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A B S T R A C T

The development of efficient catalysts for CO₂ utilization is a key challenge for industrial sustainability. This 
study explores the photothermo-catalytic methanation of CO₂ using Ni-Zn-Al Layered Double Hydroxide-derived 
(LDHd) catalysts modified with phyllosilicates (Montmorillonite K30 and Halloysite). LDH precursors were 
synthesized by co-precipitation and hydrothermal treatment, then calcined and reduced leading to the formation 
of mixed oxides and metallic Ni and Zn nanoparticles. Catalytic performances were evaluated at 1 atm and 350 
◦C. The Ni-Zn-Al LDHd catalyst achieved high CO₂ conversion (86 %) and CH₄ selectivity (>99 %) under 
photothermo-catalytic conditions, outperforming commercial Ni systems. Incorporation of halloysite, thermally 
treated at 200 ◦C, further increased CO₂ conversion to 92 % with the same high CH₄ selectivity. This improved 
performance is attributed to enhanced surface area, optical absorption and moderate–strong basic sites from 
LDHd–Halloysite interaction. In contrast, Montmorillonite modification, despite cetyltrimethylammonium bro
mide (CTAB) intercalation, resulted in lower activity and selectivity, due to weaker basicity and ineffective LDHd 
interaction. The Ni-Zn-Al LDHd/halloysite catalyst exhibited excellent stability during 20 h of continuous 
photothermo-catalytic test at 350 ◦C. These results demonstrate the potential of phyllosilicate-modified LDH- 
derived catalysts, with low metals content, for efficient CO₂ methanation under solar irradiation.

1. Introduction

The development of sustainable processes and materials for the 
environmental protection is an important target in the field of catalysis 
and industrial chemistry. Among the recent technologies, the capture 
and the utilization of CO2 (CCU) for the production of fuels and chem
icals are fascinating processes [1–3]. The constant emission of carbon 
dioxide indeed, strongly contributes to the increase of the greenhouse 
effect and it is related to the global warming and climate change phe
nomena. In 2022 the global emissions of CO2 from the use of fossil fuels 
and industrial production have reached 36.1 ± 0.3 Gt CO2. In order to 
reduce the emissions, it is necessary to investigate new technologies and 

materials that allow the re-use and the exploitation of CO2 [4,5].
Among the various CO2 conversion technologies, the thermocatalytic 

hydrogenation reaction is one of the most promising, leading to the 
production of light alkanes, olefins, alcohols and other hydrocarbons [6, 
7]. Carbon dioxide is a thermodynamically stable molecule with two 
double linear bonds. Therefore, the catalytic hydrogenation reaction, 
which involves the breaking of such double bonds, requires a rather high 
activation energy (about 239 kJ/mol) with operating temperature be
tween 250 ◦C and 550 ◦C and pressure between 1 and 100 bar, 
depending on the used catalyst. For these reasons the hydrogenation is 
considered a highly energy-intensive process [4,8]. The CO2 methana
tion, or Sabatier reaction (reaction 1), on the contrary requires less hard 
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conditions then other hydrogenation pathways [8]. In fact, different 
studies demonstrate that the methanation reaction is favoured by a 
decrease in pressure as it leads to a decrease in the number of gaseous 
molecules, so it can also occurs at ambient pressure [9]. In addition, the 
exothermic nature of the reaction makes it thermodynamically favoured 
at low temperatures. However, the activation of stable molecules such as 
CO2 and H2 requires temperatures higher than 250 ◦C [8].

The typical reactions involved in the CO2 methanation process are:
1) Methanation: CO2 + 4 H2 ↔ CH4 + 2 H2O(ΔH◦

R = −

165kJmol− 1
)

2) Reverse water gas shift (RWGS): CO2 + H2 ↔ CO + H2O(ΔH◦
R 

= 41kJmol− 1
)

3) CO methanation: CO + 3 H2 ↔ CH4 + H2O(ΔH◦
R = −

206kJmol− 1
)

A significant disadvantage of the Sabatier reaction is represented by 
the low selectivity, which is a function of various parameters such as 
temperature, employed catalyst, CO2/H2 ratio, quantity of water in the 
reaction environment, etc. This can result in a major production of 
carbon monoxide (CO), obtained by reverse water gas shift (reaction 2), 
which is favoured at high temperature, instead of methane [9]. Another 
important drawback is represented by the water production, that can 
lead to the deactivation of the catalyst due to its adsorption that can 
cause the blockage of the catalyst pores [10]. The presence of water can 
also modify the selectivity favouring the reverse water gas shift reaction 
(reaction 2) or other hydrogenation pathways leading to different 
by-products [11].

These drawbacks can be overcome with a photo(solar)- 
thermocatalytic approach. This involves the synergistic use of thermal 
energy and solar radiation in order to activate the photothermal-catalyst 
enabling milder conditions with an energy saving process [12,13].

In addition, the photothermo-catalysis can be an efficient solution for 
the excessive water production. Indeed, towards the photocatalytic 
mechanism, the water molecules, adsorbed on the surface of the cata
lyst, can interact with the holes of the photothermo-catalyst (generally a 
semiconductor), generated by the absorption of the solar irradiation, 
favouring the formation of protons. These protons can interact directly 
with adsorbed CO2 or they can be reduced by the photoelectrons, pro
moted in the conduction band of the photothermo-catalyst, allowing the 
formation of H2 which can further favour the CO2 methanation reaction 
[14–16].

In our previous study, we have investigated the performance in the 
photothermo-catalytic CO2 Sabatier reaction of Co-Zn-Al and Co-Mg-Al 
Layered Double Hydroxides (LDHs)-derived catalysts and their interac
tion with a semiconductor photocatalyst as the silicon carbide (SiC). The 
SiC/Co-Zn-Al catalyst demonstrated enhanced photothermo-catalytic 
activity, achieving a good CH₄ selectivity (70 %) and CO2 conversion 
(65–70 %) at lower temperatures (350 ◦C) than the bare thermocatalytic 
process [13]. In order to improve the performance of this type of 
photothermo-catalysts we investigate in this work, new LDH-derived 
catalyst compositions. In addition, we have studied their interactions 
with sustainable materials as the phyllosilicates, rather than critical or 
expensive semiconductors. The advantage of using catalysts derived 
from LDH precursors consists in obtaining a highly homogeneous mixed 
oxide that gives better catalytic performance than those obtained by a 
physical mixture of the commercial oxides [13,17]. The high dispersion 
of the metal species promotes cooperation between the different active 
sites thus avoiding the aggregation and sintering phenomena which lead 
to the deactivation of the catalyst. In addition, the LDH-derived catalysts 
can partially maintain the layered structure, this favours the adsorption 
of CO2 and affects the optical and textural properties of the material. 
Finally, the possibility of carrying out the synthesis of LDH in the 
presence of other catalytic supports, as the phyllosilicates, makes the 
production of the composite materials simple and effective. In this way 
the interaction between the two materials is promoted within the for
mation of hybrid structures with peculiar morphologies, obtained 

modifying simple reaction parameters such as temperature, over
saturation conditions, etc. [18]. The use of natural phyllosilicates offers 
notable advantages over conventional supports such as SiO₂, Al₂O₃ and 
SiC in CO₂ methanation. The high surface area, layered or fibrous 
morphology and elevated cation-exchange capacity of the phyllosili
cates enable superior metal dispersion and stronger metal–support in
teractions, significantly reducing sintering respect to the most used 
supports [19]. Studies on Ni/phyllosilicates catalysts report improved 
CO₂ activation, enhanced reducibility control and superior stability 
compared to Ni/SiO₂ or Ni/Al₂O₃ systems. Moreover, the tuneable acidic 
and basic sites and abundant surface silanol groups in phyllosilicates 
help to stabilize reaction intermediates, maintaining simultaneously a 
high CH₄ selectivity. Furthermore, their low cost and natural availability 
make them attractive and scalable alternatives [20,21].

