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A B S T R A C T

In the current work, nickel and magnesia containing catalysts synthesized by solution combustion synthesis (SCS) 
and impregnation were used for dry reforming of methane (DRM). The present research showcased the difference 
of two preparation methods and demonstrated the influence of temperature cycling and various duration on the 
activity of Ni-Mg catalysts (30 min, 10 h, 20 h, 200 h TOS). It was reported that Ni-Mg-Al catalysts exhibited 
mainly crystalline MgAl2O4 and nickel oxide in both fresh and spent catalysts confirmed by XRD results. As seen 
from TEM images, nickel particles ranged from 12 to 36 nm. Small metal particles indicate the strong interactions 
between the metal and the support. Moreover, these particles were localized at the tip of carbon nanotube 
indicating their activity. According to TPD, for all catalysts large amounts of basic sites and strong interactions 
between the metal and CO2 were observed. Ni-Mg-Al obtained with SCS possesses 0.19 wt%⋅g− 1

Ni of carbon 
content, which was much lower than that of Ni-Mg catalyst. It was found that SCS derived Ni-Mg-Al catalyst 
exhibited higher activity compared to its reduced analogue prepared by impregnation. The former catalyst 
showed stable performance during 200 h test with a decreasing coking rate. The metal particle size was lower for 
this spent catalyst in comparison with Ni-Mg-Al tested for 20 h test.

1. Introduction

The rising levels of carbon dioxide in atmosphere improve global 
warming. On the other hand, the exhaustion of fossil fuel resources has 
driven significant investigation into advanced methods for production of 
sustainable energy. Among other methane reforming processes, dry 
reforming of methane (DRM) has been considering as a viable approach 
to utilize CH4 and CO2 and to produce valuable syngas, which has 
various applications [1–3].

Eq. (1) demonstrates the main DRM reaction with production of 
synthesis gas in the ratio of H2/CO of unity. This ratio allows application 

of the gaseous products to obtain dimethyl ether. 

CH4 + CO2 → 2CO + 2H2; ΔH0
298 = +248 kJ⋅mol− 1                        (1)

The role of DRM for industry has been stuFdied since ecological 
problems could be solved when converting biogas (methane and carbon 
dioxide) to hydrogen and CO. However, for this process elevated tem
peratures are mandatory because of its endothermicity. Formation of 
coke could be a second issue in conducting DRM. Coke is accumulated 
during the side reaction such as methane cracking (Eq. (3)) and Bou
douard reaction (Eq. (2)) [4]. Coke deposition from methane cracking is 
more possible than from the latter reaction. Reverse water-gas shift 
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reaction (RWGS) occurs during DRM consuming more hydrogen and 
CO2 and presented in Eq. (4) [5]. 

2CO ⇌ CO2 + C; ΔH0
298 = -172 kJ⋅mol− 1                                        (2)

CH4 → C + 2H2; ΔH0
298 = +75 kJ⋅mol− 1                                         (3)

CO2 + H2 ⇌ CO + H2O; ΔH0
298 = +42 kJ⋅mol− 1                              (4)

In past decades, effective catalysts were developed since efficiency 
and stability of DRM process are strongly affected by the catalytic sys
tem. Although nickel-based catalysts are cost-effective and catalytically 
active, they often undergo deactivation like sintering and coke deposi
tion [6]. To enhance the activity and longevity of Ni catalysts, various 
modifications have been explored, including the incorporation of alkali 
earth metals. They are considered as good promoters in improving cat
alytic activity of Ni/Al2O3 because they can enhance reducibility and 
strong metal-support interactions. Mg, Ca, Sr provides basicity to the 
nickel catalysts leading to their resistance to coke formation [7]. Mag
nesium has shown a promise in improving catalyst stability during DRM 
[8]. For example, Ni55Mg11Al exhibited initial CH4 conversion of 94 %, 
which is 24 % higher than that of NiAl without a promoter [9,10].

Modification of the Ni-based catalysts with Mg in the present work 
enhancing interactions between NiO and MgAl2O4 hindered nickel 
particles from moving away from the support and their encapsulation by 
coke [11]. Due to its basicity, Ni-Mg-Al catalysts can be catalytically 
stable during long-periods under the reactant flow [12]. In comparison 
with γ-Al2O3 MgAl2O4 exhibits better resistance to sintering and thus to 
coking.

Table 1 shows comparative results from different studies. In [13]
stable NiO/MgO–ZrO2 catalyst demonstrated conversion of ca. 85 % 
throughout 60 h, because metal-support interactions were strong and Ni 
particles were well dispersed. Similar activity was observed also for 
Ni-5Mg-MSC at 850 ◦C within 14 h [14]. The surface area determined by 
BET method was different for all catalysts indicating that it does not 
have an influence on catalytic activity. Presence of Al enhances the 
reducibility of Ni in the MgNiAl-2.0 catalyst exhibiting a higher con
version for longer duration [15]. Promotion of NiMgAl with Zn in small 
amounts declined carbon deposition to 5 %, enhanced catalytic activity 
due to a high metal dispersion, while addition of Zn in larger amounts 
caused blocking of Ni active sites [16].

Magnesium aluminate spinel is usually used in DRM as a thermo
stable support. Furthermore, it improves resistance to carbon formation 
exhibiting high basicity [17]. In [18] MgAl2O4 was synthesized by the 
co-precipitation method at a high temperature, taking a long-time. 
Alternatively, as a fast and effective preparation method, solution 
combustion synthesis can be applied, when MgAl2O4 phase can be 
formed at lower temperatures. For instance, at a pre-ignition tempera
ture of 500 ◦C metal nitrates can be burnt by such fuels as glycine or urea 
[19].

Currently, the solution combustion synthesis is considered as 
promising method being already applied for various reactions like CO2 
methanation [20–22], partial oxidation of methane [23], dry reforming 

of methane [24], steam reforming of methane [25], CO2 reduction to CO 
[26]. This method has several advantages, i.e. a rapid preparation of the 
materials, and a high heat release at a short combustion time. The 
preparation of catalysts includes dissolution of the oxidizing agents 
(metal nitrates) and fuel in water. The nitrates are used because they are 
highly soluble and have low melting points. The fuels are typically 
nitrogen-containing organic compounds (urea, glycine, citric acid, etc.) 
initiating combustion and causing flame. In some cases, the flame is not 
observed [25]. The flame temperature is higher than the initial tem
perature. Finally, at the end of the synthesis procedure, the oxide ma
terials are obtained.

This study aims to delve into the DRM over Ni-Mg-Al catalysts syn
thesized by the solution combustion and wet impregnation methods. 
Characterization techniques (XRD, SEM, TEM, nitrogen physisorption, 
TPR and TPD) and catalytic performance of these catalysts were 
explored. Coking was evaluated by TGA, CHNS, and TPO analyses.

2. Experimental

2.1. Catalyst synthesis

For the solution combustion synthesis, highly soluble metal nitrates 
were used. Urea (CO(NH2)2) was applied as the fuel for combustion. The 
oxidizer/fuel ratio was taken as unity according to [27]. 3 g of Ni 
(NO3)2⋅6 H2O (97 %, Sigma Aldrich), 3 g of Mg(NO3)2⋅6 H2O (99 %, 
Sigma Aldrich), 4 g of Al(NO3)3⋅9 H2O (99 %, Carlo Erba) and 10 g of 
urea (99.5 %, Sigma Aldrich) were dissolved in ca. 30 mL deionized 
water pre-heated at 80 ◦C, thereafter thoroughly mixed to achieve ho
mogeneity. The obtained solution was transferred to a muffle furnace, 
set at 500 ◦C required for the combustion process. Combustion pro
ceeded for 10–15 min, during which the exothermic reaction occurred, 
resulting in generation of the desired 15Ni-15Mg-20Al catalyst. 
15Ni-35Mg sample was prepared in a similar manner.

