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Abstract
Ni-based bi- and trimetallic Mn, Mg and aluminum containing catalysts prepared by the solution combustion synthesis 
(SCS) method were tested in dry reforming of methane (DRM). As a comparison 12 wt.% Ni/α-Al2O3 catalyst prepared by 
wet impregnation was also investigated. The catalysts were characterized by means of XRD, N2 physisorption, H2-TPR, 
CO2-TPD, NH3-TPD, TPO, CHNS, TGA, SEM and TEM. Formation of crystalline MnAl2O4 was observed at high tempera-
tures during SCS. The average nickel particle size varied in the range of 12–36 nm. Addition of Mn promoted reduction of 
Ni and elevated the amount and strength of the basic sites.
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1  Introduction

The emissions of methane and carbon dioxide produced 
from fossil fuels cause global warming in the world. Past 
decades the solutions of this problem have been found. It is 
important to avoid or minimize the fossil fuel treatment and 
include biogas production. Biogas is available and can be 
generated in anaerobic digester from biomass, agricultural 
and industrial wastes [1]. For example, biogas constitution 
from cow wastes is as follows: CH4 (54.9 vol.%), CO2 (39 
vol.%), N2 (5 vol.%), O2 (0.9 vol.%), H2S (400–1000 ppmv) 
and NH3 (30–53 ppmv) [2].

Valuable constituents of biogas CH4 and CO2 are used to 
produce synthesis gas in dry reforming of methane process 
(DRM). This process is highly endothermic and includes 
two reactions (CO disproportionation and methane crack-
ing), which forms carbon. The catalysts should be selected 
properly. Noble metals are highly active and resistant to coke 
deposition, however, due to their high costs non-noble met-
als (Ni, Co) are usually used [3].

However, Ni catalysts mostly are not resistant to carbon 
deposition. To improve catalyst stability the size nickel par-
ticles should be decreased, or strong interactions of the metal 
and the support can be implemented by adding promoters 
improving thereby stability [4]. The following supports, 
alumina [5], ceria and zirconia [6], magnesia [7], manga-
nese oxide [8, 9] were reported to be suitable for nickel and 
lead to strong metal-support interactions. Moreover, cerium, 
magnesium and manganese can be used as promoters to 
improve CO2 adsorption on the catalyst surface, minimiz-
ing the coke deposition.

The Ni-Mn catalyst supported on MgO-ZrO2 displayed 
strong carbon formation (more than 2 mg/g·h) combined 
with a decrease of conversion [6]. Analogously, large cok-
ing was observed on Ni-Mn/Al2O3 in DRM [10]. On the 
contrary, addition of Mn to Ni/Al2O3 reduced significantly 
coke deposition and only a small decrease in catalytic activ-
ity was observed [11].
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The use of MnxOy as a support or as an additive in ter-
nary metal oxides is claimed to promote dispersion of nickel 
species enhancing at the same time catalyst stability [12]. 
In another study 10 wt.% Mn was incorporated onto the 
support. The conversion of CH4 and CO2 was 79.2% and 
85.6%, respectively for Ni-Mn/Ce50-Zr50 catalyst, which 
was higher than for the catalyst without Mn [13].

The aim of this work was to demonstrate for the first 
time activity and stability of manganese promoted Ni–Al 
catalysts, prepared by the solution combustion method in 
dry methane reforming. The performance of the catalysts 
with time on stream of 30–40 min at each temperature was 
investigated and the long-term stability of catalysts was 
also investigated. The main purpose of Mn promotion was 
to elevate the carbon-resistance and long-term durability. 
For comparison, systems without catalyst were also investi-
gated. Several different physicochemical methods, including 
X-ray diffraction (XRD), transmission electron microscopy 
(TEM), temperature-programmed techniques, scanning 
electron microscopy with elemental analysis (SEM–EDX), 
CHNS analysis were used to characterize catalysts and study 
coke formation of the spent catalysts.

2 � Experimental Section

2.1 � Preparation of the Catalysts

The catalysts were obtained by the solution combustion 
synthesis (SCS) method. Salts of metals Ni(NO3)2·6H2O 
(Sigma Aldrich, 97%), Mn(NO3)2·6H2O (Sigma Aldrich, 
99%), Al(NO3)3·9H2O (Carlo Erba, 99%) and urea (Sigma 
Aldrich, 99.5%) were weighted in the following quantities 
3 g, 3 g and 4 g and 10 g, respectively. This mixture was 
dissolved in preheated to 80 °C 30 mL deionized water 
and thoroughly stirred until a solution becomes homoge-
neous. Thereafter, the beaker with the solution was placed 
in a muffle furnace preheated to 500 °C. The solution was 
burnt for 10‒15 min. The same way of preparation was 
used for 15Ni-15Mn-20 Mg. Instead of Al(NO3)3·9H2O, 
Mg(NO3)2·6H2O (Sigma Aldrich, 99.9%) was used. Finally, 
the powdered catalyst 15Ni-15Mn-20Al was cooled to room 
temperature in a fume hood. The catalysts with the following 
compositions were also obtained via the SCS: 15Ni-35Mn, 
15Ni-15Mn-20 Mg.

2.2 � Characterization of the Catalysts

The phase composition of as-prepared samples was inves-
tigated using X-ray diffraction (XRD). XRD patterns were 
obtained with a DRON-4–0.7 diffractometer with CoKα 
radiation with the wave number of 1.78892 nm in the range 

of 2θ = 5‒100°. The phase analysis was carried out using 
HighScore Plus software and the PDF-4 + database [14, 15].

Temperature programmed reduction (H2-TPR), des-
orption using ammonia and carbon dioxide (NH3-TPD, 
CO2-TPD) and oxidation (O2-TPO) were done with Micro-
tracBelcat II instrument in a quartz tube reactor supplied 
with a thermal conductivity detector (TCD). The reduction 
was performed as follows: ca. 100 mg of the catalyst under-
went pre-treatment at 200 °C for 2 h in flowing argon. After 
cooling down to 50 °C, the catalyst was flushed under flow 
of 5 vol.% H2 (1.5 mL/min) and 95 vol.% Ar (28.5 mL/min). 
The temperature was increased to 800 °C with the rate of 
10 °C/min holding at the target temperature for 20 min.

