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ARTICLE INFO ABSTRACT

Keywords: A series of Ni/AlyO3 catalysts were prepared from substoichiometric NiAl,O4 precursors (Ni/Al molar ratio
Dry reforming between 0.5 and 0.05) were examined for the dry reforming of methane. The calcined spinel precursors and the
MVEtha"e corresponding reduced catalysts were characterised by Ny physisorption, X-ray fluorescence, X-ray diffraction,
le:i]nate Raman spectroscopy, electronic microscopy coupled to elemental mapping, X-ray photoelectron spectroscopy
Dispersion and temperature-programmed techniques. Compared with the stoichiometric counterpart, nickel species present

in Ni-deficient precursors were mostly in the form of a spinelic phase. After high-temperature reduction, narrow
particle size distributions centred at 10 nm were obtained. The largest available nickel surface area (18 m? g™?)
was exhibited by the catalyst derived from the precursor with a Ni/Al of 0.15. The NiAl,O4-mediated catalysts,
especially those with Ni/Al molar ratio in the 0.15-0.25 range, exhibited a notable performance at 90,000 h~!
and 650 °C. The optimal catalyst (14%wt.%Ni), with 93%CH,4 and 80%CO, conversions, was also able to operate
for 200 h despite the significant formation of carbonaceous nanotubes (around 1g¢ gi;lAT) and were examined.

Substoichiometric precursor

[3,4].
The most common industrial route for the production of syngas is

1. Introduction

Climate change and the increasingly scarce reserves of fossil fuels are
driving governments and other entities towards the use of low-carbon
energies and the development of technologies that allow for maintain-
ing the economy growth without damaging the environment. In this
sense, the implementation of CO; capture and storage technologies is a
key element for sustainable development, since these processes reduce
the CO; emissions of numerous sources such as thermal energy plants,
steel works, cement works or wastewater treatment plants, among
others [1,2]. Moreover, the captured CO; can be utilised in several ap-
plications, from food processing and packaging to fire suppression or as
a raw material in chemical synthesis. More importantly, captured CO,
can be used to produce high-value syngas, which, in turn, can be further
employed in the production of liquid fuels or highly pure hydrogen

steam reforming of natural gas, from which grey hydrogen can be ob-
tained [5,6]. However, steam reforming presents several drawbacks,
with the most important one being its high-energy requirements [7].
Moreover, steam reforming generates significant amounts of CO2, which
can be critical if the process is focused on hydrogen production, since the
CO generated in the reaction must be converted into CO3 in a subsequent
water—gas shift step [8]. This makes the implementation of an additional
CO» capture system necessary.

A possible alternative to this strategy is the dry reforming of methane
(DRM), which is the reaction where methane is partially oxidised with
CO.. This process presents important environmental benefits since it
utilises two greenhouse gases to produce syngas, effectively consuming
CO», instead of generating it [9]. Furthermore, its requirements in terms

Abbreviations: BET, Brunauer-Emmett-Teller surface area; BJH, Barrett-Joyner-Halenda method; DRM, Dry Reforming of Methane; EDS, Energy-Dispersive X-ray
Spectroscopy; FFT, Fast Fourier Transform; H,-TPR, Temperature-Programmed Reduction with Hydrogen; HAADF, High-Angle Annular Dark Field imaging; HRTEM,
High-Resolution Transmission Electron Microscopy; ICDD, International Centre for Diffraction Data; IUPAC, International Union of Pure and Applied Chemistry; MS,
Mass Spectrometry; RWGS, Reverse Water Gas Shift; STEM, Scanning Transmission Electron Microscopy; TEM, Transmission Electron Microscopy; TGA, Ther-
mogravimetric Analysis; WDXRF, Wavelength Dispersive X-ray Fluorescence; XPS, X-ray photoelectron spectroscopy; XRD, X-Ray Diffraction.
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Table 1
Physico-chemical properties of the NiAl,O4 precursors.
Sample Nominal Actual Ni loading, SpET, Vpores cm® g~ NiAl,O4 Cell NiO
Ni/Al molar ratio Ni/Al molar ratio %wt. m?/g~! crystallite size, nm parameter, crystallite size, nm
A

NiAl(5) 0.05 0.05 5 122 0.30 4 7.9294

NiAl(10) 0.10 0.11 10 112 0.28 6 7.9449 -
NiAl(14) 0.15 0.16 14 105 0.28 7 7.9634 -
NiAl(18) 0.20 0.22 18 99 0.27 8 7.9794 -
NiAl(21) 0.25 0.27 21 93 0.26 9 7.9994 9
NiAl(24) 0.30 0.33 24 90 0.23 9 8.0052 8
NiAl(29) 0.40 0.42 29 75 0.20 9 8.0116 7
NiAl(33) 0.50 0.54 33 71 0.20 10 8.0115 7
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Fig. 1. X-Ray diffractograms of the NiAl,O4 precursors.

of purity of the feedstock are notably lower with respect to steam
reforming, thus being able to profitably process low-value streams such
as landfill biogas, anaerobic digestion biogas or mine gas [10,11]. The
main shortcoming of this reaction is its significant endothermicity,
which makes necessary the presence of an efficient catalyst working at
moderate temperatures (650-750 °C) without being severely affected by
deactivation upon sintering and coking [12]. In this sense, since two
sources of carbon are present in the feedstream, the effect of coking on
the catalyst is inherently more intense [13].

It is widely accepted that four elementary steps are involved in DRM
[14,15]: (i) dissociative adsorption of methane, (ii) dissociative
adsorption of COy, (iii) formation of surface hydroxyl groups and water,
and (iv) oxidation of CHy species, along with the formation and
desorption of CO and Hy. The first step is the rate-determining step, and
involves the generation of a trigonal pyramidal structure by electron
interactions between the adsorbed methane molecule and the active
metal particle. However, CO; dissociative adsorption on the metal-
support interface in various possible coordination geometries is gener-
ally considered as a fast step. Current understanding of the last two steps
is still rather limited. Hydroxyl groups are expected to form when
hydrogen migrates from the active metal surface to the support and

reacts with the oxygen species on the support. The oxidation of CHy (0 <
x < 3) by surface oxygen leads to the formation of CHyO or CO on the
catalyst surface.

