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A B S T R A C T

Various catalysts were prepared through wet impregnation of a Ni precursor. Different supports (SiO2, SiO2 
Fumed and ZSM-5) and metal loadings were used, yielding catalysts with different specific surface area, metal 
support interaction and Ni dispersion. All catalysts showed the presence of a crystalline phase referable to NiO as 
precursor of the Ni active phase. SEM-EDX analysis confirmed a uniform distribution of the active phase on the 
support.

H2-TPR analysis allowed to discriminate between two metal oxide reduction temperatures, indicative of metal 
dispersion and metal-support interaction strength. Provided that the overall peaks intensity increased with 
raising Ni loading, raising the Ni content led to a higher increase in intensity of a low reduction temperature peak 
with respect to higher temperature ones. This was attributed to weak interaction between the NiO and the 
support and bulker metal particles at high metal concentration. The reduction feature separated in two clearly 
identifiable reduction peaks for the samples with 45 wt% Ni loading.

Experimental tests conducted at atmospheric pressure showed very promising results for the catalysts with the 
highest Ni-loading with the Silica support. Significant differences between the use of SiO2 and SiO2 Fumed were 
found. SiO2 Fumed supported materials showed a very high SSA, higher pore volume and bigger pore width 
compared to the other catalysts. A higher NiO reducibility was correlated for all tests with a higher activity 
towards CO2 methanation. The bests results have been obtained with 36 wt% and 45 wt% Ni/SiO2 Fumed. These 
materials showed the highest CO2 conversion at 413 ◦C and 390 ◦C respectively, with 99 % selectivity towards 
methane in both cases. Of all of them, the 36 % Ni/SiO2 Fumed allowed to achieve complete selectivity toward 
methane at about 390 ◦C. Ni/SiO2 Fumed material showed extremely promising results when compared to 
catalysts reported in literature. Furthermore, the activity and selectivity obtained in the present work referred to 
a relatively high time factor (Qt/W of 60000 mL h− 1 gcat

− 1), demonstrating the achievement of CO2 conversions 
close to thermodynamic values at low temperatures, with full selectivity to methane under conditions where very 
high productivity can be obtained with small reactor volume. This leaves considerable room for optimizing 
operating conditions, to further improve the catalytic performances.

1. Introduction

4 ppm is the increase in atmospheric concentration of CO2 over the 
past year that has brought the current concentration to about 425 ppm, 

compared to the 280 ppm of pre-industrial times. CO2 is a greenhouse 
gas, able to have a dramatic impact on the climate. Tropicalization of the 
climate, melting of glaciers, droughts and rising seas are just some of the 
effects [1] impacting, for example, the economy of the agricultural 
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sector [2]. Anthropogenic CO2 emissions come mostly from the use of 
fossil fuels, with still 41 % of emissions coming from coal [3]. In 2023, 
emissions from energy production increased again by 1.1 % to a record 
37.4 billion tons [4].

CO2 emissions can be reduced in two ways. The first one is the use of 
renewable energy sources that intrinsically do not produce CO2, such as 
solar, wind and hydro power. This first strategy is being applied 
increasingly widely, but there are still several energy-intensive, so- 
called “hard-to-abate” sectors whose electrification is extremely 
complicated and not yet economically feasible. In all these cases where 
CO2 emissions are unavoidable, CCS (Carbon Capture and Storage) or 
CCU (Carbon Capture and Utilization) technologies come to help [5].

The latter is particularly interesting since it allows CO2 to be trans
formed from waste to reagent, making it a C1 feedstock [6]. Enhanced 
Oil Recovery (EOR), direct use of CO2 in food and medical sectors and 
production of synthetic fuel are just some of the utilizations of CO2. An 
interesting solution that has become increasingly popular in recent years 
is to couple CO2 utilization with hydrogen storage through catalytic CO2 
reduction reactions, such as methane and methanol synthesis or 
long-chain hydrocarbon production via Fischer-Tropsch [7–10].

Indeed, energy produced through renewable resources is intrinsi
cally discontinuous. Peak energy production very often does not coin
cide with peak consumption required by the power grid and when there 
is excess electricity production, it can be stored in the form of renewable 
hydrogen. Green hydrogen has many advantages but the low volumetric 
density makes storage and transportation difficult [11,12]. Risk of 
hydrogen embrittlement in the natural gas pipelines makes the direct 
distribution of hydrogen impossible [13]. Many researchers claim that 
hydrogen will be the energy carrier of the future, due to its low envi
ronmental impact. However, the cost of hydrogen is currently extremely 
high. Most of the price comes from transport and storage costs [14,15].

At the current state of the art, the use of hydrogen in the catalytic 
hydrogenation reaction of CO2 to methane seems increasingly 
appealing, allowing the coupling of the storage of green hydrogen with 
the use of CO2, yielding a gaseous product that can be easily transported 
through the natural gas pipelines and applied by end users.

The CO2-capture step, regardless of whether it is post-combustion 
capture, pre-combustion capture, or oxy-combustion, is not only 
complicated but especially expensive [16]. Recently, advanced trapping 
techniques based on adsorption on porous materials or the use of special 
membranes are being developed [17], but the maturity of this technol
ogy is still in its early stages. CO2-DAC (Direct Air Capture) is not 
currently interesting as it is an inefficient and very energy consuming 
process [18].

An interesting idea, increasingly studied in recent years, is direct 
methanation of biogas, produced through anaerobic digestors (AD). ADs 
represents a widely adopted and mature technology [19]. Biogas con
sists of methane (35–65 %) and carbon dioxide (15–50 %). It also con
tains traces of other compounds such as hydrogen sulphide, nitrogen, 
oxygen and water vapour [20].

Direct biogas methanation can convert raw biogas into biomethane 
through reaction with hydrogen [21]. One of the main advantages of 
direct biogas methanation is the absence of CO2 separation step. This 
contributes to the reduction of CO2 emissions and avoids the cost asso
ciated with the CO2 capture step, which positively impact the economics 
of the process [22].

The methanation reaction is currently commonly used to remove 
traces of CO and CO2 in plants like ammonia production, where the 
catalyst is very sensitive to poisoning by oxygenates [23]. Direct hy
drogenation of CO2 is reported in Eq. (1). Alternative pathway is the 
carbon monoxide one where CO2 is firstly transformed into CO though a 
Reverse Water Gas Shift (RWGS) reaction (Eq. (2)), which is later con
verted to methane (Eqs. (3) and (4)). 

CO2 +4H2 ⇄ CH4 +2H2O ΔH298K = − 164.9 kJ /mol (Eq. 1) 

CO2 +H2 ⇄ CO+H2O ΔH298K =41 kJ /mol (Eq. 2) 

CO+ 3H2 ⇄ CH4 +H2O ΔH298K = − 206 kJ /mol (Eq. 3) 

2CO+2H2 ⇄ CH4 +CO2 ΔH298K = − 247 kJ /mol (Eq. 4) 

Side reactions that lead to the formation of carbon deposits, such as 
the Boudouard reaction, need to be minimized or suppressed to retain a 
high selectivity towards methane. Deactivation of the catalyst due to 
coke deposition is also a problem when these reactions are present 
[24–26].

From a thermodynamic point of view, it is better to operate at the 
lowest possible temperature. In addition, in these conditions, theoreti
cally the water formed by the methanation reaction is sufficient to 
prevent the formation of coke [27]. The H2/CO2 ratio in the feed is a 
crucial parameter. No advantage is reported while working with a ratio 
above 4, without taking into account the price of hydrogen, which 
significantly affects the total cost of the process [28,29].

Concerning the choice of the active phase initially used for this re
action [30], Mills et al. proposed a reduced classification of the metals 
according to their activity and selectivity [31].

Activity: Ru > Fe > Ni > Co > Mo.
Selectivity: Ni > Co > Fe > Ru.
A wide display of Ni-based catalysts is available in literature. Ni 

exhibits good selectivity and activity [32–34]. It is usually supported on 
materials with a high surface area (e.g. Al2O3) at high loading. A major 
advantage is its relatively low cost and availability, which makes it 
suitable for industrial applications [35]. One of the main requirements 
when using a Ni-based catalyst for performing methanation reaction is 
the use of a sulphur-free reactive mixture. H2S acts as a poison, ac
cording to Eq. (5). The interaction of H2S with NiO generates NiS and 
water, with loss of activity. 