During O2-TPO measurements the catalyst (ca. 50 mg) 
was pre-treated at 300 °C for 2 h. After the catalyst sam-
ple was cooled to 50 °C, the temperature was increased to 
865 °C with a rate of 10 °C/min under mixture of 5 vol.% 
O2 (1.5 mL/min) and 95 vol.% Ar (28.5 mL/min). The target 
temperature was hold for 20 min. The equipment was con-
nected to the mass spectrometer (OmniStar, Pfeiffer) facili-
tating evaluation of CO and CO2 concentrations, from which 
the quantity of burnt carbon was quantitatively determined.

During NH3-TPD experiments, ca. 60–100 mg catalyst 
sample was pre-treated at 500 °C for 1 h. Then, the sam-
ple was cooled down to 50 °C, and ammonia went through 
preadsorption at 100 °C for 30 min. Physisorbed NH3 was 
removed from surface of the catalyst for 1 h under flowing 
He. In the next step, the sample was heated up to 600 °C 
with a rate of 10 °C/min under the mixture of 5 vol.% NH3 
(1.5 mL/min) and 95 vol.% He (28.5 mL/min). The target 
temperature was kept for 20 min.

To estimate the quantity of carbon formed in the spent 
catalysts, a Thermo Fisher Scientific Flash 2000 Organic 
Elemental Analyzer equipped with a TC was used. This 
instrument was applied for defining carbon, hydrogen, nitro-
gen, and sulfur (CHNS) on the catalyst surface at the temper-
ature of 950 °C in two columns. The samples were oxidized 
and reduced, thereafter, they were dried to purge the traces 
of humidity. Cystine, 2,5-bis(5-tert-butyl-benzoxazol-2-yl)
thiophene, sulphanilimide and methionine were used as the 
standards for estimation.

Elemental analysis was measured by scanning electron 
microscopy (SEM) exhibited using a Zeiss Leo Gemini 1530 
Scanning Electron Microscope combined with a Thermo 
Scientific UltraDry Silicon Drift Detector (SDD).

Estimation of coke deposits was done by thermogravi-
metric (TGA) and differential thermal analysis (DTA) of 
the used catalysts using an SDT Q600 equipment (TA tech-
niques) under inert (N2 or air) medium with a flow rate of 
100 mL/min at 800 °C with the heating rate of 10 °C/min.

Textural features of the catalysts were defined by liquid 
N2 physisorption on a Micromeritics 3Flex-3500 analyzer. 
Initially, the humidity was desorbed from the catalysts (ca. 
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0.15 g), followed by degassing for 20 h at 180 ºC. After 
that, the samples underwent pre-treatment under vacuum 
at 180 °C for 5 h followed by differing relative pressures 
and adsorption of liquid N2 at -196 °C. The pore size dis-
tribution was determined by DFT method, and the specific 
surface area was computed by BET method.

Transmission electron microscopic images and tex-
tural features were obtained using Jeol JEM-1400 Plus 
instrument supplied with 120 kV speeding-up voltage 
and 0.38 nm resolution and an OsisQuemesa 11 Mpix 
bottom-mounted digital camera. The catalysts underwent 
pre-treatment under H2 stream (30–40 mL/min) at 450 ºC 
for 2 h with heating rate of 10 °C/min. The gauging and 
computation of the metal particle sizes was performed 
using the ImageJ software.

2.3 � DRM Experiments

DRM was carried out in fixed bed quartz reactor (5 mm ID, 
20 mm length) under atmospheric pressure. 2 mL of the 
catalyst was put in the middle side of reactor and packed 
between glass wool and 4 mL quartz sand (2 mL in the bot-
tom, 2 mL on the upper side). The gas hourly space velocity 
(GHSV) was 3000 h−1 (100 mL/min). The reactants (33 mL/
min CH4 and 33 mL/min CO2) were introduced together 
with the carrier gas (34 mL/min Ar). The product gas was 
analyzed every 15 min by achieving the nominal tempera-
ture. The temperature cycling tests were carried out at 600 
– 900 °C by every 50 °C increment. After reaching 900 °C, 
the catalytic activity was checked at 600 °C again. The 
decrease of temperature followed by 1 min holding at 800 °C 
and 700 °C. The stability test was performed at 850 °C for 
20 h. In stability experiments the temperature was risen from 
room to the nominal temperature. The temperature was kept 
at 650 °C for 2 min, followed by increasing to 750 °C and 
holding for 2 min. The holding time at 850 °C was in the 
range of 10–60 min (10 min for 30 min TOS, 60 min for 20 h 
TOS). For safety reasons stability tests were done for 7 h on 
the first day, 7 h on the second day and 6 h on the third day.

2.4 � Gas Analysis

The starting reactants and reaction products were analyzed 
by Chromos GC-1000 chromatograph with Chromos soft-
ware. The capillary column with FID was used to detect 
methane, carbon monoxide and carbon dioxide, whereas 
hydrogen, oxygen and nitrogen were analyzed by TCD 
using a packed column. The temperature of TCD was set 
to 200 °C, the column temperature was put at 40 °C, the 
evaporator temperature was 280 °C. As carrier gas, Ar with 
the gas velocity of 10 mL/min was used.

2.5 � Calculations

The calculation of process parameters (CH4 and CO2 conver-
sion – X, transformation rates calculated per mass of nickel 
– r, the space–time yield of hydrogen and carbon monox-
ide – STY and H2/CO ratio) is demonstrated in Eq. (1‒7). 
In the experiments, the error bar is XCH4 = value ± 2.1%, 
XCO2 = value ± 2.4%.

Fi means a gas i molar flow.
The carbon balance (CB) was defined by Eq. (8) [16]:

The Weisz-Prater parameter ϕ, was calculated using 
Eq. (9), taking into consideration the absence of external 
mass transfer limitations of the experiments of the current 
work.

