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Abstract
Bimetallic Ni–Al and Ni–Fe nanoparticles catalysts derived from hydrotalcite were synthesized by co-precipitation method 
and applied in dry reforming of methane. The samples were calcined at 800 °C and the crystalline phases were assessed 
by X-ray diffraction coupled with Rietveld refinement. Other analyzes were carried out to study their textural and struc-
tural properties including, Thermogravimetric Analysis (TG), Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), 
Brunauere-Emmette-Teller (BET), Scanning Electron Microscopy and Energy Dispersive-X-ray (SEM–EDX), Temperature 
Programmed Reduction (TPR), Transmission Electron Microscopy (TEM) and EDS mapping. The XRD Analyses con-
firmed the formation of the precursor’s layered double hydroxide structure, the formation of the γ-NiFe alloy confirmed by 
TEM-EDS Analysis. The specific surface area of the two samples increases after calcination, attributed to the destruction of 
the double-layered structure at high temperature, which produced cavities or crates resulting in larger surface areas. These 
catalysts were evaluated in  CO2 reforming of methane under continuous flow with  CH4/CO2 ratio equal to 1, at atmospheric 
pressure and a temperature range between 400 and 700 °C. At 700 °C, the  NiAlHT catalyst displayed the best  CH4 conversion 
(87.5%) and  CO2 conversion (91.4%) compared to the conversion of  CH4 (79.2%) and  CO2 (84.1) for  NiFeHT catalyst within 
10 h stability test. The iron addition to the nickel showed improved resistance to coke deposition while a slight decrease 
in methane conversion was observed. The possible formation of γ-NiFe alloy observed during the study of reducibility by 
hydrogen was invoked to account for the catalytic behavior.
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1 Introduction

Recently, the reaction of methane with carbon dioxide (dry 
reforming of methane, DRM) has attracted great attention 

because of it converts  CH4 and  CO2 (Eq. 1) two major green-
house gases into syngas (CO and  H2). The  H2/CO ratio is 
close to unity, which can be directly used as fuel, feedstock 
for the chemical industry or production of liquid hydrocar-
bons via Fischer–Tropsch synthesis [1]. Moreover, syngas 
produced by DRM is also can be utilized for the storage of 
solar or nuclear energy [2].

Two major challenges for the DRM catalyst is the active 
phase sintering and rapid accumulation of carbon “carbon 
poisoning” initiated by numerous side reactions (Eqs. 2, 3, 
4 and 5) [3]. The reverse water–gas shift reaction can also 
occur as a side-reaction in which some of the  H2 from the 
 CH4 decomposition reacts with the  CO2 to produce  H2O and 
CO (Eq. 6) [4, 5].

(1)CH4 + CO2 ↔ 2CO + 2H2
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In addition, the high temperature of the reaction leads 
to deactivation of metal catalyst due to the sintering of the 
active phase or the reaction between metal and support form-
ing inactive species. Thus, a thermal stable catalyst that can 
resist degradation and carbon deposition is essential [5, 6].

Noble metals Rh, Ru, Pd and Pt-based catalysts are con-
sidered the most active materials for the DRM because they 
possess a superior coke removal ability due to the high dis-
persion and small particle size [1, 5]. However, the high 
cost of precious metals is often seen as a drawback for their 
application on a large scale [5].

Nickel-based catalysts are the most suitable for this reac-
tion because of their high activity, best stability and have 
low-cost. Nevertheless, the main drawback of Ni-based cata-
lysts is their deactivation by sintering of active phase and/
or carbon deposition, which negatively influences catalytic 
performance by blocking active sites [5, 7].

Several attempts have been made to limit the formation 
of coke deposition, for example, intercalate the active 
phase in a well-defined structure for instance perovskite, 
zeolite, core–shell, hydrotalcite… etc. [6, 8, 9] and 
increasing the dispersion of active phase nanoparticles 
(NPs). Among these materials, the hydrotalcite-type mate-
rials were found effective as catalysts for DRM due to the 
low cost and high activity. In addition, the thermal decom-
position of hydrotalcites leads to homogeneous and fine 
crystalline mixed metal oxides exhibiting high specific 
surface areas, strong basic character and highly dispersed 
active particles, which may improve their catalytic perfor-
mance [10–13]. Recently, bimetallic hydrotalcite-derived 
catalyst with alloy structure have been widely investigated 
in DRM reaction to suppressed coke deposition and boost 
the catalytic performance. The chemical formula of LDHs 
can be expressed by the general  formula of 
[

M
2+
1−x

M3+
x
(OH)2

]x+[
A
x∕n

]n−
,mH2O . Where:  M2+ and  M3+ 

represent divalent and trivalent metals respectively,  An– is 
the interlayer anion and x is the ratio of M3+

(M2++M3+)
 . The 

noble metals and transition metals such as Fe, Co, Zr, Mn, 
Zn and Cu, etc., have been investigated as bimetallic 

(2)CH4 → C + 2H2

(

CH4decomposition
)

(3)2CO → C + CO2 (Boudouardreaction)