Recent studies have highlighted the potential of photo-thermal 
catalysis for the Sabatier reaction. Steeves and Esser-Kahn [22] demon
strated that Ni nanoparticles can drive the Sabatier reaction under solar 
irradiation, using local photo-induced heating to achieve high CO2 
conversion at lower temperatures than conventional thermocatalytic 
route. Xiao et al. [23] reported a Ni/TiO₂ Mott–Schottky heterojunction 
catalyst, where synergistic photo-generated charge carriers and local 
heating enhance the CH₄ selectivity and the reaction rates. However, 
these studies rely on semiconducting materials or catalysts with high 
metal loadings, which are often costly, synthesis-intensive and envi
ronmentally challenging. In contrast, our work shows that naturally 
occurring phyllosilicates can act as low-cost and eco-friendly supports, 
effectively tuning the photothermal and surface properties of 
LDH-derived catalysts, even with a reduced amount of metals, therefore 
enhancing both light-driven and thermally driven contributions in CO₂ 
methanation reaction.

Based on the above consideration, in this work we tested different 
composition of LDH-derived catalysts (Ni-Zn-Al). In particular, 
Aluminium is one of the most typical M3+ cations in the structure of LDH 
and favour the CO2 adsorption [24,25]. The presence of Ni was funda
mental to promote the catalytic activity at low temperatures, and it is 
more selective towards methane and less expensive than other transition 
metals as Co [26]. Whereas the presence of Zn is essential to activate the 
photocatalytic contribution during the photothermal tests with the for
mation of ZnO/Zn-based spinel structures [13].

Moreover, the influence of the addition of phyllosilicates employed 
as support of the Ni-Zn-Al LDH-derived catalyst was investigated. Spe
cifically, the Halloysite and the Montmorillonite were used after 
different activation processes. These low-cost and environmentally 
friendly natural clays can improve the surface area of the catalyst and 
the dispersion of metallic species promoting both the activity and the 
stability of the catalyst, avoiding sintering and aggregation phenomena 
[20].

It is important to underline that all the tested composite materials 
(Ni-Zn-Al LDH/phyllosilicates-derived catalysts) present a lower 
amount of active metal species compared to the bare Ni-Zn-Al LDH- 
derived catalyst. A limited use of metals is a fundamental strategy in the 
design of new catalysts with high performance and low environmental 
and economic impact [11,20].

2. Material and methods

2.1. Samples preparation

The Ni(NO3)2⋅6H2O ≥ 98 % was furnished by Fluka; Al(NO3)3⋅9H2O 
≥ 99 % by Carlo Erba; Zn(NO3)2⋅6H2O ≥ 98 % by Sigma Aldrich; 
anhydrous Na2CO3, ≥ 99.9 % by Sigma Aldrich; NaOH ≥ 99 % pellets 
by Panreac; HNO3 ≥ 65 % by Honeywell/Fluka; Montmorillonite K30 
by Sigma-Aldrich; Halloysite nanoclay by Aldrich Chemistry; Cetyl
trimethylammonium bromide (CTAB) by Sigma Aldrich. All the reagents 
were used as purchased without further steps of purification.
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2.1.1. Synthesis of Ni-Zn-Al layered double hydroxide-derived catalyst
The synthesis of the Ni-Zn-Al LDH precursor was carried out by 

coprecipitation method and subsequent hydrothermal treatment. The 
precursors used were the corresponding metal nitrates, i.e., 2.52 g of Ni 
(NO3)2⋅6H2O, 0.75 g of Zn(NO3)2⋅6H2O and 1.5 g of Al(NO3)3⋅9H2O. 
They were mixed and solubilised in 10 mL of deionized water. The 
amount of each metal was chosen in order to have a nominal atomic 
concentration ratio of Ni+Zn

Al = 3.
Additionally, at this solution containing the metal cations it was 

slowly added 15 mL of an aqueous solution in which 1.2 g of sodium 
hydroxide NaOH and 0.6 g of anhydrous sodium carbonate Na2CO3 
were previously mixed and solubilized. The pH of the resultant solution 
was maintained between 8 and 9 by the addition of HNO3 (1 M). Af
terwards, the resultant solution was transferred in a Teflon lined- 
autoclave and heated at 120 ◦C for 20 h. The obtained slurry was 
separated by centrifugation (8000 rpm, 10 min) and washed with 
deionized water. Finally, the precipitate was dried at 80 ◦C overnight 
and then calcined at 600 ◦C for 6 h in order to obtain a highly homo
geneous mixed oxides catalyst derived from the LDH precursor. This 
sample was coded as Ni-Zn-Al LDHd (Ni-Zn-Al Layered double 
hydroxide-derived catalyst).

2.1.2. Ni-Zn-Al LDHd + montmorillonite composites synthesis
The synthesis of the Ni-Zn-Al LDH modified with Montmorillonite 

K30 (MMT) was carried out with the same coprecipitation method 
described before but in presence of montmorillonite K30 in different 
quantities, in order to obtain weight ratios LDH:MMT of 1:1 and 2:1. The 
samples were coded as Ni-Zn-Al LDHd + MMT (1:1) and Ni-Zn-Al LDHd 
+ MMT (2:1). Two other samples were prepared using montmorillonite 
K30 activated by intercalation of CTAB [27]. Specifically, 5 g of mont
morillonite and 5 g of CTAB were suspended in 200 mL of deionized 
water. This solution was stirred, refluxed and heated at 80 ◦C for 24 h. It 
was then filtered and thoroughly washed with deionised water. The 
obtained powders were dried at 80 ◦C for 12 h. Afterwards, on the 
activated K30 with CTAB were added by coprecipitation the Ni-Zn-Al 
LDH precursors following the same procedures reported above. These 
samples were coded as Ni-Zn-Al LDHd + MMT-CTAB (1:1) and Ni-Zn-Al 
LDHd + MMT-CTAB (2:1).

2.1.3. Ni-Zn-Al LDHd + halloysite composites synthesis
The synthesis of the Ni-Zn-Al LDH modified with Halloysite (HAL) 

was carried out by coprecipitation method in presence of Halloysite 
nanoclay to obtain a weight ratios LDH:HAL of 2:1. Four composite 
catalysts were synthesized using halloysite as purchased, and HAL 
thermically treated at 200 ◦C, 400 ◦C and 600 ◦C in order to modify the 
interaction between the halloysite and the LDH, and the dispersion of 
LDH on HAL, as well as the morphology of the final composites [28].

For the HAL thermal treatments, 1.5 g of bare halloysite was placed 
in a quartz tubular reactor and introduced in tubular oven under Ar flow 
for 4 h. Successively, on the obtained HAL powders were added the Ni- 
Zn-Al LDH precursors by co-precipitation following the same procedures 
reported above.

The obtained samples were coded as Ni-Zn-Al LDHd + HAL (2:1), Ni- 
Zn-Al LDHd + HAL200 (2:1), Ni-Zn-Al LDHd + HAL400 (2:1), Ni-Zn-Al 
LDHd + HAL600 (2:1).