H2S(g)+NiO(s)⇄ NiS(s) + H2O(g) Eq. 5 

Other sulphur containing compounds, such as thiophene, can react 
with hydrogen to give H2S [36,37].

In recent years, many studies have been made to identify possible 
mechanisms for CO2 methanation. Two mechanisms have been widely 
accepted. A so-called ‘formate route’ characterized by the associative 
adsorption of CO2 and a second one characterized by the dissociative 
adsorption of CO2, called ‘CO route’ [38].

The support contributes on an equal scale with the active phase to 
obtain a good catalyst. Not only it can give mechanical stability and 
resistance to sintering but it also allows the active component to be 
efficiently dispersed into small particles [39]. Oxygen vacancies, resis
tance to sintering, a high dispersion of the active phase compatibly with 
the high loading, are just some of the requirements that a Ni-based 
catalyst for CO2 methanation must have [40]. Silica, has the advan
tage of having a high surface area and good thermal stability [41]. 
However, silica exploits weak interactions with the metal that can 
reduce the activity and facilitate sintering phenomena. In addition, coke 
deposition phenomena would appear to be easier on silica-based cata
lysts [42,43]. Zeolites, such as ZSM-5, are commonly used as industrial 
catalysts for processes such as cracking. They have the advantage of 
being thermally stable and having a large surface area. They have a 
unique porous structure and a tuneable acidity [44], which may affect 
the interaction with the active metal and with the reactant, and its high 
microporosity can tune reagent diffusion [45].

Based on the literature survey, insufficient reports are present on 
highly performing materials able to maximise CO2 conversion and CH4 
selectivity in a low temperature regime. To fill this gap, the aim of this 
work is the study of silica and silico-aluminates (zeolites) as supports for 
Ni as active phase. The effect of support nature, its innocence towards 
the reaction, its interaction with the active metal and of metal loading 
have been explored for the methanation of CO2. The catalysts have been 
characterized by N2 adsorption/desorption, X-rays Powder Diffraction 
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(XRPD), Fourier Transform InfraRed spectroscopy (FT-IR), Diffuse 
Reflectance UV–Vis Spectroscopy (UV–Vis DRS), Raman Spectroscopy 
and Scanning Electron Microscopy couples with Energy Dispersive 
Spectroscopy (SEM-EDS) and tested at high time factor on a bench scale 
reactor at ambient pressure and variable temperature.

2. Experimental

2.1. Materials used

Two different silica supports were used in this work. The former is a 
silica produced by Sigma Aldrich, while the latter is SiO2-Fumed pro
duced by BDH Chemicals. Zeolite-based catalysts are widely used in 
industry, particularly in cracking and isomerization processes in the 
petrochemical industry. The support selected is zeolite ZSM-5 (ammo
nium form, CBV5524G) provided by Zeolyst. The material had a SiO2/ 
Al2O3 mole ratio of 50. Ni(NO3)2⋅6H2O (Merck, 99 % purity) was used as 
precursor of the Ni active phase. All the gases used for the analysis (CO2, 
H2, He and N2) were purchased from Air Liquide with purity >99.995 
vol %.

2.2. Catalysts synthesis

Three catalysts were synthetized for each of the three supports 
selected, using different Ni loadings: 6 %, 16 %, 36 % (2 batches) and 45 
% wt. A smaller samples set has been prepared for the less active samples 
series. The wet-impregnation (WI) technique was chosen for all the 
synthesis. WI has not only the advantage of being simple, fast and easily 
scalable, but also allows for the deposition of the active phase on the 
surface of the substrate, allowing reagents to easily contact the active 
phase. However, excessively increasing the metal loading decreases the 
dispersion and surface area of the final catalyst [46].

All the samples have been prepared according to a standardised 
procedure. Ni(NO3)2⋅6H2O (Merck, 99 % purity) was used as precursor 
of the Ni active phase. 50 mL of water were used as solvent and the 
samples were all produced in batches of 3 g final product. The solvent 
was evaporated using a rotavapor. The impregnated compounds were 
placed in a static oven at 80 ◦C overnight prior to calcination.

Calcination was performed to oxidise the Ni precursor to NiO. The 
process was conducted in a tubular furnace (Carbolite GERO, model TF1 
12/60/450). Air (40 mL min− 1) was flown to ensure the constant 
presence of oxygen and to eliminate NOx formed during the process. 
Different calcination temperatures have been tested according to the 
type of support used, to minimize the possible negative impact of the 
high temperature treatment on catalyst activity, decreasing the surface 
area and porosity of the catalyst [47]. The Si-based samples have been 
calcined at 500 ◦C for 3 h with a heating ramp of 5 ◦C min− 1 [48] while 
the catalysts supported over ZSM-5 were calcined at 550 ◦C for 6 h with 
a heating ramp of 1 ◦C [49].

2.3. Catalysts characterization

Numerous characterizations were conducted on all the as prepared 
and on some spent catalysts, as will be specified in the text.

All data related to porosity, surface area of both the catalysts and 
supports, were assessed with N2-physisorption analysis. The latter have 
been performed with a 3Flex instrument by Micrometrics. Prior the 
analysis, ex-situ degas was performed at 200 ◦C under N2 flow for 3 h.

Adsorption-desorption isotherms have been collected at − 196 ◦C. 
The Brunauer-Emmett-Teller (BET) model has been used to calculate the 
surface area of the sample. The Barrett-Joyner-Halenda (BJH) method 
has been employed to quantify the pore size distribution in mesoporous 
materials [50]. The t-plot was used to quantify micropores area when 
relevant.

X-ray powder diffraction (XRPD) analysis was performed on all the 
synthetized catalysts using a MiniFlex – 600 – horizontal-scan powder 

diffractometer (Rigaku, Tokyo, Japan). Cu-Kα radiation was used with a 
graphite monochromator on the diffracted beam. Reflections observed 
in the XRPD pattern have been compared with the relative JCPDS cards. 
Crystal dimensions have been found using the Scherrer equation (Eq. 6), 

D=
K⋅λ

β⋅cos θ
Eq. (6) 

where K is the shape factor (0.9), λ and β are respectively the X-ray 
wavelength (Cu Kα = 1.54 Å) and the FWHM (Full Width at Half 
Maximum), θ is the Bragg angle of the selected reflection and D is the 
calculated crystallite size.

The morphology of the catalysts surface has been studied by Scan
ning Electron Microscopy (SEM). Quantification of the active phase on 
the surface of the catalyst was carried out thanks to Energy Dispersive X- 
ray Spectroscopy (EDS). All the images have been acquired with a Zeiss 
LEO 1525 Field Emission Electron Microscope equipped with an Inlens 
detector, upon metallization with chromium and a Bruker Energy 
Dispersive X-ray Analyzer. Images have been collected at magnifications 
up to 500 k. EDS mapping has been performed on different spots for each 
catalyst. SEM images of all the samples are reported in the Supporting 
Information (SI) file. The SEM-EDS analyses were carried out on both the 
fresh samples and on selected spent catalysts after activity testing.

Fourier Transform InfraRed (FT-IR) spectra have been collected at 
wavenumbers between 4000 and 400 cm− 1. IR analysis relies on the 
Lambert-Beer law and provides important information on functional 
groups by investigating the bond typical vibrations. Spectra have been 
acquired with a FT-IR 4100 type A spectroscope from Jasco.

UV–Vis Diffuse Reflectance Spectroscopy (DRS) has been used to 
analyze solid samples to get information about the structure and 
conformation of active metals. UV–Vis DRS analyses were performed c/o 
Imperial College London using a UV-2600 from Shimadzu from 200 to 
1000 nm. A blank with Ba(SO4) was carried out prior to analysis. 
Approximately 200 mg sample was analyzed.

