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A B S T R A C T   

NiAlxFe2− xO4 (0 ≤x ≤ 2) was synthesized, characterized and evaluated in methane reforming with CO2 without 
any pretreatment. It was shown that the nature of the precursor has a significant effect on the structural, textural 
and reactivity properties. The cell parameters decrease with increasing Al-content which can be explained by the 
partial substitution of Fe3+ ions (~0.63 Å in tetrahedral site and ~0.78 Å and high spin in octahedral site) by 
Al3+ ions (~0.53 Å) either in the tetrahedral or the octahedral sites. If, on the one hand, the catalytic activity of 
the aluminum compound exhibits high CH4 and CO2 conversions as well as excellent syngas selectivity, on the 
other hand, a poor activity is observed for NiFe2O4 whatever the precursors. For low temperatures (T < 750 ◦C), 
powders prepared with chlorides are more active than powders prepared with nitrates. However, this behavior 
mitigates at high temperature. NiAl2O4 issued from nitrate precursors shows the best catalytic performances. 
Negligible contributions to WGS Reaction are illustrated by H2/CO ratios close to stoichiometry. The interme-
diate FeAl2O4 spinel phase plays an important role as catalytic precursor in the in-situ production of Ni◦

nanoparticles, highly dispersed and less prone to coke formation in spite of the severe reaction conditions. A lack 
of affinity of Al-species to combine with Ni◦ to form detrimental Ni-Al alloy is proposed to explain the good 
performances. Strong interactions developed between metallic active sites and mixed oxides substrates allow the 
stabilization and improvement of catalytic performances in dry reforming of methane.   

1. Introduction 

Syngas (H2 and CO) is an extremely important commodity in the 
petroleum and chemical industry since it is an intermediate for syn-
thesizing various chemicals, such as methanol, ammonia, diesel fuels or 
synthetic gasoline [1] or can directly be used as H2 source. Several ways 
are used for syngas production such as the steam reforming of natural 
gas or gasification of coal. However, these processes are characterized 
by a high consumption of fossil fuels and high energy needs, which are 
provided by combustion of additional fossil fuels. The partial oxidation 
of methane (POM) or the dry reforming of methane (DRM) are attractive 
alternative routes [2]. Among these, DRM with carbon dioxide is the 
most attractive industrial route for the production of syngas (CO2 + CH4 
↔ 2CO + 2 H2, ΔH◦

298 =247 kJ/mol). It has received considerable in-
terest for several reasons: (i) an increased interest in the effective 

utilization of the greenhouse gas carbon dioxide, (ii) an interesting way 
to use biogas, containing CH4 and CO2, resulting from anaerobic 
digestion of biomass and (iii) a hydrogen to carbon monoxide H2/CO 
ratio close to the ideal value of 1 [3,4]. 

DRM is carried out in the presence of supported transition metal 
catalysts. Among these, noble metals (Rh, Pd. etc) have excellent ac-
tivities and resistance to coke formation but are not conceivable given 
their very high costs. Nickel is the only viable alternative from an eco-
nomic point of view [5–8]. However, fears about the toxicity of this 
metal need the search of alternative materials with catalytic perfor-
mances allowing the reduction of the amount of nickel used. The major 
problem associated with CO2 reforming on nickel-based catalysts is the 
rapid carbon deposition on the catalyst by the dissociation reaction of 
carbon monoxide (2CO ↔ CO2 + C) and / or the decomposition reaction 
of methane (CH4 ↔ C + 2 H2) [9–11]. The formation of an inactive 
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carbon-based surface, which blocks active sites and inhibits the reaction, 
is favored on large size nickel metal particles (agglomerates). Thus, to 
limit sintering and coke formation, the stabilization of nanoscale parti-
cles is necessary. For this purpose, it is important to master their prep-
aration perfectly and to know precisely their structural and textural 
characteristics. 

One of the suggested solutions is to deposit nickel on a support (SiO2, 
Al2O3 or MgO) [12,13]. The role of the support is to allow a better 
dispersion of the active phase and promote the formation of fine metallic 
particles. Another possibility to increase the dispersion of metallic par-
ticles on the surface of a catalyst is to incorporate the active nickel in a 
well-defined structure such as spinel, perovskite, pyrochlore, hydro-
talcite, etc., i.e. structural types well-known to form solid solutions with 
nickel. 

In this frame, compounds with the spinel structure are excellent 
candidates. They are already used in many applications: in electronics 
for their ferromagnetic properties, in catalysis for the reduction of NOx, 
the decomposition of alcohols and the reforming of hydrocarbons 
[14–18]. 

Spinels are mixed oxides of general formula AB2O4 where A denotes 
a bivalent cation and B denotes a trivalent cation. The oxygen ions, 
which are larger compared to the cations A and B, form a cubic lattice 
with centered faces (cfc) in which the metal cations A and B occupy the 
tetrahedral and the octahedral sites, respectively. There are two kinds of 
ideal spinels, namely the direct (or normal) and inverse spinels. In the 
direct one, the cations A2+ occupy 1/8 of the tetrahedral sites [Td] while 
the trivalent cations B3+ occupy half of the octahedral sites [Oh]. The 
general formula of this compound can therefore be 
written:

[
A2+

Td
][

B3+
Oh
]

2

[
O2− ]

4. In the second type, the network can be 
partially or totally inverted. The general formula of such a network can 
be written: (A1-γBγ) [AγB2-γ]O4 where γ is called the inversion degree, 
and represents the fraction of divalent cations in octahedral position 
[Oh]. For γ = 0 the spinel is normal, for 0 < γ < 1 the network is 
partially inverted and for γ = 1 the network is completely inverted and 
corresponds to the formula:

[
B3+

Td
] [

A2+
Oh B3+

Oh
] [

O2− ]

4. In the latter case, 
all the divalent cations are in the octahedral position and half of the 
trivalent cations are in the tetrahedral position and the other half is in 
the octahedral position. The major advantage of the spinel-type oxides is 
their tolerance to the partial substitution of the A- and B-sites by cations 
of different nature, leading to a wide variety of compounds character-
ized by electronic (unusual oxidation state of the B-site cation) and 
structural defects (vacancies and/or mobility of lattice oxygen), owing 
to their non-stoichiometry which plays an important role in catalytic 
processes. Thus, their catalytic activity depends essentially on two pa-
rameters: the degree of substitution of each cation and the degree of 
inversion of the spinel structure. 

Iron-nickel spinel NiFe2O4 adopts an inverse spinel structure. In this 
structure, the trivalent cations Fe3+ occupy both the octahedral sites Fe 
[Oh] and the tetrahedral sites Fe[Td], while the divalent cations Ni2+

are all in an octahedral environment Ni[Oh] [19]. Aluminum-nickel 
spinel is a partially inverse spinel oxide which can be written 
[Ni0.16Al0.84][Ni0.84Al1.16]O4 where inversion degree γ = 0.84 [19]. The 
solid solution between both spinels NiFe2O4 and NiAl2O4 has potential 
applications due to their unique magnetic and electrical properties 
which undergo drastic changes depending on cations distribution [19]. 
In this solid solution, according to Kamali et al., as Al is incorporated the 
NiFe2O4 system, it would firstly preferentially substitutes Fe species in 
octahedral sites and then, when all Fe at octahedral sites would have 
been replaced, aluminum would substitute Fe at tetrahedral positions 
[20]. 