(4)CO2 + 2H2 → C + 2H2O (CO2reduction)

(5)H2 + CO → H2O + C (COreduction)

(6)CO2 + H2 → CO + H2O (reversewater − gasshif treaction)

system with Ni-based catalysts for DRM reaction [14–18]. 
Chatla et al. [16] examined the influence of Zinc-modified 
NiMgAl catalysts from hydrotalcite in dry reforming of 
methane. The NiMgAl-3Zn catalyst has been shown higher 
catalytic stability at 650 °C, and negligible coke formation 
after 100 h on stream. This result can be explained by the 
formation of a Ni-Zn alloy. The modification of NiMgAl 
mixed oxide catalysts by Zn leads to formation of lowered 
particles size, improved metal-support interaction, and 
enhanced basicity. The 3 wt% Zn-modified NiMgAl to 
limit carbon deposition while rapidly any adsorbed carbon 
to CO, whereas the NiMgAl catalyst deactivated faster due 
to carbon deposition. Duan et  al. [17] prepared the 
NiCoMgAl-HTlcs alloy catalysts by co-precipitation 
method with different Co/Ni molar ratios for DRM reac-
tion. The finely dispersed Ni-Co alloy particles were 
obtained after calcination and reduction of NiCoMgAl 
HTlcs. Under the reaction conditions (T = 600 °C and SV 
of 120,000 mL  g−1  h−1 for 25 h), the NiMgAlO produces 
much carbon compared to NiCoMgAlO alloy catalyst 
which shows relatively stable activity and effectively 
inhibited the carbon deposition. In our previous study [18, 
19], we investigated the effect of Co-Fe alloy catalyst 
hydrotalcite-derived catalyst in DRM reaction. The calci-
nation and reduction of CoAl and CoFe hydrotalcite-type 
materials led to the formation of  Co0,  Fe0 and Co-Fe alloy. 
The CoFe catalyst exhibited enhance the resistance to car-
bon formation in catalyst surface, whereas a slight 
decrease in methane and dioxide conversion was observed 
compared to CoAl catalyst. This result has been explained 
by the re-oxidation of the  Co0 by the  H2O formed via the 
reverse water–gas shift reaction (RWGS) favored by the 
presence of Fe. The formed coke on the surface of CoFe 
catalyst during DRM reaction was removed by the oxygen 
of the FeOx.

Wan et al. [20] pointed out that the bimetallic Ni–Fe/
Mg(Al)O alloy catalysts obtained from NiFeMgAl hydro-
talcite calcined and reduced at different temperatures 
(700–900 °C) show good activity and stability in DRM. In 
particular, the catalyst reduced at 700 °C exhibits a great 
improvement the resistance to carbon due to its smaller Ni 
particle size and formation of the Fe–Ni alloy.

The purpose of the study is to present the combined 
effect of the Fe in the development of Ni-based catalysts 
derived from hydrotalcite with high activity and stability 
in the dry reforming of methane. The experimental results 
demonstrated that, Fe presence, have a positive effect in 
the preparation of high active and stable catalysts in the 
dry reforming of methane by decreasing coke deposition 
and sinterization of metallic nickel significantly.



1093Chemistry Africa (2024) 7:1091–1106 

1 3

2  Experimental

2.1  Catalysts Preparation

We have synthesized catalysts based on divalent and triva-
lent metals  (NiAlHT and  NiFeHT), which will allow us to 
examine the effect of the in Bimetallic Ni–Al and Ni–Fe.

We opted for the basic constant pH co-precipitation 
method following previously described procedure by 
Touahra et al. [21] and which consists in carrying out a 
controlled precipitation reaction from a solution of nitrate 
salts of the divalent and trivalent metals with a Brönsted 
base solution (0.2 mol NaOH, 2 M) and sodium bicarbonate 
(0.05 mol  Na2CO3, 0.5 M). The addition is done dropwise, 
with stirring for 5 h at room temperature to facilitate precipi-
tation. The precipitate is stirred for one night at 70 °C under 
reflux. the gel subsequently washed with distilled water, and 
then dried in an oven at 100 °C for night. The dried solids 
calcined at 800 °C for 6 h to produce the corresponding 
mixed oxides  NiAlC and  NiFeC.

2.2  Catalysts Characterization

The identification of the chemical composition for the 
investigated samples were analyzed by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) in the 
presence of a multichannel Thermo Jarrel Ash ICAP 957 
spectrometer. X-ray diffractometer method was used deter-
mine the Crystalline sizes and phase structure using Siemens 
D-5000 diffractometer. The average particle size  (dhkl) were 
calculated by Debey-Scherer equation (Eq. 7)