Raman analyses were performed c/o Imperial College London using 
a Senterra II from Bruker. During each analysis, laser power, acquisition 
time, focus and magnification have been adjusted specifically for each 
material. A laser with λ equal to 532 nm has been used for all the ana
lyses. When electromagnetic radiation is transmitted through a sample, 
a small fraction of the scattered radiation has λ different from that of the 
beam (Raman scattering), and this difference is determined by the 
chemical structure of the sample. The technique is extremely sensitive 
and also particularly useful for studying crystalline phases and structural 
defects (oxygen vacancies).

A Hiden CatLab Microreactor system was used to perform Temper
ature Programmed Reduction (TPR). A Mass Spectrometer gas analyzer 
(QGA) (Hiden Analytical) was used for the detection of outflowing 
species. 100 mg of catalyst were used for each analysis. A total flow of 
50 mL min− 1 (H2/He ratio of 1:4 vol/vol) was used, with a heating ramp 
of 10 ◦C min− 1 up to 500 ◦C, kept for 1 h m/z channels related to 
hydrogen (2) and water (18) were followed. Gaussian peak profiling 
allowed for an evaluation of the consumption of hydrogen. The area 
calculated was converted to mmol H2 consumed through pulsed cali
bration performed with pure H2.

Temperature Programmed Oxidation (TPO) and Temperature Pro
grammed Desorption of pre-adsorbed oxygen (TPD-O2) have been car
ried out on the same Hiden CatLab Microreactor. A first procedure (TPO- 
TPD mode1) consisted in a preliminary TPO by flowing 50 mL min− 1 of 
air for 2 h over a sample of 50 mg of fresh catalyst, heating to 800 ◦C by 
10 ◦C min− 1. Subsequently the gas was switched to 25 mL min− 1 of He 
and the temperature was raised to 800 ◦C with a ramp of 10 ◦C min− 1.

A variation of this procedure (TPO-TPD mode2) consisted in pre- 
saturation of oxygen at 30 ◦C constant temperature by flowing 50 mL 
min− 1 of air for 2 h over a sample of 50 mg of fresh catalyst. The 
following TPD was done as in the first TPD mode. The mass spectrometer 
was set to detect the m/z channels related to oxygen (32), water (18), 
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carbon dioxide (44), CO or N2 (28) and the corresponding secondary 
masses with m/z = 12, 14, 16.

2.4. Experimental setup and activity testing

Equilibrium curves under each specific reaction condition have been 
calculated through the Aspen Plus® software using a Gibbs reactor, 
which minimises the Gibbs free energy of the reactants/products 
mixture. Pressure of 1 bar and a H2/CO2 ratio = 4 were considered, 
congruently with the testing conditions. Both Peng Robinson (PR) and 
Soave Redlich Kwong (SRK) have been used as equation of state (EoS). 
Equilibrium selectivities to methane and carbon monoxide have been 
calculated as well. The results obtained using Aspen Plus® were 
perfectly superimposable with those found in the literature [29].

All the activity tests have been carried out in a bench scale setup. The 
feed section was composed of calibrated MFCs (Brooks Instrument 5850 
TR Series for N2 and Brooks Instrument Delta Class) connected to the 
respective gas lines. A downflow tubular Inconel 800 reactor with an 
internal diameter of 9 mm was used, enclosed in a cast iron sheath and 
placed inside the oven. The oven was regulated by means of an Euro
therm (mod. 3204) controller. The temperature profile inside the reactor 
was measured through a movable thermocouple.

Water produced during the reaction was condensed and separated 
prior to GC analysis of the gaseous products.

During the tests the reactor was filled with quartz 10–20 mesh. The 
catalytic bed was isolated from the solid quartz by quartz wool wads.

Each catalyst was crushed and sieved (particle size 0.15 mm and 
0.25 mm). 200 mg of meshed powder was used for each catalytic test 
after dilution with SiC 1:15 (wt/wt), to minimize hotspot formation due 
to the exothermicity of the reaction.

The in-situ activation was performed under pure hydrogen flow (40 
mL min− 1) with an heating ramp of 5 ◦C min− 1 up to 500 ◦C, kept for 1 h. 
After the activation the catalyst was cooled to 50 ◦C under inert flow and 
then the activity tests started. All tests have been performed with a total 
volumetric flowrate/weight (time factor) of the catalysts of 60000 mL 
g− 1 h− 1. H2/CO2 were fed to the reactor with a molar ratio of 4.

Blank testing (i.e. without the catalyst) was conducted before start
ing the activity tests campaign and after as well. In both cases, a CO2 
conversion lower than 5 % at 550 ◦C was observed, with negligible 
methane formation.

An inline GC (Agilent 7890A) allowed to analyze the reacted 
mixture. The instrument, equipped with a 0.250 mL sampling loop and 
two columns (PLOTQ (19095P-Q04E) and molecular sieves (MS) 
(19095P-M56)), allowed to quantify CO2, H2, CO and CH4 through a 
Thermal Conductivity Detector (TCD). He was used as carrier and N2 as 
internal standard (IS). The use of an IS revealed fundamental to avoid 
overestimation of the gas concentration since the reaction takes place 
with a decrease in the number of moles (and thus volume).

2.5. Catalytic activity testing

The performances of the different catalysts were compared by eval
uating the conversion of CO2 (Eq. (7)), the selectivity towards CH4 (Eq. 
(8)) and CO (Eq. (9)). F0

CO2 and FCO2 were the molar flow rates of CO2 at 
reactor inlet and outlet, respectively. 

CO2 Conversion %=
F0

CO2
− FCO2

F0
CO2

× 100 (Eq. 7) 

CH4 Selectivity %=
mmol/min produced CH4

mmol/min reacted CO2

× 100 (Eq. 8) 

CO Selectivity %=
mmol/minproduced CO

mmol/minreacted CO2

× 100 (Eq. 9) 

Carbon balance was checked for every analysis. It is a point balance, 

where the amount of CO2 entering (constant) and the amount of CO2, 
CH4 and CO quantified through GC at reactor outlet were compared. The 
general calculation used is reported in Eq. (10). 

C balance=
(

mmol
min

)0

CO2

−

((
mmol
min

)

CO2

+

(
mmol
min

)

CH4

+

(
mmol
min

)

CO

)

(Eq. 10) 

3. Results and discussion

3.1. Catalysts characterization

Most of the characterization results represent the as prepared cata
lyst. Its activation was carried out in situ just before the reaction and 
after testing the sample was passivated by flushing inert gas and then a 
diluted oxygen containing mixture before discharging the reactor. This 
was due to the pyrophoric nature of reduced Ni and its capacity to 
adsorb and activate H2. Consequently, analyses of the activated samples 
or of the spent catalysts would not be representative of the real working 
state. Furthermore, tested catalysts were diluted with SiC with high 
dilution ratio to prevent significant hot spot formation. The character
isation of spent catalysts was done only by SEM-EDS for these reasons.

3.1.1. N2-physisorption analysis
The results of the N2 adsorption-desorption tests are reported in 

Table 1 and interpreted according to the literature [51]. Adsorption and 
desorption isotherms for 36 % Ni/SiO2 Fumed, 36 % Ni/SiO2 Sigma and 
36 % Ni/ZSM-5 are reported in Fig. 1 as an example. The results of all the 
supports and other catalysts tested are available in the Supporting In
formation (SI) (Figure SI 1.1 – SI 1.3).

Bare SiO2 Fumed and ZSM-5 were both characterized by very high 
surface area, with values of 208 and 412 m2 g− 1, respectively. The 
surface area of the SiO2 Fumed support decreased as the metal loading 
increased, halving for metal loading of 45 wt% with respect to the bare 
support. The total pore volume also decreased when the Ni loading 
increased, due to the inclusion of NiO particles in the mesopores. In 
contrast, the pore width remained approximately constant, except few 
cases.