In our previous works, efforts had been concentrated over the 
“simple” binary different spinels: NiFe2O4 and NiAl2O4. Both com-
pounds showed a completely different behavior toward CH4/CO2 reac-
tion. It was shown that the unreduced aluminate spinel NiAl2O4 
prepared by coprecipitation route, had a significant catalytic activity in 

the DRM reaction although carbon deposition was observed [11]. In 
contrast, NiFe2O4 showed a fairly low activity but with almost zero coke 
deposition [9,21]. In order to combine the advantages of both spinels, 
NiFe2O4 and NiAl2O4, and to find alternative catalysts, which can be 
more resistant against coke formation in dry reforming of methane, a 
series of ternary spinel-type oxides NiAlxFe2− xO4 (0 ≤x ≤ 2) were 
studied in this work. The present paper reports the effect of (i) 
Al-content and (ii) nature of salts used as reagent (nitrates or chlorides) 
on the textural and structural properties of the ternary spinel-type ox-
ides. The behavior in reducing atmosphere and the catalytic properties 
in dry reforming of methane were also investigated. 

2. Experimental 

2.1. Preparation of catalysts 

A series of NiAlxFe2− xO4 (0 ≤x ≤ 2) ternary spinel oxides were 
synthesized by coprecipitation method using nitrates and chlorides as 
reagents. The synthesis was carried out at ambient temperature by 
addition of sodium hydroxide 2 M, up to pH= 10, to an aqueous solution 
of hydrates of nickel, aluminum and iron chlorides or nitrates. After 
washing by distilled water and drying at 80 ◦C, the precursors were 
calcined in air flow during 4 h at 800 ◦C. The powders elaborated from 
chloride salts are noted x(Cl-) and those issued from nitrates are named x 
(NO3

- ) (with x corresponding to the Al-content). The equations of re-
actions are given below:  

NiCl2.6 H2O + x AlCl3.6 H2O + (2-x) FeCl3.6 H2O + 8NaOH → NiAlx-

Fe2− xO4 + 8NaCl + 22 H2O                                                             (1)  

Ni(NO3
- )2.6 H2O + x Al(NO3

- )3.9 H2O + (2-x) Fe(NO3
- )3.9 H2O + 8NaOH → 

NiAlxFe2− xO4 + 8(NaNO3) + 28 H2O                                                (2)  

2.2. Physicochemical analyses 

Several physicochemical methods were used for the characterization 
of NiAlxFe2− xO4 (0 ≤x ≤ 2) catalysts before and after heating treatment. 

X-ray powder diffraction (XRD) was performed on a Bruker AXS D8 
Advance diffractometer working in Bragg-Brentano geometry using Cu 
Kα radiation (λ = 1.5418 Å), equipped with a 1D LynxEye Silicon Strip 
detector recording 3◦ in one shot. Patterns were collected at room 
temperature, in the 2θ = 10–90◦ range, with a 0.02◦ step and a 1 s 
counting time per step. The EVA 5.1, 2019, Bruker AXS GmbH, Karls-
ruhe, Germany software was used for phase identification. The unit cell 
parameters and crystallite size were evaluated with the Jana2006 pro-
gram [22]. To study the reducibility of the catalyst, in situ XRD was 
carried out under hydrogen atmosphere (3% H2 in N2) (H2-HT-XRD) at 
variable temperatures up to 800 ◦C on the same type of diffractometer 
equipped with an Anton-Par XRK 900 chamber and a LynxEye detector. 
Diagrams were collected every 25 ◦C at 0.1 ◦C/s heating rate, the 
counting time being chosen to collect a diagram in 15 min in the 10–90◦

2θ range. The sample was deposited on a platinum sheet and H2 was 
flowed in the chamber (5 L/h). After measurement, all samples were 
cooled down to room temperature at 0.3 ◦C/s cooling rate. 

TG-DTA carried out under air flow before calcination was performed 
on a SETARAM TG-92. 20 mg sample was heated at 5 ◦C/min from 25◦

to 1000◦C. In-situ TGA under H2 atmosphere was performed on samples 
previously calcined under air flow at 800 ◦C using a Hiden Isochema 
gravimetric analyzer (model IGA-003) under 5% H2 in Ar flow from 25◦

to 500◦C. Ca. 20 mg of sample was used. Measurements at 400 ◦C for 5 h 
under H2 atmosphere were also carried out. 

Laser Raman Spectroscopy (LRS) was performed with Spectra 
Physics krypton ion laser at room temperature using the 647.1 nm 
excitation line. The beam was focused onto the samples using the 
macroscopic configuration of the apparatus. To avoid damage due to 
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laser heating, all compounds were studied at a very low laser power 
(3 mW on the sample). Four accumulations were used in each spectral 
range. No damage of the material by the laser was observed. The scat-
tered light was analyzed with an XY Raman Dilor spectrometer equipped 
with an optical multichannel charge coupled device liquid nitrogen- 
cooled detector. The spectral resolution was 0.5 cm− 1 in the 
200–1500 cm− 1 range. Acquisition and data processing were performed 
with the LABSPEC software. 

Attenuated Total Reflection Infra-Red Spectra (IR-ATR) were recor-
ded at room temperature using a Perkin Elmer model 400 in trans-
mission mode, in the range from 350 to 4000 cm− 1. 

The specific surface area (SBET) of the catalysts was determined by 
nitrogen adsorption at − 196 ◦C with a Micromeritics ASAP2010 
apparatus. 

Scanning electron microscopy (SEM) coupled to X-ray energy 
dispersive microanalysis (EDX) were carried out on HITACHI 4100 S 
apparatus at 6 kV. Catalysts were ground as fine particles and me-
chanically dispersed on an electrically conductive carbon tape which 
was placed on an aluminum disc. 

X-ray photoelectron spectroscopy (XPS) was carried out on Escalab 
220 XL spectrometer (Vacuum Generators). A monochromatic Al Kα X- 
ray source was used and electron energies were measured in the constant 
analyzer energy mode. The pass energy was 100 eV for the survey of 
spectra and 40 eV for the single element spectra. All XPS binding en-
ergies were referred to C1 s core level at 285 eV. The angle between the 
incident X-rays and the analyzer was 58◦, photoelectrons being collected 
perpendicularly to the sample surface. Spectra were analyzed with the 
CasaXPS software. 

The reducibility of samples was studied by temperature programmed 
reduction by hydrogen (H2-TPR), which was carried out on 
Micromeritics-Autochem II 2920 with a TCD detector to monitor the H2 
consumption. After calibration of H2 on the TCD, the sample displayed 
in a U-shaped quartz reactor was pre-treated in argon, and heated at 
5 ◦C/min from 25◦ to 1000◦C in 5% H2 in Ar gas mixture. 

2.3. Catalytic tests 

The CO2 reforming of methane was carried out in a fixed-bed quartz 
flow reactor at atmospheric pressure in the temperature range 
650–800 ◦C. The sample (ca. 200 mg) was thoroughly mixed with SiC 
powder, before loading in the reactor. The total quantity of catalyst and 
SiC was kept constant (1000 mg) for all experiments. A mixture of CH4 
and CO2 (CH4:CO2:He:Ar = 20:20:10:50) with total flow 100 mL/min 
was introduced into the reactor and the reaction was started by 

increasing the temperature from room temperature up to 800 ◦C at 5 ◦C/ 
min heating rate. All effluents were analyzed by online mass spec-
trometry (Prisma200, Pfeiffer Vacuum). After experiments, the catalyst 
was re-oxidized under 2% O2 in He (50 mL/min) at 700 ◦C for 30 min, to 
determine the amount of carbon deposited on the surface. This allowed 
to check that the mass balance calculated by gas phase analysis of 
product during reaction fitted within a reasonable experimental error. 

