [9]. Besides, CeO2 is a semiconductor that showed both photo-
catalytic and photothermo-catalytic properties [9,22]. Recently, Cheng 
et al. [23] have demonstrated as it is possible to favour selectively the 
photocatalytic reduction of CO2 to CH4, by anchoring single atomic Co 
on the S-scheme heterojunctions made by CeO2/carbon nitride, high-
lighting the possibility of strongly increasing the performance of CeO2 
by opportune chemical and/or structural modifications. 

The performance of the best examined ps-based catalyst was also 
tested in an integrated approach where the CO2 was evolved by the 
thermocatalytic oxidation of toluene (a model volatile organic com-
pound, VOC) in gas-phase and subsequently, this CO2 was converted 
into solar fuels. Indeed, recently the integrated CO2 capture and/or 
conversion (ICC) gained considerable attention due to the direct possi-
bility to obtain high-added value products from pollutants or from waste 
through the conversion of the formed CO2 [24,25]. 

2. Materials and methods 

2.1. Catalyst preparation 

Ni(NO3)2⋅6H2O, Mg(NO3)2⋅6H2O, Ce(NO3)3⋅6H2O, NaOH, 
Na2SiO3⋅5H2O, Cu(NO3)•5/2H2O, KOH were used as-purchased from 

Merck. 

2.1.1. Preparation of phyllosilicates with Ni and Ce ions: Ni/Ce-ps 
A modified hydrothermal method was used for the synthesis of the ps 

[26]. Specifically, 1.4 g of cerium nitrate hexahydrate and 0.6 g of nickel 
nitrate hexahydrate were added to 24 mL of deionized water and solu-
bilized. Successively 1.3 g of sodium metasilicate pentahydrate was 
added to 11 mL of deionized water, adding this latter solution to the 
previous one. The obtained solution was stirred for 30 minutes at room 
temperature. After, 3.2 g of NaOH was added to the solution and stirred 
for other 20 minutes. Afterwards, the solution was transferred to an 
autoclave, heated at 160◦C for 48 hours. The obtained precipitate was 
centrifuged and washed twice with water and ethanol (50:50). The 
powders were therefore filtered, dried for 12 hours at 60◦C and calci-
nated at 600◦C for 2 hours. This catalyst was coded as Ni/Ce-ps. 

2.1.2. Preparation of phyllosilicates with Ni and Ce coated with CeO2: Ni/ 
Ce-ps@CeO2 

The coating of CeO2 on the as-prepared Ni/Ce-ps was made by 
chemical precipitation [27]. In particular, 500 mg of Ni/Ce-ps (uncal-
cined) and 825 mg of cerium nitrate hexahydrate were added to 100 mL 
of water. The solution was stirred at 70◦C for 3 hours, adding dropwise a 
solution of KOH 1 M until pH=9 was reached. The solution was left to 
decant overnight and then was filtered. The solid catalyst was dried at 
60 ◦C for 12 hours and calcined at 600 ◦C for 2 hours. This catalyst was 
named Ni/Ce-ps@CeO2. The bare CeO2 used for the catalytic compari-
son was synthetized with the same chemical precipitation approach, 
following the procedures reported in the ref. [27]. 

2.1.3. Preparation of phyllosilicates with Ni and Ce coated with CuO: Ni/ 
Ce-ps@CuO 

Another modified Ni phyllosicate sample was prepared replacing the 
coating of CeO2 with the CuO. The synthesis was the same reported 
above substituting the cerium nitrate hexahydrate with copper nitrate 
hemipentahydrate and adopting the same thermal treatments. This 
catalyst was coded as Ni/Ce-ps@CuO. 

2.1.4. Preparation of phyllosilicate with Ni: Ni-ps 
For comparison, the Ni-ps was prepared using the same procedures of 

the Ni/Ce-ps substituting the cerium nitrate hexahydrate with the 
magnesium nitrate hexahydrate. 

2.2. Samples characterization 

The Raman spectroscopy was performed using the second harmonic 
(532 nm) of an Nd:YAG laser in the backscattering mode with a Witec 
Alpha 300 RS instrument. For all the examined materials, the power of 
the exciting laser was 5 mW and the acquisition time and accumulation 
number were fixed respectively at 10 seconds and 10 spectra. 

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker 
D5005 diffractometer equipped with a Cu-Kα radiation (λ = 1.5418 Å) 
and a graphite monochromator on the diffracted beam. The XRD data 
were generally collected in the 2θ range of 10◦–80◦ with a scanning step 
size of 0.02◦ and 0.5 s. 

The FTIR spectra were performed with a Spectrum Two System 
(Perkin Elmer), using KBr powders as reference. 

The SEM images were obtained with a ZEISS SUPRA 55 VP equipped 
with an energy dispersive X-ray (EDX) INCA-Oxford windowless 
detector. 