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

reaction rate, p is the partial pressure of methane, Deff is the 
effective diffusivity.

The following input data were considered for calcula-
tions: the binary diffusivity for reactants DAB = 1.69⋅10–4 
m2/s in accordance with the Chapman-Enskog equation 
[17], and Knudsen diffusivity DK = 4.46⋅10–6 m2/s for 

(1)XCH4 =
(FCH4,in − FCH4,out)

FCH4,in

× 100%

(2)XCO2 =
(FCO2,in − FCO2,out)

FCO2,in

× 100%

(3)rCH4 =
FCH4,in − F

CH4,out

mNi

(4)rCO2 =
FCO2,in − F

CHO2,out

mNi

(5)STYH2 =
FH2,out

mNi

(6)STYCO =
FCO,out

mNi

(7)H2∕CO =
STYH2

STYCO

(8)CB =
FCH4,out + FCO2,out + FCO,out

FCH4,in + FCO2,in

(9)� =
robsr

2

P
RT

pCH4Deff

≤ 1
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CH4 in 15Ni-15Mn-20Al catalyst with the pore radius of 
5.5 nm (defined by BJH method from N2 physisorption). 
Thereafter, the effective diffusion coefficient was calcu-
lated from the Bosanquet equation to be De of 0.4⋅10–6 
m2/s. Effective diffusivity was obtained from Eq. (10):

with the value for porosity divided by tortuosity �
�
= 0.1 . The 

value of Deff = 4.0⋅10–7 m2/s.

(10)Deff =
�

�
De

3 � Results and Discussion

3.1 � Characterization of Catalysts

3.1.1 � Phase Composition

The recorded powder X-ray diffraction patterns are displayed 
in Fig. 1. Metallic Ni (henceforward Ni0) [PDF 01–071-
4655], which shows peaks at approximately 2θ of 52.5°, 
61.4° and 92.4º, can be observed almost in all as-prepared 
and spent catalysts [18]. This demonstrates almost complete 
reduction of nickel oxide to metallic nickel in the catalyst 

Fig. 1   X-ray diffraction patterns of a) 15Ni-35Mn, b) 15Ni-15Mn-
20Al, c) 15Ni-15Mn-20 Mg. Notation: 1. MnO, 2. MnAl2O4, 3. Ni0, 
4. Mn3O4, 5. Mn0.5Ni0.5 and 6. Mg0.6Mn0.4 (5. and 6. exemplify two of 
the several plausible halite structure phases comprised of a solid solu-
tion of MnO, MgO and NiO with potentially different relative ratios). 

The spent catalysts (a, b) were used for 30 min at 850 °C; spent cata-
lyst (b) was used for 20 h TOS; spent catalysts (b, c) were addition-
ally used in the temperature range of 600–900 °C and back to 600 °C; 
conditions: Vcat = 2 mL, GHSV = 3000 h−1, 100 mL/min
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preparation [19, 20]. The diffraction peaks belonging to the 
nickel oxide phase were absent in all catalysts.

The bimetallic 15Ni-35Mn fresh catalyst exhibited a 
large amorphous feature and very low crystallinity (Fig. 1a) 
whereas, after DRM, very weak peaks corresponding most 
likely to MnO [PDF 04–007-3620] and Ni0 can be observed. 
On the other hand, in 15Ni-15Mn-20Al, the galaxite phase 
MnAl2O4 [PDF00-010–0310], with peaks at 2θ 35.6°, 42.1°, 
68.5 and 75.6° [21, 22], was formed during preparation by 
the solution combustion method (Fig. 1b). Earlier reports 
demonstrated formation of the MnAl2O4 phase upon cal-
cination at 850 °C [23]. There was virtually no detectable 
change of these peaks or the apparent amorphous feature 
in the spent catalyst after DRM. However, low crystallinity 
of both the fresh and spent catalysts means that PXRD pro-
vides very limited structural information in this case. After a 
temperature cycling experiment, crystallinity of the catalyst 
and the Ni0 phase increased, while peaks of two additional 
phases emerged corresponding to MnO and Mn3O4 [PDF 
03–065-2776]. The presence of MnO can be explained by 
reduction of Mn3O4 in the presence of CO above 500 °C 
[24] as follows:

Analysis of 15Ni-15Mn-20 Mg shown in Fig. 1c, illus-
trates the likely formation of solid solutions consisting of 
oxides of Mn, Mg and Ni with the halite structure. The rela-
tive peak intensities and positions (at 2θ ca. 42.2°, 49.1° and 
72.0°) can be interpreted as a set of different solid solution 
phases, for example, Mn0.5Ni0.5O [PDF 04–015-1624] and 
Mg0.6Mn0.4O [PDF 01–077-2379] as both have very simi-
lar lattice parameters (a = 4.294 and 4.319 Å, respectively). 
The corresponding diffraction peaks are present in both the 
fresh and the spent samples with roughly the same relative 
intensities. According to the previous literature [25], solid 
solutions of NiO and MgO both exhibiting the halite struc-
tures and similar lattice parameters (a = 4.178 and 4.212 Å, 
respectively) tend to diminish metal sintering. It is, there-
fore, noteworthy that solid solutions can be formed during 
preparation of catalysts by SCS and combustion methods 
[25, 26]. A more in-depth analysis of the nature of the solid 

(10)Mn3O4 + CO → 3MnO + CO2

solution phases would require higher quality PXRD data 
as well as crystallite elemental mapping. In addition to the 
discussed solid solution phases, peaks of Ni0 with relatively 
narrow widths, indicating a large crystallite size, can be 
observed in both the fresh and spent catalyst materials. A 
comparison of the diffraction patterns of the fresh and the 
spent catalysts show that only one additional peak is found 
in the latter. The position of this peak fits the Mn3O4 phase, 
which was also observed in the 15Ni-15Mn-20Al catalyst 
after the temperature cycling experiment as described above.