Please note that in all the hybrid composites (Ni-Zn-Al LDHd + MMT 
and Ni-Zn-Al LDHd + HAL) the nominal atomic concentration ratio of 
Ni+Zn/Al was 2/3 (i.e. = 2) compared to the bare Ni-Zn-Al LDHd 
sample.

2.2. Samples characterization

X-ray diffraction (XRD) patterns were obtained using a Bruker D5005 
diffractometer equipped with Cu Kα radiation (λ = 1.5418 Å) and a 
graphite monochromator positioned on the diffracted beam. Data were 

collected over the 2θ range of 10◦ to 90◦, with a scanning step size of 
0.02◦ and a counting time of 0.5 s per step. Crystalline phase identifi
cation was carried out by comparison with standard patterns from the 
Inorganic Crystal Structure Database (ICSD).

The morphology and chemical composition of the catalysts were 
analysed by Scanning Electron Microscopy (SEM) using a Zeiss Supra 25 
field-emission microscope equipped with an Energy-Dispersive X-ray 
Spectroscopy (EDX) detector. Prior to analysis, the catalyst powders 
were mounted onto SEM stubs and sputter-coated with a thin gold layer 
(<10 nm) to enhance conductivity. EDX spectra were acquired and 
processed using Phenom Element Identification software (version 
3.8.4.0; Phenom-World BV, Eindhoven, The Netherlands). The analyses 
were carried out at randomly selected regions, including three points 
analyses and three elemental mapping for each sample.

The N₂ physisorption measurements were performed at − 196 ◦C 
using a Micromeritics Tristar II Plus 3020 analysers. Before the analysis, 
the samples were treated at 100 ◦C overnight. The specific surface area 
was determined using the Brunauer–Emmett–Teller (BET) method, 
while the pore size distribution and pore volume were evaluated using 
the Barrett–Joyner–Halenda (BJH) method.

Diffuse reflectance UV–Vis spectra (UV–Vis DRS) were acquired 
using a JASCO V-670 spectrophotometer. The optical band-gap energy 
(Eg) of the catalysts was estimated by plotting the modified Kubel
ka–Munk function against photon energy (hν) [29].

X-ray photoelectron spectra (XPS) were measured at a 45◦ take-off 
angle relative to the surface sample holder, with a PHI 5000 Versa 
Probe II system (ULVAC-PHI, INC., base pressure of the main chamber 1 
× 10− 8 Pa) [30,31]. Samples were excited with the monochromatized Al 
Kα X-ray radiation using a pass energy of 5.85 eV. The instrumental 
energy resolution was ≤ 0.5 eV. The XPS peak intensities were obtained 
after Shirley’s background removal [30,31]. Spectra calibration was 
achieved by fixing the Ag 3d5/2 peak of a clean sample at 368.3 eV [32]. 
The atomic concentration analysis was performed by considering the 
relevant atomic sensitivity factors. The fitting of some XP spectra was 
carried out, using the XPSPEAK4.1 software, by fitting the spectral 
profiles with symmetrical Gaussian envelopes, after subtraction of the 
background. This process involves data refinement, based on the method 
of the least squares fitting, carried out until there is the highest possible 
correlation between the experimental spectrum and the theoretical 
profile. The residual or agreement factor R, defined by R = [Σ (Fobs −

Fcalc)2 / Σ (Fobs)2]1/2, after minimization of the function Σ (Fobs − Fcalc)2, 
converged to the value of 0.03.

CO₂ temperature-programmed desorption (CO₂-TPD) measurements 
were carried out in a fixed-bed quartz reactor loaded with 0.15 g of 
catalyst. Prior to the analysis, the samples were pretreated under helium 
flow (30 cc/min) at 100 ◦C for 1 h to remove physisorbed species. 
Subsequently, pure CO₂ (30 cc/min) was introduced for 60 min at 25 ◦C 
to allow adsorption and surface saturation. After saturation, the CO₂ 
flow was stopped and the TPD was performed under pure He (30 cc/ 
min) by heating the sample from 30 ◦C to 600 ◦C at a ramp rate of 10 ◦C/ 
min.

The desorbed CO₂ was monitored using a quadrupole mass spec
trometer (Sensorlab VG Quadrupoles).

2.3. Photothermo-catalytic CO2 methanation tests

The photothermo-catalytic CO2 methanation tests were carried out 
at atmospheric pressure in a U-shaped fixed bed quartz reactor, filled 
with 0.2 g of catalyst, heated by an oven at 350 ◦C and externally irra
diated with a solar lamp (Osram Ultra Vitalux 300 W, irradiance of 
10.7 mW/cm2) (Figure S1). The flows of the reactant gas mixture (CO2 
99.999 % and H2 gas produced by a HK Hydrogen generator, purity 
99.9996 %) were regulated with mass flow controllers in order to favour 
the formation of methane (H2:CO2 molar ratio 4:1) and before to start 
with the contextual heating and irradiation, the gases were flowed in the 
reactor in the dark for 1 h to reach the adsorption-desorption 
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equilibrium. Before the tests, the sample surface was pre-cleaned from 
possible carbonaceous contaminants following the procedures reported 
in the ref. [33] and each sample was reduced in H2 flow (50 cc/min) at 
600 ◦C for 4 h in order to obtain the formation of supported Ni nano
particles able to promote the CO2 methanation reaction [34,35]. For 
each reactions test CO2, CH4, CO and the eventual other products were 
examined with the GC Agilent 8860 equipped with a TCD detector and a 
Carboxen 1000 column, and with the Trace GC instrument with FID 
detector (Porapak Q column) both opportunely calibrated.

The CO2 conversion was calculated with the following formula: 

CO2conversion% : (

Areapeak CO2in− Areapeak CO2out ×

(
Areapeak standard in
Areapeak standard out

)

Areapeak CO2in
)

× 100 

To verify the obtained values, also the mass balance method was 
applied, considering the following equation: 

CO2conversion% : (
Areapeak CO2out

Areapeak products out + Areapeak CO2out
) × 100 

The two calculations were in accordance with each other (± 5 %, 
reproducibility 95 %).

The CH4 selectivity was estimated as follows: 

CH4selectivity% : (
[CH4]p

CO2conversion
) × 100 

where [CH4]p is the molar concentration of produced CH4 deter
mined by TCD after standard calibration [36].

The temperature was monitored with an infrared thermal camera 
and a thermocouple. The thermocatalytic tests were carried out with the 
same set-up without using the solar lamp, while the photocatalytic tests 
were carried out without using the oven for heating. In both photo
catalytic and photothermo-catalytic tests, the reactor was surrounded 
with aluminium foils in order to reflect the radiation coming from the 
lamp to promote a better light absorption on the catalyst bed as well as 
to favour a constant temperature in all the reactor profile. With this set- 
up, in the bare photocatalytic tests the reactor temperature was 200 ◦C.

3. Results and discussion

3.1. Performance of Ni-Zn-Al LDHd

The catalytic activity of the Ni-Zn-Al LDH-derived catalyst was tested 
in photocatalytic (P), thermocatalytic (T) and photothermo-catalytic 
(PT) CO2 methanation reaction for 5 h (Fig. 1A and B) at ambient 
pressure and temperature of 350 ◦C.

Please note that in the bare solar photocatalytic test (i.e. without 
external heating) the reached temperature was 200 ◦C (experimental 
set-up described in the paragraph 2.3).