Typically, catalysts based on highly dispersed metallic nickel have
been proven the most attractive systems [16,17], frequently surpassing
noble metal catalysts. Traditionally, these catalysts have been prepared
from the reduction at moderate temperatures of NiO supported over
porous media such as gamma alumina [18,19]. However, this route
tends to produce catalysts with large Ni crystals (40-80 nm), which are
more prone to deactivation by coking and sintering [20]. In addition, Ni
can easily react with y-AlyO3 to form nickel aluminate at relatively mild
temperatures, thereby irreversibly fixing a significant amount of Ni?*
cations and concomitantly lowering the content of the available active
phase [21]. An alternative approach might just be to turn what would be
an undesirable effect into a virtue with a high potential for catalytic
applications. Thus, the proposal in this case would consist of forcing the
formation by high-temperature calcination (above 800 °C) of a highly
crystalline NiAlyO4 bulk phase in which the added nickel will be prop-
erly integrated into the structure of this spinel [22]. After an appropriate
reduction treatment, a Ni/Al,O3 catalyst characterised by relatively
small crystallite sizes (10-30 nm) and high nickel dispersions would be
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Fig. 2. STEM/EDS elemental maps of the stoichiometric (NiAl(33) (figure at
the top), sub stoichiometric (NiAl(21) (figure in the middle) and sub-
stoichiometric (NiAl(14) (figure at the bottom) NiAl,O4 precursors.
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obtained. These physico-chemical features are expected to give higher
activities at moderate temperatures and a remarkable resistance to
coking and uncontrollable growth of the metal crystallites [23].

Several examples of this approach can be found in the literature. For
instance, Boukha et al. [24] found a NiAl;04-derived catalyst prepared
by coprecipitation highly active for partial oxidation, steam reforming
and oxidative steam reforming of methane. On the other hand, Fang
et al. [25] also found NiAl;O4-based catalysts active for the steam
reforming of propane. Similarly, this type of catalysts has been proven
active for the steam reforming of various compounds such as ethanol
[26], toluene [27], isooctane [28] or bio-oil [29]. Morales-Marin et al.
[30] even found them active for the reforming of glycerol in aqueous
phase. Regarding dry reforming of methane, various research works
have studied the benefits of employing stoichiometric NiAl;O4 as pre-
cursor for producing Ni/Al;O3 catalysts, with all of them finding that
this approach results in smaller Ni crystallite sizes characterised by a
high intrinsic activity [31,32].

However, the use of the stoichiometric nickel aluminate as catalytic
precursor is also not exempt from disadvantages. Since the Ni loading of
nickel aluminate is near 33% in weight, after reduction the resulting
catalyst can present a metallic nickel loading of up to 37%wt.Ni, which
is notably high for a supported catalyst. Under these conditions, the
formed nickel crystallites will still be large and poorly dispersed. The use
of Ni/Al,O3 catalysts with low Ni loadings (<15%wt.) has been also
explored in the literature. Numerous studies reported that those cata-
lysts can outperform those with higher contents in terms of both activity
and stability due to their higher metallic dispersions [33,34].

Interestingly, the combination of the two aforementioned ap-
proaches, that is, the use of NiAl,O4 spinels with a sub-stoichiometric
Ni/Al molar ratio (lower than 0.5) can be a smart alternative to over-
come these issues. By preparing a precursor with a lower nickel loading,
the resulting catalyst is expected to exhibit a smaller crystal size and
higher dispersion. Such systems have been already successfully applied
for the steam reforming reaction [35], but are yet to be extensively
investigated for the dry reforming of methane. For these reasons, in this
work we propose the optimisation of the Ni/Al molar ratio of NiAl;04-
like precursor between 0.5 and 0.05, with the aim of producing highly
efficient supported Ni/Al,Og3 catalysts with varying Ni content (5-33%
wt.) for the DRM reaction, conducted at 650 °C and 90,000 h™! for a
prolonged reaction time interval (200 h). Comparing with most studies
on dry reforming these selected operating conditions are rather
demanding from a catalytic point of view as coke formation is thermo-
dynamically favoured at low temperatures, the residence time is short
(<0.05 s) and the corresponding weight hourly space velocity is as high
as 72,000 mL CHs g ' h~L.

2. Experimental

2.1. Synthesis of the Ni/Al,O3 catalysts based on substoichiometric nickel
aluminates

The synthesis of the NiAl,04-like precursors was carried out by co-
precipitation of solutions of nickel (II) nitrate hexahydrate (Ni
(NO3)2:6H20) and aluminium (III) nitrate nonahydrate (Al
(NO3)3-9H50) with a solution of sodium carbonate (Nay;COg3) 1.2 M. The
concentration of the solutions was adjusted to prepare eight precursors
with varying Ni/Al molar ratio between 0.05 and 0.5, namely 0.05, 0.1,
0.15, 0.2, 0.25, 0.3, 0.4 and 0.5. The sodium carbonate solution was
added dropwise at constant temperature (80 °C) until the pH reached 9.
After filtration and drying (110 °C), the formed precipitates were
calcined at 850 °C for 4 h to obtain the thermally stabilised oxides [30].
The aluminate precursors were labelled as NiAl(x), where x denoted the
Ni weight percentage. To obtain the catalytically active Ni/Al;O3 sam-
ples, the precursors were subjected to an in-situ reduction step at 850 °C
for 2 h with a 5%H,/N5 mixture.
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Fig. 3. Ho-TPR profiles of the NiAl,04 precursors.

Table 2
H, uptake of the NiAl,O4 precursors from the H,-TPR analysis.

Table 3
Physico-chemical properties of the reduced Ni/Al,O3 catalysts.

Sample Low-temperature High-temperature NiAl,O4 Sample SBET, Viores Ni crystallite size Ni crystallite size (STEM/
(50-650 °C) H, uptake, (650-950 °C) H, uptake, fraction, % m?/ cm?® (XRD), nm HAADF), nm
mmol g ! mmol g~! gt gt
NiAl(5) 0.02 0.92 98 NiAl(5) 96 0.22 8 12
NiAl 0.11 1.49 93 NiAl 88 0.22 10 15
(10) (10)

NiAl 0.25 2.12 90 NiAl 85 0.21 10 15
(14) (14)

NiAl 0.37 2.59 88 NiAl 78 0.20 11 17
(18) (18)

NiAl 0.66 2.87 81 NiAl 70 0.20 12 19
(21) @n

NiAl 0.89 3.10 78 NiAl 68 0.18 12 19
24 (24)

NiAl 1.34 3.62 73 NiAl 57 0.16 12 25
(29) (29)

NiAl 1.67 3.90 70 NiAl 54 0.15 15 29
(33) 33)

2.2. Characterisation techniques

The textural properties of the calcined oxide precursors and the
reduced catalysts, namely the specific surface area, the pore volume and
the pore size distributions, were determined by N, adsorption/desorp-
tion in a Micromeritics Tristar II apparatus at 77 K. Prior to the analysis,
each sample was subjected to degassing at 300 °C for 10 h in a Micro-
meritics SmartPrep degasser. The specific surface area of the samples
was calculated from the adsorption isotherm using the BET (Brunauer-
Emmett-Teller) method, while the pore volume and pore size distribu-
tions were determined from the desorption branch using the BJH (Bar-
rett-Joyner-Halenda) method. The elemental composition of the NiAl(x)
samples was determined by Wavelength Dispersive X-Ray Fluorescence
(WDXRF) in a PANalytical AXIOS sequential spectrometer equipped
with a Rh tube and three different detectors. The analysis was made over
boron-glass pearls prepared by fusion, in an induction micro-furnace, of
the samples with the flux agent Spectromelt A12 in a 20:1 proportion.