The textural properties of the powders were measured by Brunauer- 
Emmett-Teller (BET) with the physisorption of N2 at − 196 ◦C using a 
Micromeritics Tristar II Plus 3020, pre-treating the samples at 150 ◦C 
overnight. 

The UV–vis DRS (Diffuse Reflectance Spectroscopy) spectra were 
acquired with a JASCO V-670. The optical band-gap of the samples (Eg) 
was evaluated graphing the modified Kubelka–Munk function vs the hν 
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[28]. It is important to note that the application of this method to 
composite materials can lead to an inaccurate estimation of the 
band-gap values. Indeed, as reported [28,29], the reflectance spectra of 
these samples are more complex compared to bare semiconductor oxides 
with homogenous crystalline phase. Therefore, it is not easy to 
discriminate the transition modes and to extrapolate the Eg values. 

The CO2-TPD (Temperature Programmed Desorption) measurements 
were performed in a fixed bed quartz reactor filled with 150 mg of 
sample. After the adsorption and the surface saturation process, the CO2 
flow (30 cc/min) was stopped. Afterwards the reactor was heated from 
30◦C to 600◦C (rate of 5 ◦C/min). The CO2 desorption peaks were 
recorded with a mass spectrometer (Sensorlab VG Quadrupoles). Before 
the measurements the powders were pre-treated with a He flow (30 cc/ 
min) for 1 h at 150◦C. 

Hydrogen Temperature Programmed Reduction (H2-TPR) measure-
ments were carried out with the Automated Catalyst Characterization 
System AutoChem 2950HP (Micromeritics) equipped with a thermal 
conductivity detector (TCD). About 0.120 g of a sample was used for 
each measurement. The samples were pre-treated with a mixture of 5 vol 
% O2 in He at 50 cc/min, heated up (10 ◦C/min) to 400 ◦C, and held at 
this temperature for 30 min. After cooling down to room temperature, 
the gas mixture of 5 vol% H2 in Ar was introduced at 30 cc/min into the 
sample tube and was also used as a reference gas. During the analysis, 
the temperature was increased up to 1000 ◦C with a rate of 10 ◦C/min. 
The effluent gas was analysed with the TCD. 

The X-ray photoelectron spectroscopy (XPS) analyses were carried 
out with a VG Microtech ESCA 3000 Multilab (VG Scientific, Sussex, 
UK), equipped with a dual Mg/Al anode. Unmonochromatized Al K ra-
diation was used as an excitation source (1486.6 eV). All the binding 
energies were referred to the C 1 s energy, previously calibrated at 
285.1 eV, arising from adventitious carbon. Qualitative and quantitative 
analyses of the peaks were performed using CasaXPS software (version 
2.3.17, Casa Software Ltd. Wilmslow, Cheshire, UK, 2009). A precision 
of ± 0.15 eV on the binding energy values and of ± 10%. on the atomic 
percentages was considered. 

2.3. Photothermo-catalytic conversion of CO2 

The catalytic tests were performed with a cylindrical batch Pyrex 
reactor, filled with 0.2 g of catalyst, irradiating for 5 h with a solar lamp 
(Osram Ultra Vitalux 300 W, irradiance of 10.7 mW/cm2) and heating 
with an isomantle heater settled at 120◦C. A mixture of CO2 and H2O 
vapour was flowed in the photoreactor to achieve the saturation of the 
catalyst surface with the reagent molecules. The water vapour produced 
from a bubbler was mixed with CO2 (99.999%) [9]. With a mass flow 
controller, the CO2/H2O mixture was regulated in order to have a molar 
ratio of 15, necessary to favour the CO2 reduction rather than the 
competitive water splitting reaction [30]. 

The reaction products were examined with the Agilent 6890 N gas 
chromatograph (HP-PLOT Q column, TCD detector) calibrated for the 
detection of methane and carbon monoxide, and with the Trace GC in-
strument (Porapak Q column, FID detector) used to detect the possible 
formation of other organic compounds. Before the tests the samples 
were reduced in a hydrogen atmosphere (10 cc/min) for 2 h at 600◦C 
and the samples surface pre-cleaned from possible carbonaceous resi-
dues following the procedures reported in the supporting information. 
The CO2 conversion values were determined with the following 
equation: 

CO2conversion :

⎛

⎜
⎜
⎝

Areapeak CO2in− Areapeak CO2out ×

(
Areapeak standard in
Areapeak standard out

)

AreapeakCO2in

⎞

⎟
⎟
⎠× 100 

Furthermore, also the mass balance method was applied, considering 
the following equation: 

CO2conversion :

(
Areapeak CO2out

Areapeak products out + Areapeak CO2out

)

× 100 

The two methods were in accordance each other (±5%, reproduc-
ibility 95%). 