3.1.2 � Elemental Composition

The Energy Dispersive X-Ray Analysis results of the fresh 
catalysts (Table 1) demonstrate that the Ni/Mn weight ratio 
of 15Ni-15Mn-20Al was 0.9, while this ratio was much 
lower for bimetallic 15Ni-35Mn. For trimetallic 15Ni-
15Mn-20 Mg the Ni/Mn weight ratio was 0.42 and its nickel 
content was thus lower in comparison to 15NI-15Mn-20Al.

3.1.3 � Metal Particle Size Defined by TEM

TEM analysis was performed to determine the average metal 
particle size (Fig. 2, Table 2) for the fresh (reduced). Fig-
ure 2a, b illustrates that for the fresh, reduced catalysts it was 
very difficult to identify nickel particles, because of the poor 
contrast, subsequently only for a few catalysts the nickel 
particle sizes are reported in Table 2.

3.1.4 � Porosity and Surface Area

Textural properties of the fresh catalysts were determined 
by nitrogen physisorption demonstrating low surface areas 
(Table 2).

It was reported that the surface areas differ depending 
on type of fuel, therefore the surface area of the catalysts 
prepared by the solution combustion method can vary in the 
range of 49–153 m2/g for different fuels [27]. Some catalysts 
typically have low surface areas from 8 to 10 m2/g using 
glycine as a fuel [28]. In the case of urea, the surface area 
of Ni-based catalyst was also low, being 9 – 20 m2/g [29]. 

Table 1   Elemental composition of the fresh catalysts. In parenthesis the molar ratio of metals is given

a M = Mn, Mg, bMn content, c Ni/Mg ratio, d Ni/Mn ratio

Catalyst Ni (wt.%) Ma (wt.%) Al (wt.%) O (wt%) Ni/M Ni/Al M/Al

15Ni-15Mn-20Al 
(f)

24.66 ± 0.23 28.99 ± 0.18 11.01 ± 0.07 26.88 ± 0.13 0.9 (0.8) 2.2 (1.0) 2.6 (1.29)

15Ni-35Mn (f) 19.31 ± 0.23 65.14 ± 0.26 0.2 ± 0.03 15.35 ± 0.14 0.29 (0.28) n.a n.a
15Ni-15Mn-20 Mg 26.24 ± 0.30 15.47 ± 0.11 (Mg) 36.50 ± 0.24b (Mn) 21.25 ± 0.23 1.7c (0.70) (Ni/Mg) 0.42d (0.66) (Ni/

Mn)
n.a
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15Ni-35Al [30] and 12 wt% Ni/α-Al2O3 [31] exhibited low 
surface areas in comparison with 15Ni-15Mn-20Al.

3.1.5 � Acidity and Basicity of Catalysts Determined 
by Ammonia and CO2 TPD

Acidity of different catalysts determined by ammonia TPD 
for 15Ni-15Mn-20Al and 15Ni-35Al was very low (Fig. 3a, 
Table 3).

Addition of Mn typically decreases acidity, for example 
in NiMn/γ-Al2O3 in comparison to Ni/γ-Al2O3 [32]. On the 
other hand, the current results are in accordance with [33], 
when acidity was the lowest for 40% MnO/γ-Al2O3, being 
the highest for 10 wt.% MnO/γ-Al2O3. In the current case, 
acidity of 15Ni-35Mn with the Mn content of 65 wt.%, was 
50-fold that of the acidity of 15Ni-15Mn-20Al with the Mn 
content of 36 wt.% (Table 3 and Table 1).

Basicity of 15Ni-15Mn-20Al was quite low (Fig. 3b, 
Table 4), while it was nearly twice as high for Ni-Mn/γ-
Al2O3 catalyst exhibiting 1:1 molar ratio of Ni to Mn as 
compared to Ni/γ-Al2O3 [32].

3.1.6 � Reducibility of the Catalysts Determined 
by Hydrogen TPR

TPR patterns of the Ni-based catalysts are depicted 
in Fig.  4. The TPR peak in the temperature range of 

Fig. 2   TEM micrographs of the 
fresh catalysts a) 15Ni-15Mn-
20Al, b) 15Ni-35Mn

Table 2   Comparison of different fresh catalysts by several physico-
chemical methods

Catalyst Surface 
area 
(m2/g)

Pore 
volume 
(cm3/g)

Average metal 
particle size, nm 
(nm)

15Ni-15Mn-20Al 11 0.014 15
15Ni-15Mn-20 Mg n.a n.a n.a
15Ni-35Mn  < 4 0.002 11
15Ni-35Al [30] n.d n.d 13
12 wt% Ni/α-Al2O3 [31] 10 0.014 9

Fig. 3   a Acidity of various 
catalysts by NH3TPD; b basicity 
of 15Ni-15Mn-20Al catalyst by 
CO2 TPD

Table 3   Temperature peaks and normalized area from ammonia TPD

Catalyst T1,max (oC) T2,max (oC) T3,max (oC) Normalized 
area

15Ni-35Al [30] 140 n.a n.a 0.01
15Ni-15Mn-

20Al
136 600 n.a 0.002

15Ni-35Mn 450 n.a n.a 0.08
15Ni-

15Mn-20 Mg
565 n.a n.a 1

Table 4   Temperature peaks for maximum desorption and normalized 
area from CO2 TPD

Catalyst T1,max (oC) T2,max (oC) T3,max (oC) Normalized 
area

15Ni-15Mn-
20Al

105 540 n.a 0.29

15Ni-35Mn Very small 0 0 0
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400–500 °C can be explained by the reduction of NiO 
species strongly interacting with the support (15Ni-15Mn-
20Al). It should be pointed out, however, that the presence 
of NiO crystallites was not observed in the current case 
in XRD.