3. Results and discussion 

3.1. Thermal analysis by TG-DTA 

TG-DTA thermograms recorded under air on sample before calcina-
tion are given in Fig. 1(S) in Supporting Information. For all the samples, 
the species responsible for the mass loss are water, carbonates and ni-
trates. Mainly three or four steps were noticed for formulations from 
chlorides salts with a significant weight loss probably linked to the de-
parture of the adsorbed water and the decomposition of carbonate fol-
lowed by a smaller weight loss around 500–600 ◦C which could be 
associated to departure of carbonate. A plateau seems to be reached at 
800 ◦C in chloride cases. 

In the case of nitrates, there are mainly three stages of weight loss, 
the last loss being located around 300 ◦C, a stability being reached at 
550 ◦C. 

However, regardless of the salt used, the highest total weight loss 
was recorded for precursor prepared from chlorides (38% for x = 2(Cl-) 
against 33.5% for x = 2 (NO3

- )). 
Although, the recorded thermograms showed that the use of nitrates 

salts provided a thermic stability at lower temperatures: at ~550 ◦C for 
x = 2 (NO3

- ) against ~ 800 ◦C for NiAlxFe2− xO4 (Cl-), to be in the same 
conditions, it was decided to calcine NiAlxFe2− xO4 (0 ≤x ≤ 2) solids 
issued from chlorides and nitrates precursors at 800 ◦C. 

3.2. Bulk and surface properties by EDS, XPS and B.E.T 

The Bulk and the surface chemical properties of the NiAlxFe2− xO4 
(0 ≤x ≤ 2) issued from chloride and nitrate precursors after calcination 
at 800 ◦C for 4 h under air flow were examined by EDX, XPS and B.E.T 
measurements. The obtained data are summarized in Table 1. The 
estimated Al/Ni and Fe/Ni atomic ratios, using EDX analysis, are almost 
similar to the theoretical values for the binary formulations (x = 0 and 
x = 2) prepared from both precursors suggesting a fairly homogenous 
distribution of the Ni, Al or Fe metals during precipitation. In contrast, 
an excess of nickel is observed for the ternary systems. At the surface, as 
shown by XPS, the enrichment in nickel is even more pronounced, even 
for NiAl2O4 composition (x = 2). However, an enrichment in iron is 
shown for the NiFe2O4 (x = 0) composition prepared from chloride 
precursors. Ni and Fe segregations strongly suggest the formation at the 
spinel surface of free NiO for sample containing aluminum and free 

Fig. 1. XRD patterns of NiAlxFe2− xO4 (0 ≤x ≤ 2) spinel catalysts prepared from 
chlorides salts. 

Table 1 
Chemical composition evaluated by EDX and XPS analysis and specific surface 
area of catalysts calcined at 800 ◦C.   

SBET 

(m2/g) 
EDX XPS      

Al: 
Ni 

Fe: 
Ni 

Al: 
Ni 

Fe: 
Ni 

O/ 
Ni 

O/ 
Al 

O/ 
Fe 

NiFe2O4 (Cl-) 10 – 2.3 – 5.7 2.5 – 0.4 
NiAl0.5Fe1.5O4 

(Cl-) 
26 0.4 1 0.1 0.8 1 16.2 1.4 

NiAlFeO4(Cl-) 38 0.5 1 0.3 0.7 1.2 3.8 1.6 
NiAl1.5Fe0.5O4 

(Cl-) 
45 0.5 0.6 0.3 0.6 1.1 3.5 1.7 

NiAl2O4 (Cl-) 101 1.9 – 0.5 – 2 3.9 – 
NiFe2O4 (NO3

- ) 2 – 2 – – – – – 
NiAlFeO4 (NO3

- ) 25 0.6 1 0.1 0.8 0.9 19.3 1.3 
NiAl2O4 (NO3

- ) 149 1.4 – – – – – –  
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Fe2O3 in case of NiFe2O4 (x = 0). This was confirmed by XPS spectros-
copy. For the Ni2p3/2 peaks (Fig. 2(S)-7S, see SI), similar shapes are 
observed whatever the x value. They are composed of a main peak 
located at 855.4 eV and a relatively intense satellite peak at about 
6.5 eV. The existence of such a satellite is characteristic of the oxidation 
state (+II) of nickel [23,24]. According to literature data [23,24], the 
decomposition of these spectra shows the presence of Ni (II+) in NiO by 
the lines located at ≈ 853.9; 855.1; 860.9 and 867.1 eV. Ni(OH)2 hy-
droxide (Ni, II+) shows values close to that of NiO oxide, but its presence 
can be excluded because the calcination is carried out at 800 ◦C where 
the total transformation of Ni(OH)2 hydroxide into oxide is ensured. The 
peaks situated at ≈ 856; 862 and 866.9 eV can be attributed to nickel in 
the spinel structure. It is important to note that the introduction of 
Al-species does not cause any variation in Ni2p3/2 binding energies 
(855.4 eV) of NiAlxFe2− xO4 mixed oxides thus explaining the stable 
position of Ni-species. 

The Fe2p3/2 spectra (Fig. 8S-12S, see SI) displays the same peak 
shapes for x = 0.5 (Cl-), x = 1 (Cl-), x = 1 (NO3

- ) and x = 1.5 (Cl-). XPS 
peaks of Fe2p3/2 (at 710.8 ± 0.3 eV) showed that the oxidation states of 
Fe species were (III+) in the mixed spinel oxides. In contrast, an addi-
tional component was observed at 719.5 eV (Fig. 8S) for the aluminum 
free sample (x = 0 (Cl-)) which is characteristic of the presence Fe (III) 
from Fe2O3 (α or γ) [23,24]. It was not possible to specify the kind of 
Fe2O3 oxide (α or γ) since the corresponding binding energy for both 
oxides is practically the same. It is worth noting that, after decomposi-
tion XPS spectra of Fe2p3/2 species for all mixed formulations 
(Fig. 9S–12S, see SI), we could observe an additional line located at 
~709 eV attributed to Fe species in the oxidation state II+ (Fe2+). This 
would suggest the presence of Fe2+ in the structure which could be 
related to the partial substitution of Ni2+ in the octahedral sites and 
explain the formation of NiO as a second phase. In contrast, all Al2p 
photopeaks could be deconvoluted with a single component 
(Figures 13S–17S, see SI) located at 73.8 eV for low Al-content (x = 0.5 
and 1) issued from (Cl-) or (NO3

- ) precursors and at ~74.4 eV for high 
Al-content (x = 1.5 and 2). These values (73.8–74.4 eV) are typical for 
Al (III). It is worth noting that the Al2p binding energy in α-Al2O3 is 
74.2 eV. However, given XPS quantifications which revealed a surface 
poor in Al-species for all compositions, (Table 1), the hypothesis of 
Al2O3 at the subsurface was ruled out. 

For the lattice oxygen, it can be observed that NiFe2O4 (Cl-) pre-
sented a surface poor in O species evaluated by the low O/Ni and O/Fe 
ratios compared to the expected stoichiometry (Table 1). In contrast, an 
excess of lattice oxygen confirmed by the high O/Al ratio on the surface 
of the other systems was observed. The mixed intermediary formulations 

(0.5 ≤x ≤ 1.5) show a surface richer in O species but the amounts 
remain low compared to binary system NiAl2O4 (Cl-) (Table 1). The 
oxygen enrichment for these formulations coincides suitably with the 
values of the binding energies which confirmed the presence of a phase 
mixture containing NiO and the spinel phase, since O species exist in 
both NiO and spinel structures. 