On the other hand, SiO2 Sigma had an extremely low surface area 
(0.5 m2 g− 1), due to the crystalline phase. Raman and XRPD analyses 
(vide infra) confirmed that the main phase of SiO2 Sigma was cristobalite 
and the latter is characterized by very low surface area [52]. The surface 
area of the support was so low that increased after Ni addition, thanks to 
a porosity contribution of the Ni phase, though limited (Figure SI 1.2.E 
and 1.2.F).

Zeolite ZSM-5 showed the largest surface area and the surface area 
and total pore volume both decreased while the pore width increased, 
when increasing the Ni loading, as for the SiO2 fumed series. All the 
ZSM-5 based materials showed a smaller average pore width compared 
to the SiO2-Fumed one (ca. 6.5 nm for the former vs. ca. 30 nm for the 
latter). This is in line with the microporous uniform structure of the 
zeolite and the mesoporous one of the Silica-Fumed support, as 
confirmed by the pore size distributions reported in Fig. SI 1.1.G, 1.1.H, 
1.3.G, 1.3.H. The significant increase of the pore width of the fumed 
silica samples series after Ni addition is correlated with the adsorption 
isotherm shape. While the pure support revealed very small, almost 
absent hysteresis, and a microporous feature was evident at low N2 
pressure, an H1 type hysteresis was present for all the Ni-loaded sam
ples, with progressive suppression of the microporous features (Figure SI 
1.1). This indicates specific mesoporosity induced by the formation of a 
Ni-containing phase. Ni addition also decreased the small contribution 
of micropores (14 m2/g for the support, almost absent for the 36 % Ni/ 
SiO2 Fumed catalyst, Table 1).

All the isotherms reported in Fig. 1 and in Figure SI 1.1 – SI 1.3 of the 
SI were of type IV, indicating the presence of mesoporous structures, 
with significant microporosity only for the ZSM-5 samples. Furthermore, 

M. Tommasi et al.                                                                                                                                                                                                                              International Journal of Hydrogen Energy 136 (2025) 948–965 

951 



in Table 1 the types of hysteresis are classified according to IUPAC. The 
SiO2 Fumed-based materials exhibit symmetrical adsorption and 
desorption paths, which indicates a very narrow distribution of meso
pores (hysteresis type H1). SiO2 Sigma based materials exhibited 
adsorption and desorption curves attributed to the presence of intersti
tial pores due to aggregates of particles sheets (hysteresis type H3). 
Finally, ZSM-5-based catalyst exhibits an H4 type hysteresis, which in
dicates the presence of micropores and their retainment after Ni 
addition.

3.1.2. XRPD
The XRPD patterns of the SiO2 Fumed based materials are reported in 

Fig. 2. The materials were characterised as prepared since Ni after 
reduction can be pyrophoric. Therefore the catalyst was reduced in situ 
before activity testing and required passivation before discharging from 
the reactor. NiO was intended as precursor of the Ni active phase. The 
support showed a broad peak centred at about 22◦, characteristic of 
amorphous silica [53]. The presence of this signal decreased as the 
nickel loading increased, while the typical NiO signals became pro
gressively more intense. JCPDS no. 01-075-0269, related to the NiO 
phase was used as a reference and revealed the only Ni-containing 
phase. In particular, reflections were observed at 2θ = 37◦, 43◦, 63◦, 
75◦ and 79◦ that correspond to the crystalline planes of bulk NiO in cubic 
form indexed by (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes, 
respectively [54,55].

SiO2 Sigma based catalysts showed a completely different phase 
composition. The patterns are reported in Fig. 3. SiO2 Sigma exhibited a 
well defined crystalline structure with reflections associated to cristo
balite (JCPDS no. 00-039-1425). Cristobalite is a crystalline phase of 
silica obtained at high temperatures. The signals from the support were 
present at any loading and were very intense. Typical NiO reflections 
were also present in the catalysts.

The pattern of the commercial ZSM-5 substrate was consistent with 
the JCPDS chart no. 00-044-0003 for ZSM5, as reported in Fig. 4. In 
particular, the peaks at 2θ = 7.9◦, 8.8◦, 23.1◦ and 23.8◦ represent the (0 
1 1), (0 2 0), (0 5 1) and (0 3 3) planes of the crystal structure, respec
tively [56].

Using the Scherrer equation, the average size of NiO crystallites was 
quantified. The results are summarised in Table 1. The β values were 
found using the peak fitting function of Origin software. Characteristic 
and non interfering reflections at 2θ = 37◦, 43◦ and 63◦ were selected.

The average crystallite size remained about the same at each loading 
for the catalysts supported on silica: ca. 13–15 nm for those based on 
Fumed Silica and ca. 15 nm for those prepared on SiO2 Sigma, despite 
the surface area difference by two orders of magnitude. Similarly, Zaho 
et al. reported an equal average crystallite size from 20 to 40 % loading 
of CoO4 supported on SiO2 [57]. On the contrary, catalysts supported on 
the zeolite material showed variable crystallite size, which increased 
from 10.9 nm of 6 % Ni/ZSM-5 to 19.0 nm of 45 % Ni/ZSM-5.

3.1.3. SEM-EDS
SEM-EDS analyses have been performed on all the synthetized ma

terials and interpreted according to literature [58,59]. SEM images with 
the relative EDS mapping of 36 % Ni/SiO2 Fumed, 36 % Ni/SiO2 Sigma, 
36 % Ni/ZSM-5 and 45 % Ni/SiO2 Fumed are reported in Figs. 5–8 and 
Ni loading measured through EDS is reported in Table SI 2.1 and SI 2.2 
(Supporting Information). SEM images, together with EDS mapping, of 
all the other supports and catalysts tested are available in the Supporting 
Information (SI) (Figures SI 2.1 – SI 2.16).

SiO2 Fumed (Figure SI 2.1) appeared as an agglomeration of sphe
roidal nanoparticles with an average diameter of approximately 10–20 
nm, in line with data reported in literature [60]. SEM images of 36 % 
Ni/SiO2 Fumed (Fig. 5) did not allow the distinction of any NiO-related 
structures on the surface of the sample, showing a morphology similar to 
that of the support. However, EDS analysis confirmed Ni presence. 
Finally, the mapping showed a homogeneous distribution of NiO on the 
support. Looking to the evolution of morphology with Ni loading, one 
may conclude that the support shape and size was retained during metal 
addition, but some whiskers became evident at very high metal loading 
(36 and 45 wt%). A first hypothesis was that Ni was in part agglomer
ated in the form of Ni-whiskers. Another option is that carbon nanotubes 
may have formed from Ni particles, but a C-based precursor that may 
significantly feed the growth of C-nanotubes was not present during 
catalyst synthesis. The former hypothesis remains the most likely.

The formation of Ni whiskers is well supported in the literature, 
though the mechanism of formation and growth is not fully understood. 
Metal whiskers are commonly formed over metal surfaces and metal 
coatings and they have been also widely reported on ceramic oxides and, 
as a specific case of interest for this work, for NiO [61,62]. Their for
mation has been initially correlated to the presence of tensile strength, 
that relaxed through the extrusion of a filament. More in general, the 
phenomenon rises from a high energy state of the metal or metal oxide, 

Table 1 
Main physical chemical properties of the prepared samples. Values in parenthesis for surface area refer to micropores calculated through t-plot.