The highest relative hydrogen consumption among the 
studied four Ni catalysts was obtained for 15Ni-15Mn-20Al 
indicating high reducibility of Ni and Mn species as well as 
an easy reduction of the metal species (Table 5). The TPR 
profile for 15Ni-15Mn-20Al shows a peak at 363 °C, which 
can originate both from NiO reduction or alternatively from 
reduction of Mn2O3 to Mn3O4 and the second peak at 475 °C 
from reduction of Mn3O4 to MnO. The corresponding peaks 

were found at 377 °C and 452 °C, respectively in [34]. It 
is also important to note that reduction of NiO occurs at a 
lower temperature for Mn-promoted 15Ni-15Mn-20Al, than 
for 15Ni-35Al, and the amount of consumed hydrogen was 
lower for the latter catalyst with a higher Al-content. This 
result indicates strong interactions between Ni and the sup-
port. It was reported in [35], that hydrogen consumption 
was already started at 230 °C for 5Ni-15Mn/Al, while in the 
current case for 15Ni-15Mn-20Al it started at 180 °C. XRD 
results of the spent catalyst used in the reducing atmosphere 
during DRM in this work, demonstrate also the presence of 
MnO and Mn3O4. For 15Ni-15Mn-20 Mg the presence of 
NiO-MnO solid solution determined by XRD, shifted the 
peak to lower temperatures. The reduction process consists 
of two steps: MnO2 → Mn3O4 → MnO, where the hydrogen 
consumption in the first step (lower temperature peak) is 
higher than the second step (higher temperature peak) as 
indicated in [36].

3.2 � Catalytic Results

3.2.1 � Short‑Term Catalytic Tests

Catalytic peformance of different Ni-based catalysts was 
tested in DRM at 850 °C for TOS of 30 min with the results 
demonstrated in Tables 6 and 7. Literature data are sum-
marized in Table 8. In all cases except 15Ni-35Mn cata-
lyst the methane transformation rate was higher than CO2 
transformation rate. This catalyst exhibited initially also the 
highest methane transformation rate, having Ni particles of 
the optimum size, 22 nm. Furthermore, it can be seen from 

200 400 600
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400
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Fig. 4   Reducibility by H2-TPR of various Ni catalysts

Table 5   Temperature for 
maximum desorption of 
hydrogen and normalized peak 
area from hydrogen TPR

Catalyst T1,max (oC) T2,max (oC) T3,max (oC) Normalized area

15Ni-35Mn 399 542 n.a 0.98
15Ni-15Mn-20Al 363 475 n.a 1.0
15Ni-35Al [30] 306 384 800 0.30
15Ni-15Mn-20 Mg 360 508 n.a 0.97

Table 6   Results of catalytic performance at following condi-
tions: T = 850  °C, CH4:CO2:Ar = 1:1:1, GHSV = 3000  h−1 for 
TOS = 30  min. Notation: rCH4, rCO2 – rates of reactants transforma-

tion, STYH2, STYCO—space–time yields of products, CB – carbon 
balance, TOFCH4 – initial turn over frquency of CH4, defined as moles 
converted methane divided by moles of metal and time

a Deactivation rate is calculated during the decrease in CH4 conversion per time and catalyst mass

Catalyst rCH4 (mol/
gNi/s)

rCO2 (mol/
gNi/s)

rCH4/rCO2 TOFCH4 (s−1) STYH2 (mol/
gNi/s)

STYCO (mol/
gNi/s)

CB (%) Deactivation 
rate (%/min/
gcat)a

H2/CO

15Ni-35Mn 3.1*10–4 3.1*10–4 1.0 0.41 6.1*10–4 4.8*10–4 85 0.33 1.3
15Ni-15Mn-

20Al
2.1*10–4 1.7*10–4 1.2 0.42 3.8*10–4 2.4*10–4 68 0.1 1.5

15Ni-35Al 
[30]

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
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CHNS results, that a low amount of carbon was accumulated 
on 15Ni-35Mn catalyst.

Methane transformation rate could not be directly corre-
lated with hydrogen TPR results (Fig. 5a). When, however, 
catalyst coking normalized by the nickel content was plotted 
as a function of methane transformation rate, coking was 
higher in case of the slower methane transformation rates 
(Fig. 5). When carbon formation in the spent catalyst was 
correlated with the amount of acid/basic sites available in 
the reactor, taking also into account that different catalyst 
mass was used keeping the catalyst volume constant, it can 
be seen that the methane transformation rate could not be 
correlated with either acidicty or basicity (Fig. 5b).

For the second most active catalyst in methane transfor-
mation, 15Ni-15Mn-20Al (Table 6), a rather high carbon 
formation was obtained, although the available acid/basic 
sites in the reactor were low. The fresh reduced 15Ni-15Mn-
20Al catalyst contained MnAl2O4 and metallic nickel. In the 
spent catalyst, however, the spinel phase was decomposed 
during DRM, and the catalyst exhibited a very low crystal-
linity (Fig. 1b). Furthermore, rather large metal particles 
were present in the spent 15Ni-15Mn-20Al based on TEM 
(Table 9). According to [17], addition of manganese can 
reduce the particle size of nickel. However, MnO itself as 
a support formed large nickel particles, probably due to its 
small surface area.

The highest initial methane transformation rate was 
observed with the Ni size of 21 nm for 15Ni-35Mn cat-
alyst, while with larger Ni particles, lower reaction rates 
were recorded analogously to the data reported previously 
for steam reforming of methane (Fig. 6) [37].

Space–time yields of hydrogen and H2 and CO followed 
the same order as methane transformation rate, indicating 

that the highest STYs were obtained over 15Ni-35Mn cata-
lyst and the lowest ones over 15Ni-35Al. The deactivation 
rate was clearly correlating with the methane transformation 
rate (Figs. 7, 8 and 9). 15Ni-15Mn-20Al catalyst gave the low 
carbon balance and low H2 yields (Table 6; Figs. 8 and 9).

The highest deactivation was determined for 15Ni-35Mn, 
and even if over this catalyst no carbon nanofibers were 
formed (Fig. 10b), it still contained some carbon deposits 
(Table 8).

3.2.2 � Effect of Temperature Cycling on Catalytic 
Performance

Based on the short-term DRM results, it was decided to 
investigate the effect of temperature cycling for 15Ni-15Mn-
20Al catalyst, and as a comparison a trimetallic catalyst 
15Ni-15 Mg-20Mn without Al was also investigated. The 
following stepwise temperature program was applied: tem-
perature was initially at 600 °C for a certain time, after 
which it was stepwise increased by 50 °C up to 900 °C, 
thereafter switching back to 600 °C (Fig. 8, Table 7).