Incipient wetness impregnation was used as a comparable method. 
γ-Al2O3 was dried beforehand at 250 ◦C for 1 h to remove moisture. An 
aqueous solution of 2.4 mL of Ni(NO3)2⋅6 H2O (97 %, Sigma Aldrich) 
and 1.1 mL of Mg(NO3)2⋅6 H2O (99 %, Sigma Aldrich) was impregnated 
onto the dried 4.11 g of γ-Al2O3. Masses of pure Ni and Mg were 0.61 g 
and 0.28 g, respectively. After impregnation, the sample underwent 
drying at 250 ◦C for 1.5 h to remove the excess of the solvent. Thereafter, 
the impregnated material was calcined at 650 ◦C for 3 h to obtain the 
final 12 wt% Ni-6 wt% Mg/γ-Al2O3 catalyst.

Prior to the DRM test, calcined 12 wt% Ni-6 wt% Mg/γ-Al₂O₃ catalyst 
was activated in hydrogen atmosphere under 40 mL⋅min− 1 for 20 min at 
900 ◦C and flushed with an inert gas (Ar) from hydrogen traces at 
70 mL⋅min− 1 for 40 min, then cooled down to the room temperature.

2.2. Catalyst characterization

The crystal structure and phase composition of the prepared and 
used catalysts were analyzed using X-ray diffraction (XRD) on a DRON- 
4.07 diffractometer. The instrument was equipped with a cobalt X-ray 

Table 1 
Comparative results of different catalysts used in DRM.

Entry Catalyst Reaction conditions XCH4, % XCO2, % H2/ 
CO

SBET 

m2⋅g− 1
Metal particle 
size, nm

TOS, 
h

Ref.

1 10 wt% NiO/ 
MgO–ZrO2

CH4:CO2= 1:1, 700 ◦C, GHSV= 267 mL min− 1g− 1 85 86 1.0 29.9 n.a. 60 [13]

2 Ni− 5Mg-MSC CH4:CO2= 1:1, 850 ◦C, GHSV= 300 mL min− 1 g− 1 84.7 86.5 1.0 553 n.a. 14 [14]
3 MgNiAl− 2.0 N2:CH4:CO2= 20:10:20, 850 ◦C, GHSV= 667 mL min− 1 

g− 1
90 98 1.4 100 13.11 200 [15]

4 NiMgAl− 3Zn CH4:CO2= 1:1, 650 ◦C, flow rate = 3000 mL min− 1 g− 1, 
10 mg catalyst

a0.107 a0.116 0.9 153 9.5 100 [16]

Note:
a - mol⋅min− 1⋅gcat

− 1
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tube, giving irradiation with a characteristic wavelength of 1.78892 Å. 
The analysis was carried out over a range of diffraction angles, from 5◦

to 100◦. HighScore Plus software and the PDF-4 + database were used to 
facilitate the phase identification [28,29].

The morphology and surface characteristics of the catalysts were 
examined using a Zeiss Leo Gemini 1530 Scanning Electron Microscope 
(SEM), supplied with a Thermo Scientific UltraDry Silicon Drift Detector 
(SDD) for energy-dispersive X-ray spectroscopy (EDS) analysis. The ac
celeration voltage of 30 kV was used for elemental analysis.

The textural properties of the catalysts were characterized by liquid 
nitrogen physisorption using a Micromeritics 3Flex-3500 instrument. 
The measurements were performed at liquid nitrogen temperature 
(-196◦C) to analyze the surface area, pore volume, and pore size dis
tribution of the samples. The moisture was removed from ca. 0.15 g 
catalysts by drying. After degassing for 20 h at 180 ºC, the samples were 
pre-treated under vacuum for 5 h at 180◦C to ensure complete removal 
of adsorbates from the surface. During this stage the relative pressures 
varied and liquid nitrogen was adsorbed at − 196 ◦C. The surface area 
was defined by the BET method, while the pore size distribution was 
calculated with NLDFT method.

The size and morphology of the Ni particles in the catalysts were 
characterized using a Jeol JEM-1400Plus Transmission Electron Mi
croscope (TEM) equipped with an OsisQuemesa 11 Mpix bottom- 
mounted digital camera for 120 kV accelerating voltage and 0.38 nm 
resolution imaging. The catalysts were reduced beforehand by passing 
30–40 mL⋅min− 1 of hydrogen over the sample at 450 ◦C for 2 h. The 
heating rate during reduction was controlled at 10◦C⋅min− 1. The TEM 
micrographs obtained were analyzed using ImageJ software to measure 
the Ni particle size distribution.

MicrotracBelcat II apparatus was used for TPR, TPD and TPO 
measurements.

Temperature-programmed reduction (TPR) was used to analyze the 
reducibility of the catalysts with a quartz tube reactor supplied with a 
thermal conductivity detector (TCD) to monitor hydrogen consumption 
during reduction. Ca. 100 mg sample was first pre-treated at 200 ◦C for 
2 h under an inert argon atmosphere to remove any adsorbed gases or 
moisture. A gas mixture containing 5 vol% H2 and 95 vol% Ar was 
introduced into the reactor. The flow rate was controlled at 
1.5 mL⋅min− 1 H₂ and 28.5 mL⋅min− 1 Ar. The temperature was then 
gradually increased from 50◦C to 800 ◦C at a rate of 10 ◦C⋅min− 1. The 
targeted temperature was held constant for 20 min.

The acidity of the catalyst was examined using ammonia tempera
ture programmed desorption (NH3-TPD) to assess the strength and 
quantity of the acid sites. Ca. 60–100 mg of the catalyst underwent 
heating to 500 ◦C for 1 h to remove any pre-adsorbed species from the 
surface and cooled to 50 ◦C. Then, the sample was exposed to NH3 at 100 
◦C for 30 min. After NH3 adsorption, the sample was purged with He for 
1 h. The temperature was gradually increased from 50 ◦C to 600 ◦C at a 
heating rate of 10 ◦C⋅min− 1 while maintaining a flow of 1.5 mL⋅min− 1 

NH₃ (5 vol%) and 28.5 mL⋅min− 1 He (95 vol%). The temperature was 
held at 600 ◦C for 20 min.

Basicity of the catalyst was studied using CO2 temperature pro
grammed desorption (CO2-TPD) to evaluate the nature and strength of 
basic sites. The catalyst was dried by heating it to 150 ◦C for 30 min 
under a helium flow to remove adsorbed moisture or gases from the 
surface. After cooling to 50 ◦C adsorption of CO2 took place on the 
sample surface for 30 min. Then, the sample was flushed at 50 ◦C for 
another 30 min, followed by heating from 50 ◦C to 700 ◦C at a ramp rate 
of 10◦C⋅min− 1 under a helium flow.

Oxidation of the catalysts was performed using O2-temperature 
programmed oxidation (O2-TPO). Pretreatment was conducted on ca. 
50 mg of the spent catalyst at 300 ◦C for 2 h. After cooling to 50 ◦C, the 
temperature elevated to 865 ◦C with a ramp rate of 10 ◦C⋅min− 1 under 
streams of gas mixture containing 1.5 mL/min and 28.5 mL⋅min− 1 of 
oxygen (5 vol%) and Ar (95 vol%), respectively. At the target temper
ature the holding time was 20 min. By analyzing the concentrations of 

CO and CO2 over time, the total amount of coke present on the catalyst 
can be estimated using a mass spectrometer (OmniStar, Pfeiffer), which 
was linked to the MicrotracBelcat II apparatus.