Under our experimental conditions CO and CH4 were the only re
action products detected. From the Fig. 1 A it is possible to note that the 
CO2 conversion in the thermocatalytic process (red line) reached a stable 
value of 78 % while in the photothermo-catalytic approach (green line) 
a higher value was achieved (around 86 %). The photocatalytic test 
(yellow line) gave significantly lower values, below 10 % of CO2 con
version. This is probably due to the temperature reached during the 
photocatalytic test (200 ◦C) which did not allow an effective activation 
of CO2. Regarding the selectivity trends (Fig. 1B), values above 99 % 
were obtained in both thermocatalytic and photothermo-catalytic ap
proaches; on the contrary, the photocatalytic test showed a low selec
tivity to methane (about 5 %), favouring instead the formation of CO.

All the obtained results are in line with the thermodynamic equi
librium of the CO2 methanation reaction which provides a maximum 
conversion of 93 % with 100 % of methane selectivity at 350 ◦C [13,37]. 
The photothermo-catalytic performance of the Ni-Zn-Al LDHd was 

however higher compared to the catalytic activity reported for the 
commercial Ni/Al2O3 based catalysts. Typically, with a thermocatalytic 
approach, using catalysts with a Ni content of about 20 wt%, under at
mospheric pressure and temperature of 350 ◦C (conditions similar to 
those of this work), CO2 conversion values between 50 % and 70 % with 
a CH4 selectivity between 95 % and 100 % were measured [38–40]. In 
addition, the conversion values achieved with the 
photothermo-catalytic approach were higher than the sum of the con
version values obtained with the bare thermocatalysis and photo
catalysis; therefore, it is possible to claim that the photothermo-catalytic 
reaction proceeds according to a synergistic photo-thermo co-catalytic 
mechanism [41]. This mechanism arises from the combined effect of 
photogenerated charge carriers and thermal energy supplied by the 
external heating, enhancing the reaction performance more than the 
bare sum of the contributions of thermocatalysis and photocatalysis. On 
the basis of the literature, this photo-thermo co-catalytic mechanism, is 
distinct from a purely photo-driven thermocatalytic mechanism, which 
relies primarily on thermal energy produced directly from the conver
sion of incident solar radiation [41,42].

To compare catalyst performance across the three processes under 
the same temperature, additional thermocatalytic and photothermo- 
catalytic tests were performed with the catalyst bed maintained at 200 
◦C. As shown in Figure S2, the photocatalytic and photothermo-catalytic 
processes exhibited similar CO₂ conversion (6 %), as expected: at a fixed 
reaction temperature of 200 ◦C, the thermal contribution is not sufficient 
to activate the CO2, weakening the synergy between light-driven and 

Fig. 1. CO2 conversion (A) and CH4 selectivity (B) for Ni-Zn-Al LDHd catalyst 
tested in Photothermo-catalytic (PT), Thermocatalytic (T) and Photocatalytic 
(P) CO2 methanation reaction at atmospheric pressure. The reaction tempera
ture was 350 ◦C for the PT and T processes, whereas for the P process the 
temperature was 200 ◦C (reached only with the use of the solar lamp).
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heat-driven mechanisms whereas at higher temperatures enhances the 
photothermo-catalytic activity. Furthermore, in the bare thermocata
lytic test a slight decrease in activity (from 6 % to 5 %) was detected 
compared to the other approaches, consistent with the absence of any 
photocatalytic activation, leaving the reaction driven only by the not 
sufficient thermal energy. For these reasons we worked at higher tem
peratures (350 ◦C) in order to efficiently exploit the photothermo- 
catalytic synergistic mechanism.

3.2. Performance of Ni-Zn-Al LDHd modified with Montmorillonite K30

Considering the higher performance of Ni-Zn-Al LDHd under the 
photothermo-catalytic conditions, the other composites were compared 
only with this approach.

The catalytic results for the Ni-Zn-Al LDHd + MMT (2:1) (purple 
line) and Ni-Zn-Al LDHd + MMT-CTAB (2:1) (orange line) samples are 
shown in the Fig. 2A and B in terms of CO2 conversion and CH4 selec
tivity respectively. In the figures the results for photothermo-catalytic 
test of Ni-Zn-Al LDHd (green line) are also reported for a comparison 
with the MMT-modified catalysts.

It is possible to observe that the use of MMT K30 reduced drastically 
the activity of the catalyst in terms of CO2 conversion (from 86 % of the 
bare Ni-Zn-Al LDHd to 25 % of the MMT-modified catalysts); this result 
can be due to the reduced amount of active metal species present in the 
Ni-Zn-Al LDHd + MMT (2:1) compared to the pure Ni-Zn-Al LDHd. 
However, the activity drop can be also related to the poor interaction 
between the LDHd and the MMT support. For this reason, an activation 

pretreatment of the MMT was carried out using CTAB. This led to an 
increase in the activity of the catalyst (from 25 % of the Ni-Zn-Al LDHd 
+ MMT (2:1) to 45 % of Ni-Zn-Al LDHd + MMT-CTAB (2:1)) that can be 
associated to a double-confined effect of MMT and LDHd [27]. However, 
in any case, the CO2 conversion was significantly lower compared to the 
bare Ni-Zn-Al LDHd catalyst and as shown in Fig. 2B, the CH4 selectivity 
was lower (95 %, instead of 99 % of Ni-Zn-Al LDHd). The catalytic 
performance of the samples Ni-Zn-Al LDHd + MMT-CTAB (1:1) and 
Ni-Zn-Al LDHd + MMT (1:1) are not discussed due to their negligible 
activity. For this reason, the composites with the halloysite were syn
thesized only with a LDH:phyllosilicate weight ratio of 2:1.

3.3. Performance of Ni-Zn-Al LDHd modified with Halloysite

The results of the CO2 photothermo-catalytic methanation for the 
samples Ni-Zn-Al LDHd + HAL (2:1) (yellow line), Ni-Zn-Al LDHd 
+ HAL200 (2:1) (cyan line), Ni-Zn-Al LDHd + HAL400 (2:1) (purple 
line) and Ni-Zn-Al LDHd + HAL600 (2:1) (wine line) are shown in 
Fig. 3A and 3B, in terms of CO2 conversion and CH4 selectivity 
respectively.

The Ni-Zn-Al LDHd + HAL200 (2:1) sample, containing the halloy
site pretreated at 200 ◦C, achieved a conversion value of 92 %, 
exceeding the performance of the bare Ni-Zn-Al LDHd catalyst despite 
the lower content of metal species. The activities of the samples con
taining halloysite pretreated at 400 ◦C and untreated HAL were initially 
lower (CO2 conversion of 65–70 %) than the pure Ni-Zn-Al LDHd but 
after 5 h of contextual irradiation and heating they reached the same 

Fig. 2. CO2 conversion (A) and CH4 selectivity (B) for Ni-Zn-Al LDHd, Ni-Zn-Al 
LDHd + MMT (2:1) and Ni-Zn-Al LDHd + MMT-CTAB (2:1) catalysts tested in 
Photothermo-catalytic (PT) CO2 methanation reaction at atmospheric pressure 
and temperature of 350 ◦C.

Fig. 3. CO2 conversion (A) and CH4 selectivity (B) for Ni-Zn-Al LDHd, Ni-Zn-Al 
LDHd + HAL (2:1), Ni-Zn-Al LDHd + HAL200 (2:1), Ni-Zn-Al LDHd + HAL400 
(2:1) and Ni-Zn-Al LDHd + HAL600 (2:1) catalysts tested in Photothermo- 
catalytic (PT) CO2 methanation reaction at atmospheric pressure and temper
ature of 350 ◦C.
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performance of the bare Ni-Zn-Al LDHd (86 %). The samples containing 
the halloysite pretreated at 600 ◦C showed the worst performances 
reaching a conversion of 40 % and a CH4 selectivity of 95 % that 
decrease to 85 % after 5 h of run. The poor activity of this sample can be 
due to the collapse of the halloysite structure at the high pretreatment 
temperature [28].