The specific surface areas are also given in Table 1. SBET obtained for 
binary ferrite spinel with (Cl-) or (NO3

- ) precursors at 800 ◦C were very 
low (<10 m2/g). Hence, it’s clear that Al-incorporation improves the 
specific surface areas of mixed oxides structures. It is also worth noting a 
significant impact of the nature of precursors used for the synthesis for 
the aluminate spinel NiAl2O4 with a SB.E.T = 149 m2/g for NiAl2O4 
(NO3

- ) against 101 m2/g for NiAl2O4 (Cl-). 

3.3. Structural properties of catalysts by XRD, Raman and IR 

X-Ray Diffraction, LRS Raman spectroscopy and Infra-red analyses 
were used to ascertain structural properties of catalysts. Figs. 1 and 2 
show the X ray powder diffraction patterns of NiAlxFe2− xO4 (0 ≤x ≤ 2) 
prepared from chloride and nitrate salts and calcined at 800 ◦C, 
respectively. In all cases, the patterns present peaks corresponding to the 
cubic spinel structures with space group Fd3m. However, whereas a 
single phase corresponding to the spinel ferrite (PDF 00–010–0325) was 
observed for the NiFe2O4 formulation (x = 0), for the other catalysts 
(0.5 ≤x ≤ 2), two additional peaks were observed. They were attributed 
to the cubic crystalline structure of NiO (PDF 01–089–5881) in good 
agreement with XPS analysis. For all formulations, no indication of ox-
ides such as Fe2O3 or Al2O3 could be observed. 

Beside full pattern matching used for the calculation of the lattice 
parameters (a) and the crystallites sizes (CS), Rietveld refinement of 
patterns was carried out to propose phase quantification. The structural 
models corresponding to NiO (reference ICSD nr 28834) and 
NiFe1.5Al0.5O4 (ref ICSD nr 185298) were introduced in the refinement 
with aluminum equally distributed in both tetrahedral and octahedral 
sites and nickel in the octahedral site only. Site occupancies were not 
refined at that stage. The obtained values are given in Table 2 and their 
variations with Al-content, for the catalysts prepared from chloride salts, 
are shown in figure 18 S (see SI). It is observed that the crystallite sizes 
and the lattice parameter decrease with increasing Al-content. The 
decrease of the unit cell parameter is in good agreement with the smaller 
radius of Al3+ ions (0.53 Å at coordination 4 and 0.675 Å), than Fe3+

ions (0.63 at coordination 4 and 0.785 in high spin configuration at 
coordination 6) and Ni2+ (0.69 at coordination 4 and 0.83 at coordi-
nation 6). Despite the low quality of the XRD data, aluminum occu-
pancies were tentatively refined for compositions x = 0.5 and x = 1.5, 
respectively. In both cases, the tendency was an equal repartition of Al3+

ions in both sites. 
Ni-Al ferrite powders were further investigated using laser Raman 

spectroscopy in order to ascertain the structure of the catalysts. The 
Raman spectra are given in Figs. 3 and 4 for samples prepared from 
chloride salts and nitrates precursors, respectively. As observed by XRD, 

Fig. 2. XRD patterns of NiAlxFe2− xO4 (x = 0; 1; and 2) spinel catalysts prepared 
from nitrates salts. 

Table 2 
XRD phases and crystallographic parameters of catalysts calcined at 800 ◦C.  

Catalysts Phases % a (Å)a CS (nm)a 

NiAl0.5Fe1.5O4 (Cl-) S* 
NiO 

86.1 
13.9 

8.301(2) 
4.178(3) 

28.9 
54.5 

NiAlFeO4 (Cl-) S* 
NiO 

91.6 
8.4 

8.286(2) 
4.181(3) 

24.3 
92.6 

NiAl1.5Fe0.5O4 (Cl-) S* 
NiO 

78.7 
21.3 

8.274(2) 
4.179(3) 

22.3 
91.4 

NiAl2O4 (Cl-) S* 
NiO 

90 
10 

8.056(5) 
4.176(5) 

7 
31 

NiAlFeO4 (NO3
- ) S* 

NiO 
89.8 
10.2 

8.263(2) 
4.180(2) 

24.9 
14.8 

* Spinel-type phase 
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a shift towards higher frequencies of the characteristic peak of the spinel 
structure located at ~700 cm− 1 confirms the incorporation of Al-species 
in the structure and the formation of a solid solution. 

The Raman spectra of NiFe2O4 catalysts (x = 0) showed the five 
fundamental internal modes A1 g+Eg+ 3 T2 g in agreement with the rule 
selection for AB2O4 inverse spinel structure with Fd3m space group 
[25–27]. The corresponding wavenumbers are illustrated in Table 3, 
they are in good agreement with the literature [25–27]. The intense 
band with shoulders observed at ~704 cm− 1 correspond to stretching 
motion of tetrahedral FeO4 group and the other bands located at lower 

wavenumbers are attributed to the FeO6 entity. The latter ones overlap 
with both the angular motion vibrations of the tetrahedral FeO species 
and lattice modes [28,29]. However, it should be noted that even if 
according to XRD study, NiFe2O4 (x = 0) catalyst was thought to be a 
single phase, Raman spectroscopy revealed extra weak peaks toward 
~934 cm− 1 (for NiFe2O4 (Cl-)) and ~928 cm− 1 for (NiFe2O4 (NO3

- )) 
which could be assigned to NiO oxide [30] probably present either in a 
too small amount to be detected by XRD or in an amorphous state. In 
addition, the spectra show also two bands with low intensity at ~1141 
and ~1342 cm− 1 for NiFe2O4 (Cl-) and ~1140 and ~1336 cm− 1 for 
NiFe2O4 (NO3

- ) which can be attributed to Fe2O3 phase [31,32] in good 
agreement with what was observed by XPS. Indeed, in the preparation of 
NiFe2O4 spinel, the formation of small amount of iron oxide such as 
α-Fe2O3 and γ-Fe2O3 is often observed, these oxides have common lines 
with NiFe2O4 structure in XRD patterns which leads to difficulty to 
distinguish them, more especially in case of traces, amorphous or 
nanosized particles. 

The Raman spectra of mixed catalysts NiAlxFe2− xO4 (x = 0.5, 1 and 
1.5) exhibit similar spectral feature. As shown in Table 3, the bands shift 
towards higher wavenumber as Al-content increases. This is the 
fingerprint of the formation of solid solutions and then the substitution 
of Fe by Al. The increase of the wavenumber value can be assigned to 
higher frequency values of the AlO6 and AlO4 species [33]. In addition, 
the spectra displayed very weak bands toward ~1375 cm− 1 (x = 0.5), 
~1373 cm− 1 (x = 1) and ~1361 cm− 1 (x = 1.5) for the catalyst issued 
from (Cl-) precursors, ~1336 cm− 1 (x = 0) and ~1377 cm− 1 (x = 1) for 
the catalysts prepared with nitrates salts. As for NiFe2O4 this result 
suggests the presence of γ-Fe2O3 [31,32] and is in agreement with the 
thermal analysis results. Moreover, no characteristic band of pure NiO 
could be detected in mixed formulations probably due to a decrease of 
nickel impurities with the substitution of Fe by Al species with the in-
tensity loss of the Raman lines with aluminum content. 

ATR infra-red spectra of NiAlxFe2− xO4 (0 ≤x ≤ 2) spinel type oxides 
prepared from (Cl-) precursors are shown in Fig. 5 and the band 

Fig. 3. Raman spectra of NiAlxFe2− xO4 (x = 0; 0.5; 1; 1.5 and 2) spinel catalysts prepared from chloride salts, figure on the left is a zoom of the main peak 
at ~700 cm− 1. 