The analysis of carbon, hydrogen, nitrogen, and sulfur (CHNS) in the 
spent catalysts was performed using a Thermo Fisher Scientific Flash 
2000 Organic Elemental Analyzer, which operates at 950 ◦C. Two col
umns are used for the separation and detection of different elements 
after oxidation and reduction processes. Moisture was removed from 
catalyst surface. The following standards were used for tests: cystine, 
2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene, sulphanilimide and 
methionine.

Thermogravimetric (TGA) and differential thermal analysis (DTA) of 
the spent catalysts was carried out using an SDT Q600 apparatus (TA 
Instruments) to measure the coke amount and type under N2 or air at
mosphere with flow of 100 mL⋅min− 1 and the heating rate of 
10 ◦C⋅min− 1 close to the optimal DRM temperature of 800 ◦C.

2.3. Catalytic experiments

Evaluation of the catalytic performance in DRM was conducted in the 
fixed bed quartz tube reactor with the following parameters: 5 mm ID 
and 20 mm length. The catalyst, ca. 2 mL in volume, was placed within 
the reactor between layers of glass wool and quartz sand (2 mL at the 
bottom and 2 mL above the catalyst). The reacting gas stream (CH4:CO2: 
Ar = 1:1:1) was introduced to the catalyst at the required space velocity 
of 3000 h− 1 (total flow rate of 100 mL⋅min− 1). The reaction temperature 
ranged in 600–900 ◦C with an increment of 50◦C returning finally to 600 
◦C. At each target temperature, the catalyst was held for 15 min, and the 
reaction products were analyzed. Stability examination was carried out 
at 850 ◦C.

2.4. Analysis

For analysis of the initial gas mixture and the products, a Chromos 
GC-1000 chromatograph equipped with the Chromos software and two 
different columns was used. The packed column paired with a thermal 
conductivity detector was applied to detect gases such as hydrogen, 
oxygen, and nitrogen and was filled with Activated Carbon-3, with 
argon as the carrier gas at a flow rate of 10 mL⋅min− 1. The column had a 
length of 2 m and a diameter of 3 mm, and operated at 40 ◦C. The 
capillary column with a flame ionization detector was packed with XSEP 
sorbent, and air was used as the carrier gas at a flow rate of 
200 mL⋅min− 1. This column, with a length of 3 m and a diameter of 
3 mm, was operated at 200 ◦C and was used to identify carbon-based 
components, such as methane and carbon oxides.

2.5. Definitions

Conversion (X) and transformation rates of CH4 and CO2 (r), the 
space-time yield (STY) of H2 and CO as well as their ratio were defined as 
follows (Eqs. (5–11)): 

XCH4 =
(FCH4,in − FCH4,out)

FCH4,in
× 100% (5) 

XCO2 =
(FCO2,in − FCO2,out)

FCO2,in
× 100% (6) 

rCH4 =
FCH4,in − FCH4,out

mCo
(7) 

rCO2 =
FCO2,in − FCHO2,out

mCo
(8) 

STYH2 =
FH2,out

mNi
(9) 
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STYCO =
FCO,out

mNi
(10) 

H2

/

CO =
STYH2

STYCO
(11) 

where Fi is a molar flow of component i.
The carbon balance was calculated taking into account the molar 

flows of carbon-based components (Eq. (12)) [30]: 

carbon balance =
FCH4,out + FCO2,out + FCO,out

FCH4,in + FCO2, in
(12) 

The binary diffusivity (DAB)) determined using the Chapman-Enskog 
equation [31] was equal to 1.69⋅10− 4 m2⋅s− 1 for CH4 and CO2 respec
tively. The pore radius of 10 nm for 15Ni-15Mg-20Al catalyst (from BJH 
method using nitrogen physisorption) was taken into consideration 
calculating the Knudsen diffusivity (DK= 6.90⋅10− 6 m2⋅s− 1 for CH4). 
Thereafter, effective diffusion coefficient (De) was determined as 
0.42⋅10− 6 m2⋅s− 1 from the Bosanquet equation. Considering that the 
ratio of porosity to tortuosity ε

τ is 0. 1, the effective diffusivity (Deff) 
was defined using Eq. (13): 

Deff =
ε
τDe (13) 

As a result, Deff was calculated to be 4.19⋅10− 7 m2⋅s− 1.
The Weisz-Prater parameter ϕ was calculated from: 

φ =
robsr2

PRT
pCH4Deff

≤ 1 (14) 

where, rp
2 is the radius of the catalyst particle, robs is the observed re

action rate, p is the CH4 partial pressure, Deff is the effective diffusivity.
It is important to stress that that the tests in the current work were 

conducted in the absence of external mass transfer limitations.
Typically, in the literature for the value of ϕ equal to 0.72, deter

mined for the stability experiment over 15Ni-15Mg-20Al catalyst at 850 
◦C and atmospheric pressure, the internal mass transfer limitations 
would be completely neglected. However, a more rigorous analysis of 
mass transfer limitations including calculations of the concentration 
profiles inside the catalyst particles should be done to elucidate the exact 
impact of mass transfer. Such analysis was beyond the scope of the 
current work and will be performed in the future.

Fig. 1. XRD patterns of (a) 15Ni-35Mg, (b) 15Ni-15Mg-20Al, (c) 12 wt% Ni-6 wt% Mg/γ-Al2O3. Notation: 1. NiO/MgO, 2. NiAl2O4/MgAl2O4, 3. Ni0, 4. amorphous 
phase, 5. γ-Al2O3, 6. graphite.
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3. Results and discussion

3.1. Characterization of catalysts

3.1.1. XRD results
The XRD patterns of the fresh and spent catalysts are presented in 

Fig. 1. The patterns show that metallic Ni (Ni0) [PDF 01–071–4655] is 
present in all the spent catalysts (peaks at ca. 52.5◦, 61.4◦ and 92.4◦ 2θ), 
while the fresh catalysts do not show signs of metallic Ni, even if it was 
reported in the literature that Ni2+ species could be reduced during 
combustion [32,33]. NiO [PDF 01–071–4750], MgO [PDF 
04–014–7440] and the respective mixtures of Mg1-xNixO all have very 
similar unit cell parameters, making the precise analysis of these phases 
difficult. As a result, Ni2+ can be present in the catalyst as a separate NiO 
phase or by incorporation of Ni2+ into the MgO phase or, alternatively, 
MgAl2O4 [PDF 04–006–7423] phase. In the XRD pattern of the fresh 
15Ni-35Mg catalyst the peak intensity ratios suggest that a Mg0.7Ni0.3O 
phase [PDF 04–023–4643] has been formed. While according to TPR, 
NiO could strongly interacts with MgO or MgAl2O4 [34], forming even a 
NiO-MgO solid solution [35], the reflexes mentioned above can also be 
interpreted as arising from a mixture of distinct MgO and NiO phases. 
For the spent 15Ni-35Mg catalyst, the respective peak intensities fit 
better to a MgO phase which can be explained by the reduction of Ni2+

and formation of Ni0, latter of which is observed as a separate set of 
peaks in the diffraction pattern.

According to the respective XRD pattern the crystallinity of fresh 
15Ni-15Mg-20Al is very low with only a few low intensity peaks visible. 
These peaks can be assigned to MgO/NiO and MgAl2O4/NiAl2O4, since 
also MgAl2O4 and NiAl2O4 [PDF 00–001–1299] share similar cubic unit 
cells. These phases increase in intensity in the spent 15Ni-15Mg-20Al 
catalyst where also metallic nickel can be clearly observed in line with 
the literature [36]. Furthermore, the Ni0 peaks become more pro
nounced with longer DRM tests (Fig. 1b).