X-Ray diffraction (XRD) experiments were carried out on a X’PERT-

PRO X-ray diffractometer equipped with a Cu K, (A = 1.5406 A X-Ray
source that was operated at 40 kV and 40 mA and a Ni filter. The dif-
fractograms were taken between the 26 positions of 5 and 80° with a step
size of 0.026°. The analysis by Raman spectroscopy of the catalysts was
carried out by using a Renishaw InVia Raman spectrometer, coupled to a
Leica DMLM microscope. The analysis was performed in the spectral
window of 1100-1800 cm ™! using 10% of the maximum power of a
Modu-Laser ion-argon laser with an excitation wavelength of 514 nm.
The spatial resolution was 2 ym and for each spectrum 20 s were
employed and 5 scans were accumulated.

The samples for transmission electron microscopy were dispersed in
absolute ethanol ultrasonically, and the solutions were then dropped on
copper grids coated with lacey carbon film. The characterisation of the
samples by transmission and scanning-transmission electron microscopy
(TEM and STEM) was carried out on a FEI Titan Cubed G2 60-300 kV,
operating at 300 kV, with a gun monochromator, a Cs-objective aber-
ration corrector (Ceos) and a super-X detector, with four X-ray silicon
drift detectors. High-angle annular dark field (HAADF) images, as well
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Fig. 4. X-Ray diffractograms of the reduced NiAl,O4 precursors.

as qualitative and quantitative energy dispersive X-ray spectroscopy
(EDS) mapping, were obtained in STEM mode. For the EDS maps, beam
currents between 0.15 and 0.21 nA, 900 s per map with scans of 6 s, and
a drift correction system were used. The quantitative analysis was per-
formed considering a thickness of 10 nm and the Cliff-Lorimer factors.
High-resolution images were obtained in TEM mode (HRTEM) and the
fast Fourier transform (FFT) of the images was also applied.

The reducibility of the sub-stoichiometric Ni/Al precursors was
investigated on a Micromeritics Autochem 2920 apparatus by
temperature-programmed reduction with hydrogen (Ha-TPR). The ex-
periments were carried out using a 5%Hy/Ar mixture as the reducing
agent from ambient temperature to 950 °C with a heating rate of 10 °C
min~!. This temperature was maintained for 30 min. The samples were
additionally characterised by X-Ray photoelectron spectroscopy (XPS).
Spectra were collected with a Kratos AXIS Supra spectrometer (225 W Al
Ka radiation source) with a pass energy of 20 eV. The conductivity of the
samples was enhanced by the use of an electron flood gun. The samples
were not sputter-cleaned before measurement. In order to compare all
spectra recorded, the C 1 s core level attributed to adventitious carbon
present in the samples was used as a reference, whose binding energy
was fixed at 284.6 eV. Peaks areas of nickel species including satellites
were fitted with a non-linear least squares fitting program using a
properly weighted sum of Lorentzian and Gaussian component curves
after background subtraction according to Shirley.

In addition to XRD, TEM and BET measurements, and mainly focused
on the analysis of the extent of coking, the used catalysts were charac-
terised by Raman spectroscopy and dynamic thermogramivetric analysis
(TGA) using a TA Instruments TGA 550 thermobalance under atmo-
spheric pressure. The exit stream was monitorised by mass spectrometry
(MS) with a Pfeiffer Prisma apparatus. The experiments followed a 5 °C
min~! ramp up to a temperature of 850 °C, which was then maintained
for 30 min, under a flow of synthetic air.

2.3. Catalytic performance and stability testing

The analysis of the catalytic performance was carried out in a bench-
scale fixed-bed reactor at constant temperature (650 °C). The feedstream
consisted of a 10%CH,4/10%C0O-/80%N, mixture that was admitted into
the reactor with a total flow rate of 1,200 mL min_l, which accounted
for a gas hourly space velocity of 90,000 h™! defined as the total volu-
metric flow to the reactor divided by the volume of bed catalyst (0.8
mL). On each experiment, 0.1 g of reduced aluminate precursor (particle
size 0.25-0.30 mm) were mixed with 0.9 g of inert quartz (particle size
0.50-0.80 mm) and loaded into the reactor. Each reaction experiment
was carried out for 12 h. Additionally, a long-term stability test of the
most efficient catalyst for 200 h was carried out. Feed and effluent
streams were analysed online by a microGC (Agilent 490) equipped with
a thermal conductivity detector and working with He as the carrier gas.
Three columns, Molecular Sieve 5 A (10 m), PBQ (83 m) and PPQ (10 m),
were used in a series/bypass arrangement for the complete separation of
Hj, N3, O3, CHy, CO and COs. A cold trap at the outlet of the reactor was
used to condense out any water from the product gas stream.

On the basis of the molar flows at the inlet and outlet of the reactor,
conversion (Xcpys and Xcgop) and product yields (Yoo and Yyy) were
calculated according to the following equations:

_ FCH4,in/et - FCH4‘rJurIel

Xew, =—"—F—— @
‘ Feny inter
Feo, inier = Fco,0u
XCO; _ CO,, ;r CO, outlet (2)
COy,inlet
FH outlet
Yy, =5 3
? 2'FCH4,in/et
YCO _ FCO.amlet (4)

Feny iner + Fco, inter

The thermodynamic data were calculated via the HSC Chemistry
software package (Metso Outotec) by the GIBBS solver using the so-
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Fig. 5. STEM/EDS elemental maps of the reduced Ni/Al,O3 catalysts derived
from the stoichiometric (NiAl(33) (figure at the top), sub stoichiometric (NiAl
(21) (figure in the middle) and sub-stoichiometric (NiAl(14) (figure at the
bottom) NiAl,O4 precursors.
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called Gibbs Energy Minimisation Method. Thus, the program calculates
the amounts of products at equilibrium under isothermal and isobaric
conditions, when the multi-component equilibrium composition is
determined by a number of simultaneous reactions. The only require-
ment is the specification of the substances and potentially stable phases
to be taken into account in the calculations as well as the amounts and
temperatures of raw materials, which can easily be made in the HSC
program interface. Thus, in addition to solid carbon, the following
gaseous substances were considered: CH4, No, CO, CO2, Hy and H0.