2.4. Photothermo-catalytic integrated CO2 conversion (ICC) 

The used experimental set-up for the ICC tests is illustrated in the 
supporting information (Fig. S1). In particular, the catalytic oxidation of 
toluene was carried out in a heated flow reactor. The reaction was 
performed continuously at atmospheric pressure using 150 mg of 5%wt 
MnOx-5%wt CuOx/TiO2 sample chosen as the best catalyst, in our 
experimental conditions, to favour the total oxidation of toluene into 
CO2 [31]. The details of the preparation of this catalyst are reported in 
the supporting information. The reactor was heated with a program-
mable oven with a heating ramp of 5 ◦C/min from 30◦C to 370◦C, 
temperature at which the total combustion of toluene was verified 
(Figs. S2). Before the tests, the reactant mixture (0.4 vol% VOCs; 10 vol 
% air, rest He) was adsorbed–desorbed over the catalyst for 30 min to 
assure the steady-state. With this procedure, conversion and selectivity 
were within 3–5% of reproducibility. Preliminary runs performed at 
different flow rates demonstrated the absence of external diffusional 
limitations. The absence of internal diffusional limitations was instead 
assured by running experiments with different grain size powders. We 
excluded the occurrence of heat transfer limitations because we found 
that the temperature of the reactor at different heights was substantively 
the same, reasonably due to the low concentration of the reactants used 
in the catalytic tests. The flow rate of the reactant mixture was 60 
cc/min. The effluent gases were examined on-line by a gas chromato-
graph, equipped with a packed column with 10% FFAP on Chromo-
sorbW and FID detector, and by a quadrupole mass spectrometer (VG 
quadrupoles). The carbon balance was always higher than 95%. The 
evolved CO2 was flowed in the cylindrical Pyrex batch photoreactor 
described in the paragraph 2.3 adopting the same experimental 
procedures. 

3. Results and discussion 

3.1. Photothermo-catalytic conversion of CO2 into solar fuels: screening 
of the synthesized phyllosilicates 

In the Fig. 1 are reported the data obtained from the phothermo- 
catalytic conversion of CO2 into CO and CH4 (the only products ob-
tained in our experimental conditions) using pure CO2. It is clear that the 
addition of Ce ions in the structure of Ni-ps strongly improved the 
photothermo-catalytic activity with the CO2 conversion that increased 
from 4% of Ni-ps to 77% of Ni/Ce-ps. A further improvement was 
verified with the coating of CeO2, indeed the Ni/Ce-ps@CeO2 sample 
reached the 87% of CO2 conversion, enhancing of 16 times the pro-
duction of CO and CH4 compared to the bare Ni-ps. As reported, the 
presence of cerium oxide allowed to exploit its photocatalytic and 
photothermo-catalytic properties, also favouring the CO2 adsorption on 
its basic sites [9,25,32,33]. Furthermore, the presence of Ce ions in the 
structure of the ps can additionally promote the adsorption of carbon 
dioxide due to the possible formation of oxygen vacancies, preferential 
sites where the CO2 was adsorbed [34,35]. 

In accordance with the literature, on the CeO2-based (photo)catalysts 
CO was the most common solar fuel formed from the CO2 conversion in 
the gas-phase [9,32]. Indeed, although the evolution of methane is 
thermodynamically favoured (CO2+ 8 H++ 8e- → CH4+ 2 H2O E0=

− 0.24 V at pH=7) compared to the formation of CO (CO2+ 2 H++ 2e- → 
CO+ H2O E0= − 0.53 V at pH=7), kinetically the CH4 formation is more 
difficult than that of CO, requiring the synchronous reaction among the 
CO2, 8 photoelectrons and 8 protons whereas CO evolution involves only 
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2 electrons and 2 protons [32]. 
It is important to highlight that to efficiently activate the phothermo- 

catalytic features of cerium oxide it was necessary its deposition on Ni/ 
Ce-ps. In fact, the photothermo-catalytic activity of the bare CeO2 was 
much lower respect to the Ni/Ce-ps@CeO2 sample (Fig. 1). The peculiar 
structure of the ps allowed to better expose the CeO2 surface-active sites 
to the simulated solar irradiation and to the heating [10], whereas the 
presence of the Ni and the Ce ions in the structure of ps efficiently 
activated the CO2 allowing to increase the overall performance of the 
catalyst. 

Conversely, the coating with CuO was less efficient compared to the 
Ni/Ce-ps@CeO2, reasonably due both to the tendence of CuO to favour 
photocorrosion phenomena and to its rapid charge carriers recombina-
tion [10,36]. For these reasons the Ni/Ce-ps@CeO2 was chosen as best 
sample to investigate the photothermo-catalytic methodology and for 
the ICC test. 