Fig. 4. Raman spectra of NiAlxFe2− xO4 (x = 0; 1 and 2) spinel catalysts pre-
pared from nitrate salts. 

Table 3 
FTIR and LSR modes of NiAlxFe2− xO4 (0 ≤x ≤ 2) spinel structures.   

FTIR modes Raman modes  

ν1 (~400 cm− 1) ν2 (~600 cm− 1) T2 g Eg T2 g T2 g A1 g 

NiFe2O4 (Cl-) 369 554 210 334 486 572 704 
NiAl0.5Fe1.5O4 (Cl-) 376 561 213 344 491 594 718 
NiAlFeO4(Cl-) 385 577 210 344 491 591 714 
NiAl1.5Fe0.5O4 (Cl-) 391 608 210 340 488 587 711 
NiAl2O4 (Cl-) 433 710 – 380 – 561 – 
NiFe2O4 (NO3

- ) – – 213 334 486 571 704 
NiAlFeO4 (NO3

- ) – – 215 346 494 595 720  
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positions are listed in Table 3 as function of Al-content. The obtained 
results of catalysts depict the presence of two prominent absorption 
bands located at ~400 (ν1) and ~600 cm− 1 (ν2) thus characterizing the 
formation of spinel structure having two sublattices: octahedral [A] and 
tetrahedral [B] sites [34], as expected. The first band (~400 cm− 1) is 
assigned to octahedral group while the second (~ 600 cm− 1) is attrib-
uted to the stretching vibration mode of metal-oxygen at tetrahedral 
position. The intensity of these two absorption bands increases with the 
amount of Al-species (0.5 ≤x ≤ 2) (Fig. 5). Interestingly the wave-
numbers of each band increase with the amount of Al-species, in good 
agreement with aluminum substitution in both sites. The broad bands at 
~ 3430 and ~1645 cm− 1 observed only for x = 0 (NiAl2O4) are assigned 
to -OH stretching vibrational modes and bending vibrational mode of 
absorbed H2O molecules, respectively. This band detected only in 
NiAl2O4 case can be explained by the high SBET (149 m2/g) of this 
catalyst which favors a quick adsorption of water from the atmosphere. 

3.4. Reducibility measurements 

The reduction behavior of NiAlxFe2− xO4 (0 ≤x ≤ 2) spinel type ox-
ides prepared from (Cl-) and (NO3

- ) precursors and calcined at 800 ◦C 
was studied by H2-TPR, in situ XRD and TGA at variable temperature 
under H2 atmosphere. The recorded H2-TPR profiles are illustrated in  

Figs. 6 and 7. For all x values and whatever the used precursor (Cl-) or 
(NO3

- ), the reduction process takes place mainly in three stages which 
differ by the reduction temperature. The amount of consumed H2 does 
not depend on the used precursors but decreases as Al-content increases. 
It is worth noting that the small amount of consumed H2 observed for the 
binary aluminate spinel x = 2 ~ 5.6 mmol/g (Figure 19 S, see SI) in-
dicates that incorporation of Al-species makes the reduction of Ni2+ and 
Fe3+ species (0 ≤x ≤ 1.5) more difficult. For these compounds, the 
reduction takes place at higher temperature. In inverse spinel structure, 
M3+ species occupy both crystallographic positions: 50% of the ions in 
the octahedral-[Oh] position and 50% in tetrahedral-[Td] sites. Thus, 
these species can undergo a reduction at different temperatures and 
hence, the M3+ species in [Td] sites would be reduced at lower tem-
peratures compared to M3+ in [Oh] sites. In addition, the surface species 
are also reduced at lower temperatures compared to species in the bulk. 
The H2-TPR profile shape of NiFe2O4 (synthetized from either (Cl-) or 
(NO3

- )) is totally different from the other formulations containing Al- 
species with a much higher consumed H2 amount (~18 mmol/g) 
(Figure 19 S, see SI) and a reduction occurring at lower temperature 
(Figs. 6 and 7). The first peak (~355–385 ◦C) observed on H2-TPR 
profile for x = 0 is attributed to the partial or total reduction of Fe3+

species in the [Td] sites of the spinel structure and those located on 
surface (Fe:Ni=5.7) at the expense of Fe2O3 (Fe2O3 + 3 H2 → 2Fe +
3 H2O) in accordance with XPS and Raman experiments. Note that since 
the reduction temperature of Ni species is low, we cannot exclude that 
part of Ni contained in the spinel structure can be reduced in parallel 
with Fe3+. The second peak located at ~585 ◦C (Cl-) and at ~571 ◦C 
(NO3

- ) is assigned to the total reduction of Ni2+ species present in ferrite 
spinel structure and the third to the reduction of Fe3+ in [Oh] position of 
NiFe2O4 structure. The ternary catalysts issued from chlorides salts 
present similar H2-TPR profiles but with reduction peaks shifted towards 
higher temperature, due to Al-content. The first peaks associated to 
shoulders at ~389–397 ◦C are assigned to the reduction of NiO to Ni◦

nanoparticles, whereas the other peaks are ascribed to the reduction of 
Ni2+ and Fe3+ of spinel. The system x = 1 (NO3

- ) (Fig. 7) presents neat 
reduction peaks compared to its Cl- counterpart (Fig. 6) explaining an 
easier reduction for the nitrate-issued compound, in good agreement 
with the smaller crystallite size of NiO (14.8 nm against 92.6 nm for 
x = 1 (Cl-)) (Table 2). As for the specific surface areas, the precursors 
have a huge influence on the reduction temperature for the aluminate 
spinel NiAl2O4. Thus, the reduction temperatures of the systems derived 
from (NO3

- ), which presented the best SB.E.T = 149 m2/g, are higher 
compared to those prepared from (Cl-) salts (SB.E.T =101 m2/g) (Figs. 6 
and 7) suggesting a strong interaction between Ni and Al-species in the 

Fig. 5. ATR spectra measured at room temperature of NiAlxFe2− xO4 (0 ≤x ≤ 2) 
spinel type oxides prepared from chlorides anions. 

Fig. 6. H2-TPR profiles of NiAlxFe2− xO4 (0 ≤x ≤ 2) spinel catalysts prepared 
from chloride salts. 

Fig. 7. H2-TPR profiles of NiAlxFe2− xO4 (x = 0; 1; 2) spinel catalysts prepared 
from nitrate salts. 
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presence of (NO3
- ) anions. On TPR profiles of these formulations, only 

the reduction of the Ni species is observed because it is well-known that 
Al3+ cannot be reduced at temperatures lower than 1000 ◦C [35]. The 
first two peaks located at (~453–557 ◦C)(Cl-) and (~516–721 ◦C)(NO3

- ) 
were attributed to the reduction of some free NiO species into Ni 
metallic. The broad peak, with a maximum at ~790 ◦C (Cl-) and at 
~820 ◦C (NO3

- ), corresponds to the reduction of Ni2+ engaged in the 
NiAl2O4 structure. 