3. Results and discussion
3.1. Physico-chemical characterisation of the NiAl,O4-based precursors

The elemental composition of the prepared NiAl,04-like precursors
was determined by WDXRF. The experimental Ni/Al molar ratios of the
precursors, summarised in Table 1, were notably similar to the nominal
values with maximum deviations lower than 10%. Thus, the corre-
sponding nickel content varied from 5 to 33%wt. The textural properties
of the calcined spinels were investigated by Ny physisorption. The
resulting adsorption/desorption isotherms (Figure S1, Supplementary
Material) were comparable to those designated as type IV(a), according
to the classification given by IUPAC [36]. These were features of mes-
oporous materials. The hysteresis loops displayed by the isotherms were,
in turn, classified as type H2(b), which was associated with pore
blocking over a wide pore size distribution. The specific surface area and
pore volume of the various oxides are presented in Table 1.

The specific surface area of the oxide precursors revealed an inverse
relationship with the Ni/Al molar ratio, varying from 71 m? g! for the
stoichiometric sample (NiAl(33)), to 122 m> g’1 for the counterpart
with the lowest ratio (NiAl(5)). Simultaneously, the pore volume of the
samples followed a comparable trend, being 0.20 cm® g™! for the stoi-
chiometric precursor and growing up to 0.30 cm® g~! for the sample
with a Ni/Al molar ratio of 0.05. The pore size distributions (Figure S2,
Supplementary Material) revealed a unimodal profile with the
maximum centred at around 75 10\, with the exception of the NiAl(33)
oxide whose maximum was located at 90 A. These results evidenced that
the co-precipitation route used for the synthesis of the precursors was
able to produce samples with significantly good textural properties.

The structural properties of the precursors were investigated by XRD,
Raman spectroscopy, HRTEM and STEM/EDS mapping. The X-Ray dif-
fractograms of the samples are shown in Fig. 1. All synthesised pre-
cursors exhibited signals located at 20 = 19.1, 31.4, 37.3, 45.1, 59.6 and
65.5°, which were attributed to a NiAl,O4 spinel-like phase (ICDD
00-10-0339). The crystallite size of the NiAl,04 phase, estimated by the
Scherrer equation, decreased with the Ni content, from 15 nm for NiAl
(33) to 8 nm for NiAl(5). Moreover, the Ni-rich oxides, namely NiAl(21),
NiAl(24), NiAl(29) and NiAl(33), presented two additional signals at 260
= 43.3 and 62.9°, thus revealing the presence of segregated NiO (ICDD
00-47-1049) with an average crystallite size of 8 nm. This observation
suggested that Ni insertion into the spinelic lattice was not fully ach-
ieved [37]. A close-up view of the most intense signal of the spinel phase
(20 = 37.3°), as presented in Figure S3 Supplementary Material,
revealed a marked shift towards higher positions (from 37.2 to 37.7°) for
decreasing Ni/Al molar ratios, which pointed to a shrinkage of the cell
unit of this phase. In this sense, the evolution of the cell parameter of the
cubic spinel phase with the Ni/Al molar ratio is shown in Figure S4,
Supplementary Material. Hence, the cell parameter decreased from 8.01
A for the precursors with Ni loadings between 33 and 24%wt. down to
7.93 A for the precursor with the lowest Ni loading (5%wt.). Note that
the cell parameter of the cubic phase of pure y-Al,O3 was 7.91 A. Thus,
these results would suggest that the detected cubic spinel phase
resembled more and more to the pure y-Al,O3 with lower Ni/Al molar
ratios. Moreover, a deconvolution of the aforementioned spinelic
diffraction signal, as shown in Figure S3, Supplementary Material,
actually evidenced that this was derived from two contributions centred
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Fig. 6. Ni crystal size distributions of selected reduced Ni/Al,O3 catalysts.

at 37.1° (NiAlyO4) and 37.7° (y-Aly0O3). Thus, the shift of the overall
cubic phase signal was a consequence of the decrease of intensity of the
contribution of NiAl,04 phase and the simultaneous increase in intensity
of the y-Al,O3 phase unavoidably formed owing to Ni deficiency in the
samples with lower Ni/Al molar ratios.

These findings were also confirmed by the Raman spectra of the
calcined precursors, as shown in Figure S5, Supplementary Material.
Hence, the spectra of all samples exhibited the two bands associated
with the presence of the NiAl,O4 spinel, located at 370 and 570 em™!
[38], in the same position and with similar width, thus evidencing that
the NiAl,O4 present in all of them possessed the same chemical struc-
ture. Likewise, several bands attributed to the presence of segregated
NiO were observed at 480, 690, 1080 and 1360 cm ™! [39], although
those were only visible for the precursors with Ni/Al molar ratios higher
than 0.25 (NiAl(21), NiAl(24), NiAl(29) and NiAl(33)).

The structure of selected calcined precursors (NiAl(33), NiAl(21) and
NiAl(14) samples) was also studied by STEM analysis coupled with EDS
mapping (Fig. 2). The maps clearly revealed the presence of Ni clusters,
probably attributable to the segregated NiO crystallites with sizes

around 10 nm in line with XRD results, in the structure of the NiAl(33)
oxide. On the other hand, the composited map of the sub-stoichiometric
NiAl(14) and NiAl(21) precursors evidenced a higher dispersion of the
Ni atoms and an intimate mixing with the Al species, thus suggesting a
better structural homogeneity of these samples. Apparently, while some
small Ni clusters were still visible in the NiAl(21) sample, these were not
detected for the NiAl(14) counterpart. Moreover, an EDS elemental
analysis of these clusters (zone 1 in Figure S6, Supplementary Material)
revealed a Ni/O molar ratio of approximately 1, thus confirming that
these clusters were composed of NiO. The presence of NiO crystallites
was further confirmed with HRTEM micrographs of the NiAl(33)
calcined precursor. Indeed, as shown in Figure S6, Supplementary Ma-
terial, crystals of around 7-10 nm were present. Their FFT analysis
revealed the (111) and (200) planes of the NiO crystalline structure.
The distribution of nickel species (Ni* as NiO and Ni?* belonging to
a spinel-like lattice) was estimated by Ho-TPR. As revealed by Fig. 3, the
reduction profiles of the precursors followed a two-step process ac-
cording to Equations (5) and (6). Thus, at temperatures between 350 and
650 °C the reduction of segregated NiO to metallic Ni occurred [40].
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Fig. 7. Evolution of the Ni dispersion and available surface of the reduced Ni/Al,O3 catalysts with the Ni loading of the NiAl,O4 precursors.