Catalyst BETSSA
a

(m2 g− 1)
Vp

b (cm3/g) P.W.c (nm) Hysteresis Ni loadingd

( %)
NiO sizee (nm)

SiO2 fumed 208 (14) 0.69 17.0 H1 – –
6 % Ni/SiO2 (fumed) 201 1.53 34.2 H1 11.7 15.5
16 % Ni/SiO2 (fumed) 169 1.26 33.2 H1 16.2 14.6
25 % Ni/SiO2 (fumed) 143 1.02 32.9 H1 24.6 15.1
36 % Ni/SiO2 (fumed) 124 (0.7) 0.81 28.9 H1 32.7 13.4
45 % Ni/SiO2 (fumed) 97 0.68 32.3 H1 43.2 15

SiO2 Sigma 0.5 0.002 21.9 H3 – –
6 % Ni/SiO2 (Sigma) 2.2 0.009 13.5 H3 19.7 14.5
16 % Ni/SiO2 (Sigma) 4.4 0.013 13.0 H3 24.8 16.1
36 % Ni/SiO2 (Sigma) 10.1 0.030 13.5 H3 53.0 15.7

ZSM-5 412 (301) 0.107 6.0 H4 – –
6 % Ni/ZSM-5 341 0.124 6.0 H4 6.3 10.9
16 % Ni/ZSM-5 253 0.106 6.6 H4 12.9 12.3
25 % Ni/ZSM-5 244 0.094 6.5 H4 19.1 15.9
36 % Ni/ZSM-5 197 (120) 0.092 7.3 H4 33.4 15.9
45 % Ni/ZSM-5 168 0.075 7.2 H4 35.9 19.0

a SSA = Specific Surface area.
b Vp = Total pore volume.
c P.W. = BJH Adsorption Pore Width.
d Ni loading from EDS.
e NiO Crystallite size from XRPD.
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which evolves in a lower energy state through formation of a filamen
tous protrusion. The growth is accelerated by temperature and thus it 
can be hypothesized that NiO whiskers formed during calcination of the 
precursor [63,64]. High dispersion and strong interaction with the 
support inhibit the formation of whiskers, while bulkier particles are 
more prone to filaments formation. This has been reported e.g. for 
NiO/Silica SBA-15 [65].

The SiO2 Sigma support (Figure SI 2.7) on the other hand, showed 
the presence of very large support grains. The latter indicates the pres
ence of large crystallites, as confirmed by the mapping study and in 
agreement with XRPD data for cristobalite. After Ni addition, smaller 
regularly shaped pseudo-octahedral particles appeared, with variable 
size, often higher than 100 nm.

The EDS mapping images of the 36 % Ni/SiO2 Sigma (Fig. 6) 
confirmed that Ni particles were finely dispersed over the entire surface 

of the catalyst. The mapping study of samples at different Ni loading 
(Figure SI 2.9) also showed geometrically regular structures of different 
sizes, characteristic of Ni oxide. No sign of whiskers was evident for this 
support, even at high metal loading.

SEM-EDS images of ZSM5-based materials are reported in Figures SI 
2.11-SI 2.16. ZSM-5 (Figure SI 2.11) showed a very regular and homo
geneous pseudo-cubic morphology, with particles ranging from ca. 200 
to ca. 400 nm. The EDS mapping assessed a quite homogeneous distri
bution of NiO on the surface of ZSM5, as observed in the 36 % Ni/ZSM-5 
mapping shown in Fig. 7 and in related images in the Supporting In
formation file. EDS analyses, moreover, confirmed the presence of Al, 
(the starting material has a SiO2/Al2O3 mole ratio of 50). Smaller par
ticles with spherical shape (ca. 10–20 nm) were evidenced over the 
zeolite surface at low metal loading, evolving into regular octahedra at 
higher metal loading. For this support, no formation of Ni whiskers was 

Fig. 1. Adsorption and desorption isotherms for: A) 36 % Ni/SiO2 Fumed; B) 36 % Ni/SiO2 Sigma; C) 36 % Ni/ZSM-5; D) t-plot 36 % Ni/SiO2 Fumed; E) t-plot 36 % 
Ni/ZSM-5.
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evident at any loading.
Though it is not the focus of this work, it may be interesting to 

highlight that the most stable geometrical arrangement of NiO is in 
octahedral particles [66], which were indeed observed for the SiO2 
Sigma and the ZSM-5 supports at high metal loading. The growth of the 
most stable morphology was not observed in the case of SiO2 fumed. 
Deviations from the octahedral morphology were reported as higher 
energy forms of NiO particles, also in case characterized by variable 
magnetic and optoelectronic properties [66–70]. Filamentous growth of 
NiO was reported for various techniques of film growth, e.g. Ref. [71]. 
An hypothesis for this different NiO growth over different supports in 
the present case may be as follows. The high surface area of ZSM-5 is 
substantially ascribed to micropores. The finest are inaccessible for the 
Ni precursor, while it can possibly penetrate the widest ones, as testified 
by the evolution of the surface area of the ZSM-5 supported samples at 
increasing metal loading. Therefore, after saturating the accessible 
pores, further increase of Ni loading brings to Ni accumulation over the 
surface. The low surface area and porosity of the SiO2 Sigma led to NiO 
accommodation over the support surface, only. In both cases the spon
taneous growth of the most stable shape is expected, as visible in the 
formation of octahedral particles over both supports at high Ni loading.

Fumed silica rapidly lost its (smaller) microporous contribution and 
accommodated the Ni precursor over the small spherical nanoparticles 
with film growth, i.e. at higher energy form with respect to octahedral 
particles. This may explain why filaments formed at high loading, to 
decrease the overall system energy.

Ni actual concentration is reported in Table SI 2.1 and SI 2.2 (Sup
porting Information) and in general, the Ni loading values had an 
increasing trend with higher loading and were similar to the theoretical 
ones. This was strictly confirmed in the case of SiO2 Fumed based ma
terials. In contrast, the values for SiO2 Sigma were much higher than the 
theoretical ones. This could be due to the fact that SiO2 Sigma has a low 
surface area and pore volume. Ni will only be deposited on the surface, 
not entering the pores, therefore causing an enrichment of NiO on the 
surface, with overestimation of NiO concentration, being EDS analysis 
more sensitive to the surface composition even if it is not a surface 
technique in strict sense [72]. On the opposite side, the actual Ni loading 
for the zeolite-supported materials was underestimated. In this case the 
deposition of Ni inside the pores is also verified by the sensitive decrease 
of surface area, preventing an accurate detection by EDS.

Exactly as in the case of the 36 % Ni loaded sample, the 45 % Ni/SiO2 
Fumed material (Fig. 8) did not evidence any NiO-related structures on 
the surface and EDS analysis confirmed once again an homogeneous 
dispersion of the NiO, with a morphology similar to the one of the bare 
material, except for the presence of whiskers.

3.1.4. FT-IR
FT-IR spectra of all SiO2 Fumed based materials showed a very 

intense broad band around 3500 cm− 1 and a further band of lower in
tensity at ca. 1625 cm− 1 (Fig. 9). Both bands were associated with O–H 
bonds (stretching the former, bending the latter). The band at 1385 
cm− 1 can be associated with C–H bond bending vibrations of organic 
substances in the samples, which should not be present. Alternatively 
such band is typical of nitrate ions bending vibrations, which is much 
more likely index of not completely decomposed Ni precursor or to the 
bending of surface OH groups [73,74]. Interestingly, this band is visible 
only for the silica fumed catalysis with 36 and 45 wt% Ni loading, i.e. the 
ones showing the whiskers in their SEM micrographs. This can support 
either that the whiskers were constituted of Ni oxide with residual ni
trate precursor. Alternatively, it may be compliant with the presence of 
carbon nanotubes, which however would not include significant amount 
of H, being mainly composed of C. Accordingly, it may also be due to Ni 
hydroxylated sites on the surface as detailed in Ref. [75]. The latter is 
considered the most likely attribution, useful also to explain the high 
activity of the sample loaded with 36 and 45 wt% of Ni.

The bands at 1100 cm− 1 and 800 cm− 1 and 460 cm− 1 are attributable 

Fig. 2. XRPD pattern of the SiO2 Fumed supported catalysts.

Fig. 3. XRPD pattern of the SiO2 Sigma supported catalysts.

Fig. 4. XRPD pattern of the ZSM-5 supported catalysts.
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to the asymmetric and symmetric stretching of the Si–O bond [76]. The 
band at 460 cm− 1 is also attributable to the stretching of the Ni–O bond. 
The positions of the Si–O and Ni–O stretching bands are very similar and 
this causes an overlapping, making impossible their exact identification.

In the case of SiO2 Sigma (Fig. 10), the bands previously assigned 
were present as well. A slightly different shape and position of the bands 
was observed. This indicates the presence of particles of different shapes 
and/or sizes. In particular, a red shift is observed which indicates the 
presence of larger particles [77]. This has been confirmed by SEM 
analysis. The band at 1385 cm− 1 was not present for this support and 
was barely visible, though not significant for any Ni-containing sample. 
This would confirm its attribution to some residual nitrate.