where λ is the radiation's wavelength, βhkl is the half width 
of the peak, and θ is the Bragg diffraction angle. Thermo-
gravimetric analysis (TG) was performed using Thermal 
Analyzer Setaram Set Sys 16/18 from 25 to 900 °C with a 
heating rate of 10 °C/min in the presence of air. N2 adsorp-
tion–desorption analysis (BET) was carried under nitrogen 
(− 196 °C) using Micrometrics Tristar 3000. Fourier trans-
form infrared spectroscopy (FTIR) were obtained from in 
the range of 4000–400  cm−1 using the pressed KBr discs 
on a Perkin-Elmer spectrometer. Scanning electron micros-
copy (SEM–EDX) and Transmission Electron Microscopy 
(TEM) were effected using Quanta 250 and TEM images 
were taken by JEOL-JEM-1200EX at 100 kV. Tempera-
ture-programmed reduction (TPR) results were determined 
using a TriStar3000 V6.01A apparatus equipped with a TCD 
detector. 20 mg of sample was flushed with Ar in a quartz 
reactor tub prior to each run and heated at 120 °C for 2 h 

(7)d
hkl

=
0.9λ

βhklcos�

under argon flow and then cooled down to room tempera-
ture. The sample was submitted to a 5%  H2/Ar up flow to 
1000 °C with a 10 °C/min rate.

2.3  Catalytic Activity

Catalytic testing experiments were carried out in a contin-
uous flow system at atmospheric pressure using a fixed-bed 
tubular quartz reactor (ID = 6 mm and L = 16 cm). Prior 
to catalytic reaction, 100 mg of each sample was reduced 
in-situ under constant hydrogen flow (20 mL  min−1) at 
750  °C for one hour. After that, the temperature was 
cooled down to the initial reaction's temperature and a 
feed gas mixture containing  CH4:CO2: Ar in a ratio of 
20:20:60 was passed through. The total gas flow rate was 
set to 20 mL/min. The reaction products were analyzed 
using gas chromatograph (Delsi), equipped with a thermal 
conductivity detector (TCD). The TCD uses two-meters-
long stainless-steel Carboseive column, in the presence 
of carrier gas argon. The chromatography (GC) operat-
ing conditions: Oven temperature = 100 °C; Injector and 
detector temperature = 100 °C; and Temperature for the 
accessory = 70 °C. The equations used to calculate the 
conversions for  CH4 and  CO2, hydrogen  (SH2) and carbon.

monoxide  (SCO), ratio of  H2/CO and carbon balance (%) 
are shown below (Eqs. 8–11).

where F, S, R and represented the conversion, gas flow rate, 
selectivity and molar ratio respectively.

(8)(%)CH4 conversion =
F
CH4,int

− F
CH4,out

F
CH4,int

× 100

(9)(%)CO2 conversion =
F
CO2,int

− F
CO2,out

F
CO2,int

× 100

(10)S
H2

=
F
H2,out

2 × (F
CH4,int

− F
CH4,out

)
× 100

(11)

S
CO

=
F
COout

(

F
CO2,int

− F
CO2,out

)

+
(

F
CH4,int

− F
CH4,out

) × 100

(12)R
H2∕CO =

F
H2,out

F
CO,out

(13)Carbon balance (%) =
F
CH4,out

+ F
CO2,out

+ F
COout

F
CH4,int

+ F
CO2int
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3  Results and Discussion

3.1  Thermogravimetric Analysis (TG/DTG)

The mass losses ATG (thermogravimetry analysis) curves 
and the DTG signals as a function of the temperature result-
ing from the thermal pretreatment of the  NiAlHT and  NiFeHT 
samples are reported in supplementary Fig. S1. We fol-
lowed the evolution of our samples in a temperature range 
of 20–1000 °C (10 °C / min). For the two samples, three 
obvious stages of mass loss were identified.

The first loss of mass is 4% and 8% respectively for 
 NiAlHT and  NiFeHT, which corresponds to the removel of 
physisorbed water molecules on the external surface of the 
crystallites and to the loss of inter-lamellar water without 
loss of structure according to the following equation [22].

A second loss of mass around 250 °C is due to dehy-
droxylation and nitrate removal as reported in the literature 
[23]. The decomposition produces is 6% and 16% respec-
tively for  NiAlHT and  NiFeHT. Finaly, the last loss of mass is 
characteristic carbonates in the form of  CO2 [24]. The well-
defined plateau above 500 °C in the case of the  NiFeHT solid 
and above 800 °C for the  NiAlHT solid, is associated with 
the formation of the spinel phase  M2+M3+

2O4. The values 
are 22% and 6% respectively for  NiAlHT and  NiFeHT as the 
following equation indicates.

3.2  Catalyst Composition (ICP‑AES)

The chemical composition and the structural formula of 
the samples were derived from the elemental analysis ICP 
(Inductively Coupled Plasma Spectrometry), EDX (energy 
dispersive X-ray emission spectrometry) and ATG thermo-
gravimetry analysis. The results obtained are collated in 
Table 1.