Nevertheless, for the precursors with Ni/Al molar ratios lower than 0.20
(namely, NiAl(5), NiAl(10), NiAl(14) and NiAl(18)), the contribution of
the low-temperature step was significantly small and virtually negligible
for the NiAl(5) precursor. Above 650 °C, the reduction of the aluminate
phase to metallic Ni and y-Al;O3 took place [41]. It must be pointed out
that this reduction process was usually completed at 950 °C, thus
evidencing the notable stability of these Ni-Al mixed oxides.

NiO + H, — Ni + H,0 5)

NiAl,O4 + Hy — Ni 4+ H,O + AlL,O3 6)

The integration and quantification of the TPR traces allowed for the
estimation of the overall Hy consumption and the Hj uptake associated
with each step (50-650 °C and 650-950 °C), as summarised in Table 2.
Initially it was verified that the experimental total uptake was in fairly
good agreement with the theoretical consumption (17.0 mmol Hy giy).
Likewise, the relative abundance of Ni2* species as nickel aluminate was
estimated according to the following equation:

Hyuptake(NiAl,Oy)

-100
H,uptake(NiAl,O4) + Hyuptake(NiO)

NiAL Oqfraction = @)

It could be clearly inferred that the presence of NiAl;04 was gradu-
ally favoured for lower nickel loadings. Thus, the samples with 5-18%
wt.Ni presented a relative content of the aluminate phase higher than
90%, thereby revealing a good structural homogeneity. On the contrary,
a marked segregation of Ni as NiO was noticed over the Ni-rich oxides,
up to 30% for the NiAl(33) sample, in line with the previous findings
revealed by XRD and STEM-EDS and HRTEM.

When using co-precipitation as synthesis route, the incomplete
insertion of the nickel species into the spinel lattice largely depends on
several factors including the nature of nickel and aluminium salts, pH,
precipitating agent, temperature, and aging of the precipitate among
others, and the applied thermal activation to induce the formation of the
spinel. The latter, given that the solid-state reactions for the formation of
the aluminate spinels tend to present relatively slow kinetics, is probably
the most critical step. Thus, under relatively mild calcination conditions
(namely 850 °C/4 h, in this study) it is not unlikely that a fraction of
nickel remains as NiO. Expectedly, a higher calcination temperature

(above 1000-1100 °C) certainly would result in a NiO-free nickel
aluminate phase (all Ni%* species will be in the form of NiAl,04). Un-
fortunately, these severe thermal conditions also would produce oxides
with a significantly lower surface area and a poorer catalytic
performance.

X-ray photoelectron spectroscopy was used to provide information
about the oxidation state and the chemical environment of the nickel
present on the surface of two selected calcined spinel-type oxides,
namely NiAl(33) and NiAl(14). Thus, the Ni2p3,2 spectra (850-870 eV)
were deconvoluted into five signals (Figure S7, Supplementary Mate-
rial). The three main signals were centred at around 853.9, 855.4 and
856.9 eV and were associated with the presence of Ni2™ (NiO), Ni%*
(nickel belonging to a spinelic phase) and Ni+ (Nip03) species,
respectively [42]. The satellite contribution of the spectra was domi-
nated by an intense signal located at 861.0 eV, characteristic of the
presence of Ni?t, and a small shoulder at 865.3 eV, which was a
consequence of the relatively reduced presence of Ni®* ions in these
samples. The Ni2ps/, spectrum of the NiAl(33) oxide clearly evidenced
the presence of comparable amounts of nickel oxide and nickel alumi-
nate. Hence, in addition to traces of Ni®" species, the observed nickel
was in the form of NiO (34%) and NiAl,04 (42%). In the case of the NiAl
(14) sample the relative abundance of nickel oxide was substantially
lower (8%). In sum, these XPS results corroborated the co-existence of
NiO and NiAl,04 phases in the stoichiometric aluminate precursor, and
the preferential formation of a spinel-type lattice in the examined sub-
stoichiometric precursor.

3.2. Physico-chemical characterisation of the reduced Ni/Al;O3 catalysts

The Ny physisorption isotherms of the reduced Ni catalysts (Ni/
Al;03) were comparable to those exhibited by the NiAl,O4 precursors
(Figure S8, Supplementary Material), thus showing type IV(a) isotherms
with H2(b) hysteresis cycles as well, as expected for nickel catalysts
supported on mesoporous y-Al;Os. The specific surface area and pore
volume of the catalysts, listed in Table 3, varied between 54 and 96 m?/
g1 and 0.15 and 0.22 cm®g~?, following the same trend as for the
calcined mixed oxides that pointed out better textural properties for the
samples with lower Ni loadings. The appreciable loss of textural
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with the Ni loading of the NiAl,O4 precursors.

properties was due to the high temperatures employed in the reduction
process (850 °C for 2 h) [43].

As for the average pore size (Figure S9, Supplementary Material),
this ranged between 98 A (NiAl(5)) and 108 A (NiAl(29)). A markedly
larger diameter was observed for the NiAl(33) catalyst. In all cases the
mean pore size of the reduced catalyst was larger than that of the cor-
responding calcined spinelic precursor.

The X-Ray patterns of the reduced Ni/AlyOg3 catalysts (Fig. 4) dis-
played several signals located at 20 = 45.0, 52.0 and 76.7°, which were
attributed to the presence of exsolved metallic Ni (ICDD 00-004-0850).
Consistently, the intensity of these signals increased with the Ni/Al
molar ratio. No signals associated with any oxidised Ni species were
detected, thus validating the selected reduction treatment for the syn-
thesised precursors. Additional diffraction peaks located at 19.4, 32.0,
37.7, 39.7, 45.8 and 66.9°, assigned to a cubic phase of y-Al,O3 (ICDD
01-074-2206), were observed, in agreement with the expected phases of
the full reduction of NiAl;04-like oxides. The metallic Ni crystallite size
(Table 3), estimated by the Scherrer equation from the signal located at
20 = 52.0°, varied between 8 and 15 nm. A progressive enlargement of
the metallic crystallites was evident when the nickel content increased.