On the basis of the definitions of Ma et al. [6] the 
photothermo-catalytic approach here used can be better identified in a 
photo-assisted thermocatalysis (activity of photocatalysis near to zero, 
activity of the combined approach higher than the bare thermocatalysis) 
or in a photo-driven thermocatalysis (activity of photocatalysis near to 
zero, activity of the combined approach with self-heating effects due to 
the properties of the catalysts, greater or equal than the thermocatal-
ysis). In our experimental conditions the activity of the Ni/Ce-ps@CeO2 
in the bare solar photocatalytic tests at room temperature was very low 
(Table 1). The heating was necessary to activate the CO2 and to promote 
the desorption of the solar fuels. However, it was possible to exclude 
photo-driven thermocatalytic effects, whose conditions required an in-
crease of the local temperature of the catalyst surface to favour the re-
action, because the surface temperature of the Ni/Ce-ps@CeO2 
measured by an infrared thermo-camera remained substantially the 
same before and after the photothermo-catalytic CO2 conversion at 
120◦C (Fig. S3). This points to as the combined action of the heating and 
the simulated solar light was fundamental to increase the CO2 conver-
sion through a photo-assisted thermocatalytic mechanism that allowed 
to use milder conditions (120◦C) with respect to the bare thermocata-
lytic tests. Indeed, with the same catalyst no activity was detected in the 
bare thermocatalytic tests (in the dark) at temperatures lower than 
300◦C, whereas the activity in the bare solar photocatalysis (without 
heating) was much lower compared to the photo-assisted thermocata-
lytic measurements (Table 1). 

Finally, it is possible to note a decrease in the activity of the catalyst 
in the solar photo-assisted thermocatalysis increasing the reaction 
temperature, this is probably associated with the sintering of the Ni and/ 
or of the CeO2 particles [9,17,22]. 

3.2. Integrated CO2 conversion obtained from the catalytic oxidation of 
toluene: ICC test 

The photothermo-catalytic activity of the Ni/Ce-ps@CeO2 catalyst 

was also tested in an integrated test where the CO2 was produced by the 
catalytic oxidation of toluene (see the experimental section and the 
supporting information for the details). 

In this case, the Ni/Ce-ps@CeO2 exhibited lower activity both in 
terms of μmol/gcath of products and CO2 conversion (%) compared to 
the results of the test with pure CO2 (see Figs. 1 and 2). Reasonably, the 
CO2 coming from the catalytic oxidation of toluene contains, also in 
traces, not-converted toluene or other byproducts gases which can 
substantially affect the catalytic activity [25]. Moreover, Fig. 2 shows 
that the activity of the Ni/Ce-ps@CeO2 catalyst decreases over time 
(10% of the CO2 conversion was lost along 40 hours of time-on stream). 
It is known that the reduction in H2 flow of the Ni-ps-based samples was 
a key pre-treatment step to activate them in the CO2 reduction reaction 
[37]. Reasonably, during the continuous and simultaneous irradiation 
and heating, the Ni tend to sinter [38,39] and to re-oxidise (as verified 
by XPS commented in the Section 3.4), leading to a decrease of the 
interaction between the CeO2 and the Ni/Ce-ps. However, the obtained 
results seem promising being similar of those obtained with TiO2-CeO2 
based samples (using the same experimental set-up, with a CO2 con-
version of 52% after 5 h of integrated CO2 conversion test) [25]. 

3.3. Samples characterizations: structural, textural, morphological and 
optical properties 

The structural properties of Ni-ps, Ni/Ce-ps and Ni/Ce-ps@CeO2 
were investigated by Raman spectroscopy (Fig. 3). The presence of CeO2 
(fluorite type phase) was confirmed by the main Raman band at around 
463 cm− 1 present in the Ni/Ce-ps and Ni/Ce-ps@CeO2 samples [40]. 
This latter phyllosilicate, due to the coating with cerium oxide, showed 
another band at 561 cm− 1 related to the presence of oxygen vacancies 
[41]. At these species, formed due to the presence of Ce3+ ions, are 
assigned also the bands at 226 and 632 cm− 1 also showed in the 
Ni/Ce-ps sample [42]. Furthermore, the Ni/Ce-ps catalyst exhibited a 
band at 968 cm− 1 probably due to the second-order longitudinal optical 
mode of ceria [43]. Finally, the broad bands centred at 866, 1005, 1055, 
and 1076 cm− 1 were typical of phyllosilicates, arising from the sym-
metric stretching vibration of Si–Onb bonds (Onb= non-bridging oxygen 
with another Si) in the (SixOy)z units [44]. In the Ni-ps sample another 
broad band centred at around 522 cm− 1, visible also in the Ni/Ce-ps 
sample, can be attributed, considering the adopted synthesis [26], to 
Na-rich montmorillonite-based structures [44,45]. No bands were 
directly related to the Ni, this is an indication of the incorporation of the 
metal in the structure of the phyllosilicates [46]. 

Similar conclusions can be drawn by the XRD spectra (Fig. S4). In the 
Ni/Ce-ps and Ni/Ce-ps@CeO2 patterns are clear the diffraction peaks 
related to CeO2 at 2ϴ = 28.4◦,33.1◦, 47.5◦, 56.1◦, 76.7◦ and 79.1◦, 

Table 1 
Comparison of the different catalytic approaches using the Ni/Ce-ps@CeO2 
sample in the CO2 reduction.   