(14)

[

M2+
(1−x)M

3+
x (OH)2

]

(CO2−
3 )n∕2, yH2O

→
[

M2+
(1−x)M

3+
x (OH)2

]

(CO2−
3 )n∕2 + yH2O

(15)

[

M2+
(1−x)M

3+
x (OH)2

]

(CO2−
3 )n∕2

→ M2+
(1−x)M3+

x O(1+n∕2) + n∕2CO2 + H2O

The results illustrated in Table 1, allow us to observe 
that for the two samples, the chemical formula remains cor-
responding to that of hydralcites. We also note that the real 
molar ratio  M2+/Al3+ of 2 was practically obtained for the 
 NiAlHT sample. On the other hand, in the case of the  NiFeHT 
sample, the actual molar ratio is 2.44. This value is probably 
attributed to an incomplete incorporation of  Fe3+ cations 
within the brucite type layers.

3.3  Measurement of Specific Surface Areas 
and Textural Proprieties

Specific surface values  (m2/g) for the calcined and non-
calcined materials were determined using BET equations. 
The results obtained are shown in Table 1. The specific 
surface area of  NiFeHT sample lower than that of  NiAlHT 
sample. Following the total substitution of  Al3+ cations 
with  Fe3+ in the crystalline structure of the non-calcined 
solid, the specific surface area decreases from 90 to 57 
 m2/g. This could be explained by the agglomeration of 
the particles of the solid  NiFeHT resulting in an increase 
in the size of these as observed on SEM images Fig. 4. 
The specific surface area of the two samples increases 
after calcination, this result can be can be attributed to the 
destruction of the double-layered structure at high temper-
atures. During calcination, the elevated temperatures cause 
thermal decomposition or transformation of the material, 
leading to changes in its physical and chemical properties 
[4, 25]. The double-layered structure typically refers to the 
adsorbed layers of molecules or ions (molecules of  H2O 
and of  CO3

2−) on the surface of a solid material [25, 26]. 
These layers form due to electrostatic interactions between 
the charged surface and the oppositely charged species 
in the surrounding medium. The presence of the double 
layer can reduce the accessible surface area for adsorption. 
When the samples are subjected to high temperatures dur-
ing calcination, several processes occur that contribute to 
the increase in surface area. One of the primary mecha-
nisms is the removal of adsorbed species and volatilization 
of impurities or contaminants present on the surface. This 
removal leads to the creation of voids, cavities, or even 
porous structures, which effectively increase the surface 
area of the material [26].

N2 adsorption/desorption isotherms of uncalcined 
 (NiAlHT,  NiFeHT) and calcined samples  (NiAlC,  NiFeC) are 

Table 1  Chemical formula of the synthesized solids and BET surfaces area

Samples BET surfaces area  (m2/g) Theoretical molar 
ratio  (M2+/M3+)

Experimental molar 
ratio  (M2+/M3+)

Proposed chemical formulas

Precursors Calcined

NiAlHT 90 120 2 2.03 [Ni0.67Al0.33 (OH)2] [(NO3)0.015(CO3)0.2 0.22  H2O]
NiFeHT 57 105 2 2.44 [Ni0.71Fe0.29(OH)2] [(NO3)0.011(CO3)0.17 0.51  H2O]
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presented in Fig. 1. They exhibit typical IV isotherm with 
a type H1 hysteresis loop, according to the IUPAC clas-
sification which is typical of clay minerals either cationic 
or anionic clays such as hydrotalcite as described in the 
literature [27, 28]. On the other hand, the calcined samples 
also shown in Fig. 1 can be exhibit typical IV isotherm and 
hysteresis type  H3 [27].

3.4  X‑ray Diffraction Analysis

The X-ray diffractograms of non-calcined samples are shown 
in Fig. 2A. In accordance with JCPDS sheet n°15-0087, the 
X-ray diffractogram of non-calcined samples is characterized 
by the presence of diffraction lines characteristic of the hydro-
talcite phase. This latter crystallizes in a hexagonal mesh with 
principal reflections of the lattice planes (003), (006), (012), 
(015), (018), (110) and (113) respectively at diffraction angles 

2θ = 11.6°; 23.5°; 35.3°; 39.7°; 47.2°; 61.4°; 62.8° and 66.4°. 
The X-ray diffractograms of the samples after heat treatment 
at 800 °C are shown in Fig. 2B. The calcination of samples 
leads to their dehydration (-H2O) and then to the dehydroxyla-
tion and decarboxylation (-CO3

−2) which is accompanied by 
the collapse of the structure of hydrotalcite. The  NiAlc show 
peaks of the type NiO [JCPDS file no.47-1049] and  NiAl2O4 
[file JCPDS n° 10-0339]. As for  NiFec solid, there are peaks 
corresponding to spinel  NiFe2O4 [JCPDS file no.10-0325] and 
NiO these results are in good agreement with those obtained 
by several researchers [29, 30].

3.5  Reducibility of Catalysts by  H2

The reduction behavior of  NiAlC and  NiFeC catalysts was 
investigated using  H2-TPR. The temperature profiles obtained 
are shown in Fig. 3. For the solid  NiAlC, two reduction peaks 
were observed. The first peak centered at 470 °C characteristic 
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Fig. 1  The nitrogen adsorption—desorption isotherm for samples A 
uncalcined and B calcined at 800 °C
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Fig. 2  X-ray diffractograms: A precursors samples and B their cal-
cined products.  ❖ NiO,  ❑  NiAl2O4,   ◯  NiFe2O4
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of the reduction of NiO oxide particles (free) well dispersed 
and without interaction with the matrix (Eq. 16) [31, 32].