The reduction of NiAlFeO4 sample prepared from (Cl-) salts was also 
followed by high temperature X-Ray Diffraction under flowing hydrogen  
(Fig. 8). The results are in accordance with H2-TPR measurements. The 
catalyst was stable up to 375 ◦C. In the temperature range 375–450 ◦C, 
the reduction of both species Ni2+ and Fe3+ takes place simultaneously: 
(i) NiO reduction (NiO + H2 → Ni + H2O) was observed by the 
appearance of the cubic face centered (cfc) metallic Ni (PDF: 
03–065–2865) and (ii) α-Fe (NiFeAlO4 + H2 → Fe2O3 + H2O then Fe2O3 
+ H2→ Fe + H2O), (JCPDF 03–65–4899) was formed. Ni and α-Fe were 
stable up to 600 ◦C and then form a Ni-Fe alloy (PDF: 00–047–1405), 
FeAl2O4 spinel oxide (PDF: 01–082–1580) and metallic Ni- (PDF: 
03–065–2865). Several authors proposed the formation of FeO, Fe2O3 or 
Fe3O4 [36–38] as intermediates in the reduction mechanism of the 
spinel phase. Here, none of these phases were observed nor Al2O3, likely 
because they are not easy to detect due to their low content in the sample 
and/or their small crystallite size and/or probably because FeAl2O4 
spinel phase and Ni-Fe alloys are formed after iron and nickel metallic 

formation at the expense of Fe2O3 and Al2O3, respectively. Note how-
ever that we cannot exclude the possibility that FeAl2O4 oxide and Ni-Fe 
alloy could come directly from the collapse of the spinel phase under H2 
flow. After return back to room temperature, a mixture of (i) nickel-iron 
alloy, (ii) aluminum-iron spinel phase and (iii) nickel-metal, which can 
be slightly alloyed, was evidenced. The formation of Ni-Fe alloy and 
FeAl2O4 spinel oxide detected by H2-HTXRD around ~600 ◦C coincides 
with the maximum consumption of H2 (~636 ◦C) on H2-TPR profile of 
NiAlFeO4 (Cl-) (Fig. 6). Based on H2-HTXRD results, the peaks at low 
temperatures (~350–389 ◦C) in H2-TPR profile of NiAlFeO4 (Cl-) cata-
lyst (Fig. 6) could be attributed to the simultaneous reduction of (i) Ni2+

species in free NiO oxide and (ii) of Fe3+ species engaged in spinel 
structure. However, the peaks observed at ~636 ◦C and 797 ◦C are 
related to the spinel structure reduction. 

In order to give additional information on the reducibility properties 
and on the amount of reduced species present in catalyst, TGA under H2 
was carried out on both binary spinels issued from chloride precursors 
NiFe2O4 and NiAl2O4 (Fig. 9). The analysis was carried out at 400 ◦C for 
5 h under H2 atmosphere on samples previously calcined at 800 ◦C. 
Similarly, as H2-TPR, a different behavior between NiFe2O4 and NiAl2O4 
is observed for TGA analysis under H2. For the NiAl2O4 (Cl-) formula-
tion, which according to XRD data is composed of 90% of spinel phase 
and 10% of NiO, a weight loss of 4.32% has been recorded during 5 h of 
treatment. Assuming that all Ni species of NiO oxide and those of spinel 
structure at tetrahedral sites are reduced, the theoretical weight loss of 
oxygen related to NiO and NiAl2O4 are 2.14% and 1.3%, respectively. 
This value is close to the measured one, explaining that all the nickel (II) 
present in the formulation x = 1 (in both NiO and spinel-type oxides) are 
reduced to metallic Ni(0) (Fig. 9). In contrast, for the pure ferrite spinel 
NiFe2O4 (Cl-) formulation, the recorded thermogram (Fig. 8(a)) shows a 
much higher 26.5% weight loss after 3 h of treatment, value in good 
accordance with the theoretical weight loss of oxygen (27.3%) expected 
for the full reduction of the NiFe2O4 spinel structure. Interestingly, the 
reduction process starts before the plateau at 400 ◦C which means the 
iron spinel is easier to reduce than the aluminum one. This is in good 
agreement with the H2-HTXRD carried out on the mixed Al-Fe spinel. 
The more iron in the sample, the more reducible it is and, in contrast, the 
more aluminum in the sample the more stable against reduction it is. 

3.5. Catalytic properties in dry reforming of methane 

The NiAlxFe2− xO4 catalysts prepared from (Cl-) and (NO3
- ) and 

calcined at 800 ◦C under air flow were tested on the dry reforming re-
action of methane (CO2 + CH4 ↔ 2CO + 2 H2, ΔH◦

298 =247 kJ/mol).  
Figs. 10, 11 and 12 show the catalytic performances without any pre-
vious treatment (CH4 conversion, CO2 conversion, H2/CO ratio and 
XCH4/XCO2 ratio) in the temperature range 650–800 ◦C. The equilibrium 

Fig. 8. HTXRD patterns of NiAlFeO4 (Cl-) catalyst during reduction by 
hydrogen (3% H2 in N2) up to 800 ◦C. 

Fig. 9. TGA thermogram of (a) NiAl2O4 (Cl-) and (b) NiFe2O4(Cl-) catalysts during reduction by hydrogen (5% H2 in Ar) up to 400 ◦C.  
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conversions and H2/CO ratio are also reported in Figs. 10 and 11 taking 
in consideration all possible reaction products (including carbon depo-
sition) or only DRM and RWGS reactions (without carbon deposition). 

All tested catalysts are catalytically active in dry reforming reaction 
except the formulations x = 0, which presents a poor activity even at 
high temperature, despite a significant reduction capacity difference 
expected after the (H2-TPR) of NiFe2O4 compared to the formulations 
containing Al-species. This low activity of NiFe2O4 without any pre-
treatment is not surprising, and has already been observed on ferrite 
spinels prepared by other routes such as coprecipitation/CO3

- [21], hy-
drothermal [21] and sol-gel [9] methods. 

On the other hand, the incorporation of aluminum in ferrite spinel 
structures has a spectacular effect on the catalytic activity in dry 
reforming of methane. In the temperature range 650–750 ◦C, conver-
sions varied to finally stabilize at ~90–96% i.e. near to thermodynamic 
equilibrium values, when the temperature increases up to 800 ◦C. For 
x = 1, the sample issued from chloride salts shows higher conversion 
than nitrate sample: X(%)CH4(x = 1(Cl-))~41% against X(%)CH4(x = 1 
(NO3

- ))~4% at 650 ◦C and X(%)CH4(x = 1(Cl-))~92% against X 

(%)CO2(x = 1(NO3
- ))~72% at 750 ◦C while at 800 ◦C, the same conver-

sions are observed whatever the precursors. Again, this is indicative that 
thermodynamic equilibrium is reached at such high temperature. In 
contrast, for the binary aluminate spinel (x = 2) and in all the temper-
ature range X(%)CH4(NO3

- ) is ~10% higher than X(%)CH4(Cl-) (Fig. 10). 
Whatever the precursor, at Al-content x ≥ 0.5, CO2-conversions are 
lower than CH4-conversions, which can be attributed to several pa-
rameters (i) a low contribution of WRGS reaction (CO2 +H2 ↔ 
CO+H2O), (ii) some methane decomposition as a secondary reaction 
(CH4 → C+2 H2 methane cracking, ΔG(800 ◦C) = − 33.95Kj/mol) [39] 
and (iii) dry reforming reaction being the main occurring reaction which 
is also confirmed by the fact that the molar H2/CO ratio is < 1 (Fig. 11). 
The H2/CO ratios of Al-Fe mixed oxides (0.5 ≤ x ≤ 1.5) decreases when 
the amount of Al increases, indicating its important role in mitigating 
side reactions. For the iron-rich formulation (x = 0.5), a slight difference 
between H2/CO experimental and theoretical is observed (ΔH2/CO) 
~0.05–0.13, probably due to the migration of Fe3+ species from the bulk 
on the surface of NiAl0.5Fe1.5O4 sample (see XPS). At x = 1 and 1.5 
values, the Al-content influence is significant on H2/CO between 650 
and 700 ◦C but becomes negligible at high temperature. The H2/CO 
ratio of binary aluminate spinel NiAl2O4 depends on the precursor but is 
stable throughout the temperature range studied (650–800 ◦C), with 
ratio close to one for nitrates and ~0.8 for chloride ones. 