The FT-IR spectra reported in Fig. 11 showed the characteristic bands 

of ZSM-5. Absorption bands at 451 cm− 1, 545 cm− 1, 795 cm− 1, 1198 
cm− 1 and 1220 cm− 1 are attributable to the bending vibration of the T-O 
bond (T = Al or Si), symmetrical external O-T-O stretching, asymmet
rical internal and external stretching vibrations due to the presence of 
siliceous materials [78]. A small band at 1385 cm− 1 was already present 
in the bare support, associated with C–H bond vibrations of organic 
substances present in the samples as impurities coming from the tem
plate used for the synthesis of the zeolite or to OH bending vibrations. Its 
intensity never became significant, except at high metal loading. The 
broad bands between 3130 cm− 1 and 3650 cm− 1 can be attributed to the 
vibrational stretching of isolated Si–OH and Al–OH groups and O–H of 
water molecules [78]. In addition to these signals, the higher 
NiO-loaded sample showed an intense absorption band at 450 cm− 1, 

Fig. 5. SEM-EDS images, Si, O and Ni mapping of 36 % Ni/SiO2 Fumed. Marker size: top row from left to right 200 nm, 100 nm, 20 nm. Bottom row 1 μm.

Fig. 6. SEM-EDS images, Si, O and Ni mapping of 36 % Ni/SiO2 Sigma. Marker size: top row from left to right 100 nm, 100 nm, 10 μm. Bottom row 10 μm.
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Fig. 7. SEM-EDS images, Si, Al, O and Ni mapping of 36 % Ni/ZSM-5. Marker size: top row from left to right 200 nm, 100 nm, 20 nm. Second and third rows 1 μm.

Fig. 8. SEM-EDS images, Si, O and Ni mapping of 45 % Ni/SiO2 Fumed. Marker size: top row from left to right 200 nm, 200 nm, 20 μm. Bottom row 10 μm.
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which is characteristic of the vibrational stretching of the Ni–O bond. In 
low loading samples, the NiO band was not visible due to the over
lapping with the support band. Moreover, the exact position of this band 
was reported to vary depending on the particle size and the shape dis
tribution of NiO particles [79].

3.1.5. UV–Vis DRS
Figs. 12 and 13 showed the UV–Vis-DRS spectra of the SiO2 Fumed 

and the SiO2 Sigma materials respectively. All the catalysts exhibited 
bands at 270 nm, 380 nm, 420 nm and 720 nm, all characteristic of NiO 
species, except the latter, present in the bare support. The low loading 
samples had an absorbance increase at high wavelength resembling the 
bare support. The absorbance of the Ni loaded samples at low wave
lengths was instead increasing progressively with Ni loading.

In Fig. 14 the UV–Vis DRS spectra of the ZSM-5 based materials are 
reported. All the catalysts exhibited bands at 270 nm, 380 nm, 420 nm 
and 720 nm, characteristic of the NiO species [80]. The 270 nm band is 
assigned to the charge transfer O2− → Ni2+ between the metal and the 
support [81]. The bands at 380 nm, 420 nm and 720 nm are assigned to 

d-d electronic transitions of Ni2+ in octahedral coordination within NiO 
[82]. The literature reports also the presence of bands centred at 450 nm 
and 635 nm that correspond to d-d electron transitions of Ni2+

exchanged in tetrahedral coordination within the zeolite structure [83]. 
These bands were weakly present also in the high-loading sample. This 
could indicate that the insertion of Ni into the zeolite structure occurred 
only with large amount of metal. At higher Ni loading, absorption 
increased and the bands were more intense.

3.1.6. Raman
Raman spectra for SiO2 Fumed based materials are reported in 

Fig. 15. SiO2 Fumed did not reveal any Raman signal. Despite this, even 
at low loadings, NiO bands were noticeable. These were slightly shifted 
to lower wavenumbers, due to small crystallite sizes [84]. Finally, the 
high intensity of the 1P band suggests that NiO is antiferromagnetically 
ordered or defect-rich [85].

The spectrum of the bare SiO2 Sigma (Fig. 16) showed bands at 113 
cm− 1, 230 cm− 1, 420 cm− 1, 780 cm− 1 and 1070 cm− 1 that were 
attributed to cristobalite [52,86]. The bands were also visible in the 6 % 
sample, but disappeared at high loadings. The peaks related to the 

Fig. 9. FT-IR spectra of the SiO2 Fumed supported catalysts.

Fig. 10. FT-IR spectra of the SiO2 Sigma supported catalysts.

Fig. 11. FT-IR spectra of the ZSM-5 supported catalysts.

Fig. 12. UV–Vis DRS spectra of the SiO2 Fumed supported catalysts.
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presence of NiO appeared in the metal loaded catalysts.
Fig. 17 shows the Raman spectra for ZSM-5 based materials. The bare 

zeolite did not show any Raman signal. Typical NiO bands appeared 
with metal addition. It is reported in the literature that the NiO Raman 
spectrum has five main bands. The band at 570 cm− 1 that correspond to 
one-phonon (1P) TO and LO modes, a band at ca. 730 cm− 1 that cor
responds to two-phonon (2P) 2TO modes, a band at 900 cm− 1 that 
corresponds to + LO, a band at 1100 cm− 1 that corresponds to 2LO 
modes and finally, a band at 1490 cm− 1 that corresponds to two-magnon 
(2 M) scattering [85]. The 2P bands at 900 cm− 1 and the 2 M bands at 
1500 cm− 1 were not present. This is probably due to the very small size 
of the crystallites [84]. The spectra obtained showed an increasing in
tensity of the bands as Ni loading increased and this may be due to the 
increase in crystallite size [87]. The high intensity of the 1P band at 570 
cm− 1 suggests that NiO is antiferromagnetically ordered or defect-rich 
[88], likely due to surface oxygen vacancies [89].

3.1.7. H2-TPR, TPO and TPD-O2
All TPR analysis are shown in Fig. 18 and Figures SI 3.1 – SI 3.13 of 

the SI. For all the series, increasing the Ni-loading translated into 
increasing the mmol of H2 consumed, as reported in Table 2. All the 
series displayed a decreasing trend in the reduction temperature while 

Fig. 13. UV–Vis DRS spectra of the SiO2 Sigma supported catalysts.

Fig. 14. UV–Vis DRS spectra of the ZSM-5 supported catalysts.

Fig. 15. Raman spectra of the SiO2 Fumed supported catalysts.

Fig. 16. Raman spectra of the SiO2 Sigma supported catalysts.

Fig. 17. Raman spectra of the ZSM-5 supported catalysts.
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increasing the loading of Ni. For various supports, it is widely accepted 
in the literature that lower reducibility (i.e. higher temperature reduc
tion peaks) is correlated to high dispersion and/or strong metal/support 
interaction and viceversa. Independently from the support nature, the 
presence of various peaks at a given loading is likely due to NiO species 
that interact differently. Weak interactions between the NiO and the 
support are responsible of the peaks at lower T while strong metal/ 
support interactions (SMSI) are responsible for the reduction peaks at 
higher temperature [90,91].

When looking for instance at the 45 % Ni/ZSM-5 and 45 % Ni/SiO2 
Fumed samples, two reduction peaks were clearly visible for both 
samples, at 280 ◦C–357 ◦C for the 45 % latter and 279 ◦C–370 ◦C for the 
former. The peak at lower temperature may be also related to a higher 

availability of surface Ni [91].
In the respective samples having 36 % nickel loading, the contribu

tion of the two peaks was also observable, but not noticed in the 36 % 
Ni/SiO2 sample, for which a less pronounced temperature decrease was 
attained.

TPD of preadsorbed oxygen was used to assess the presence of oxy
gen vacancies in the samples. Therefore, the sample was pre-saturated in 
flowing air according to two procedures. The former consisted in a TPO 
(TPO-TPD mode 1), which also allowed to identify possible carbona
ceous residua or oxygen consumption due to significant oxidation of the 
catalyst precursor.