As reported in [14,37] DRM catalysts exhibited NiAl2O4 phase after 
tests. In the current work, formation of metallic Ni can be attributed to 
transformations during the reaction, rather than combustion per se 
despite a well-known reducing role of urea [38,39].

It is worth noting that for the 15Ni-15Mg-20Al catalyst, the XRD 
patterns of the temperature cycling sample show a broad peak at 2θ of 
ca. 30◦ which fits very well with the main peak of carbon nanotube 
structure [PDF 00–058–1638]. This peak is still visible in the 10 h TOS 
pattern but not detected in the pattern of the material after 200 h TOS 
(see also TEM results below).

The prepared 12 wt% Ni-6 wt% Mg/γ-Al2O3 catalyst exhibits the 
diffraction peaks corresponding to the MgAl2O4/NiAl2O4 phase while 
the potential peaks of γ-Al2O3 (which most likely has a large amorphous 

content) are overlapped by the spinel phase(s). However, the small peak 
at 46.2◦ is indicative of γ-Al2O3 and this peak is more clearly visible in 
the spent catalysts. In the reduced sample examined for thermal cycles 
and 10 h at the constant temperature the crystallinity of the spent 
catalyst phases increases. As described above, peaks of cubic Ni0 were 
observed also in the spent 12 wt% Ni-6 wt% Mg/γ-Al2O3 catalysts.

3.1.2. Analysis of catalyst morphology
Energy Dispersive X-Ray Analysis revealed the elemental composi

tion of the SCS derived prepared and spent catalysts with the results 
presented in Table 2. It can be seen, that the Ni/Mg ratio in 15Ni-15Mg- 
20Al increased during a short test. This could be caused by an increase in 
the Ni particle size, which is in line with TEM results (Table 2). This ratio 
in 15Ni-35Mg catalyst remained the same after DRM. According to [10], 
catalysts with the Ni/Mg ratio above unity are highly active. In the 
current work Ni/Mg ratio was also above unity for both 15Ni-15M
g-20Al and 15Ni-35Mg catalysts.

The morphology of the fresh and spent Ni-Mg catalysts was studied 
by TEM analysis (Table 2, Fig. 2) resulting in challenges for determi
nation of the size of metal particles, because of a poor contrast.

For the 15Ni-15Mg-20Al catalyst used in the short test, the nickel 
particle size was found to be 25 nm. Thermal cycles at 600–900–600 
◦C enlarged the metal particle size to 36 nm. As duration of the tests was 
prolonged, the metal particle size increased from 20 nm after 20 h TOS 
exposure to 30 nm after 200 h TOS, due to nickel sintering. The amounts 
of carbon nanotubes are large in the TEM image of the 15Ni-15Mg-20Al 
catalyst used in 30 min and 20 h tests. Interestingly, after a short test, 
the diameter of the carbon filaments was measured as 33 nm, being 
larger compared to the longer test, where this value was only 17 nm 
(Fig. 2a1, 2a3). The location of nickel particles also influences their 
activity [40]. In the micrographs of catalysts obtained by SCS (Fig. 2a2, 
2b1), Ni particles were observed at the ends of the carbon filaments 
indicating a tendency to be active in catalytic reforming. Ni-Mg-Al 
catalyst prepared by this method displayed stable activity for a long 
duration run. For 15Ni-15Mg-Al catalyst examined in 200 h TOS sta
bility test, the carbon filaments were not obviously seen (Fig. 2a4). 
However, nickel particles were encapsulated inside the carbon layer. 
Such encapsulation was also reported in [41,42]. The catalysts exam
ined at lower temperatures exhibited the carbon nanotubes, whereas at 
850 ◦C nickel particles were located in the carbon layer [42]. Further
more, it was stated that larger metal particles led to higher coke depo
sition [43,44], which could be confirmed by TPO in the current 
investigation.

Regarding 12 wt% Ni-6 wt% Mg/γ-Al2O3 catalyst examined during 
thermal cycles, its average metal particle size was found as 13 nm, 
which is much smaller compared to the SCS derived analogue. This 

Table 2 
Elemental composition and the average nickel particle sizes of the catalysts. (molar ratio in the parenthesis).

Catalyst Ni (wt%) Mg (wt%) Al (wt%) O (wt%) Ni/Mg Ni/Al Mg/Al Average nickel particle size 
(nm)

15Ni− 15Mg− 20Al (f) 33.20 
± 0.29

16.25 
± 0.14

14.63 
± 0.12

35.92 
± 0.21

2.04 
(0.84)

2.27 
(1.0)

1.11 
(1.84)

16

15Ni− 15Mg− 20Al (s) 46.37 
± 0.31

15.37 
± 0.13

14.54 
± 0.11

23.62 
± 0.15

3.01 
(1.23)

3.19 
(1.5)

1.2 (1.2) a25,b36,d20,e30

15Ni− 35Mg (f) 39.77 
± 0.32

31.29 
± 0.16

0 28.94 
± 0.19

1.3 (0.52) n.a. n.a. n.d.

15Ni− 35Mg (s) 41.99 
± 0.33

32.86 
± 0.16

0 25.15 
± 0.18

1.3 (0.52) n.a. n.a. a27

12 wt% Ni− 6 wt% Mg/γ-Al2O3 

(s)
n.d. n.d. n.d. n.d. n.d. n.d. n.d. b13,c9

Note:
a – 30 min TOS
b – temperature cycling
c – 10 h TOS
d – 20 h TOS
e – 200 h TOS.
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Fig. 2. TEM images (a) 15Ni-15Mg-20Al fresh, (a1) 15Ni-15Mg-20Al spent for 30 min TOS at 850 ◦C, (a2) 15Ni-15Mg-20Al spent in temperature cycling, (a3) 15Ni- 
15Mg-20Al spent for 20 h TOS at 850 ◦C, (a4) 15Ni-15Mg-20Al spent for 200 h TOS at 850 ◦C, (b) 15Ni-35Mg fresh and (b1) 15Ni-35Mg spent for 30 min TOS at 
850 ◦C, (c) 12 wt% Ni-6 wt% Mg/γ-Al2O3 spent in temperature cycling, (c1) 12 wt% Ni-6 wt% Mg/γ-Al2O3 spent for 10 h TOS at 850 ◦C.
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indicates higher dispersion of Ni, which is in line with XRD analysis. As 
time on stream increased to 10 h, the metal particles became smaller 
being ca. 9 nm. An analogous decrease was observed for 15Ni-15Mn- 
20Al reported in the previous work [45]. One potential explanation is 
that Ni species initially present as oxides could be reduced during DRM, 
thus, the particle size was decreased.

3.1.3. Textural properties
Table 3 depicts textural data of the catalysts. It was found that BET 

surface areas of the catalysts obtained by SCS were in the range of ca. 
9–11 m2⋅g− 1, similar to the literature [37,45–48]. There was almost no 
decrease in these values after experiments. The counterpart supported 
on γ-Al2O3 exhibited the surface area of 113 m2⋅g− 1. This value is close 
to thew one reported in [49]. The values were almost the same after the 
reaction, although for the spent 15Ni-15Mg-20Al catalyst the surface 
area decreased by 10 %. According to the textural data, the volume of 
the mesopores is larger in comparison with the micropores indicating 
that mesoporosity is more possible. 15Ni-15Mg-20Al exhibited an in
crease in the total pore volume in the spent sample, which can be due to 
carbon accumulation on its external surface.