The initial methane transformation rate was higher for 
15Ni-15 Mg-20Mn followed by 15Ni-15Mn-20Al. The Ni 
particle size for the spent 15Ni-15Mn-20Al was 25 nm. 
Furthermore, the rate for CO2 transformation at a low tem-
perature of 600 °C was slightly higher than that for methane 
for both catalysts, while at 800 °C the methane transforma-
tion rate was higher. Based on the methane transformation 
rates, the activation energy was determined for both catalysts 
(Table 7). The results showed that the activation energy for 
these catalysts in the lower temperature range was 45 kJ/
mol, while at higher temperature activation energies were 
21 kJ/mol for 15Ni-15Mn-20Al indicating that mass transfer 

Fig. 5   Comparison of different physicochemical methods a relative 
hydrogen consumption in TPR  (■) and carbon content defined by 
CHNS; b relative acidity (■)/basicity (▲) of the catalysts as a func-

tion of CH4 transformation rate. Conditions: CH4: CO2: Ar = 1:1:1, 
850  °C, GHSV = 3000  h−1, Vcat = 2  mL. Notation: 1. 15Ni-35Al, 
2.15Ni-15Mn-20Al, 3. 15Ni-35Mn
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limitations were present at high temperatures. The carbon 
balance after temperature cycling experiment was higher 
for the spent 15Ni-15Mn-20Al than for 15Ni-15Mn-20 Mg 
(Table 7), which is related to a very high acidity of the latter 
catalyst (Table 3).

Space–time yields calculated per mass of nickel for 
hydrogen and CO were also 2.8 and 2.5 fold higher for 
15Ni-15Mn-20Al than for 15Ni-15Mn-20 Mg.

It has been reported that the small particle size is effective 
in inhibiting the carbon deposition [38]. Thus, in the cur-
rent case large particles accelerated coke formation [39]. Ni 
sintering was not observed in all cases because the catalysts 
did not lose their activity, when returning to 600 °C.

3.2.3 � Long Time Stability

The long-term stability for 20 h TOS was conducted over 
15Ni-15Mn-20Al catalyst due to its higher activity. Between 
experiments, the reactor was cooled to room temperature 
and the experiment was continued in the following day due 
to safety reasons. The catalytic results are encouraging as 
no significant deactivation was observed during 20 h of 
time-on-stream (Fig. 9, Table 8) for 15Ni-15Mn-20Al. As 
a comparison, Ni-MnOx/MnAl2O4 catalyst [40] gave a low 
deactivation rate, calculated per converted CO2 in DRM at 
650 °C, namely 0.01%/(min.gcat.). It was stated that for this 
catalyst with the molar ratio of Ni:Mn:Al of 1:1:6, deposited 
carbon was very reactive on the catalyst surface [40]. In the 
current case for 15Ni-15Mn-20Al the ratio of N:Mn:Al was 
0.8:0.8:1 with the manganese content much lower in com-
parison to alumina present in the reference catalyst of [40].

NiAl catalysts were investigated in [41]. Among all cata-
lysts, 14 wt.% Ni and 33 wt.% Ni (Table 8, entry 1) loaded 
catalysts exhibited high activity at 650 ºC. However, in the 
stability test NiAl(15) was strongly deactivating during 
the first hours (results for NiAl(14) not shown in Table 8). 
NiAl(33) was stable for 100 h, thereafter the conversion 
values decreased by 10% after 100 h, however, the catalyst 
was stable until the end of the test [41]. Another good pro-
moter is La, as 15 wt.% Ni-10 wt.% La/Fe-clay [42] dem-
onstrated high stability during 5 h without any deactivation 
(Table 8, entry 2). Manganese oxide is an efficient promoter 
to suppress coke deposition in CO2 reforming of methane 
(Table 8, entry 3) [23]. As Mn content increases, stability 
is improved accordingly. However, at a high Mn loading the 
activity decreased to some extent. Thus, there seems to be an 
optimum MnO loading (ca. 10 wt.%) that gives high stability 
without a significant compromise in activity. The carbon bal-
ance stayed constant at ca. 84%. The CO2 transformation rate 
was 31% lower than the CH4 transformation rate (Fig. 9a). 
The H2/CO ratio was close to unity being 1.1–1.2. The 
methane and CO2 conversions were stable, being 86‒93% 
and 83‒87%, respectively (Table 8). This result is better in Ta
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comparison with the results presented in [43]. In the current 
work, the Ni/Mn molar ratio was 0.66 and the high DRM 
temperature of 850 °C was applied. In [43] it was stated that 
Ni/Mn ratio of 2 can afford a good catalytic activity. Despite 
a lower Ni/Mn ratio, STYCO and conversion were almost not 
changing (Fig. 9b).

3.3 � Characterization of the Spent Catalysts

3.3.1 � Metal Particle Size of Spent Catalysts Defined by TEM

TEM analysis was performed to determine the average metal 
particle size (Fig. 10, Table 9) for the spent catalysts used in 
short-term DRM for 30 min at 850 °C and for the tempera-
ture cycling experiments.

For 15Ni-15Mn-20Al spent catalyst in temperature 
cycling the metal particles were small, however, also car-
bon nanotubes with the diameter of 13 nm were formed 
(Fig. 10b). Nickel particles were found at the tip of the 

Table 8   Comparison of different catalysts used in DRM

*rCO2 denotes reaction rate by CO2
a  denotes initial value, b value after 200 h, cvalue after 20 h
n.a. not available

Entry Catalyst Reaction conditions XCH4 (%) XCO2 (%) H2/CO SBET (m2/g) Metal 
particle size 
(nm)

TOS (h) Ref

1 NiAl(33) CH4:CO2:Ar = 10:10:80 
(vol.%), 650 °C, flow 
rate = 1200 mL/min

a95
b85

a85
b75

a0.89
b0.93

a54
b59

a29 200 [41]