The TPO pattern of sample 45 % Ni/SiO2 Fumed revealed the 
continuous consumption of oxygen in the whole temperature range and 
the specific release of fragments with m/z 44 and 18 attributed to CO2 
and H2O between ca. 200 and 300 ◦C. The same results were observed 
for sample 36 % Ni/SiO2 Fumed in the temperature range 170–300 ◦C. 
In all the cases the intensity of the peaks was very small, as evidences in 
Figures SI 3.14A and SI 3.14B. This indicates likely the combustion of 
very small amounts of organic compounds present in the sample.

Nevertheless, the TPD analysis did not reveal any oxygen release 
after TPO at high temperature. Therefore the pre-saturation procedure 
was changed to a treatment in air at near ambient temperature (30 ◦C, 
TPO-TPD mode2). A release of oxygen was observed after such satura
tion, corresponding to very small peaks evident between 200 and 300 ◦C 
both in the m/z signals 32 and 16. An example is reported in Figure SI 
3.15 and was attributed to the presence of oxygen vacancies.

3.2. Catalytic tests

All catalysts tested, irrespectively of the supports, showed a general 
increase in activity as Ni loading increased. In general, SiO2 Fumed 

Fig. 18. H2 – TPR of: A) 36 % Ni/SiO2 Fumed; B) 36 % Ni/SiO2 Sigma; C) 36 % Ni/ZSM-5; D) 45 % Ni/SiO2 Fumed.

Table 2 
H2-TPR characterization results: amount of H2 consumed (total) and reduction 
peak temperatures.

Catalyst H2 (mmol) TPeak 1 (◦C) TPeak 2 (◦C)

6 % Ni/SiO2 Sigma 2.44E-01 440 ​
16 % Ni/SiO2 Sigma 1.38E+00 418 ​
36 % Ni/SiO2 Sigma 2.86E+00 395 ​

6 % Ni/SiO2 fumed 2.27E-01 440 ​
16 % Ni/SiO2 fumed 1.11E+00 378 ​
25 % Ni/SiO2 fumed 1.67E+00 374 ​
36 % Ni/SiO2 fumed 2.31E+00 345 ​
45 % Ni/SiO2 fumed 2.62E+00 280 357

6 % Ni/ZSM-5 3.01E-01 356 ​
16 % Ni/ZSM-5 1.32E+00 317 ​
25 % Ni/ZSM-5 1.74E+00 354 ​
36 % Ni/ZSM-5 2.45E+00 341 ​
45 % Ni/ZSM-5 2.93E+00 279 370
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supported catalysts exhibited the highest activity.
The max CO2 conversion (together with the T at which it has been 

obtained and the corresponding methane selectivity, S CH4) and the max 
CH4 selectivity (together with the T at which it has been obtained and 
the corresponding CO2 conversion) are reported in Table SI 4.1. In some 
cases the optimum temperature was coincident for conversion and 
selectivity maximization. The carbon balance has been calculated for 
every experiments. All tests showed a carbon balance of 95 % or higher.

As a general trend, as the Ni loading increased the conversion 
increased as well and the temperature of best achievement decreased. 

Low loading samples were not able to attain full selectivity to methane, 
the main byproduct being CO.

Considering the ZSM-5 supported series, the 45 % Ni/ZSM-5 sample 
showed the highest CO2 conversion (71 %) of the series at 450 ◦C, while 
still displaying 95 % selectivity towards methane, as reported in Table SI 
4.1. Fig. 19a and b represent more in detail the conversion and selec
tivity of catalysts supported on ZSM-5 and compare the results with the 
expected thermodynamic conversion at equilibrium (azure curve 
labelled “THERMO”). By increasing the loading of the active metal, 
there is an increase in both conversion and selectivity, which is in line 

Fig. 19. Catalytic performance as a function of temperature: a) and b) ZSM-5, c) and d) SiO2 Sigma, e) and f) SiO2 Fumed as support.
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with previous literature reports [92,93].
Detailed plots of conversion and selectivities of catalysts supported 

on SiO2 Sigma are reported in Fig. 19c and d. Increasing the metal 
loading increased not only the performances of the catalysts, but 
selectivity towards CH4 as well. It can be noted that the 6 % Ni/SiO2 
Sigma was very unselective, showing greater selectivity towards CO 
than towards CH4, unlike for all other catalysts. 36 % Ni/SiO2 (Sigma) 
showed the best performances of the series, reaching 69 % CO2 con
version with 95 % CH4 selectivity at 425 ◦C, insufficient for comparison 
with rival supports.

Conversion and selectivity for CH4 and CO of all the catalysts sup
ported on SiO2 Fumed are reported in Fig. 19e and f. As in the previous 
case, increasing the metal loading improved both the conversion and the 
selectivity of the catalyst.

The difference in terms of catalytic activity between SiO2 (Sigma) 
and SiO2 (Fumed) is immediately noticeable. Fumed SiO2 supported 
catalysts evidenced a greater surface area (approximately 200 m2 g− 1 vs. 
4 m2 g− 1) and a total pore volume two orders of magnitude higher than 
those supported on SiO2 Sigma.

However, when using a support with even higher surface area a 
corresponding further improvement of activity was not achieved. 
Indeed, a comparison of all the 36 % and 45 % Ni loaded catalysts is 
reported below (Fig. 20a and b). These were selected because they 
achieved the highest activity among this set of samples. 36 % Ni/SiO2 
Sigma and 45 % Ni/ZSM-5 showed very similar activities. Both series 
approach the thermodynamic equilibrium at 430/450 ◦C, compared to 
much lower temperature (390 ◦C, also characterized by higher conver
sion) achieved for the Fumed SiO2 series. 36 % Ni/SiO2 Fumed and 45 % 
Ni/SiO2 Fumed displayed not only a greater activity, but a generally 
higher selectivity towards methane at every temperature, in particular 
in the 315–390 ◦C range compared to the 45 % Ni/SiO2 Fumed catalyst.

Operating at low temperature favors the reaction from a thermody
namic point of view, allowing to minimize the RWGS reaction, but 
possibly favoring the production of coke through parasitic reactions, e.g. 
the Boudouard reaction. Higher Ni dispersion and reduced presence of 
large Ni crystals on the catalyst surface is usually beneficial to prevent 
coke accumulation in the form of nanotubes. The literature also con
firms, for this and other reactions, that the presence of finely dispersed 
Ni particles, strongly interacting with the support, helps to reduce coke 
formation, increasing the selectivity towards methane. The carbon bal
ances, especially for 36 % Ni/SiO2 Fumed and 45 % Ni/SiO2 Fumed, the 
two most active catalysts, showed values higher than 97 % at any 
temperature tested. Exceptions may arise at low conversion where the 
small amount of products and the small difference of CO2 inlet and 
outlet flows leads to lower precision in the assessment of C balance.

A comparison with literature data is reported in Table 3 summarising 
Ni/SiO2 catalysts used for CO2 methanation mentioned in literature. Ye 
at [94]. synthesized a 40 % Ni/SiO2 catalyst by impregnation. At a 

GHSW six times lower than the present case (i.e. much higher contact 
time) the catalyst showed conversion and selectivity of 70 and 90 % 
respectively at 450 ◦C. Catalysts prepared through ammonia evapora
tion method returned better performance with conversion and selec
tivity of 75 % and 90 % respectively.

Looking to characterization data it is evident that surface area and 
porosity alone are not determinant to achieve high activity. The role of 
the active phase is predominant, increasing both conversion and selec
tivity with increasing Ni loading. The support, not reactive for this set of 
formulations, exerts basically a structural role, but depending on its 
features it could determine different dispersion and interaction with the 
active phase. In the present case we have compared two pure silica 
supports, one amorphous with high surface area and mesoporosity, one 
with large particle size, highly crystalline structure and very low surface 
area and porosity and one silico-aluminate with well-developed regular 
crystallinity and uniform microporosity, together with the highest sur
face area. In this latter case a hetero-element was present, possibly 
imparting acidity to the prepared catalyst. Considering the EDS com
positions reported in Table SI 2.2 (Supporting Information file) the ratio 
of Si/Al remained almost constant at variable Ni loading, indicating that 
surface deposition was not preferential on different sites of the zeolite.