3.1.4. Ammonia and CO2 TPD results
The acidic properties of 15Ni-35Mg, 15Ni-15Mg-20Al and 12 wt% 

Ni-6 wt% Mg/γ-Al2O3 catalysts was evaluated by ammonia TPD (Fig. 3, 
Table 4). Interestingly that 15Ni-35Al from [37] possessed lower in
tensity NH3 peaks compared to the catalyst with Mg promotion and 
Ni-Mg catalyst without Al. The largest amount of ammonia was des
orbed for 15Ni-35Mg. Some studies reported that MgO exhibited weak 
and medium strong acidity [50]. Moreover, it was confirmed in [51] that 
strong acidity was observed for Ni/MgO at ca. 660 ◦C. Medium acidity 
was not seen at 300–440 ◦C as the extremely low intensity peaks were 
observed in this temperature region. As for Ni/γ-Al2O3 and also 2 wt% 
Ni-6 wt% Mg/γ-Al2O3 catalysts predominance of weak Lewis acidity was 
defined at 139 ◦C [51].

Regarding basic properties, a high CO2 desorption peak can be also 
seen at 510 ◦C in the profile of 15Ni-35Mg (Fig. 3b). The same findings 
were reported in [52,53], where almost similar amounts of strong basic 
and acidic sites were found in Ni/MgO. This catalyst also exhibited mild 
basicity, since desorption of CO2 took place at 165 ◦C [53]. Low inten
sive peaks can be observed at 160 ◦C and 540 ◦C for 15Ni-15Mg-20Al 
catalyst (Table 4).

3.1.5. Hydrogen TPR results
TPR experiments were conducted to investigate the reduction 

behavior of Ni-based catalysts during DRM. It can be observed from 
Fig. 4 that NiO is reduced at 400–500 ◦C for SCS derived catalysts, 
pointing out to the strong interactions of this phase with the inactive 
component such as Al and Mg. The latter components serve as the 
support in SCS catalysts. Nevertheless, Ni2+ species were not found in 
the diffraction patterns.

The highest hydrogen uptake can be seen in TPR profile of 15Ni- 
35Mg at 542 ◦C, which depicts that nickel oxide was readily reduced 
on MgO (Table 6). Addition of Al to Ni-Mg decrease hydrogen amount 
for 15Ni-15Mg-20Al improving metal-support interactions. This peak 
was seen at ca. 280 – 600 ◦C. A fairly low intensity peak at 250–580 ◦C 

Table 3 
Textural data of the fresh (F) and spent (S) catalysts used in DRM for 30 min at 850 ◦C with GHSV of 3000 h− 1.

Catalyst F/S SBET (m2⋅g− 1) Vtot (cm3⋅g− 1) Vμ (cm3⋅g− 1) Vm (cm3⋅g− 1) Vμ/Vm-

15Ni− 15Mg− 20Al F 10 0.015 0.004 0.011 0.36
15Ni− 15Mg− 20Al S 9 (90a) 0.017 0.002 0.015 0.13
15Ni− 35Mg F 11 0.022 0.004 0.018 0.24
15Ni− 35Mg S 11 (100a) 0.020 0.004 0.016 0.27
12 wt% Ni− 6 wt% Mg/γ-Al2O3 F 113 0.30 0 0.30 0

a percentage of the retained surface area, b – 30 min TOS, c – 10 h TOS, d – 20 h TOS, e – 200 h TOS.

Fig. 3. (a) Ammonia and (b) CO2 TPD profiles for Mg-containing catalysts.
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was visible for the counterpart synthesized by impregnation. Absence of 
NiAl2O4 species could be explained by preferential interactions of Mg 
with Al2O3 as reported in [14] and confirmed by XRD results. Reduction 
of Ni2+ species at lower temperatures could be due to a stronger pro
moting behavior of Mg in the Ni-Mg-Al catalyst leading to weaker in
teractions with Al. Furthermore, in [54] dispersion of Ni was directly 
linked to the reducibility of the catalyst demonstrating that a large 
crystallite size causes a high hydrogen uptake at elevated temperatures. 
On the contrary, in the current research the small metal particle size 
provided a low hydrogen consumption for 12 wt% Ni-6 wt% 
Mg/γ-Al2O3.

3.1.6. Analysis of coke deposition
As a significant problem in DRM is the coke deposition, the amount 

of the latter was determined by CHNS analysis. The catalysts were 
exposed at 850 ◦C for a short duration and the carbon amount was 
normalized by the Ni weight (Table 6). It was stated in [9] that the 
catalyst with a larger Ni content exhibited a larger coke deposition. The 
lowest coke content of 1.8 wt% was observed for 15Ni-15Mg-20Al 
having the Ni/Mg molar ratio of 0.83 (Table 2), whereas, 15Ni-35Mg 
catalyst exhibited the largest carbon content. As Mg/Al ratio in
creases, the coke accumulation was decreased [55], referring to 
15Ni-15Mg-20Al catalyst, for which this ratio was 1.8.

The H/C molar ratio varied from 0.26 to 1.53. The aromatic structure 
prevails at the H/C ratio approximately in the range of 0.13–1.5. 15Ni- 
15Mg-20Al exhibited carbon with a lower aromatic content, while 15Ni- 
35Al studied in [37] contained graphite coke.

15Ni-15Mg-20Al used for 20 h TOS test was also investigated by 
CHNS analysis. The results revealed that the coke accumulation rate 
after 20 h TOS (0.01 wt%⋅h− 1) was 4 times lower compared to the 
shorter examinations (0.04 wt%⋅h− 1), which can be interpreted by a 
decline of the acidic sites, where carbonaceous species can be formed.

TGA curves aiding in interpretation of the amount and type of coke 
are shown in Fig. 5. The tests were performed in the air and nitrogen, 
and temperature was elevated from room temperature to 800 ◦C, which 
was operational in DRM. When the fresh catalyst was measured in the 
air, the sample lost the weight slowly upon the temperature increase, 
whereas the weight of the coked catalyst increased at temperatures 
above 500 ◦C. Nevertheless, the weight loss in the spent Ni/MgAl cat
alysts was at ca. 600◦C. Higher catalyst masses allowed better resistance 
towards coke formation bearing higher amounts of mobile oxygen va
cancies [56,57]. Carbon in the 15Ni-15Mg-20Al did not contain a 
completely aromatic structure (see CHNS results), opposite to [58], 
where graphite was deposited on the Mg-Ni/Al2O3 catalyst possessing 
the Ni/Mg molar ratio of unity. TGA results of 15Ni-35Al catalyst 
demonstrated that the aromatic carbon was accumulated at 600 ◦C [37].

Oxidative behavior of the spent 15Ni-15Mg-20Al catalyst was char
acterized by TPO measurements (Fig. 6). The burnt carbon was defined 
as the amounts of CO and CO2 formed during the tests being 12 wt% at 
the highest peak of 592 ◦C. Similar findings were reported in [59], 
although the peak was found symmetrical at 597 ◦C. As observed in the 
current work and [59], water was not formed. At the starting tempera
tures of reforming, amorphous carbon is usually deposited on the cata
lyst surface. In TPO examinations such type of coke is detected at 600 ◦C 
[60,61], and the aromatic carbon is identified at ca. 800 ◦C, while coke 
filaments are formed at temperatures above 600 ◦C [62].

3.2. Catalyst synthesis

The temperature control during solution combustion synthesis was 
conducted over 15Ni-15Mg-20Al catalyst (Fig. S1). Three thermocou
ples were used for this purpose located in the following manner: T1 – at 
the highest point of the beaker, where the gas release occurred, T2 – 
above the solution, T3 – inside the solution, which turns to the gel at the 
initial stages. T2 showed the highest flame temperature of ca. 1023 ◦C. 
The real synthesis temperature was far above from the pre-ignition 

Table 4 
Results from ammonia TPD and CO2 TPD.