To evaluate the photo-thermal response of the catalysts, the tem
peratures reached under illumination were measured using an infrared 
thermal camera. The performance of the Ni-Zn-Al LDHd + HAL200 (2:1) 
catalyst was compared with that of the bare Ni-Zn-Al LDHd, also 
considering the heating contribution of the empty reactor (solar lamp 
effect) (Table S1, Figure S3). For each test, the solar lamp was positioned 
10 cm from the reactor.

Table S1 reports the temperatures of the empty reactor and of the 
reactor loaded with the two catalysts after 3 h (temperature stabiliza
tion) of simulated solar irradiation without external heating. Both cat
alysts exhibited an increase in temperature compared to the empty 
reactor (ΔT). Specifically, the Ni-Zn-Al LDHd catalyst showed a ΔT of 
18.9 ◦C, while the Ni-Zn-Al LDHd + HAL200 (2:1) sample exhibited a 
more pronounced temperature rise of 28.8 ◦C. These results indicate that 
the addition of halloysite led to an enhanced photo-thermal response of 
the LDHd catalyst, which may contribute to the higher photothermo- 
catalytic activity observed for the Ni-Zn-Al LDHd + HAL200 (2:1) 
sample. However, the influence of this effect will be further investigated 
in future studies by evaluating the role of reactor geometry and the 
effective catalyst surface area exposed to irradiation. Indeed, the 
development of a more efficient photo-thermal response is crucial to 
exploit other photothermo-catalytic mechanisms as the photo-driven 
thermocatalysis, in which the thermal energy required to activate the 
reaction derives from the full conversion of the incident light without 
external heating.

3.4. Photothermo-catalytic stability tests

The most performing catalysts for each type of composites were 
tested for 20 h in order to evaluate their stability during the 
photothermo-catalytic CO2 methanation (Fig. 4A and B). The three 
samples tested were: Ni-Zn-Al LDHd (green line), Ni-Zn-Al LDHd 
+ MMT-CTAB (2:1) (yellow line) and Ni-Zn-Al LDHd + HAL200 (2:1) 
(cyan line). Each catalyst presented a good stability in terms of CO2 
conversion and CH4 selectivity, except for the Ni-Zn-Al LDHd + MMT- 
CTAB (2:1) which showed a decrease in CH4 selectivity during the test, 
moving from 98 % to 79 % after 20 h. The observed behaviour for the 
Ni-Zn-Al LDHd + MMT-CTAB (2:1) catalyst, characterized by a pro
gressive shift of selectivity from CH4 to CO during the stability test, was 
probably due to the different surface composition of this sample [43]
(see also XPS analysis, paragraph 3.6).

3.5. XRD characterization

The XRD patterns of the Ni-Zn-Al LDHd catalyst before and after 
calcination and reduction are reported in Figures S4A and S4B. It is 
possible to observe that before the calcination process (Figure S4A) the 
Ni-Zn-Al LDH presented all the typical signals of hydrotalcites at 2θ 
= 11.74◦, 23.5◦, 35.1◦, 39.5◦, 60.8◦, 62.2◦ (ICSD reference #81963). 
After the calcination and reduction processes at 600 ◦C, all these signals 
disappear and they are replaced by typical signals of metallic Ni at 2θ 
= 44.5◦, 51.6◦ and 75.5◦ (ICSD reference #52265) and NiO at 
2θ= 37.1◦, 65.5◦ (ICSD reference #87108). There are also some signals 
attributable to NiAlO4 and ZnAl2O4 spinel phases at 2θ = 36.5◦, 37◦, 
44.8◦, 45.1◦, 65.6◦ and 77.3◦ (ICSD reference #11261 and #73682). The 
signals at 37.1◦, 44.8◦ are also attributable at metallic Zn (ICSD refer
ence #247147). From the observed results it is possible to confirm the 
formation of the LDH structure and its subsequent conversion into a 
mixed oxide of Ni, Zn and Al. Furthermore, the reduction process 
allowed the formation of metallic Ni nanoparticles. To confirm the 

effectiveness of the reduction process, the XRD analysis was also con
ducted on the Ni-Zn-Al + HAL200 (2:1) catalyst (the best performing 
sample) before and after the reduction at 600 ◦C in a hydrogen flow. The 
XRD pattern is shown in Figure S4B. For the unreduced sample, only the 
characteristic reflections of NiO are detected at 2θ = 37.1◦, 43.6◦, and 
65.5◦. Following reduction, these reflections markedly decrease in in
tensity and are replaced by the diffraction signals of metallic Ni at 2θ 
= 44.5◦, 51.6◦, and 76.5◦

Finally, in Fig. 5, the XRD patterns of Ni-Zn-Al LDHd, Ni-Zn-Al LDHd 
+ HAL200 (2:1) before and after the catalytic test and Ni-Zn-Al LDHd 
+ MMT-CTAB (2:1) are reported. The sample Ni-Zn-Al LDHd + HAL200 
(2:1) does not show any structural changes before and after the 
photothermo-catalytic test thereby confirming the structural stability of 
the catalyst.

In the Ni-Zn-Al LDHd + MMT-CTAB (2:1) and Ni-Zn-Al LDHd 
+ HAL200 (2:1) all the signals observed in the Ni-Zn-Al LDHd are pre
sent, with two additional features at 2θ = 19.05◦ and 26.75◦ that can be 
attributed to quartz (SiO2) (ICSD reference #16331) likely due to the 
partial decomposition of the montmorillonite/halloysite [44,45].

3.6. SEM-EDX and XPS analysis

The SEM-EDX analysis was carried out on the samples Ni-Zn-Al 
LDHd, Ni-Zn-Al LDHd + MMT-CTAB (2:1) and Ni-Zn-Al LDHd 
+ HAL200 (2:1). The halloysite-modified sample pre-treated at 200 ◦C 
(Ni-Zn-Al LDHd + HAL200) was also investigated after the 
photothermo-catalytic test. Fig. 6a shows the SEM micrographs of the 

Fig. 4. CO2 conversion (A) and CH4 selectivity (B) for Ni-Zn-Al LDHd, Ni-Zn-Al 
LDHd + HAL200 (2:1) and Ni-Zn-Al LDHd + MMT-CTAB (2:1) catalysts tested 
in Photothermo-catalytic (PT) CO2 methanation reaction at atmospheric pres
sure and temperature of 350 ◦C for 20 h (stability test).
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Ni-Zn-Al LDHd sample, which exhibits the typical coral-like shape [13]. 
The corresponding EDX elemental mapping confirms the homogeneous 
distribution of the metals (Fig. 6b-c), especially of Ni, and yields a 
(Ni+Zn)/Al ratio of ~2,5, in good agreement with the nominal value (3) 
(Table 1).

The SEM images, EDX spectrum, and elemental mapping of the Ni- 
Zn-Al LDHd+HAL200 sample are reported in Fig. 7. Additional SEM 
images (Figure S5) highlight the successful addition of halloysite 
nanotubes into the LDH structure. As reported, the peculiar resultant 
morphology of the Ni-based LDH derived catalyst supported on halloy
site can affect the CO2 adsorption process [28], therefore the presence of 
the halloysite nanotubes can be another reason for the higher 
photothermo-catalytic performance of this sample compared to the 
other ones.