The second peak centered at 766 °C would be due to the 
reduction of nickel particles in the  NiAl2O4 spinel structure 
which makes its reduction difficult (Eq. 17) [33, 34].

For the  NiFeC catalyst, probably that the low intensity peak, 
observed at 390 °C.

in Fig. 3, could correspond to the reduction of the  Ni2+ spe-
cies in metallic Ni not observed by XRD because of the small 
size of these particles.

Thus, the most intense peaks observed at high temperatures 
(500–800 °C) in this case, are associated with the reduction 
of the  Ni2+ and  Fe3+ species present in the  NiFe2O4 spinel 
structure. Generally, the  Fe3+ reduction in  Fe0 is done at higher 
temperatures in several stages following a mechanism mainly 
in three stages [35, 36]:

The FeO is not observed on X-ray diffractograms because, 
this oxide has a limited stability around 570 °C and beyond 
this temperature decomposes directly by giving  Fe0 and 
 Fe3O4 according to some works [37]. By analogy, to the 
approach proposed by Jozwiak et al. [37]

The mechanism of FeO reduction in α-FeO is relatively 
simple but is done at high temperatures (> 570 °C). They 
noticed that at 400 °C the  Fe3O4 content is 97%, which 
reflects the dispersion of  Fe2O3 and the beginning of the for-
mation of metallic iron, while in the range of (400–560 °C) 

(16)NiO + H2 → Ni0 + H2O

(17)NiAl2O4 + H2 → Ni0 + Al2O3 + H2O

(

3Fe2O3

(1)
→ 2Fe3O4

(2)
→ 6FeO

(3)
→ 6Fe0

)

.

they note the progressive decrease of the  Fe3O4 content in 
favor of the formation of metallic iron. At 580 °C, three 
additional phases were observed  Fe3O4 (53%), FeO (7%) 
and  Fe0 (40%).

3.6  SEM Analysis

The SEM images for the uncalcined  (NiAlHT and  NiFeHT) 
and calcined solids  (NiAlC and  NiFeC) are shown in Fig. 4. 
The images show morphologies in the form of platelets, 
which supposes the formation of a lamellar structure of 
almost hexagonal shape. We can notice that the calcination 
of solids leads to the disappearance of the hexagonal form 
in favor of a more rounded form (Fig. 4).

3.7  FTIR Analysis

The infrared spectra of the uncalcined and calcined samples 
are shown respectively in Fig. 5A and B. The non-calcined 
samples Fig. 5(A) show the characteristic bands of hydro-
talcite. A broad adsorption band centered at ~ 3455  cm−1, 
which corresponds to the vibration bands of hydroxyl groups 
ν(OH). This region of the infrared spectrum is characteristic 
of the interactions between the OH groups of the sheets, the 
water molecules in inter-lamellar and the physisorbed water 
[38]. Another band located at ~ 1628  cm−1 corresponds to 
the vibration of angular deformation of water δ (HOH). An 
intense band located around 1370  cm−1 is also observed on 
all spectra, corresponding to the O-C-O vibration of car-
bonate ions  (CO3

−2) in inter-lamellar form. In the low fre-
quency region (< 1000  cm−1), the vibration bands observed 
are attributed to the elongation vibrations of the metal-O-
metal bond  (M2+-O-M3+, with  M2+  = Ni and  M3+ = Al or 
Fe) [39–41].

The infrared spectra of calcined solids are shown in 
Fig. 5B. These spectra show a significant decrease in the 
width and intensity of the vibration band at 3345  cm−1, due 
to the OH groups, as well as the disappearance of the peaks 
at around 1628  cm−1 probably related to dehydration since a 
very large part of the water and the hydroxyls are eliminated 
by calcination.]There is also a clear decrease in the vibration 
band at 1345  cm−1, corresponding to the elimination of the 
majority of carbonate ions following the heat treatment [21].

4  Characterization of Catalysts After 
Reduction

The catalysts pretreated under a flow  H2, under the condi-
tions of the reactivity hydrogen (T reduction = 750 °C, flow 
 H2 = 20 mL/min, for 1 h) were analyzed by various tech-
niques, i.e., DRX, BET, MEB-EDX. The reduced samples 
under hydrogen flow are noted below  NiAlR and  NiFeR.
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Fig. 3  Reduction temperature profiles of the solids calcined at 800 °C
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4.1  BET Surface of Reduced Samples

The values of the specific surfaces area were summarized 
in Table 2. From this table, it appears that the reduction of 
the two catalysts leads to a decrease of the specific surfaces 
area. A decrease of approximately 20% is observed on the 
case of catalyst  NiAlR and a decrease of 30% in the case of 
the solid  NiFeR compared to calcined samples.