NH3 TPD

Catalyst T1,max 

(◦C)
T2,max 

(◦C)
T3,max 

(◦C)
Normalized 
area

15Ni− 35Al 140 n.a. n.a. 0.01
15Ni− 15Mg− 20Al 160 380 572 0.34
15Ni− 35Mg 165 294 599 0.82
12 wt% Ni− 6 wt% Mg/ 

γ-Al2O3

139 n.a. n.a 1

CO2 TPD ​ ​ ​ ​
Catalyst T1,mx 

(◦C)
T2,max 

(◦C)
T3,max 

(◦C)
Normalized 
area

15Ni− 15Mg− 20Al 93 36 n.a 0.47
15Ni− 35Mg 129 532 577 1

Table 5 
Results from hydrogen TPR.

Catalyst T1,max 

(◦C)
T2,max 

(◦C)
T3,max 

(◦C)
Normalized 
area

15Ni− 35Mg 426 542 n.a. 1.0
15Ni− 15Mg− 20Al 306 384 484 0.52
15Ni− 35Al [37] 306 384 800 0.27
12 wt% Ni− 6 wt% Mg/ 

γ-Al2O3

250–580 n.a. n.a. 0.03

Fig. 4. Hydrogen TPR profiles of different Ni catalysts.

Table 6 
Rate for carbon accumulation, calculated as normalized carbon content per g Ni 
and TOS (hour) in the spent catalyst determined by CHNS and calculated by 
CHNS analysis and H/C molar ratio. Notation: Spent catalysts were used in DRM 
at 850 ◦C for 30 min TOS unless stated otherwise.

Catalyst Normalized C wt%⋅g− 1 Ni/h H/C molar ratio

15Ni− 35Mg 0.72 0.49
15Ni− 15Mg− 20Al 0.19 1.53
15Ni− 15Mg− 20Ala 0.04 1.42
12Ni-Mg/γ-Al2O3

b 0.25 n.a.
15Ni− 35Al [37] 1 0.26

n.a. not available
a 200 h TOS
b 10 h TOS
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temperature set in the furnace (500 ◦C). At the combustion moment a 
high amount of gas was released at 695 ◦C. The temperature observed 
from T3 was 800 ◦C. When using urea, NH3 and CO were formed during 
combustion [63]. As reported in [27], which used glycine as a fuel, the 
flame temperature for Ni-Al-Cr-Mg catalyst did not reach 600 ◦C, and 
burning of glycine and metal nitrates was gradual, while in the current 
work the combustion was sharp over 930 s.

3.3. Catalytic results

3.3.1. Short-term catalytic tests
Dry reforming of methane was performed over 15Ni-35Mg and 15Ni- 

15Mg-20Al catalysts at 850 ◦C with duration of 30 min. In Table 7 the 
results of the tests are collected. To compare Ni-Mg catalysts data for 
15Ni-35Al [37] were also added. According to Table 7, for these cata
lysts, the CO2 transformation rate was slightly lower compared to the 

methane transformation rate. Subsequently, the space-time yield of CO 
was lower than that of hydrogen. The methane transformation rate 
increased for the catalysts in the following order: 15Ni-35Al 
< 15Ni-35Mg < 15Ni-15Mg-20Al. STY of synthesis gas increased 
similar to the order of the methane transformation rate. Activity of 
15Ni-35Mg for the methane transformation was higher than 15Ni-35Al. 
While this catalyst is highly reducible in hydrogen atmosphere, it did not 
demonstrate high values of transformation rates and space-time yields, 
which can be due to its low crystallinity as seen in the XRD pattern.

Table 7 also demonstrates an optimal H2/CO ratio equal to 1.1 for the 
15Ni-15Mg-20Al catalyst with the best catalytic performance. For other 
catalysts, more hydrogen was obtained from CH4 cracking, with antic
ipated formtion of larger carbon amounts. Based on CHNS analysis, the 
spent 15Ni-15Mg-20Al catalyst possesses indeed the lowest amount of 
carbon (Table 6).

It is difficult to find a correlation between hydrogen consumption 

Fig. 5. a) Mass of the catalyst and b) heat release as a function of temperature during TGA for 15Ni-15Mg-20Al catalyst tested at 850 ◦C for 30 min TOS. Legend: 
fresh catalyst in N2 flow (dot-dot line), fresh catalyst in air flow (solid line), spent catalyst in air flow (dash-dash line).

Fig. 6. (a) TPO curves and (b) amounts of the formed CO and CO2 as a function of temperature for 15Ni-15Mg-20Al spent catalyst used in the temperature 
cycling test.

Table 7 
Results of catalytic test for duration of 30 min, T = 850 ◦C, CH4:CO2:Ar = 1:1:1, GHSV = 3000 h− 1.

Catalyst rCH4 

(mol⋅s− 1⋅gNi
− 1)

rCO2 

(mol⋅s− 1⋅gNi
− 1)

rateCH4/ 
rateCO2

TOFCH4 

(s− 1)
STYH2 

(mol⋅s− 1⋅gNi
− 1)

STYCO 

(mol⋅s− 1⋅gNi
− 1)

CB 
(%)

Deactivation rate (%⋅ 
min− 1⋅gcat

− 1)a
H2/ 
CO

15Ni− 35Mg 1.0⋅10− 4 0.94⋅10− 4 1.1 0.16 1.9⋅10− 4 1.3⋅10− 4 66 0 1.5
15Ni− 15Mg− 20Al 2.5⋅10− 4 2.2⋅10− 4 1.1 0.13 4.7⋅10− 4 3.1⋅10− 4 69 0.13 1.1
15Ni− 35Al [37] 0.75⋅10− 4 0.70⋅10− 4 1.1 0.006 1.5⋅10− 4 1.0⋅10− 4 74 0.03 1.5

a Deactivation rate is calculated during the decrease in CH4 conversion per time and catalyst mass
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and the methane transformation rate (Fig. S2a). 15Ni-35Al with a lower 
methane transformation rate has stronger metal-support interactions 
similar to the catalyst with Mg addition, which (15Ni-15Mg-20Al) 
exhibited a higher rate. The relative amount of hydrogen uptake was the 
highest for 15Ni-35Mg with the methane transformation rate of 1.0⋅10− 4 

mol⋅s− 1⋅gNi
− 1. Hence, the direct correlation between hydrogen con

sumption and methane transformation rate could not be established. A 
better correlation is observed in the dependence of the coke amount on 
the methane transformation rate as seen in Fig. S2a. Carbon is accu
mulated more intensively, when the methane transformation rates are 
slower i.e. for 15Ni-35Al and 15Ni-35Mg. Moreover, 15Ni-15Mg-20Al 
catalyst exhibited a low amount of coke. Since different catalyst 
masses were used for catalytic tests an influence of the relative amounts 
of acidic and basic sites on the methane transformation rate cannot be 
directly seen in Fig. S2b. A low Ni/Mg molar ratio (Ni/Mg =0.85) in
dicates a high catalytic activity of 15Ni-15Mg-20Al catalyst. Further
more, presence of MgAl2O4 phase also influenced activity of the Mg- 
modified catalyst contributing to the synergy between Ni and Mg [9]. 
While on one side, Ni particles activate CH4 by cracking giving 
hydrogen, on the other side, Mg enhances CO2 adsorption, which can 
decrease the carbon formed [64].

15Ni-35Mg exhibited the lowest value of carbon balance. This means 
a large coke deposition, even if deactivation was not observed, accord
ing to Table 7. On the other hand, 15Ni-15Mg-20Al showed high values 
of the reaction rates and the product yields, although for this catalyst, 
deactivation was the highest, and the carbon balance was low (Fig. S3).