To summarize, the unreduced ferrite spinel catalysts NiFe2O4 
(x = 0), whatever the precursor, exhibit low activity and very low H2/ 
CO ratios compared to catalysts of the same structural type, NiAl2O4 
(x = 2) or ternary compounds NiAlxFe2− xO4 (0.5 ≤x ≤ 1.5). Their ac-
tivity is also lower than binary NiCr2O4, NiMn2O4 activity [4]. The used 
precursors (Cl-) or (NO3

- ) affects significantly the bulk and surface 
properties and consequently the catalytic activity of catalysts containing 
Al-species. For NiAlxFe2− xO4 (0.5 ≤x ≤ 1.5), chlorides salts show the 
higher initial activity compared to nitrates precursors. In contrast, for 
binary aluminate spinel NiAl2O4 who has the best catalytic activity in 
CH4/CO2 reaction (H2/CO~1) throughout the studied temperatures 
range, the nitrate sample shows the best performances in all temperature 
range. Nichio et al. [40] reported that the use of nitrates and acetyla-
cetonate as precursors for Ni based catalysts has no effect on the cata-
lytic activity in partial oxidation of methane but Takayasu et al. [41] and 
Boitiaux et al. [42] showed the opposite effect. They reported that the 
use of acetylacetonate precursor led to a high dispersion of active site 
and good catalytic activity in dry reforming of methane. While, Ruck-
enstein et al. [43] showed that lanthanum supported Ni catalysts pre-
pared from nitrates salts had an important initial activity but low 
stability in dry reforming of methane, in contrast, the same catalyst 
prepared from chloride precursors had high stability. In term of 

Fig. 10. CH4 (a) and CO2 (b) conversions obtained on the fresh NiAlxFe2− xO4 spinel catalysts co-precipitated from nitrate and chloride salts (0 ≤x ≤ 2) (CH4 =20%; 
CO2 =20%; 200 mg; F=100 mL/min). 

Fig. 11. H2/CO ratios obtained on the fresh NiAlxFe2− xO4 spinel catalysts co- 
precipitated from nitrate and chloride salts (0 ≤x ≤ 2) (CH4 =20%; CO2 
=20%; 200 mg; F=100 mL/min). 
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comparison, in our operating conditions, the obtained results in dry 
reforming of methane without any previous treatment are very prom-
ising compared to the literature. Martinez et al. [44] found after 
reduction under H2 flow of Ni-Al catalyst, CH4 and CO2 conversions not 
exceeding 40% at 700 ◦C. 

As reported in this paper and also published in our previous works 
[9,20], we attribute the low activity of ferrite spinel oxides NiFe2O4 to 
the absence of active Ni-metallic phase, related to the formation of Ni-Fe 
alloy at the expense of Ni◦ and Fe◦ reduced species under reaction 
mixture, or to the collapse of the spinel phase under a reducing atmo-
sphere. Whatever the precursor, the H2/CO ratio values is not exceeding 
~0.11 (Fig. 11), a very low value compared to the theoretical unit value, 
implying the participation of side reactions. such as (i) CO + 3 H2 → CH4 
+ H2O, (ii) CO2 + 4 H2 → CH4 + 2 H2O and/or (iii) RWGS (CO2 + H2 ↔ 
CO + H2O). The contribution of the first two reactions (i) and (ii) can be 
excluded for thermodynamic reasons (ΔG<0 if T < 500 ◦C for both re-
actions, at 800 ◦C, ΔG(i) ~ + 55.41Kj/mol and ΔG(ii) ~ + 55.98Kj/mol 
[39]). The contribution of RWGS reaction which tends to decrease the 
production of H2 seems thus the most likely (ΔG ~ 0.5 Kj/mol), leading 
to a reoxidation of the active sites (Ni◦) by H2O vapor formed during the 
catalytic test. One of the possible explanations is the degradation of the 
active surface due to a joint effect of the temperature and the reaction 
medium which results in an insufficient presence of active sites on the 
surface. This could be due to either an increase size of the metallic 
particles by sintering, that would cause a decrease of the active surface 
or to a migration of iron species (from the bulk to the surface) that would 
mask the active sites, or even a reoxidation of the active metallic phase 
due to the magnitude of RWGS reaction. The low activity observed on 
spinel ferrites (x = 0) can be correlated by its (i) textural characteristics 
such as, a low SB.E.T < 10 m2/g, a low amount of lattice oxygen on the 
surface and presence of excess Fe3+ species on the NiFe2O4-surface 
which favored RWGS reaction (XPS data, Table 1), (ii) structural 

properties showing the presence of Fe2O3 phase and (iii) its reducibility 
as observed by TGA under H2 (Fig. 9). It was indeed noticed that a 
considerable amount of Ni◦ and Fe◦ reduced species (~26%) is lost and 
transformed into an inactive Ni-Fe alloy, as shown by in-situ HTXRD 
under flowing H2. Anyway, it might be inferred that the heating to 
800 ◦C during catalysis could have destroyed (at least on the surface) the 
spinel phase to directly deliver the Ni-Fe alloy. 

Interestingly, the substitution of Fe by Al plays a primordial role in 
catalytic activity in dry reforming reaction; it increases significantly the 
catalytic performances which confirms the existing synergetic effect 
between Al and Fe-species that promotes the activation of the samples. 
The H2/CO ratio is similar or lower compared to the nominal reaction 
composition for all formulations containing Al-species, which also ex-
plains the negligible contribution of RWGS reaction. We propose, based 
on HTXRD under H2 for NiAlFeO4 (Cl-) sample (Fig. 8), that insertion of 
aluminum would stabilize Ni activity, via the formation of FeAl2O4 
spinel phase, that consumes iron, preventing the formation of detri-
mental Ni-Fe alloy or metallic iron. It is well known that RWGS is 
favored in the presence of iron species, then the in-situ formation of such 
FeAl2O4 which disadvantages RWGS would thus liberate the active sites 
of Ni◦. Unlike NiFe2O4 which showed a loss of reduced species in ATG 
analysis under H2, the aluminate NiAl2O4 sample keeps the amount of 
reduced species throughout the whole reaction and since the reduced Ni- 
species has no affinity with Al-species, it could explain the stabilizing 
effect of aluminum and the excellent catalytic performances. In addi-
tion, the catalytic activity of NiAl2O4 is well correlated with the higher 
specific surface area (149 m2/g), the lower crystallites size (7 nm) and 
the localization of Ni2+ species at the surface (Table 1). 