CO2 

conversion 
(%) 

CO formation 
(µmol/gcat•h) 

CH4 formation 
(µmol/gcat•h) 

Solar photo-assisted 
thermocatalysis* 

86.9 (120◦C) 
74.3 (220◦C) 
67.6 (320◦C) 

15.8 (120◦C) 
13.5 (220◦C) 
12.3 (320◦C) 

5.6 (120◦C) 
4.8 (220◦C) 
3.5 (320◦C) 

Thermocatalysis no activity 
(120◦C) 
no activity 
(220◦C) 
15.6 (320◦C) 

/ (120◦C) 
/ (220◦C) 
2.8 (320◦C) 

/ (120◦C) 
/ (220◦C) 
1.0 (320◦C) 

Solar photocatalysis* 5.2 (r. T.) 0.9 (r.T.) 0.3 (r.T.)  

* After 5 h of simulated solar irradiation 
Fig. 1. Photothermo-catalytic CO2 reduction at T = 120 ◦C after 5 h of simu-
lated solar irradiation. 
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accordingly to the ICSD reference. In the Ni/Ce-ps@CeO2 another peak 
at about 2ϴ = 31.4◦ can be assigned to the Ni-based phyllosilicates 
structure [47], whereas the small feature at about 2ϴ = 43.4◦ can be 
associated to the presence of Ni (as NiO). The XRD pattern of Ni/ps 
showed many diffraction peaks reasonably related to the presence of 
Na-based silicates and Na-rich montmorillonite-based structures [48], in 
accordance with the Raman spectra. Probably, the addition of Ce ions 
and the successive covering of CeO2 allowed to remove the excess of Na 
from the structure of the ps, with the CeO2 formed both inside the bulk 
than on the surface of ps [26]. Indeed, from the SEM-EDX analysis 
(Figs. S5, Table S1) of the Ni/Ce-ps@CeO2 sample was not detected the 
presence of Na (EDX analysis of the other samples Figs. S6-S7, 
Table S2-S3). Furthermore, the sample showed the typical morphology 
of the montmorillonite-based phyllosilicates (Fig. S5) [49]. Finally, the 
presence of the phyllosilicates structure was further verified by FT-IR 
(Fig. S8). All the samples showed a broad band centred at about 
922 cm− 1 associated to the Si-O-Si bonds, whereas the broad bands at 
lower wavenumbers (< 600 cm− 1) were related to the 
metal-oxygen-metal vibrational modes (metal=Ce, Ni [50]). The Ni-ps 
showed another band at around 1451 cm− 1 reasonably assigned to 
O-C-O stretching vibration due the formation of Na-based carbonates 
generated from the excess of Na that interacted with the atmospheric 
carbon dioxide [51]. 

No substantial variation was observed in the optical band gap mea-
surements (Table 2) estimated by the UV–vis DRS spectra (Fig. S9A) and 

the modified Kubelka-Munk function (Fig. S9B). The incorporation of 
the Ce ions and the following coating with cerium oxide allowed only to 
slightly decrease the optical band gap value of Ni-ps, with the Ni/Ce- 
ps@CeO2 sample that showed a wider feature in the visible region 
compared to the other samples, associated to the covering of CeO2 
(Fig. S9A) [52,53]. 

The textural properties of the examined ps-based samples are re-
ported in the Table 2 and in Fig. 4. In accordance with Raman and XRD 
analysis there were significant differences among the three phyllosili-
cates. In particular, the Ni-ps showed the lowest BET surface area with a 
type III isotherm and a H3 hysteresis loop, usually associated to aggre-
gate or plate-like particles with slit-shaped pores [54]. The same sample 
exhibited the largest mean pore diameter and pore volume (Table 2, 
Fig. 4B). Probably, the agglomeration of the particles was favoured in 
this catalyst due to excess of sodium and the presence of several 
Na-based silicates structures (as detected by XRD and Raman). 
Conversely, the introduction of Ce ions allowed to increase of 13 m2/g 

Fig. 2. Photothermo-catalytic CO2 reduction at T = 120 ◦C in the integrated 
CO2 conversion tests with the Ni/Ce-ps@CeO2 sample. 

Fig. 3. Raman spectra of the examined phyllosilicates.  

Table 2 
Optical and textural properties of the examined phyllosilicates samples.  

Samples Optical band 
gap (eV) 

BET surface 
area 
(m2/g) 

Mean pore 
diameter (nm) 

Pore 
volume 
(cm3/g) 

Ni-ps  3.3 38 25.1 
1.  