The EDX analysis (Fig. 7b-c) further demonstrates the uniform dis
tribution of the metallic species and the formation of the LDHd–hal
loysite composite, as evidenced by the Si signal. As reported in Table 2, 

the atomic concentrations of Ni and Zn in the Ni-Zn-Al LDHd+HAL200 
(2:1) sample are lower than those in the pristine LDH (Table 1), 
consistent with the nominal composition (see Section 2.1). In this case, 
the (Ni+Zn)/Al ratio is ~2 (Table 2), which matches the expected value 
when considering the additional Al contribution from halloysite. Similar 
considerations can be applied to the Ni-Zn-Al LDHd + MMT-CTAB (2:1) 
sample, whose SEM-EDX data are reported in Figure S6 and Table S2. 
The morphology is comparable to the other materials but appears 
slightly less uniform. Finally, no significant morphological or composi
tional changes were detected in the spent Ni-Zn-Al LDHd+HAL200 (2:1) 
sample after the photothermo-catalytic test (Figure S7, Table S3). 
However, an increased carbon content was observed, likely due to the 
adsorption of carbonaceous species during the CO2 methanation 
reaction.

The XP spectra in the Al 2p region are shown in Fig. 8. The Ni-Zn-Al 
LDHd, Ni-Zn-Al LDHd + HAL200 (2:1) and Ni-Zn-Al LDHd + HAL200 
(2:1) post photothermo-catalytic test samples show XPS broad peaks 
centered at 74.5 eV, typical of Al2O3 species [46]. The XPS of the 
Ni-Zn-Al LDHd + MMT-CTAB (2:1) sample showed a larger FWHM and 
was deconvoluted with two Gaussian components at 74.5 eV, due to the 
Al2O3 species, and at 76.1 eV due to the presence of some Al(OH)3, 
(relative intensity 69 % and 31 %, respectively) [13,46]. The different 
surface aluminum species observed for the Ni-Zn-Al LDHd 
+ MMT-CTAB (2:1) catalyst could be one of the reasons behind the poor 
catalytic activity shown by this catalyst, affecting negatively the inter
action between the MMT and the LDHd.

Fig. 9 shows the XP spectra in the Zn 2p binding energy region for all 
the samples. They consist of the Zn 2p3/2,1/2 spin-orbit components at 

Fig. 5. XRD patterns of the examined samples.

Fig. 6. SEM image (a), EDX spectrum (b) and elemental mapping (c) of Ni-Zn-Al LDHd sample (scale bar 8 μm).

Table 1 
Atomic concentration (%) from EDX analysis of Ni-Zn-Al LDHd sample.

Element Symbol Atomic Conc. (%) Ni+ Zn
Al

Ni 27.30 2.48
O 49.46
Zn 8.72
Al 14.52
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1021.9 and 1044.9 eV for samples a) Ni-Zn-Al LDHd + HAL200 (2:1), b) 
Ni-Zn-Al LDHd + HAL200 (2:1) post-test and c) Ni-Zn-Al LDHd due to 
Zn0 states [47]. The XPS of the sample d) Ni-Zn-Al LDHd + MMT-CTAB 
(2:1) shows two Zn 2p3/2,1/2, spin-orbit doublets at 1021.9–1044.9 and 
1022.9–1045.9 eV due to Zn0 and ZnO levels, respectively (relative in
tensities 60 and 40 %, respectively) [48].

Fig. 10 shows the XP spectra in the Ni 2p binding energy region for 
all the samples. They consist of the spin-orbit components of Ni 2p3/2,1/2 
at 855.8 and 873.5 eV. A careful deconvolution of the experimental Ni 
2p3/2 spin-orbit component required three Gaussians at: 852.5–852.8 eV 
due to the Ni0 states, 854.6–855.1 eV due to the Ni2+ states, and 
856.4–856.8 due to the Ni3+ levels, for all samples [49,50]. The broad 

band at 861.4–861.7 eV is due to multiplet contributions in Ni oxides by 
satellite structures [49].

A comparison of the relative intensities of the Gaussian components 
for Ni-Zn-Al LDHd + HAL200 (2:1) and for the same sample after the 
photothermo-catalytic CO2 methanation test suggests a partial reduction 
of some Ni3+ to Ni2+ after the reaction. This behaviour can be attributed 
both to the reducing environment of the reaction, due to the presence of 
hydrogen, and to the high temperature, Ni3+ tends, in fact, to transform 
easily into a more stable divalent state at a temperature exceeding 138 
◦C [51–53]. The presence of Ni3+ in the examined samples is typical of 
ternary or quaternary systems, particularly deriving from LDH pre
cursors [52,54]. In fact, Ni3+ is typically considered unstable and tends 
to rapidly reduce into Ni2+, however the presence of other metals such 
as Al, Zn or Co in a matrix of mixed oxides determines a stabilization of 
Ni3+, forming spinel phases such as NiAlO4 (as also detected by XRD), 
NiAl2O4, NiCo2O4 and others [52,55].

The XP spectra for all the samples in the O 1 s binding energy region 
(Figures S8 a-d) show a single symmetric peak at 531.3 eV, typical of 
metal oxide states [56].

Figures S9 (a-c) show the XP spectra in the Si 2p binding energy 
region for the samples Ni-Zn-Al LDHd+ HAL200 (2:1), Ni-Zn-Al LDHd 
+ HAL200 (2:1) post-test and Ni-Zn-Al LDHd + MMT-CTAB (2:1). Apart 
from a small feature at about 100 eV, due to Si substrate on which the 
sample powders were deposited, in all cases there is evidence of a broad 

Fig. 7. SEM image (a), EDX spectrum (b) and elemental mapping (c) of Ni-Zn-Al LDHd + HAL200 (2:1) sample (scale bar 5 μm).

Table 2 
Atomic concentration from EDX analysis of Ni-Zn-Al LDHd + HAL200 (2:1) 
sample.

Element Atomic Conc. (%) Ni+ Zn
Al

Ni 18.56 2.04
O 41.94
Al 12.37
Zn 6.69
C 16.76
Si 3.68
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peak at 102.4 eV consistent with the Si 2p levels of SiO2 species [57,58]
attributable to the presence of the phyllosilicates in accordance with 
XRD and EDX analysis.

In Table 3 the relative surface atomic concentration analysis is re
ported for all the examined samples. Comparing these data with the 
results of the EDX analysis (Tables 1, 2, S2 and S3) it is possible to note 
that the Ni was present in high amount in the less superficial layers of the 
materials, indeed the Ni XPS surface atomic concentration of the 
examined samples was always lower compared to the EDX analysis, 
while it was verified a Zn surface segregation (see Tables 1–3). 
Furthermore, the amount of Ni on the catalyst surface decreases in 
favour of Zn upon the addition of halloysite, and this effect becomes 
particularly pronounced in the presence of montmorillonite. Indeed, the 
Ni:Zn surface ratio was 1.1 in the Ni-Zn-Al LDHd sample, it decreased to 
0.7 in the Ni-Zn-Al LDHd+ HAL200 (2:1) catalyst and was 0.1 in the Ni- 
Zn-Al LDHd + MMT-CTAB (2:1) sample, pointing to as the addition of 
phyllosilicates favours the Zn surface segregation. The very low pres
ence of surface Ni in the Ni-Zn-Al LDHd + MMT-CTAB (2:1) catalyst and 
the higher surface content of Al and Si (Table 3) is a further indication 
for the drop in the photothermo-catalytic activity observed for this 
sample, with the MMT that covered the Ni surface active sites. On the 
contrary, the addition of the modified halloysite promoted the optimal 
Ni:Zn surface ratio necessary to boost up the CO2 methanation reaction. 
Consequently, the Ni+Zn

Al surface ratios were slightly lower compared to 

those observed with EDX analysis. However, also from the surface 
concentrations analysis, it is possible to highlight that the Ni+Zn con
centration of the best performing catalyst (i.e. the Ni-Zn-Al LDHd+
HAL200 (2:1)) is about 2/3 lower (similar to the nominal one) compared 
to the Ni+Zn surface concentration of the bare Ni-Zn-Al LDHd (Table 3), 
highlighting as the strong interaction between the LDHd and the 
modified halloysite increased the photothermo-catalytic activity with 
the optimal Ni:Zn surface and bulk distribution, despite the lower metals 
content compared to the unmodified Ni-Zn-Al LDHd sample.