4.2  X‑ray Diffraction After Reduction

Figure 6 illustrates the X-ray diffraction of samples reduced 
at 750 °C for 1 h. The diffractogram of the solid  NiAlR 
shows the presence of species  Ni0 and NiO. Furthermore, 
the X-ray diffractogram of the  NiFeR catalyst reveals the 
presence of the species  Ni0, NiO and γ-NiFe alloy. The aver-
age particle size of  Ni0, for the reduced catalyst at 750 °C 
is determined from X-ray diffractograms schown in Fig. 6, 
using the Debye–Scherrer relation. The average size of the 

 Ni0 particles in the  NiAlR and  NiFeR catalyst are 17 and 
17.5 nm respectively.

4.3  SEM & TEM Analyses After Reduction

The SEM–EDX images obtained by scanning electron 
microscopy for  NiAlR and  NiFeR catalysts are shown in 
Fig. 7. In the case of  NiAlR catalyst, the SEM images shows 
a homogeneous distribution of the  Ni0 particles on the sur-
face of the solid. The average size of the  Ni0 particles cal-
culated from the SEM images are in good agreement with 
the average size calculated by the XRD method as shown in 
Table 2. In the case of the  NiFeR catalyst, the SEM image 
shows a less uniform appearance than the previous one. The 
EDX spectra observed in Fig. 7 were obtained by targeting 
the electron beam on a single particle, which given us the 
mass percentages of the elements corresponding to these 
particles. EDX results showed the presence of small spheri-
cal particles, corresponding to the  Ni0 and  Fe0 particles and 

Fig. 4  SEM images of uncalcined and calcined solids. a  NiAlHT, b  NiFeHT, c  NiAlC and d  NiFeC
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of large agglomerates corresponding to the γ-NiFe alloys of 
different shape.

The TEM image as well as EDS mapping of the  NiFeR 
catalyst are presented in Fig. 8. The formation of the γ-NiFe 
alloy confirmed by TEM-EDS. The EDS shows that the Ni 

(green) one and the Fe (red) one were distributed uniformly 
in the sample implying the γ-NiFe alloy formation.

5  Catalytic Activity Tests

5.1  Influence of Reaction Temperature

The catalysts were tested in dry methane reforming reac-
tion, at atmospheric pressure in the range [400–700 °C]. The 
catalysts, under a reaction mixture, are heated from room 
temperature to 700 °C with a speed of 5 °C/min and the 
catalytic performances are measured in a random mode from 
400 to 700 °C to avoid sintering of catalysts during the reac-
tion, according to Fig. 9.

The results of the catalytic activity of the  NiAlR and 
 NiFeR catalysts as a function of the temperature in dry 
reforming reaction are illustrated in Fig. 10.

At low temperature (400 °C), the conversions obtained 
are 20.2% for  CH4 and 25.5% for  CO2 in the presence of 
 NiAlR.

The total substitution of Al cations by Fe cations leads 
to a significant decrease in conversions of both  CH4 and 
 CO2. Indeed, these are only about 15.1% for  CH4 conversion 
and 20.0% for  CO2 conversion, and the selectivity  H2/CO 
remains less than unity in the case of  NiFeR catalyst.

The major advantage of the methane reforming reaction 
related in the value close to unity of the  H2/CO ratio obtained 
during a catalyst working cycle. However, in the case of the 
two catalysts, in the temperature range [400–550 °C], the 
conversion rate of  CO2 is greater than that of  CH4 as shown 
in Fig. 10, resulting in an  H2/CO ratio less than 1. This result 
suggests the participation of the reverse reaction of gas to 
water conversion 

(

CO2 + H2 ↔ CO + H2O
)

 , which tends to 
increase the  CO2 conversion and the CO production becomes 
higher than that of  H2.

At high temperatures [500–700 °C], the recorded conver-
sions show a clear improvement in the presence of those two 
catalysts, which confirms the highly endothermic nature of 
the dry reforming reaction. At 700 °C, the conversions of 
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Fig. 5  FTIR of: A precursors samples and B their calcined products

Table 2  BET Surfaces area and 
crystallite size

a Ni0: Calculated from the XRD results in Fig. 6
b Ni0: Calculated from SEM
c Ni0: Calculated from TEM

Samples BET Surfaces area  (m2 /g) Cristallite size (A°)

Reduced Used Reduced Used
aNi0 bNi0 cNi0 aNi0 bNi0 cNi0

NiAlc 105 86 17.0 20.0 18.0 25.0 25.0 26.0
NiFec 87 55 17.5 8.00 7.50 13.5 14.0 14 0.5
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 CH4 and  CO2 are respectively in the order (87.5%, 91.4%) 
and (79.2%, 84.1%) for  NiAlR and  NiFeR  catalysts.