After reaction, the catalysts were heated in air at 700 ◦C for 30 min 
in order to detect the formation of carbon oxides that would have come 
from coking according to the Boudouard (2CO→ C+CO2) and methane 
cracking reactions (CH4 → C + 2 H2). The obtained quantifications of 

Fig. 12. XCH4/XCO2 ratios at 650, 700, 750 and 800 ◦C obtained on the fresh NiAlxFe2− xO4 spinel catalysts co-precipitated from nitrate and chloride salts (0 ≤x ≤ 2) 
(CH4 =20%; CO2 =20%; 200 mg; F=100 mL/min). 
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coke deposit are depicted in the Table 4. Excepted for both x = 0 (Cl-) 
and x = 0.5 (Cl-) samples, the coke deposit values are note influenced by 
the reaction temperature. In all reaction temperatures range, the 
recorded amount of coke deposit not exceeding 7% whatever the used 
precursor that explain a good resistance against coke formation. This 
resistance can be interpreted by the presence of FeAl2O4 spinel phase 
which plays a crucial role as catalytic precursor in the in-situ production 
of Ni◦ nanoparticles, highly dispersed and less prone to coke formation 
in spite of the severe reaction conditions. Both x = 0 (Cl-) and x = 0.5 
(Cl-) show a high amount at low reaction temperature but this quantity 
decreases and become as the same values of other catalysts at higher 
reaction temperature (At 800 ◦C). The low amount of carbon deposit at 
higher reaction temperatures all catalysts can be explained by the 
decrease of amount of Ni metallic species which responsible to the coke 
formation or by the change of the behavior of the catalytic surface. 

4. Conclusion 

The insertion of Al-species and the nature of salts, chloride or nitrate, 
used as precursors for the synthesis of Fe-Ni spinel oxides affect signif-
icantly the bulk, the surface composition and the reducibility properties 
as well as their activity in dry reforming of methane to syngas 
production. 

The catalytic properties in the dry reforming of methane by carbon 
dioxide studied with the pristine (unreduced) spinel samples of binary 
(NiAl2O4) and ternary aluminate spinels (NiAlxFe2− xO4, x ‡ 0) are very 
promising. In contrast, the very poor activity observed in pure iron 
NiFe2O4 case, (x = 0) can be explained by the loss of Ni-metal during 
catalytic process, due to the formation of Ni-Fe alloy favoring RWGS 
reaction. The formation of this alloy is favored once Fe◦ and Ni◦ are 
formed. The insertion of a small amount of Al-species (x = 0.5) improves 
the activity of the catalyst by the creation of a very stable FeAl2O4 
compounds that inhibits the agglomeration of Ni-metallic species. In 
addition, the mixed formulations (x = 1) synthesized from (Cl-) are more 
active compared to those prepared from (NO3

- ) at low reaction temper-
atures, but this behavior attenuates at high temperature. Under our 
operating conditions and without any previous treatment, the binary 
aluminate spinel issued from nitrates salts is the most active in dry 
reforming of methane, the activity being related to several synergetic 
parameters such as the higher specific surface area, the smaller crys-
tallites size, the presence of Ni2+ species on the surface and to their 
stability, the dispersion of Ni-metallic insured by alumina oxide which 
led to a good orientation of the reaction by minimizing the effects of side 
reactions such as RWGS. 

Finally, catalytic experiments of dry reforming of methane show that 
nickel aluminate ferrite oxides are suitable catalysts under the condi-
tions we used. The results presented in this study show the importance of 
the incorporation of Al-species as well as the importance of in-situ 
formed intermediate phases occurring during the reaction. 
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E. Bordes-Richard, A. Löfberg, R.N. Vannier, Physico-chemical properties and 
syngas production via dry reforming of methane over NiAl2O4 catalyst, Int. J. 
Hydrog. Energy 42 (2017) 12989–12996, https://doi.org/10.1016/j. 
ijhydene.2017.04.030. 

[12] E. Ruckenstein, Y.H. Hu, Carbon dioxide reforming of methane over nickel/ 
alkaline earth metal oxide catalysts, Appl. Catal., A. 133 (1995) 149–161, https:// 
doi.org/10.1016/0926-860X(95)00201-4. 

[13] O. Dewaele, G.F. Froment, TAP study of the mechanism and kinetics of the 
adsorption and combustion of methane on Ni/Al2O3 and NiO/Al2O3, J. Catal. 184 
(1999) 499–513, https://doi.org/10.1006/jcat.1999.2473. 

[14] J.A. Wang, X. Bokhimi, O. Novaro, T. Lopez, R. Gomez, Effects of the surface 
structure and experimental parameters on the isopropanol decomposition 

Table 4 
The amount (% ± 1) of coke deposit over the catalysts after CH4/CO2 reaction.  

T (◦C) x = 0 (Cl-) x = 0.5 (Cl-) x = 1 (Cl-) x = 1.5 (Cl-) x = 2 (Cl-) x = 0 (NO3
- ) x = 1 (NO3

- ) x = 2 (NO3
- ) 

650 45 20 < 2 < 1.5 7 – – 7 
700 20 20 4 < 2 3.7 – – 5 
750 < 2 11 5 7 3.6 – – 4 
800 < 1 4 5 6 3 – – 4  

R. Benrabaa et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.jcou.2022.102319
https://doi.org/10.1016/j.ijhydene.2015.09.150
https://doi.org/10.1002/cctc.201300699
https://doi.org/10.1016/j.apcata.2015.01.029
https://doi.org/10.1016/j.ijhydene.2017.10.049
https://doi.org/10.1006/jcat.1993.1312
https://doi.org/10.1081/CR-100101948
https://doi.org/10.1016/0920-5861(93)80059-A
https://doi.org/10.1021/ef950227t
https://doi.org/10.1016/j.cattod.2012.06.002
https://doi.org/10.1016/j.cattod.2012.06.002
https://doi.org/10.1016/j.ijhydene.2015.12.062
https://doi.org/10.1016/j.ijhydene.2017.04.030
https://doi.org/10.1016/j.ijhydene.2017.04.030
https://doi.org/10.1016/0926-860X(95)00201-4
https://doi.org/10.1016/0926-860X(95)00201-4
https://doi.org/10.1006/jcat.1999.2473


Journal of CO2 Utilization 67 (2023) 102319

11

catalyzed with sol-gel MgO, J. Mol. Catal. A: Chem. 145 (1999) 291–300, https:// 
doi.org/10.1016/S1381-1169(99)00035-7. 

[15] A. Gervasini, A. Auroux, Acidity and basicity of metal oxide surfaces II. 
Determination by catalytic decomposition of isopropanol, J. Catal. 131 (1991) 
190–198, https://doi.org/10.1016/0021-9517(91)90335-2. 

[16] A. Gervasini, A. Auroux, Microcalorimetric study of the acidity and basicity of 
metal oxide surfaces, J. Phys. Chem. 94 (1990) 6371–6379, https://doi.org/ 
10.1021/j100379a041. 

[17] P.N. Trikalitis, P.J. Pomonis, Catalytic activity and selectivity of perovskites 
La1− xSrxV1− x

3+ Vx
4+O3 for the transformation of isopropanol, Appl. Catal., A. 131 

(1995) 309–322, https://doi.org/10.1016/0926-860X(95)00121-2. 
[18] M.A. Aramendia, V. Borau, C. Jimenez, J.M. Marinas, A. Porras, F.G. Urbano, 

Magnesium oxides as basic catalysts for organic processes: study of the 
dehydrogenation-dehydration of 2-propanol, J. Catal. 161 (1996) 829–838, 
https://doi.org/10.1006/jcat.1996.0246. 

[19] C. Arean, J.S.D. Vifiuela, Structural study of copper-nickel aluminate 
(CuxNi1− xA12O4) spinels, J. Solid State Chem. 60 (1985) l–5, https://doi.org/ 
10.1016/0022-4596(85)90156-2. 

[20] S. Kamali, K. Shih, B. Barbiellini, Y.J. Wang, S. Kaprzyk, M. Itou, A. Bansil, 
Y. Sakurai, Extracting the cation distributions in NiFe2− xAlxO4 solid solutions using 
magnetic Compton scattering, J. Phys.: Condens. Matter 27 (2015) 
456003–456008, https://doi.org/10.1088/0953-8984/27/45/456003. 
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