3.3.2. Effect of temperature on activity and selectivity
DRM tests were conducted over 15Ni-15Mg-20Al and 12 wt% Ni- 

6 wt% Mg/γ-Al2O3 catalysts during thermal cycles at 600–900–600 
◦C. The data are given in Fig. 7 and Table 8 with the final values at 600 
◦C. It can be seen, that transformation rates of reacting gasses and space- 
time yields of products increased with temperatures as expected. At the 
second cycle the catalysts retained stable activity, therefore metal sin
tering did not occur.

The reduced 12 wt% Ni-6 wt% Mg/γ-Al2O3 catalyst demonstrated a 
lower methane transformation rate at initial 600◦C compared to non- 
reduced 15Ni-15Mg-20Al. The CO2 transformation rate was higher for 
the latter catalyst than the methane transformation rate. When the 
methane transformation rate is lower for SCS catalyst, then the carbon 
release and the hydrogen yield are also lower indicating that CH4 
dissociation is not favorable at 600 ◦C. The reason lies in the thermo
dynamic limitations, therefore a high activation energy was observed for 
15Ni-15Mg-20Al being 45 kJ⋅mol− 1. At elevated temperatures and the 
second evaluation at 600◦C, the CO2 transformation rate was slightly 
lower than the methane transformation rate. At these temperatures, CO 
disproportionation can take place, because CO space-time yield 
decreased and CO2 was formed. However, the H2/CO ratio became 1.1. 
At this ratio, carbon is not usually deposited, taking into account CHNS 
results, according to which 15Ni-15Mg-20Al exhibited a small amount 
of coke.

For 12 wt% Ni-6 wt% Mg/γ-Al2O3 catalyst, the CH4 transformation 
rate was higher than the CO2 transformation rate, therefore the H2/CO 
ratio was close to unity during the entire test. Low yields were observed 
for the reduced catalyst prepared by the incipient wetness impregnation. 

Fig. 7. Catalytic data of temperature cycling test over Ni-Mg catalysts. (a), (c) Rates for methane and CO2 transformations and carbon balance, (b), (d) space-time 
yields of H2 and CO and H2/CO ratio in DRM over (a), (b) 15Ni-15Mg-20Al, (c), (d) 12 wt% Ni-6 wt% Mg-γ-Al2O3. Conditions: Vcat = 2 mL, GHSV = 3000 h− 1. 
Notation: 1. 600 ◦C, 2. 650 ◦C, 3. 700 ◦C, 4. 750 ◦C, 5. 800 ◦C, 6. 850 ◦C, 7. 900 ◦C and 8. 600 ◦C.
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The non-reduced supported catalyst was also examined (the results are 
not shown). This catalyst was almost inactive even at elevated temper
atures (850–900 ◦C). Thermodynamic limitations are also observed for 
this catalyst, and the activation energies at temperatures ranges of 
600–750 ◦C and 800–900 ◦C are 81 and 9 kJ⋅mol− 1, respectively, being 
higher than that for SCS derived catalyst.

High catalytic performance of 15Ni-15Mg-20Al catalyst during the 
temperature cycling test is due to a relatively small average metal par
ticle size of this catalyst being 16 nm (Table 2). However, the metal 
particles sintered during a temperature cycling test giving the average 
metal particle size after the test of 36 nm. In comparison to the perfor
mance of 12 wt% Ni-6 wt% Mg/γ-Al2O3, 15Ni-15Mg-20Al was more 
active. A low activity of the former catalyst is partially explained by a 
low hydrogen uptake of this catalyst (Table 5). The fresh 12 wt% Ni-6 wt 
% Mg/γ-Al2O3 catalyst contained MgAl2O4, γ-Al2O3, while neither Ni 
nor NiO peaks were visible (Fig. 1c). During temperature cycling, 
however, metallic nickel, Ni0 peak appeared in the XRD pattern.

3.3.3. Stability examination
The stability test was conducted over the SCS derived catalyst with 

duration of 20 h TOS. Cooling between the experiments is taken into 
account, and the test was continued in the following day. The test results 
are demonstrated in Fig. 8 and Table 9, where the values at 20 h are 
shown in parenthesis. The nickel supported catalyst was also studied for 
10 h TOS to compare with the activity of 15Ni-15Mg-20Al (Fig. 9).

The transformation rates of reacting gasses were stable for 15Ni- 
15Mg-20Al (Fig. 8). It was stated in [67] that a high Ni/Mg molar 
ratio leads to a decrease in the catalytic performance. However, it is 
noteworthy that deactivation calculated for the methane transformation 
rate did not occur, despite high Ni/Mg molar ratios of Mg-containing 
catalysts used in the present research. While 12 wt% Ni-6 wt% 
Mg/γ-Al2O3 was stable during 10 h of the reaction, it exhibited lower 
activity compared to the SCS derived analogue (Fig. 9a, b). Differences 
in activity could be related to location of nickel particles within the 
support, while in the TEM image of 15Ni-15Mg-20Al nickel particles 
were located at the end of carbon nanotubes.

For 15Ni-15Mg-20Al, initially an induction period was observed. As 
seen in Fig. 8, conversion and yield values increased in first 6–8 h 
indicating its activation until it reached maximum values, although the 
transformation rates and the space-time yields underwent an insignifi
cant decline, being stable for further 10 h. In [68] activation of 
Ni-CeO2-ZrO2/Al2O3 took place, however, conversion and yields did not 
decrease.

The transformation rate of CO2 for 12 wt% Ni-6 wt% Mg/γ-Al2O3 
was lower than the transformation rate of methane. The same trend was 
observed for 15Ni-15Mg-20Al catalyst. The space-time yields of H2 were 
higher than the space-time yields of CO respectively, and the H2/CO 
ratio was slightly higher than unity (1.1–1.2). The carbon balance over 
15Ni-15Mg-20Al was close to ca. 70 %, whereas the carbon balance over 
the supported catalyst was slightly lower than 80 %. A higher carbon 
balance, according to the reaction, indicates the lower coke deposition.

For comparison, two catalysts from different studies can be 
compared. The methane conversion over NiO/La2O3 prepared by the 
incipient wetness impregnation was initially 20 % and sharply 
decreased after 1 h TOS [69]. When reaching 20 h TOS this catalyst 
deactivated almost completely. Compared to the impregnated counter
part, Ni-La2O3 catalyst synthesized via the solution combustion 
demonstrated an increase in the methane conversion from 20 % to 75 % 
by 40 h TOS being stable for 50 h [70]. However, a slight decline was 
observed for the last 10 h of DRM test. This comparison shows that SCS 
catalysts can be a promising alternative for DRM. Note that both cata
lysts were reduced prior DRM tests.

According to Table 9, Ni/Mg-Al-O catalyst exhibited high activity 
during initial 2 h with a continuous decline in methane and CO2 con
version by 20 h TOS. H2/CO ratio was relatively stable being 1.0 [65]. 
The Raman spectroscopy results showed that graphitic type of coke was Ta
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deposited on the catalyst surface. By TGA findings, the total weight loss 
was 30 %. In the present work an increase in the weight loss of 
15Ni-15Mg-20Al catalyst indicates its higher coke resistance compared 
to Ni/Mg-Al-O sample. TPO results revealed that the spent 15 wt% 
Ni/hydrotalcite having a high activity exhibited low carbon accumula
tion rate [66]. The type of coke in the latter and 15Ni-15Mg-20Al cat
alysts was filamentous. It was reported that such filaments do not affect 
the catalytic performance, therefore, the catalysts remain stable during a 

long period.
Acidity/basicity plays a crucial role in selection of adequate pro

moters and supports. Acidic supports (Al2O3, SiO2) are more likely 
preferential for methane dissociation giving carbon as a result. Basic 
supports (MgO, MgAl2O4, CeO2, La2O3) favor CO2 dissociation [71]. It 
was reported in [72] that CO2 is adsorbed on the support surface forming 
CO2

δ- species, which acted as intermediates to produce CO. The amounts 
of carbon deposited on the catalyst surface can be limited, since the 

Fig. 8. (a), (c) Rate for methane and CO2 transformation and carbon balance (a) 20 h TOS and (c) 200 h TOS), (b), (d) space time yields (STY) of H2 and CO and H2/ 
CO ratio in dry methane reforming over 15Ni-15Mg-20Al for (b) 20 h and (d) 200 h TOS. Conditions: GHSV= 3000 h− 1 at 850 ◦C.