2 15 wt.% Ni-10 
wt.% La/Fe-clay

CH4:CO2:Ar = 1:1:8, 
750 °C, 
GHSV = 20,000 h−1

45 57 0.7 13 n.a 5 [42]

3 5 wt.% Ni-10 
wt.% Mn/Al2O3

CH4:CO2 = 1:1, 650 °C, 
flow rate = 81 Ml/
μmol s

- *rCO2 = 270 μmol/
gcat s

n.a 99 16 25 [23]

4 15Ni-15Mn-20Al CH4:CO2 = 1:1, 650 °C, 
GHSV = 3000 h−1

91
91c

87
75c

1.1
1.1c

 < 4 n.a 20 Current work

5 12 wt% Ni/α-
Al2O3

CH4:CO2:Ar = 1:1:1, 
850 °C, 
GHSV = 3000 h−1

93 92 1.1 7 15 10 [31]

Table 9   Comparison of 
different spent catalysts by 
several physicochemical 
methods

a  – 30 min TOS, b – temperature cycling, c – 10 h TOS

Catalyst Surface 
area 
(m2/g)

Pore 
volume 
(cm3/g)

Average metal 
particle size (nm)

aNormalized 
carbon (wt%/
gNi)

aH/C molar ratio

15Ni-15Mn-20Al  < 4 0.007 a28, b25 0.75 0.63
15Ni-15Mn-20 Mg n.a n.a b28 n.a n.a
15Ni-35Mn  < 4 0.003 a21 0.39 1.2
15Ni-35Al [30] 9 0.0014 12 1 0.26
12 wt% Ni/α-Al2O3 [31] 7 0.011 c15 n.a n.a

Fig. 6   Initial CH4 transformation rate as a function of the mean nickel 
particle size of the spent catalyst used in DRM at 850 °C for 30 min
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nanotubes resulting from formation of metallic nickel dur-
ing DRM. At the same time crystallinity of the catalyst 
increased confirmed by XRD (Fig. 1b). Large Ni particles 
were observed in the spent 15Ni-15Mn-20Al and 15Ni-
15Mn-20 Mg catalysts after the temperature cycling experi-
ment (Table 9) indicating metal sintering (compare with 
Table 2).

Low carbon deposition has been reported for Mn-con-
taining catalysts [40] because carbonaceous species can 
be reactive in these catalysts. It was reported in [44], the 
higher coke deposition was observed on the catalyst with 
larger metal particles. Location, quantity and the type of 
carbon are affected by the nickel dispersion [45]. Car-
bonaceous species oxidized in air at mild temperatures 
are of amorphous type. In the current case, the coke in 
Ni-Mn-Al burnt at high temperature, can be considered 
as the graphitic coke or coke filaments. Furthermore, 
15Ni-15Mn-20Al exhibited the largest metal particle 
size after the experiment (Table 9), thus increasing the 
amount of carbon. In another work [46] activity of nickel 

Fig. 7   The influence of methane transformation rate on the cata-
lyst deactivation rate. Conditions: CH4: CO2: Ar = 1:1:1, 850  °C, 
GHSV = 3000  h−1, Vcat = 2  mL. Notation: 1. 15Ni-35Al, 2. 
15Ni-15Mn-20Al, 3.15Ni-35Mn

Fig. 8   a, c) Rates for methane and CO2 transformations and car-
bon balance, b, d) space–time yields of H2 and CO and H2/CO 
ratio in DRM over a, b) 15Ni-15Mn-20Al, c, d) 15Ni-15  Mg-

20Mn at 600 – 900 °C and back to 600 °C. 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, 8. 600 °C
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particles located on the tip was reported. It is well known, 
that Ni can be released from the support, when carbon 
goes through metal. Regarding Ni-Mn catalyst, no car-
bon nanotubes [47] were observed in Fig. 10c contrary to 
15Ni-15Mn-20Al (Fig. 10a). However, the former cata-
lyst possessed a higher deactivation rate than Ni-Mn-Al 
in short-term stability test (Table 6).

Furthermore, 15Ni-15Mn-20 Mg catalyst used in the 
temperature cycling experiment, contained large amounts 
of carbon nanotubes with the maximum diameter of 28 nm 
(Fig. 10c). This catalyst had more coke after the temper-
ature cycling test than 15Ni-15Mn-20Al based on TPO 
results (see Section 3.3.5). In comparison with Mn con-
taining catalysts, for 15Ni-35Al [30] and 12 wt.% Ni/α-
Al2O3, discussed in the previous study [31], narrower car-
bon nanotubes were observed.

3.3.2 � Porosity and Surface Area

Textural properties of the spent catalysts were determined 
by nitrogen physisorption demonstrating low surface areas 
(Table 9). It is noteworthy that the surface area of spent 12 
wt.% Ni/α-Al2O3 prepared by the impregnation method was 
higher [31] in comparison with the spent catalysts contain-
ing manganese.

A comparison of the surface areas of the fresh and spent 
catalysts used in DRM at 850 °C for 30 min revealed, that 
for 15Ni-35Mn no decline of the surface area was observed 
(Table 9). For monometallic 12 wt.% Ni/α-Al2O3 catalyst 
ca. 70% surface area in comparison to the fresh one, was 
retained. When comparing the total pore volume of the fresh 
and spent catalysts, it can also be seen, that in some cases, 
the pore volume increased, for example for 15Ni-35Mn, 

Fig. 9   a Rate for methane and CO2 transformation and carbon balance, b space time yields (STY) of H2 and CO and H2/CO ratio in DRM over 
15Ni-15Mn-20Al for 20 h. Notation: 1. First day, 2. Second day. 3. Third day. Conditions: Vcat = 2 mL, GHSV = 3000 h−1 at 850 °C

Fig. 10   TEM micrographs 
of the spent catalysts a) 
15Ni-15Mn-20Al spent in 
short-term test; b) 15Ni-15Mn-
20Al spent in 600‒900 °C and 
back to 600 °C; c) 15Ni-35Mn 
spent in short-term test; d) 
15Ni-15Mn-20 Mg spent in 
600‒900 °C and back to 600 °C



Dry Reforming of Methane over Mn‑modified Ni‑based Catalysts﻿	

most probably due to formation of carbon nanotubes on the 
external surface of the catalyst.