The  H2/CO ratio is slightly greater than unity in the case 
of the  NiAlR solid. This difference, with respect to the stoi-
chiometry of the reaction, may involve the participation of 
secondary reactions such as the transformation of CO via 
the Boudouard reaction   

(

2CO ↔ C + CO2

)

 or the methane 
decomposition reaction 

(

CH4 ↔ C + 2H2

)

 . The results also 
show that at these temperatures, the  CO2 conversions are 
slightly higher than those of  CH4 and the carbon balance is 
thus far from 100%. In this case, the carbon deposit would 
come essentially from Boudouard's reaction.

In the same temperature range [500–700 °C], in the case 
of  NiFeR catalyst, the ratio  H2/CO is close to 1 and the con-
version of  CO2 remains higher than the conversion of  CH4, 
which again implies the progress of the reaction. RWGS 
reaction favored by the presence of iron [42].

5.2  Effect of Aluminium Substitution by Iron 
on Stability of the Catalytic Activity of Catalysts 
as a Function of Time of Reaction

In this study, we examined the effect of Al substitution by 
Fe on stability of the catalytic activity of the catalysts dur-
ing DRM reaction as a function of time at  TReaction = 700 °C; 
 TReduction = 750 °C;  CH4/CO2 = 1 and P = 1 atm. The results 
obtained are illustrated in Fig. 11. The  CH4 Conversions 
were 87.5% and 79.2% respectively for  NiAlR and NiFeR 
 catalysts, whereas  CO2 conversions were 91.4% and 84.1% 
respectively for  NiAlR and  NiFeR catalysts. Under the exper-
imental conditions used, the  NiAlR catalyst has better perfor-
mance. Let us also note that the  NiFeR reaches the stationary 
regime from the first minutes of contact with the reaction 

mixture while the  NiAlR reaches the stability plateau after 
2 h of reaction and this step is maintained beyond 10 h of 
catalytic test.

In order to elucidate these differences in catalytic behav-
iors, we draw up comparative Table 3, which groups together 
the  CH4 and  CO2 conversions recorded, the  H2/CO ratio 
obtained, andthe percentage of calculated carbon deposi-
tion, after 12 h of reaction to 700 °C. In addition, the values 
of the specific surfaces and the size of the nickel particles 
after reduction are grouped in Table 3.

The comparison of the catalytic performances of the two 
catalysts makes it possible to classify them in the following 
sequence:  NiAlR >  NiFeR similarly, when comparing the spe-
cific surface area, we found that they follow the same evolu-
tion. Indeed, a large specific surface area allows better access 
of the reagents and therefore constitutes a necessary but not 
sufficient condition for a better reactivity of the catalysts.

In addition, Han et al. [43] and Shang et al. [44] showed 
that metal nanoparticles (NPs) plays decisive roles in metal‐
catalyzed DRM reactions.They reported that the use of small 
particles, of the order of nano can help reduce carbon depo-
sition and thus improve the catalytic stability of the catalysts.

However, in our case, the particle sizes are similar and the 
formation of carbon is more important for the better catalyst 
 (NiAlR), as indicated by the carbon balance given in Table 3. 
This carbon deposition in the case of  NiAlR catalyst could 
be due either to the Boudouard reaction 

(

2CO → C + CO2

)

 
or to the decomposition of methane 

(

CH4 → C + 2H2

)

 . The 
 CO2 conversion higher than that of  CH4 confirms the forma-
tion of carbon by the Boudouard reaction. On the other hand, 
the carbon balance in the case of  NiFeR catalyst close to 
100% indicates a low carbon content formed on the surface 
of this catalyst.

We can assume that the carbon formed on the surface of 
the iron-based catalysts is removed by the oxygen species 
formed from FeOx obtained after the dissociation of Ni–Fe 
alloy in the presence of  CO2 as reported in the literature 
[45, 46].

Indeed, Theofandis et al. [42, 47] report in their work that 
the carbon species formed at the Ni metal sites are removed 
by the oxygen species formed from iron oxide. The reaction 
mechanism proposed by these authors in this case is based 
on the Mars-Van Krevelen hypothesis, which assumes that 
iron oxidizes to  FeOx in the presence of  CO2 
(

Fe + xCO2 ↔ FeOx + xCO
)

 and  CH4 is activated on Ni 

sites to form hydrogen and carbon: 
(

CH4

Ni
→ 2H2 + CNi

)

 . 

The  CNi is re-oxidized by the oxygen of the iron 
oxide:

(

FeOx + CNi ↔ xCO + Ni + Fe
)

.
In our case, the decrease in the catalytic perfor-

mance of  NiFeR catalyst compared to  NiAlR catalyst is 
therefore not attributable to carbon deposition, it would 
be due to the re-oxidation of  Ni0 active sites by  H2O: 

Fig. 6  X-ray diffractograms samples reduced at 750  °C: ❖NiO, 
▽Ni0, × γ-NiFe and ↑Fe0
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Fig. 7  SEM images of a  NiAlR and b  NiFeR and EDX of particles designated by white arrows SEM images (R = reduced samples at 750 °C)
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(

Ni + H2O ↔ NiO + H2

)

 formed via the inverse reac-
tion of the gas to water which promote in the presence 
of iron:

(

FeO
x
+ H2 ↔ Fe + H2O

)

 . As already reported in 
the literature [48]. Which tested  NiFe2O4 catalysts in dry 
reforming reaction, showed that the small amount of car-
bon present in  NiFe2O4 catalyst may be related to their low 
catalytic reactivity. It may also be due to the formation 
of Ni–Fe alloy by decomposition of the spinel structure, 
which seems to play an important role in inhibiting the 

carbon deposition through a dilution effect of Ni active 
sites.