3.7. Textural and optical properties

The textural properties of the synthesized samples were investigated 
through N2 physisorption. The isotherms were collected for the Ni-Zn-Al 
LDHd, Ni-Zn-Al LDHd + HAL200 (2:1) and the Ni-Zn-Al LDHd + MMT- 
CTAB (2:1) samples and are shown in Figure S10a. All the samples 
showed a type V isotherm which is typical of relatively weak adsor
bent–adsorbate interactions; the hysteresis loops are of H1 type for each 
sample, suggesting the presence of uniform mesopores [59]. The surface 
area values, obtained by the application of BET method, are shown in 
Table 4. The pore distribution (Figure S10b) was also obtained by the 
application of the BJH method, the mean pore diameter and pore vol
ume values calculated for each sample are also reported in Table 4. The 
modification of the LDHd by the addition of MMT-CTAB and HAL200 led 

Fig. 8. Al Kα excited XPS in the Al 2p binding energy region for a) Ni-Zn-Al LDHd + HAL200 (2:1); b) Ni-Zn-Al LDHd + HAL200 (2:1) post-test; c) Ni-Zn-Al LDHd; d) 
Ni-Zn-Al LDHd + MMT-CTAB (2:1). For the latter sample: dark cyan, and magenta lines refer to the 74.5 and 76.1 eV Gaussians components, respectively. The blue 
line represents the background and the red line superimposed on the experimental black profile refers to the sum of the Gaussian components.
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to an increase in the surface area and a decrease in the mean pore 
diameter and volume. The mean pore diameter values confirmed the 
mesoporous nature of the materials according to the observed isotherms. 
Interestingly, the Ni-Zn-Al LDHd + HAL200 (2:1) showed the highest 
surface area and the lowest mean pore diameter and these features can 
positively affect the photothermo-catalytic CO2 conversion, due to the 
presence of a large number of active sites for the CO2 adsorption/acti
vation. Indeed, this sample was the most active one (Fig. 3).

The UV-Vis DRS characterization was performed on the same sam
ples; the value of the optical bandgap (Eg) was calculated by the 
application of the Kubelka-Munk function. The reflectance spectra for all 
the samples and the Kubelka-Munk spectrum of the Ni-Zn-Al LDHd 
+ HAL200 (2:1) are reported in Figures S11 a-c and S12 respectively, the 
optical band-gap values are reported in the Table 4. All the samples 
showed similar optical properties with a decrease in reflectance in the 
range 250–350 nm (Figures S11 a-c), with a feature in the visible region 
(450–600 nm) typical of the hydrotalcites-derived catalysts [13]. The 
addition of HAL200 and MMT-CTAB modified the optical band-gap of 
the material leading to a decrease in the Eg value compared to Ni-Zn-Al 
LDHd sample. Although the Ni-Zn-Al LDHd + MMT-CTAB (2:1) showed 
the lowest Eg, it was also the worst photothermo-catalyst for the CO2 
methanation compared to Ni-Zn-Al LDHd and Ni-Zn-Al LDHd + HAL200 
(2:1) (Fig. 4). This highlights, as in this case, the Eg is not a crucial 
parameter to favour the photothermo-catalytic conversion of CO2.

3.8. CO2-TPD

The CO2-TPD profiles of the Ni-Zn-Al LDHd, Ni-Zn-Al LDHd 
+ HAL200 (2:1) and Ni-Zn-Al LDHd + MMT-CTAB (2:1) samples are 
shown in Fig. 11. The three zones indicated as α, β and γ, are related to 
the presence of weak, medium and strong basic sites, respectively [60]. 
For the efficient conversion of CO₂ to methane, the basicity of the active 

sites must be carefully balanced. Sites that adsorb CO₂ too weakly fail to 
activate the molecule, while excessively strong adsorption hinders its 
mobility and subsequent conversion of CO2, due to the difficulty in the 
activation of the chemisorbed molecules. Therefore the presence of 
medium basic sites is required to favour the CO2 conversion reaction 
[13,61].

All the samples exhibited a low-temperature desorption peak (α) 
within the 58–70 ◦C range, which is attributed to the interaction be
tween surface hydroxyl groups and weakly adsorbed CO₂ species [13, 
62]. Also, all samples showed peaks in the temperature ranges of 
114–123 ◦C (α), 148–156 ◦C (β), 175–177 ◦C (β) and 200–203 ◦C (β) but 
only the Ni-Zn-Al LDHd + HAL200 (2:1) showed a fifth peak at 221,5 ◦C 
(β). All peaks in the β zone are attributable to the presence of medium 
strength basic sites in particular to the desorption of CO₂ from metal
–oxygen pairs (Mⁿ⁺–O²⁻ sites) [13,62].

The quantitative analysis of basic sites is reported in Table 5. The 
distribution of basic sites in the three samples showed significant dif
ferences both in terms of sites strength and in the total amount of basic 
sites (TABS). The Ni-Zn-Al LDHd sample exhibited a high total basicity 
(1.27 mmol⋅g⁻¹) and a strong predominance of weak sites (80.3 %). The 
addition of halloysite pretreated at 200 ◦C in the Ni-Zn-Al LDHd 
+ HAL200 (2:1) composite resulted in a slight decrease in total basicity 
(1.14 mmol⋅g⁻¹), but it is possible to note an increase in medium sites 
(27.3 %) compared to the Ni-Zn-Al LDHd (19.7 %). This confirms that 
the interaction between the LDHd and halloysite modifies the distribu
tion of basic sites, increasing the medium basic sites, ideal to favour an 
efficient CO₂ activation. In the case of the Ni-Zn-Al LDHd + MMT-CTAB 
(2:1) composite, the lowest total basicity was observed (0.84 mmol g⁻¹), 
with a distribution strongly shifted toward weak sites (84.7 %). The 
reduced content of medium sites indicates that the incorporation of 
montmorillonite attenuates the strength of surface basic sites, likely due 
to the partial coverage of the LDHd layers by montmorillonite. The Ni- 

Fig. 9. Al Kα excited XPS in the Zn 2p binding energy region: a) Ni-Zn-Al LDHd + HAL200 (2:1); b) Ni-Zn-Al LDHd + HAL200 (2:1) post-test; c) Ni-Zn-Al LDHd; d) 
Ni-Zn-Al LDHd + MMT-CTAB (2:1). For the latter sample: dark cyan, and magenta lines refer to 1021.9–1044.9 and 1022.9–1045.9 eV Gaussians components, 
respectively. The blue line represents the background and the red line superimposed on the experimental black profile refers to the sum of the Gaussian components.
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ZnAl + HAL200 (2:1) catalyst, with the highest distribution of medium 
basic sites (Table 5) and the highest surface area (Table 4), favours CO₂ 
adsorption and activation, thereby enhancing photothermo-catalytic 
CH₄ production.