Fuel 358 (2024) 130166

The FFT of the HRTEM images and the quantification of the
elemental maps determined by STEM/EDS of the reduced NiAl(33), NiAl
(21) and NiAl(14) oxides provided more insights on the structure of the
reduced catalysts. As shown in Fig. 5, the catalyst derived from the
stoichiometric precursor presented clearly defined clusters of Ni be-
tween 20 and 30 nm in size. On the other hand, the catalysts derived
from the sub-stoichiometric precursors exhibited significantly smaller Ni
clusters, around 10-20 nm. More precise information on the nickel
particle size, dispersion and metallic surface area was obtained from
STEM/HAADF micrographs (Figure S10, Supplementary Material).
Hence, a particle size distribution was defined by measuring the size of
at least 150 crystals for each sample. From these results, an average
crystallite size could be calculated, as follows:

d=— dodim;
o

where n; is the number of counted particles with size d;. The results,
included in Fig. 6, evidenced a general decrease in the average Ni
crystallite size with the Ni/Al molar ratio, from 29 nm for the stoi-
chiometric spinel to 12 nm for the sample with the lowest Ni/Al molar
ratio. Furthermore, for the reduced catalysts resulting from the Ni-rich
precursors (with a Ni/Al molar ratio of 0.3, 0.4 and 0.5) the Ni crys-
tals presented two different size distributions: small crystals (around 10
nm) formed from reduction of the NiAloO4 phase, and some large crys-
tals (30-70 nm) generated from the reduction of segregated NiO.
Conversely, since the presence of nickel oxide was quite limited in the
precursors with lower Ni/Al molar ratios (below 0.20), their respective
particle size distributions were substantially narrower, and centred on
reduced sizes (about 10 nm).

Based on the average Ni particle size of each catalyst, an attempt to
calculate the metallic dispersion (D, %) (Equation (9) and the available
surface of metallic Ni (Syj, m? g’l) (Equation (10) could be made. For
this purpose, the following equations were used:

(®

d/2\* Sser-MWyi . o
D=n ———10 9
" <Aat> Aimage*Cni*Na )]
A(U'CN['D‘NA _2
Syi =————-10 10
N MWy, (10)

where Ay is the atomic surface area of Ni (0.0649 nmz), Sger is the
specific surface area of the reduced catalyst (m?g™1), Aimage Was the
area of the TEM image chosen for the calculation (9,000-12,000 nm?),
Cni is the weight percentage of Ni in the catalyst and MWy; is the mo-
lecular weight of Ni. The results, summarised in Fig. 7, pointed out that
the metallic dispersion of nickel increased for lower Ni/Al molar ratios,
from 5% for NiAl(33), to 20% for NiAl(5). Consequently, the available
metallic surface increased from 11 m? g for the stoichiometric catalyst
and reached a maximum value (18 m? g™!) for the catalyst prepared
from the precursor oxide with a Ni/Al molar ratio 0.15 (NiAl(14)). It
should be pointed out that, although the NiAl(5) catalyst exhibited the
largest total surface area (96 m? g~1) and the highest nickel dispersion,
its estimated Ni surface area, which also depends on the nickel content
(5%wt.), was markedly low (9 m? g’l).

3.3. Catalytic performance of the reduced Ni/Al,O3 catalysts

The performance of the reduced NiAl;04-mediated Ni/Al,O3 cata-
lysts was studied at constant temperature of 650 °C and 90,000 h™1. The
evolution of the reactant conversions (CH4 and CO») and products yields
(Hy and CO) with time (12 h) are shown in Figure S11, Supplementary
Material. These kinetic data were obtained operating with a total
flowrate of 1,200 mL min~?, which resulted in a linear velocity higher
than 30 cm s~ !. Under these conditions, effects of external transfer re-
sistances could be neglected. Additionally, it was checked that the
pressure drop was lower than 20% of the total operation pressure in the
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Table 4
Physico-chemical properties of the Ni/Al;O3 catalysts of used catalysts (12 h).

reactor. Finally, the possibility of internal pore diffusional was examined
by measuring conversions at fixed conditions (650 °C) for catalysts (NiAl
(14)) particles of different size (0.16-0.25, 0.25-0.3, 0.3-0.5 and 0.5-1

mm), and the results showed that pore diffusional resistance was absent

Sample SBET, rr12/g'1 Ni crystallite size, nm Coke generation, gc gi;lAT
NiAl(5) 93 (96) 7 (8) < 0.01
NiAl(10) 86 (88) 9 (10) <0.01
NiAl(14) 83 (85) 10 (10) <0.01
NiAl(18) 78 (78) 11 (11) 0.01
NiAl(21) 70 (70) 12 (12) 0.04
NiAl(24) 70 (68) 12 (12) 0.05
NiAl(29) 61 (57) 13 (12) 0.30
NiAl(33) 59 (54) 14 (15) 0.66

for particles less than 0.5 mm in diameter, as evidenced by Figure S12,
Supplementary Material. Then, the absence of transfer limitations could
be assumed.

Thus, three different behavioural trends could be observed in terms
of both activity and stability of the samples. On one hand, the NiAl(14)
and NiAl(18) catalysts exhibited the highest CH4 conversion (88-93%)
and a very good stability. Although the NiAl(21) sample also showed an

The values in parentheses correspond to the freshly reduced catalysts.
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appreciable initial conversion (86%), its performance was not stable
since a decay in conversion was observed (81% after 12 h). On the other
hand, the two spinel-derived catalysts with the lowest Ni loadings (NiAl
(5) and NiAl(10) samples) were considerably less active (68-73%) but
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Fig. 11. TEM/HAADF and STEM/EDS micrographs of the carbonaceous deposits on the NiAl(14) catalyst after 200 h of reaction time.

were interestingly quite stable. Finally, the remaining three catalysts,
which were the samples with the highest Ni loading, namely NiAl(24),
NiAl(29) and NiAl(33), evidenced a reasonable initial activity (71-74%)
but their performance with time was poor with a continuous decrease in
conversion, particularly relevant for the NiAl(29) and NiAl(33) samples.
In this case, and also valid for the NiAl(21) catalyst, deactivation was
possibly due to the deposition of coke on the catalyst surface. Recall that
coke formation is significantly favoured at lower temperatures, mainly
due to Boudouard reaction (Equation (11) being notably exothermic,
and methane cracking (Equation (12) being endothermic but with a
relatively low reaction enthalpy [44].
2CO & C + CO, an

CHy < C + 2H, 12)

11

The very same findings were observed regarding the activity and
stability as a function of COy conversions and product (Hy and CO)
yields. It must be noticed that CH4 conversions were higher than COy
conversions for all catalysts. This difference was particularly remarkable
for the most active catalysts, which was also a consequence of the
aforementioned secondary reactions consuming CH; (methane
cracking) and forming CO, (Boudouard reaction) [45,46]. At this point,
it should be noted that the RWGS (Equation (13), as a side reaction that
consumes CO», is not favoured at 650 °C.