Table 9 
The results from stability tests for 15Ni-15Mg-20Al and 12 wt% Ni-6 wt% Mg/γ-Al2O3.

Catalyst rCH4 (mol⋅s− 1⋅gNi
− 1) 

Conversion, %
rCO2 

(mol⋅s− 1⋅gNi
− 1)

TOFCH4 

(s− 1)
STYH2 

(mol⋅s− 1⋅gNi
− 1)

STYCO 

(mol⋅s− 1⋅gNi
− 1)

H2/CO CB 
(%)

Deactivation rate 
(%)

15Ni− 15Mg− 20Ala 7.7.10− 5 (8.1.10− 5) 
97

5.9.10− 5 

(6.4.10− 5) 
96

0.08 1.2.10− 4 

(8.1.10− 5)
9.8.10− 5 

(6.1.10− 5)
1.2 (1.2) 76 

(78)
0

15Ni− 15Mg− 20Alb 7.8.10− 5 (8.1.10− 5) 
90

6.3.10− 5 

(6.1.10− 5) 
77

0.09 9.8.10− 5 

(1.0.10− 4)
9.8.10− 4 

(9.2.10− 5)
1.0 (1.1) 75 

(70)
0

12 wt% Ni− 6 wt% Mg/ 
γ-Al2O3

c
4.2.10− 5 (4.4.10− 5) 
87

3.6.10− 5 

(3.9.10− 5) 
80

n.d. 6.7.10− 5 

(6.9.10− 5)
5.8.10− 5 

(5.8.10− 5)
1.1 (1.2) 81 

(76)
0

Ni/Mg-Al-O [65] n.d. 
82

n.d. 
89

n.d. n.d. n.d. 1.0 n.d. 0.01

15 wt% Ni/hydrotalcite 
[66]

n.a. 
97

n.d. 
95

n.d. n.d. n.d. 0.9 n.d. 0.0014

n.d. not determined
a 200 h TOS
b d0 h TOS
c 10 h TOS
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carbon species are oxidized and react with MgO, forming MgCO3. 
However, the 15Ni-15Mg-20Al exhibits the MgAl2O4 phase, which does 
not decompose because of its high stability at 1500◦C [73], not 
providing oxygen species. It is noteworthy that NiAl2O4 is also important 
in coke removal. According to [74], at the alumina interface nickel 
aluminate was formed giving oxygen: 

3Al2O3 + 2Ni2+ → 2NiAl2O4 + 2Al3+ + 0.5O2                                     

At the nickel oxide interface, the spinel was obtained from nickel 
oxide, Al3+ and oxygen: 

3NiO + 2Al3+ + 0.5O2 → NiAl2O4 + 2Ni2+

Therefore, coke can be oxidized by oxygen from Ni2+ species. 
However, NiAl2O4 was not identified in the XRD pattern. For 15Ni- 
15Mg-20Al, the metallic nickel peak is increasing when increasing 
TOS. Thus, oxygen bound in Ni2+ can facilitate coke removal.

3.3.4. Stability test for 200 h time-on-stream
15Ni-15Mg-20Al catalyst was chosen for stability examination for 

200 h considering svereal results, namely a low coke deposition, activity 
and stability for 20 h (Fig. 8).

As for 20 h DRM test, the induction period was also observed for 
15Ni-15Mg-20Al in the longer-term experiment. At the first hour, the 
transformation rates of CH4 and CO2 were 7.72⋅10− 5 mol⋅s− 1⋅g− 1 and 
5.88⋅10− 5 mol⋅s− 1⋅g− 1, respectively, and increased after 24 h to 
8.43⋅10− 5 mol⋅s− 1⋅g− 1 and 6.15⋅10− 5 mol⋅s− 1⋅g− 1. STYH2 achieved the 

maximal value of 1.45⋅10− 4 mol⋅s− 1⋅g− 1 after 58 h. The STYCO did not 
undergo changes until the end of the test. The synthesis gas ratio was 1.2 
indicating a higher hydrogen yield compared to CO pointing out on 
minimal RWGS reaction was minimal. The carbon balance changed in 
the range of ca. 69–80 %. According to CHNS analysis, the coke accu
mulation rate was decreasing, while the reaction duration became 
longer, changing in the following order: 4.2 wt% C⋅h− 1 (30 min TOS) 
> 1.3 wt% C⋅h− 1 (20 h TOS) > 0.01 wt% C⋅h− 1 (200 h TOS). As the 
catalyst becomes more active in DRM due to metallic nickel, more car
bon was removed probably due to magnesium aluminate spinel. In TEM 
image of 15Ni-15Mg-20Al used for 200 h, no carbon nanotubes were 
found and in addition metal sintering did not occur.

4. Conclusions

Mg-containing Ni catalysts were prepared by the solution combus
tion synthesis and the incipient wetness impregnation. According to the 
diffraction patterns, the fresh Ni-Mg catalyst is composed of nickel oxide 
and MgO, while for fresh 15Ni-15Mg-20Al in addition to these phases 
magnesium aluminate was identified. The surface area was large for 
γ-Al2O3 supported catalyst being 113 m2⋅g− 1, whereas two SCS derived 
catalysts possess surface area of 10–11 m2⋅g− 1 characteristic for these 
materials.

A high dispersion of catalysts indicated strong metal-support in
teractions, which enhanced catalytic activity. For 12 wt% Ni-6 wt% Mg/ 
γ-Al2O3 catalyst, the metal particle size was lower, therefore metal- 
support interactions were stronger. Moreover, nickel particles were 
localized inside the support, as shown in the TEM image of the catalyst 
used in temperature cycling and 10 h TOS test. This led to the lower 
transformation rates and the synthesis gas yield. For Ni-Mg-Al obtained 
by SCS, the position of metal particles at the end of carbon nanotubes 
can be linked to their activity. Not only low acidity was observed for SCS 
Ni-Mg-Al catalyst, but also low intensity peaks in CO2 TPD profiles 
demonstrated low basicity of this catalyst. The supported catalyst 
exhibited a higher amount of weak acidic sites at a low temperature. For 
Ni-Mg catalyst, both strong acidity and basicity at higher temperatures 
were observed. Compared to Ni-Mg-Al catalyst, Ni-Mg exhibited a larger 
carbon amount. Taking into account all observations, the former catalyst 
was tested for 200 h TOS in DRM. The transformation rates increased 
during first 24 h, being stabilized thereafter. The yield of the products 
was relatively stable despite small fluctuations, and the H2/CO ratio was 
slightly higher than unity. Carbon accumulation for Ni-Mg-Al decreased 
with time on stream. Furthermore, carbon nanotubes were not seen in 
the TEM image. Thus, Ni-Mg-Al catalysts prepared by the solution 
combustion method can be effective for DRM at least at the tested 
conditions, namely GHSV of 3000 h− 1 and still limited time-on-stream 
compared to the industrial requirements.
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