5.3  Characterization of the Catalysts after 12 h 
of Reaction at 700 °C

The specific surfaces of the catalysts measured after 12 h 
of DRM reaction under a reaction mixture are summarized 
in Table 4. Also in this table give the average particle size 

Fig. 8  MET and EDS mapping 
for  NiFeR sample. Ni (green) 
and Fe (red)
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Fig. 9  Reaction protocol after reducing pretreatment
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Ni° (nm) before and after reaction calculated from the SEM 
images.

From these results, the specific surfaces area after cat-
alytic tests decrease in the case of the two catalysts. The 

decrease in the surface area of  NiAlR catalyst may be due to 
the sintering of the Ni particles during the reaction. While 
the decrease in the specific surface area of  NiFeR catalyst 
after reaction, may be due to the active phase re-oxidation.

The deactivation of the catalysts in the methane dry 
reforming reaction has been widely studied in the literature 
[49–51]. This deactivation originates from carbon forma-
tion or sintering of metal particles. In order to highlight the 
causes of  NiFeR catalyst activity decrease compared with 
 NiAlR, we followed the evolution of the texture by scanning 
electron microscopy after 12 h of stability test at 700 °C. The 
images obtained are shown in Fig. 12. SEM micrographs 
showed the presence of filamentous carbon formed on the 
surface of the various catalysts during the reaction. Carbon 
is much more observed on the  NiAlR catalyst surface than 
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 NiFeR catalyst. In order to highlight the presence or absence 
of the second deactivation phenomenon: “sintering”, the size 
of the nickel particles was measured from the SEM images 
after 12 h reaction. In the case of  NiFeR catalyst, there is the 

presence of small particles always well dispersed on the sur-
face of the catalyst. Therefore, the decrease of the catalytic 
activity in the case of this catalyst would not be due to the 
agglomeration of these particles, but would be due to the 

Table 3  CH4 and  CO2 
conversions,  H2/CO ratio, Xc: 
carbon balance (%), specific 
surface area and size of  Ni0 
particles of reduced catalysts

a Ni0: Calculated from SEM of reduced catalysts (Fig. 7)

Catalysts Conversion H2/CO Xc (%) S.BET  (m2/g) of 
reduced catalysts

S.BET  (m2/g) of 
used Catalysts

Particle 
size aNi0 
(nm)CH4 (%) CO2 (%)

NiAlR 87.5 91.4 1.10 85.50 105 86 16
NiFeR 79.2 84.1 0.95 98.25 87 55 17

Table 4  Specific surfaces, 
particle size before and after 
Ni° (nm) and estimated carbon 
balance

Catalysts S.BET  (m2/g) Particle size (nm) Estimated carbon 
deposited

After reduction After reaction After reduction After reaction 100-carbon 
balance

(%) 
carbon by 
EDXNi0 Ni0

NiAlR 105 86 16,50 22,01 14.50 15.2
NiFeR 87 55 17,20 18,00 1.75 2.21

Fig. 12  SEM–EDX of used catalysts after reaction at 700 °C for 12 h. a  NiAlR and b  NiFeR
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re-oxidation of the active sites by  H2O formed via the inverse 
reaction of the gas to the water 

(

Ni
0 + H2O → NiO + H2

)

 . 
This result explains the reason for the decrease in catalyst 
catalytic activity after a total substitution of Al by the Fe 
reported in the reactivity part. The re-oxidation of the active 
sites was confirmed by MEB-EDX analysis, which shows the 
formation of NiO oxide after reaction.

6  Conclusion

Catalysts based on Ni, Al and Fe, derived from hydrotal-
cites catalysts has been prepared by co-precipitation method. 
TEM-EDS and MEB-EDX analysis of samples reduced at 
750 °C revealed the presence of γ-NiFe alloys. The catalysts 
were tested in dry reforming of methane with prior reduction 
at 750 °C for 1 h. The addition of Fe in Ni-based catalyst 
helps stabilize the active sites and prevents the agglomera-
tion of metal particles, thereby maintaining a highly dis-
persed and active catalytic phase. This stability is crucial 
for continuous and long-term operation of the catalyst in the 
reforming process. We have also been able to show that the 
total substitution of aluminum by iron leads to a decrease in 
the catalytic performances.

This decrease has been attributed to the re-oxidation 
of the active phase by the water, which is formed via the 
reverse water–gas shift reaction (WGSR-inverse) favored by 
the presence of iron. During the catalytic test, the carbon 
formed on the surface of the catalyst was removed by the 
oxygen of the iron oxide (FeOx).
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