CO; + Hy & CO + H,O 13)

Comparing the obtained conversions and yields with the corre-
sponding equilibrium values (Figure S13, Supplementary Material) it
was clear that only the NiAl(14) and NiAl(18) catalysts were able to
achieve CHy4 conversions near the equilibrium value (93.8%), with Hy
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yields also relatively close to the equilibrium yield (0.80). On the other
hand, all substoichiometric catalysts achieved CO; conversions signifi-
cantly higher than the calculated equilibrium value (65.3%) with CO
yields also surpassing the equilibrium yield (0.52). These results pointed
out that the nickel catalysts, especially those samples with higher Ni
dispersions, were not very active in the reverse water gas shift [47].
Thus, Hy/CO molar ratios around 0.85 were obtained.

On the other hand, the dependence of these kinetic parameters on the
Ni loading of the precursors (Fig. 8) evidenced an optimal value for the
CH4 and CO; conversions for a Ni/Al = 0.15, which was equivalent to a
14%wt.Ni loading. This highly efficient performance for NiAl(14) was
also observed for both Hy and CO yields vs. the Ni content. As suggested
by Fig. 9, these results were well correlated with the available Ni sur-
face, thus evidencing that this catalytic property was the parameter that
controlled the behaviour of the NiAl,04-mediated catalysts.

The performance of this optimal catalyst was generally superior to
that of other comparable catalysts found in the literature. For instance,
Qiu et al. [48] and Tillmann et al. [49] achieved CH4 conversions of
around 75% with a 15%wt.Ni/Al,O5 catalyst, although the former did it
700 °C and 7,200 mL CHj gei h™! and the latter did it at 820 °C and
206,000 mL CH4 g;}n h~L. It must be noticed that most of the research
studies in this topic carry out the reaction tests at relatively low space
velocities. For example, Dang et al. [50] prepared an optimal catalyst
with a 10%wt. loading of Ni that achieved around 80% CH4 conversion
at 700 °C and 6,000 mL CHy4 g;%,t h~!, while Zhang et al. [51] achieved
over 95% CHy4 conversion at 800 °C and 11,250 mL CHy4 g‘élt h~! with a
series of Ni catalysts supported over mesoporous silica with Ni loadings
varying from 2.5 to 15%wt. In addition to that, other studies have
focused on even lower Ni loadings. Such is the case of Bian et al. [52],
which attained CH4 conversions over 90% at 750 °C with a 5%wt.Ni/
Aly03 at 30,000 mL CHy4 g'clat h~!, and Moradi et al. [53], which studied a
5%wt.Ni/ZSM-5 catalyst that obtained 90% CHy4 at 700 °C and 6,000
mL CHy g'cgt h~!. Given the low temperature (650 °C) and high space
velocity (72,000 mL CH, ges h™1) employed in our research work, the
NiAl(5) catalyst can also be deemed to be more active than these two
catalysts, despite achieving a lower CHy4 conversion.

The used catalysts were characterised by Ny physisorption, XRD,
Raman spectroscopy and thermogrametric analysis (TGA) in order to
determine possible effects of the reaction environment on their physico-
chemical properties of the catalysts and to examine the extent of coke
formation. The XRD patterns of the spent catalysts, shown in Figure S14,
Supplementary Material, only revealed the presence of metallic Ni and
v-Aly03, thus ruling out the possibility of a bulk reoxidation of the cat-
alysts during the reaction. Furthermore, the characteristic signal of
graphitic carbon at 20 = 26.7° was clearly observed for the catalysts
with higher Ni/Al molar ratios (NiAl(33) and NiAl(29)) and, although
less noticeably, for the NiAl(24) and NiAl(21) samples as well [54]. The
quantification of the extent of coking was carried out by thermog-
ravimetry coupled to mass spectrometry. The corresponding thermo-
grams (Figure S15, Supplementary Material) presented three distinct
mass-change steps: a first mass loss from ambient temperature up to
200 °C associated with the desorption of water followed by a mass gain
between 250 and 450 °C due to oxidation of the Ni crystallites, and
finally a second mass loss attributed to coke combustion at temperatures
over 500 °C and peak combustion temperatures at around 620 °C. This
last mass change, assigned to the combustion of graphitic carbon [55],
was only clearly observed for the Ni-rich samples (NiAl(24), NiAl(29)
and NiAl(33)). The integration and quantification of this combustion
step allowed to calculate the amount of coke present in these samples, as
shown in Table 4. It must be pointed out that the negligible presence of
COs in the outflow stream at low temperatures ruled out the occurrence
of coke combustion during the oxidation of the metallic nickel in the
250-450 °C range (Figure S15, Supplementary Material).

The results evidenced that coke deposition was almost negligible
(lower than 0.01 gc gdat) for all catalysts with a Ni loading lower than
18%wt., which demonstrated the high coking resistance of the Ni
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catalysts derived from these substoichiometric spinels with a Ni particle
size bellow 15 nm. This contrasts with the noticeable coke formation
over the Ni-rich samples (up to 0.66 g¢ gcar for the NiAl(33) catalyst).
This finding was related to the higher propensity for coking shown by
the Ni particles with a large size (25-75 nm), which were rather abun-
dant (50-60% of the particles) over the NiAl(29) and NiAl(33) samples.
The characterisation by Raman spectroscopy of the used Ni/Al,Os3 cat-
alysts (Figure S16, Supplementary Material) revealed the presence of
two bands in the 1100-1800 cm ! range: the so-called D band located at
1360 cm ™! and associated with carbon with structural imperfections,
and the so-called G-band, centred at 1580 cm™!, attributed to the
presence of layered graphite [56,57].