0.28 

Ni/Ce-ps  3.0 51 8.5  0.20 
Ni/Ce- 

ps@CeO2  

3.0 101 4.2  0.15  

Fig. 4. N2 physisorption curves (A) and Barrett-Joyner-Halenda (BJH) pore size 
distribution (B, desorption curve) of the examined samples. 
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the surface area with a narrower pore size distribution. The Ni/Ce-ps 
showed indeed a larger H3 hysteresis loop. The coating of CeO2 radi-
cally changed the textural properties of the ps-based samples. The 
Ni/Ce-ps@CeO2 own the highest surface area (101 m2/g) and a type IV 
isotherm with a H2 hysteresis that it is related to pores with wide bodies 
and narrow necks [54]. The highest value of surface area, the lowest 
dimension of pores and the better exploitation of the visible light portion 
of the solar spectrum can be other key factors to explain the highest 
photothermo-catalytic activity of the Ni/Ce-ps@CeO2 sample in the CO2 
reduction reaction. 

3.4. Discussion 

The modification of Ni-phyllosilicates samples with the inclusion of 
Ce ions and the coating with CeO2 allowed to obtain an efficient 
photothermo-catalyst for the CO2 conversion into solar fuels, both in a 
single approach (use of pure CO2) than in an integrated mode, where the 
carbon dioxide was evolved by the catalytic combustion of a dangerous 
volatile organic compound. The introduction of Ce ions in the Ni-ps 
structure permitted indeed, to increase the surface area (Table 2) and 
to favour the adsorption of CO2, due to the formation of oxygen va-
cancies, as detected by Raman. The further coating with the CeO2 
semiconductor promoted the photothermo-catalytic activity thanks to 
both the redox (thermoactivated) and the photocatalytic properties of 
ceria [9,22]. Furthermore, the presence of additional basic sites related 
to the CeO2 can facilitate the activation of CO2, boosting up its con-
version. A confirmation of this positive features of the CeO2 coating was 
showed in the CO2-TPD curves reported in the Fig. 5. 

The profiles can be divided in three zones denoted as α, β and γ, and 
concerned to weak, medium and strong basic sites, respectively [55]. 
For the CO2 conversion neither too weak nor too strong basic sites fav-
oured the reaction. Indeed, the weakly CO2 adsorbed cannot be acti-
vated, as well as the too strong CO2 adsorbed makes the activated CO2 
difficult to transfer and consequently to convert [56,57]. 

From the Fig. 5 it is clear as the coating with CeO2 of the Ni/Ce- 
ps@CeO2 sample allowed to have a wide CO2 desorption peak centred at 
122◦C between the α and the β zones that can be considered a good 
compromise to have basic sites able to promote the activation and the 
subsequent conversion of CO2. Moreover, the temperature of this wide 
CO2-TPD peak is equal to the temperature used for the photothermo- 
catalytic test (120◦C), whereby during the reaction with the Ni/Ce- 
ps@CeO2 catalyst the CO2 was rapidly activated and converted, 
favouring the formation of the solar fuels. 

All the ps-based catalysts showed a desorption peak at 40◦C attrib-
uted to the interaction between the surface -OH groups of the ps and the 
CO2 [58]. The Ni-ps sample also exhibited another peak at 69◦C and a 

wide feature between the β and the γ zone. Reasonably, in this sample 
too weak and too strong basic sites did not favour the CO2 conversion 
and this explains the lowest activity of this sample (Fig. 1). The intro-
duction of Ce ions in the Ni/Ce-ps sample facilitated the CO2 adsorption 
due to the presence of the oxygen vacancies formed by the introduction 
of these ions into the ps structure (as confirmed by Raman). The oxygen 
vacancies in fact, were preferential sites for the CO2 adsorption [34,35]. 
Consequently, the CO2-TPD profile of the Ni/Ce-ps sample showed 
several peaks in the region between the α and the β zones. The deposi-
tion of CeO2 in the Ni/Ce-ps@CeO2 catalyst led the formation of mod-
erate basic sites that improves the photothermo-catalytic CO2 
conversion. 

The beneficial effects of the heating in the photo-assisted thermo-
catalytic CO2 conversion and in the ICC test allowed to activate also the 
redox properties of CeO2. In this contest the H2-temperature-pro-
grammed reduction (TPR) profiles of the examined samples (Fig. 6) 
highlight the reducibility features of the Ni/Ce-ps@CeO2 sample. 

The TPR profile of Ni-ps sample exhibited a notable peak centered at 
680◦C, that was ascribed to the reduction of Ni2+ to Ni0 [34,47]. In the 
Ni/Ce-ps, a comparable peak was detected at lower temperature 
(669◦C), whereas in the Ni/Ce-ps@CeO2 sample, a well-defined shoul-
der emerged at 620◦C [59]. These temperature shifts towards lower 
values suggested that the reducibility of Ni has been promoted to the 
incorporation of Ce ions into the phyllosilicate structure. However, the 
profile of Ni/Ce-ps catalyst is distinctly different from the Ni-ps catalyst 
and includes contribution from the partial reduction of ceria as well. In 
fact, the broad peak at 605◦C was associated with the reduction of Ce4+