3.3.3 � CHNS Analysis

The carbon content normalized by gram of Ni was quanti-
tatively determined by CHNS analysis for the spent cata-
lysts used in DRM at 850 °C for 30 min (Table 9). A high 
normalized carbon content was obtained for 15Ni-15Mn-
20Al, in which the Ni/Mn molar ratio was 0.8 (Table 1). It 
was reported in [23], that a low amount of carbon was also 
observed for a spent Ni-MnO/γ-Al2O3 with the Ni/Mn molar 
ratio of 0.64 after DRM at 650 °C. It should, however, be 
kept in mind that the latter result was obtained at tempera-
ture much lower than in the current case.

3.3.4 � Thermogravimetric Analysis

TGA analysis was performed for the selected cata-
lysts used in short-term DRM experiments at 850 °C for 
30 min. According to TGA (Fig. 11), the amount of carbon 
15Ni-15Mn-20Al (1.4 wt.%). The same order was observed 
by CHNS analysis, described above. The peak of the heat 
release occurring at 575 °C indicates formation of filamen-
tous coke, as observed in Ni catalysts supported on Fe/Mg 

waste slug oxides [48] and FeNi/H-Y-5.1 [49]. In addition, 
it was reported that filamentous carbon can be formed at 
450 ~ 500 ºC [50]. Furthermore, TGA analysis of the fresh 
catalysts in the presence of either nitrogen or air, revealed 
phase transformations for 15Ni-15Mn-20Al (5.6 wt.%). A 
rather high coke formation was also observed in different 
Mn-Ni-Al2O3 catalysts, however, the coke formation can be 
suppressed by increasing the amount of Mn to an equimolar 
ratio [32]. It was also stated that Mn with moderate basicity, 
facilitates CO2 adsorption even on Ni and can remove car-
bonaceous species [23]. On the other hand, MnOx can block 
Ni sites in Ni/γ-Al2O3 promoted by MnO, increasing catalyst 
stability [51]. The formation of graphitic coke in 15Ni-35Al 
was observed at 600 °C [30].

3.3.5 � Oxidative Behavior of the Spent Catalysts

Temperature programmed oxidation (TPO) measurements of 
two spent catalysts used in temperature cycling experiments 
revealed, that the amount of burnt coke was decreasing in the 
following order: 15Ni-15Mn-20 Mg (29 wt%) > 15Ni-15Mn-
20Al (27 wt.%), when the amounts of CO and CO2 were 
calculated as burnt carbon (Fig. 12). The corresponding 
peak maxima for releasing carbon were 622 °C for 15Ni-
15Mn-20 Mg, 559  °C for 15Ni-15Mn-20Al. Regarding 

Fig. 11   Influence of tempera-
ture on a) mass of the catalyst; 
b) heat release during TGA 
tests for 15Ni-15Mn-20Al 
catalyst. Temperature was 
taken as in DRM tests from 
100 °C to 800 °C with 10 °C/
min in 100 mL/min of gas 
flow. Legend: fresh catalyst in 
nitrogen flow (dot-dot line), 
fresh catalyst in air flow (solid 
line), spent catalyst in air flow 
(dash-dash line)

Fig. 12   Influence of tem-
perature on a) TPO curves 
and b) quantity of the gener-
ated CO and CO2 for spent 
15Ni-15Mn-20 Mg (black), 
15Ni-15Mn-20Al (red) catalysts 
used in the temperature cycling 
test
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TPO analysis, it has been reported in the literature [49], 
that the peak appearing at 600 °C in TPO corresponds to 
α-carbon, which is typically formed in the initial stages of 
reforming [51], while β-carbon appearing at ca. 800 °C is 
less reactive with CO2 than α-carbon. In the current case, 
the results clearly show that 15Ni-15Mn-20 Mg exhibited 
a more stable, less reactive cok,e than 15Ni-15Mn-20Al, 
which is also partially caused by high acidity of the latter 
catalyst (Table 3).

Typically, the coke can be readily eliminated through 
oxidation using O2 [52]. In [53] the Pt–Sn/γ-Al2O3 catalysts 
experienced coke deposition, when exposed to cyclopen-
tane at 500 °C during cyclohexane dehydrogenation. The 
coke was subsequently removed either completely or par-
tially by treating the catalysts with O2 at 450 °C. Thermal 
programmed oxidation (TPO) analysis revealed, that O2 
effectively combusted the coke, reaching its peak efficiency 
at 500 °C. In the current work, the coke can be removed by 
burning with oxygen at 559 – 622 ºC. Water is eliminated 
initially at 300 °C, while above 500 °C, formation of CO 
and CO2 takes place.

4 � Conclusion

Ni-based bi- and trimetallic catalysts were prepared by the 
solution combustion synthesis and wet impregnation meth-
ods and tested in dry methane reforming (DRM). The influ-
ence of Mn and Mg on the physicochemical features of this 
series of catalysts was analyzed by different characteriza-
tion techniques. Catalyst activity was tested in temperature 
cycling DRM at 600–900 °C and back to 600 ºC. Further-
more, the stability test of the least coking catalyst was car-
ried out at 850 ºC for 20 h.

The nickel particle size was increased after DRM reac-
tion according to TEM analysis. However, with increasing 
time on stream, metallic nickel was formed during DRM. 
The Ni-Mn-Mg catalyst in the absence of Al exhibited lower 
activity in comparison with Ni-Mn-Al. The former catalyst 
was the most acidic among all catalysts, generating a large 
amount of coke. As a comparison with the catalysts prepared 
by the solution combustion method, hydrogen consumption 
during temperature programmed reduction of Ni/α-Al2O3 
was the lowest among all catalysts due to the strong metal-
support interactions. The long-term dry methane reforming 
results showed, however, that both Ni-Mn-Al showed stable 
space–time yields for hydrogen and CO formation at 850 °C. 
15Ni-15Mn-20Al demonstrated good stability without any 
significant loss in activity for 20 h.
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