Fig. 10. Al Kα excited XPS in the Ni 2p binding energy region: a) Ni-Zn-Al LDHd + HAL200 (2:1); b) Ni-Zn-Al LDHd + HAL200 (2:1) post-test; c) Ni-Zn-Al LDHd; d) 
Ni-Zn-Al LDHd + MMT-CTAB (2:1). Dark cyan, magenta, dark yellow, and navy lines refer to the Gaussians components, respectively. The blue line represents the 
background and the red line superimposed on the experimental black profile refers to the sum of the Gaussian components.

Table 3 
XPS relative atomic concentration (%) analysis for the examined samples*.

Samples O 1 s 
(%)

Ni 2p 
(%)

Zn 2p 
(%)

Al 2p 
(%)

Si 2p 
(%)

Ni+ Zn
Al

Ni-Zn-Al LDHd 
+ HAL200 (2:1)

69.5 6.8 9.6 10.0 4.1 1.64

Ni-Zn-Al LDHd 
+ HAL200 (2:1) 
post-test

69.3 7.6 10.3 9.2 3.6 1.94

Ni-Zn-Al LDHd 59.5 14.1 12.3 13.0 1.1 2.03
Ni-Zn-Al LDHd 
+ MMT-CTAB 
(2:1)

20.2 3.5 28.9 27.4 20.0 1.18

*The observed Si content can be affected by the use of a Si substrate to carry out 
the XPS analysis. In the case of the Ni-Zn-Al LDHd the Si content is due exclu
sively to the presence of this sample preparation substrate.

Table 4 
Textural and optical features of synthesized samples.

Samples BET surface 
area (m2/g)

Mean pore 
diameter 
(nm)

Pore 
volume 
(cm3/g)

Optical 
band gap 
(eV)

Ni-Zn-Al LDHd 105.7 24 0.63 3.43
Ni-Zn-Al LDHd 
+ HAL200 
(2:1)

127.1 7.2 0.29 3.14

Ni-Zn-Al LDHd 
+ MMT-CTAB 
(2:1)

111.7 11.1 0.44 2.85

Fig. 11. CO2-TPD profiles of the examined samples.
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4. Discussion

The CO2 methanation reaction was efficiently promoted by a photo- 
thermo co-catalytic mechanism on the Ni-Zn-Al LDHd sample. The 
addition of halloysite treated at 200 ◦C increases the surface area, pro
motes the formation of additional medium-strength basic sites and fa
vours a decrease in the optical band gap compared to the Ni-Zn-Al LDHd. 
As a consequence of these changes, an increase in activity for the Ni-Zn- 
Al LDHd + HAL200 (2:1) catalyst was observed, reaching CO2 conver
sion up to 92 % and selectivity to CH4 > 99 %, despite the lower Ni 
content (Fig. 3). The incorporation of montmorillonite, instead, led to a 
significant lower activity compared to the bare Ni-Zn-Al LDHd sample. 
In addition, the Ni-Zn-Al LDHd + MMT-CTAB (2:1) catalyst showed 
lower stability than the other samples, showing a variation of selectivity 
in methane that during the stability tests fell from 98 % to 79 %, 
favouring the production of CO (Fig. 4). This behaviour can be explained 
on the basis of the different surface composition of this sample with the 
MMT that covered the Ni surface active sites, as verified by XPS. Indeed, 
one of the reaction mechanisms proposed for CO2 methanation on cat
alysts containing Ni supported on basic oxides [63,64] suggests that 
after the adsorption of CO2 on the basic sites of the support and the 
adsorption and splitting of H2 on the metallic sites of the catalyst, a 
common fundamental step, both for the production of CH4 and CO, is the 
formation of the formate intermediate, HCOO* and the subsequently 
conversion in CO*. As suggested by Wang et al. [43], only the 
medium-strength basic sites allow an efficient hydrogenation of the 
CO*intermediate to methane. The low amount of these medium-strength 
basic sites or of a very low concentration of Ni metallic sites, as in the 
Ni-Zn-Al LDHd + MMT-CTAB (2:1) catalyst, favours the CO2 adsorption 
on weak basic sites promoting the desorption of CO*, with formation of 
gaseous CO, instead of being converted into methane. Moreover, the 
markedly lower surface concentration of Ni observed for the Ni-Zn-Al 
LDHd + MMT-CTAB (2:1) sample (Table 3) and the limited availabil
ity of surface Ni sites hinders effective H₂ activation, which is essential 
for the CO₂ methanation process.

On the contrary, the addition of the modified halloysite on the Ni-Zn- 
Al LDHd promoted the optimal Ni:Zn surface ratio with a Zn surface 
segregation that is essential to exploit the photocatalytic features of the 
Zn species (as the ZnAl2O4, detected by XRD), allowing to have a syn
ergistic beneficial effect with the thermocatalytic properties activated 
by the Ni species (NiO, NiAlO4, as confirmed by XRD) [13,65]. More
over, the presence of halloysite endorsed an efficient CO2 adsorption and 
activation in the medium-strength basic sites, leading to have holistic 
effects that boosted up the photothermo-catalytic CO2 conversion 
despite the lower content of metal active species compared to the un
modified Ni-Zn-Al LDHd sample. This is a fascinating strategy to guar
antee good catalytic performance with a high sustainability and efficient 
use of the resources and of the raw materials.

5. Conclusions

This study demonstrates the potential of phyllosilicates-modified Ni- 
Zn-Al Layered Double Hydroxide-derived catalysts for efficient 
photothermo-catalytic CO₂ methanation under mild conditions. The 
unmodified Ni-Zn-Al LDHd catalyst exhibited excellent performance, 

achieving high CO₂ conversion (86 %) and CH₄ selectivity (>99 %), 
through a mechanism of photo-thermo co-catalysis. Among the 
phyllosilicate-modified materials, only the incorporation of halloysite 
pre-treated at 200 ◦C (Ni-Zn-Al LDHd + HAL200 (2:1)) resulted in a 
further enhancement of photothermo-catalytic performance, with CO₂ 
conversion reaching up to 92 %, despite a lower Ni content. This 
improvement is attributed to the highest surface area, the presence of 
additional medium-strength basic sites and the reduced optical band 
gap. In contrast, the use of montmorillonite, even after CTAB interca
lation, led to a decrease in activity and stability, related to the very low 
concentration of surface Ni and the different surface composition.

Stability tests, carried out in the photothermo-catalytic approach for 
20 h, confirmed the stability and the consistent performance of the Ni- 
Zn-Al LDHd + HAL200 (2:1) catalyst over continuous heating at 350 
◦C under simulated solar irradiation. The XPS and SEM-EDX character
ization proved that no significant variations in the structure, composi
tion and morphology of the Ni-Zn-Al LDHd + HAL200 (2:1) occurred 
during the photothermo- catalytic tests.

These findings highlight that the catalytic properties of LDH-derived 
systems can be finely tuned by the interaction with appropriate phyl
losilicates, leading to enhanced catalytic performances with a low 
metals content. In particular, halloysite-based composites emerged as 
promising materials for developing low-metal-content sustainable cat
alysts for efficient solarphoto-thermo co-catalytic CO₂ methanation. In 
future works, more efforts should be made on a deep investigation on the 
morphology and size of Ni particles with an advanced and deep 
morphological characterization by HR-TEM or STEM, correlating the 
morphological Ni properties to the peculiar phyllosilicate added on the 
LDH-derived catalyst. Specifically, due to the promising performance of 
halloysite, we will test similar phyllosilicates such as the kaolinite.
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