to Ce3+, a process typically occurring in the range of 550◦-700◦C [60]. 
Moreover, it was reported in literature that the Ni2+ ions that are 
incorporated into the CeO2 lattice during catalyst preparation induced 
lattice deformation, inequality the charge balance of CeO2 and gener-
ating oxygen vacancies [61]. Consequently, oxygen species adsorbed on 
these vacancies became readily reducible at lower temperatures. 
Furthermore, the Ni/Ce-ps@CeO2 sample displayed a wide peak 
centered at 509◦C and a low-temperature reduction peak at 339◦C. 
These peaks were associated with the reduction of surface-defective 
CeO2 and the reduction of oxygen species adsorbed on the oxygen va-
cancies of ceria [60,62]. Therefore, in this sample the CeO2 showed 
improved redox properties, activated at lower temperatures compared 
to the conventional CeO2-based catalysts [60]. 

In Table 3 the experimental H2 consumption values for Ni-ps, Ni/Ce- 
ps and Ni/Ce-ps@CeO2 catalysts are listed and compared with the 
theoretical uptakes calculated assuming complete reduction of Ni2+ to 
Ni0 and full reduction of Ce4+ to Ce3+. As regards the Ni-ps sample, the 
experimental and theoretical values well agree showing that more than 
90% of Ni2+ was reduced to the metallic state. On the other hand, it can 

Fig. 5. CO2-TPD profiles of the ps-based samples.  Fig. 6. H2-TPR profiles of the ps-based samples.  
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be assumed that some Ni oxidized strongly interacting with the support 
is difficult to be reduced. 

Notably, the TPR profiles for Ni/Ce-ps and Ni/Ce-ps@CeO2 encom-
pass the contribution from the partial reduction of CeO2. By comparing 
the values listed in Table 3, it is difficult to evaluate the extent of ceria 
reduction occurring in the present samples. Indeed, ceria reduction 
strongly depends on preparation steps and as well on the crystallinity 
and defective structure of the oxide [60–62]. Accordingly, the experi-
mental H2 consumption values of the two catalysts, Ni/Ce-ps and 
Ni/Ce-ps@CeO2, strongly differ and we can not evaluate the extent of 
reduction of the oxidized species. By comparison with the theoretical 
consumption requested for Ni2+ reduction it can be argued that metallic 
Ni is formed in all the reduced samples, while the remaining hydrogen 
consumption can be attributed to the reduction of ceria differently 
distributed on the catalyst. On the other hand, the absence of the typical 
reduction profile of ceria oxide characterized by a surface and bulk 
reduction peaks, at around 400 and 800 ◦C, respectively [60–62] further 
confirms the presence of defective ceria oxide in both Ce-containing 
catalysts. 

In summary, the synthesis of the Ni-ps modified with the addition of 
the Ce ions and the following covering with CeO2, allowed to improve 
the photothermo-catalytic performance of both the Ni-ps and the cerium 
oxide obtaining at the end a versatile catalyst with interesting properties 
and a good activity in the conversion of CO2 into solar fuels. In partic-
ular, the presence of CeO2 and of its oxygen vacancies led to enhance the 
adsorption/activation of CO2, that was converted into CO and CH4 with 
a photo-assisted thermocatalytic mechanism. The possible reaction 
scheme with the best sample (Ni/Ce-ps@CeO2 sample) is illustrated in 
the Fig. 7. In this multicatalytic approach the temperature allowed to 
facilitate the CO2 activation, the desorption of the formed solar fuels and 
the activation of the redox properties of CeO2. Contextually, the CeO2 
distributed on the surface of the Ni/Ce-ps efficiently exposed its surface- 
active sites to the solar photons allowing the formation of electrons (e-) 
and holes (h+) in the conduction band (CB) and in the valence band 
(VB), respectively [63,64]. The holes were able to oxidize the water 
vapor, added both in the photothermo-catalytic CO2 conversion reaction 

and in the ICC test, to produce the protons necessary for the reduction of 
CO2. The heating facilitated the mobility of these protons that should 
react synchronously with the e- and the adsorbed CO2 [9,10,25,65]. The 
presence of the oxygen vacancies, due to the introduction of Ce ions in 
the ps structure, the high surface area and the basic sites of CeO2 fav-
oured the adsorption of the CO2 molecules with a moderate strength (as 
detected by CO2-TPD). All these features were ideal to favour the reac-
tion with the e- and H+ to generate the solar fuels. 

To get insight into the surface interaction of Ni and Ce in the Ni/Ce- 
ps@CeO2 sample and the specific role of Ni towards the stability of the 
sample, the XPS characterization was carried out before and after the 
integrated approach test (Fig. 8) 

Table 3 
Experimental hydrogen consumption values and theoretical data.  