Based on morphology and compositional data, Ni covered uniformly 
the surface available creating spherical nanoparticles or well developed 
bipyramid-shaped crystals over the support surface. In some cases 1D 
structures also formed, though their composition has not been fully 
elucidated. In the case of the zeolite support part of the Ni occluded the 
support pores, and its crystal sizes significantly increased with the 
loading. Also looking to the slightly lower reduction temperature of NiO 
when supported on ZSM-5, a lower interaction with the support may be 
inferred. By contrast, NiO particles with similar size supported over 
crystalline silica were much less reducible (and in turn demonstrated 
less active), due to a stronger metal-support interaction.

Therefore, in order to achieve satisfactory activity at low tempera
ture, uniformly dispersed, well crystallised Ni particles are needed, 
acting as an independent phase with limited interaction with the sup
port. The latter can help improving the dispersion to obtain a uniform 
array of nanoparticles, preventing also sintering, but it should not 
interact too strongly with the support inhibiting the redox cycles 
responsible of reactants activation. On the other hand, less interacting 
supports, even with much higher surface area are not satisfactory 
because they are not able to stabilize the formed Ni nanoparticles. 
Leading to their aggregation, as in the case of ZSM-5.

Based on the dependence on a critical Ni crystal size, it can be also 
supposed that structure sensitivity holds for this reaction.

Some analyses were also carried out on the spent catalysts, as 
allowed by the high dilution with SiC and the need for passivation of the 
downloaded exhaust material.

EDS analysis was performed on the spent catalysts loaded with 36 wt 

Fig. 20. (a) CO2 conversion and (b) selectivity to CH4 and CO of selected samples.
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% Ni and for the SiO2 Fumed with 45 wt% Ni content. The results are 
reported in Table SI 2.3. The Ni content remained approximately un
changed for the SiO2 Fumed support (the apparent decrease is due to the 
local amount of C, not detected on the fresh catalyst and due in part to 
some CO2 and CH4 possibly adsorbed over the sample, but more likely 
due to the presence of SiC particles. The same samples also maintained 
the same morphology after use (Figures SI 5.1 and SI 5.2) and a uniform 
Ni distribution was evident in the EDS maps after use. The NiO whiskers 
disappeared after use, leaving a dispersed array of polyhedral particles.

The morphology and the Ni content were markedly different in the 
case of the SiO2 Sigma and the ZSM-5 supports (Figures SI 5.3 and SI 
5.4). A more significant decrease of the Ni amount was observed, likely 
due to surface reconstructuring after activation. Furthermore in the case 
of the ZSM-5 sample, SEM micrographs clearly evidenced the presence 
of irregularly sized Ni particles (20–150 nm) with a polyhedral shape.

4. Conclusions

Silica and ZSM-5 supported catalysts were prepared through wet 
impregnation of a Ni precursor. Different supports and metal loadings 
were used, yielding catalysts with different crystal phases, specific sur
face area, metal crystal size and metal-support interaction strength. All 
the as-prepared catalyst showed the presence of crystalline NiO, which 
reduced at variable temperature to Ni. Metal oxide reducibility was used 
as an index of metal dispersion (to be compared with morphology and 
crystal size) and of the interaction strength with the support. Charac
terisation of the spent catalysts revealed a morphological reconstruction 
of NiO, that in high loading samples was present in octahedral bipyr
amid shaped particles or even protruded as NiO whiskers. On the con
trary, polyhedral particles were evident in the spent samples at high Ni 
content.

Activity tests have been conducted at atmospheric pressure. The 
bests results have been obtained at high Ni-loading with a pure Silica 
support. Significant differences between the use of SiO2 Sigma and SiO2 
Fumed were found. The former, characterized mainly by a crystalline 
cristobalite phase showed a very low specific surface area, small pore 
volume and pore width, compared to the SiO2 Fumed. Despite the 
extremely low pore volume of the SiO2 Sigma, these catalysts behaved 
generally better than the ZSM-5 supported ones. A higher metal reduc
ibility was correlated for all tests with a higher activity towards CO2 
methanation. The use of a support containing a small amount of 
aluminum, such as ZSM-5, did not improve the reactivity. Despite the 
extremely high SSA BET of the 36 % Ni/ZSM-5 sample, this catalyst was 
the one that performed worse than the pure silica supports at the same 
Ni loading. TPR analysis of low Ni loading catalysts supported on ZSM-5 
showed a lower reduction temperature compared to the SiO2 Fumed 
supported catalysts. For both series, increasing the loading led to the 
gradual increase in intensity of a peak at low reduction temperature, 

probably due to weakening of the interaction between the NiO and the 
support and to NiO particle size increase. At the highest metal concen
tration (45 wt% Ni) two separate reduction peaks were obtained.

The 36 % and 45 % Ni/SiO2 Fumed showed the highest CO2 con
version at 413 ◦C and 390 ◦C respectively with 99 % selectivity towards 
methane in both cases and of these, the 36 % Ni/SiO2 Fumed allowed to 
achieve full selectivity toward methane at 390 ◦C. This promotes this 
material as extremely promising when compared with most catalysts 
reported in literature, combining the advantages associated with a 
simple synthesis methodology such as wet-impregnation of a commer
cial support with satisfactory performances obtained at high Qt/W, 
substantially reaching equilibrium conversion at low temperature. This 
demonstrates a methane productivity higher than most literature 
reports.
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scattering in nanosized nickel oxide NiO. J Phys Conf Ser 2007;93. https://doi. 
org/10.1088/1742-6596/93/1/012039.

[86] Neuville DR, Charpentier T, Du JC, Yue YZ, Blanc W, Cicconi MR, et al. Structure 
characterizations and molecular dynamics simulations of melt, glass, and glass 
fibers. In: Fiberglass sci. Technol. Chem. Charact. Process. Model. Appl. Sustain. 
Cham: Springer International Publishing; 2021. p. 89–216. https://doi.org/ 
10.1007/978-3-030-72200-5_2.

[87] Ghule AV, Ghule K, Punde T, Liu J-Y, Tzing S-H, Chang J-Y, et al. In situ 
monitoring of NiO–Al2O3 nanoparticles synthesis by thermo-Raman 
spectroscopy. Mater Chem Phys 2010;119:86–92. https://doi.org/10.1016/j. 
matchemphys.2009.07.050.

[88] Dietz RE, Parisot GI, Meixner AE. Infrared absorption and Raman scattering by 
two-magnon processes in NiO. J Appl Phys 1971;42:1484. https://doi.org/ 
10.1063/1.1660309.

[89] George G, Anandhan S. Synthesis and characterisation of nickel oxide nanofibre 
webs with alcohol sensing characteristics. RSC Adv 2014;4:62009–20. https:// 
doi.org/10.1039/C4RA11083H.

[90] Huang B, Li X, Ji S, Lang B, Habimana F, Li C. Effect of MgO promoter on Ni-based 
SBA-15 catalysts for combined steam and carbon dioxide reforming of methane. 
J Nat Gas Chem 2008;17:225–31. https://doi.org/10.1016/S1003-9953(08) 
60055-9.

[91] Rossetti I, Biffi C, Bianchi CL, Nichele V, Signoretto M, Menegazzo F, et al. Ni/SiO 
2 and Ni/ZrO 2 catalysts for the steam reforming of ethanol. Appl Catal B Environ 
2012;117–118:384–96. https://doi.org/10.1016/j.apcatb.2012.02.006.

[92] Myronyuk IF, Mandzyuk VI, Sachko VM, Gun’ko VM. Structural and 
morphological features of disperse alumina synthesized using aluminum nitrate 
nonahydrate. Nanoscale Res Lett 2016;11:153. https://doi.org/10.1186/s11671- 
016-1366-0.
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