In line with the thermogravimetric results, the intensity of these two
bands largely depended on the Ni loading, with the catalysts prepared
with the highest Ni/Al ratios (0.50 and 0.40) exhibiting notably intense
bands. For decreasing values of the Ni/Al molar ratio these signals were
less noticeable. The notable coke formation over the Ni-rich catalysts
was responsible for the marked decay in the reactant conversions and
product yields underwent by the NiAl(33) and NiAl(29) catalysts.
Judging from the relative intensity of G and D bands, a favoured for-
mation of graphitic carbon was expected. It is worth pointing out that
although the extent of coke formation over the Ni-deficient catalysts
(Ni/Al < 0.2) was very low, the presence of traces of carbonaceous
nanotubes could be detected, as revealed by the TEM micrographs of the
used NiAl(14) sample (Figure S17, Supplementary Material). On the
other hand, the average size of the Ni crystallites, estimated by the
Scherrer equation and included in Table 4, did not evidence appreciable
sintering on the catalysts as they were comparable to those exhibited by
the freshly reduced samples. In line with these results, the specific sur-
face areas of the used catalysts (Table 4), measured by N physisorption,
did not vary significantly.

Finally, long-term stability tests with the most active catalyst (NiAl
(14) sample) and the stoichiometric counterpart (NiAl(33) sample), for
reference, were carried out by subjecting them to a reaction run for a
period of 200 h (650 °C, 90,000 h’l). The evolution of the reactant
conversions and product yields with time on stream, depicted in Fig. 10,
evidenced that the optimal substoichiometric catalyst was able to
operate stably for around 120 h, during which the CH4 and CO; con-
version levels only slightly decreased from 93%/83% to 90%/80%,
respectively. After the 120-hour mark, a marked decrease in conversion
was observed (from 90%,/80% to 87%/77%), after which the catalyst
continued to operate in a stable way for additional 30 h. Finally, after
150 h of operation, the conversion levels again decreased down to 84%/
75%. After 200 h conversion was 81%/73%. On the other hand, the
reference stoichiometric catalyst could not operate for the whole dura-
tion of the experiment due to a dramatic deactivation. Hence, conver-
sion levels continuously decreased from 71%/67% at the start of the
experiment down to 30/26% after only 70 h of reaction time. The
experiment was stopped to avoid the plugging of the reactor. On the
other hand, the product yields showed similar trends, although it was
noticed that the Hj yield decreased slightly more with time on stream
than the CO yield for both catalysts. Hence, the Hy/CO molar ratio of the
product streams varied between 0.85 and 0.80 for the whole duration of
the experiment.

After the stability tests, direct gravimetric measurements indicated
that the amount of generated coke over the NiAl(14) catalyst after
extended time on stream (200 h) was 1 g¢ g'ClAT. Accordingly, the XRD
pattern of the catalyst after this reaction run (Figure S18, Supplementary
Material) revealed a very intense diffraction signal at 20 = 26.7°, which
was not observable on the fresh catalyst nor after 12 h of reaction time,
indicative of the aforementioned massive coke deposition. Additionally,
the Ni crystallite size estimated from this XRD pattern was 11 nm, thus
ruling out sintering of the metallic nickel during the reaction. Note that
this size (11 nm) was quite similar, within the experimental error, to 10
nm observed for the freshly reduced counterpart. These results were
confirmed by TEM/HAADF micrographs of the used catalyst. Hence, as
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shown in Fig. 11, a significant amount of carbonaceous deposits, mainly
in the form of nanotubes, were formed. Moreover, the Ni crystallites that
were observed embedded in these nanotubes maintained an average size
of 10-15 nm, in line with the estimation given by XRD.

It is noteworthy that, despite the massive coke generation, the
catalyst still maintained a significant activity after the 200-hour time
interval, demonstrating the remarkable stability of the optimised Ni/
AlOg catalyst. On the other hand, the reference NiAl(33) catalyst pro-
duced around 1.2 g¢ g'clAT of coke over only 70 h of reaction time. When
linearly extrapolated to the total duration of the stability run this would
imply the formation of more than three times the amount of coke with
respect to the substoichiometric counterpart. Apparently, these results
concerning the formation of coke could be associated with the Ni crys-
tallite size of the catalysts (10-15 nm), as it is usually assumed that coke
deposition is less favoured for smaller crystallites (ideally < 5 nm) [15].

4. Conclusions

This work focused on the optimisation of the Ni/Al molar ratio of
some NiAl,04 catalytic precursors from which active Ni/Al,O3 catalysts
were obtained for the dry reforming of methane reaction. For this pur-
pose, several aluminate precursors, with Ni/Al molar ratios in the sub-
stoichiometric range (0.5-0.05) were synthesised by a co-precipitation
route. The physico-chemical characterisation of the synthesised pre-
cursors indicated that the lower Ni/Al molar ratios favoured the textural
and structural properties of the aluminates, with higher specific surface
areas and pore volumes and smaller crystallite sizes. The investigation
by STEM-HAADF/EDS and Hy-TPR indicated that the formation of the
NiAl,04 spinel was favoured for lower Ni/Al molar ratios, and thus, the
amount of nickel present as segregated NiO significantly decreased.
After a suitable high-temperature (850 °C) reduction with Hy, the spinel
precursors were transformed into Ni/Al,O3 catalysts. The analysis of the
Ni crystallite size distributions of the reduced catalysts pointed out that
the reduction of the segregated NiO species resulted in large Ni crys-
tallites (30-80 nm), while the reduction of the NiAlyO4 phase produced
crystallites of appreciably smaller sizes (8-20 nm). Thus, it was evi-
denced that the average Ni crystallite size of the catalysts decreased with
the Ni/Al molar ratio, while the Ni dispersion simultaneously increased.

The activity of the reduced catalysts for the DRM reaction (operated
at 650 °C and 90,000 h™!) was higher for the substoichiometric catalysts
with respect to the stoichiometric counterpart. The performance of
NiAl,04-mediated catalysts was controlled by the available nickel sur-
face area. Among the studied catalysts, the sample with Ni/Al = 0.15
exhibited the best behaviour, with CH4 conversions and H; yield quite
close to the equilibrium values. The highly dispersed Ni catalysts also
presented a moderate activity for the RWGS reaction resulting in Hy/CO
molar ratios around 0.85. The aforementioned optimal catalyst also
exhibited a notable stability, being able to operate continuously for 200
h with only a slight decrease in CH4 conversion (from 93% to 81%),
despite the appreciable formation of carbon nanotubes.
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