Catalyst Experimental H2 consumption (mL/gcat) Theoretical consumption for Ni2þ/Ni0 reduction 
(mL/gcat) 

Theoretical consumption for Ce4þ/Ce3þreduction 
(mL/gcat) 

Ni-ps  52.8  58.4 - 
Ni/Ce-ps  79.7  66.7 36.7 
Ni/Ce-ps@CeO2  43.2  18.5 63.2  

Fig. 7. Proposed photothermo-catalytic mechanism with the Ni/Ce-ps@CeO2 catalyst. Vo represents an oxygen vacancy.  

Fig. 8. Ce3d and Ni2p region for the Ni-Ce-ps@CeO2 catalyst (a) before and (b) 
after the photothermo-catalytic CO2 conversion at T = 120 ◦C in the integrated 
approach (40 h of time-on stream test). 
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The binding energy region, displayed in the Fig. 8, is quite intricate 
due to the composite nature of these peaks. Ni2p shows the presence of 
the spin splitting coupling which gives rise to Ni2p3/2 and Ni2p1/2, each 
of these peaks with a shake-up satellite. Ce3d is split in 10 components 
arising from different Ce4f level occupancies in the final state [66]. Six 
of these components are attributed to Ce(IV) and four to Ce(III). More-
over, there is an overlapping of the Ni2p1/2 peaks and Ce3d5/2. The 
fitting of the Ce3d peak has been done according to the treatment sug-
gested by Burrogh [66–68] and commonly accepted. The fresh sample 
contains mainly Ce (IV) with a small presence of Ce (III) (ca. 2% of the 
total amount of cerium). After catalytic reaction the amount of Ce (III) 
increases notably reaching 14%. Nickel oxidation state does not change 
during reaction. The profile is typical of Ni(II) with a shake-up at ca. 
6 eV. The position of the Ni2p3/2 at 855.2 eV, higher than the value of 
pure NiO, indicates a metal support interaction between Ni and Ce [69, 
70] as also verified by H2-TPR. This interaction does not change due to 
catalytic reaction. The relative ratio of Nickel over Cerium measured by 
XPS is 0.28 in the fresh sample and slightly increases to 0.31 in the spent 
sample suggesting a surface migration of nickel during reaction (further 
details about the XPS analysis and the information about the other 
samples are reported in the supporting information). 

Therefore, the presence of Ni in the ps structure guaranteed the 
catalytic stability, allowing to maintain the CO2 conversion value be-
tween 50% and 40% (Fig. 2) during the integrated CO2 conversion test 
even after prolonged and simultaneous processes of heating and irra-
diation. Furthermore, the good interaction between Ni and Ce, pro-
moted by the ps structure, allowed to efficiently activate the 
photocatalytic and the thermocatalytic (redox) properties of CeO2, 
boosting up the CO2 conversion into solar fuels. 

The good performance of the Ni/Ce-ps@CeO2 catalyst and the pos-
sibility to use the phyllosilicates as green material to support semi-
conductor photocatalysts led to consider this peculiar material a 
promising alternative to the conventional catalysts and photocatalysts. 
Moreover, the possibility to incorporate several ions into the ps structure 
allowed to efficiently design performing catalysts. In particular, in this 
work it was highlighted as the addition of Ce ions in the Ni-ps structure 
improved the CO2 adsorption/activation thanks to the formation of 
oxygen vacancies. Moreover, the further covering of the as-prepared Ni/ 
Ce-ps with CeO2 allowed to modify and to amplify the photothermo- 
catalytic properties of this semiconductor, leading to increase the cata-
lytic performance. Therefore, the here reported synthesis can be also 
considered a sustainable and performing way to improve the perfor-
mance of CeO2 semiconductor, that, especially in photocatalysis, 
required structural and/or chemical modifications to show a remarkable 
activity [22,25]. 

Finally, the application of a hybrid catalytic approach as the 
photothermo-catalysis, to further enhance the production of the solar 
fuels, can increase the appealing of the CO2 valorisation technologies. 

4. Conclusions 

The modification of Ni-phyllosilicates samples with the introduction 
of Ce ions and the subsequent covering with CeO2, allowed to efficiently 
improve the photothermo-catalytic properties of both Ni-phyllosilicates 
and CeO2. In particular, the synergisms activated by a photo-assisted 
thermocatalytic approach and between the phyllosilicates and the 
cerium oxide permitted to obtain the 87% and the 50% of the CO2 
conversion using pure carbon dioxide and the CO2 evolved by the cat-
alytic oxidation of toluene in an integrated approach, respectively. The 
basic sites and the oxygen vacancies of CeO2 favoured the CO2 adsorp-
tion and activation, the high surface area of the phyllosilicates allowed 
to efficiently expose the surface-active sites of CeO2 to the simulated 
solar irradiation, whereas the heating further promoted the CO2 acti-
vation and conversion. The application of the photothermo-catalysis for 
the CO2 conversion is promising because permitted to use simple and 
green materials whose combination with semiconductor photocatalysts 

can be a straightforward way to promote the formation of solar fuels 
from the carbon dioxide. 
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