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This work is devoted to the study of the activity of monometallic (Fe/Al2O3) and bimetallic 
(Fe-Mo/Al2O3) catalysts supported to carrier γ- Al2O3. It has been discovered that the bimetallic 
catalyst is more active than the monometallic catalyst in the methane decomposition reaction. 
The results of the influence of molybdenum oxide on the activity of Fe/Al2O3 catalyst in the 
methane decomposition reaction in the temperature range 500-850°C have been obtained. It 
has been determined that the addition of molybdenum oxide in the amount of 5 wt. % of the iron 
catalyst composition leads to an increase in the catalytic activity of the sample in the reaction of 
methanedecomposition to hydrogen at relatively low temperatures. Compared to Fe/Al2O3 on the 
FeMo/Al2O3 catalyst at a reaction temperature of 750°C, methane conversionincreases from 8% to 
98%, hydrogen yield from 5% to 57%.

The increased field of activity Fe-Mo/Al2O3catalyst in the decomposition of methane to 
hydrogen compared to Fe/Al2O3 catalysts is due to an increase in the dispersity of the active 
phases of the catalyst, as well as the formation of an easily reduced Fe2(MоО4)3 phase, according 
to XRD, TPR-H2, and BET methods.
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Бұл жұмыс γ-Al2O3 тасымалдағышына отырғызылған монометалды (Fe/Al2O3) 
және биметалды (Fe-Mo/Al2O3) катализаторлардың белсенділігін зерттеуге арналған. 
Метанның ыдырау реакциясында монометалды катализаторға қарағанда биметалды 
катализатордың белсендірек екені анықталды. Метанның ыдырау реакциясында 500-
850°С температура диапазонында молибден оксидінің Fe/Al2O3 катализатор белсенділігіне 
әсер ету нәтижелері алынды. Темір катализаторының құрамына 5 мас.% мөлшерінде 
молибден оксидінің қосылуы салыстырмалы төменгі температурада метанның сутекке 
дейінгі ыдырау реакциясында үлгінің каталитикалық белсенділігін арттыратындығы 
анықталды. 750°С реакция температурасында Fe/Al2O3-пен салыстырғанда Fe-Mo/Al2O3 
катализаторында метанның конверсиясы 8%-дан 98%-ға дейін, сутектің шығымы 5%-дан 
57%-ға дейін артатыны байқалған. РҚТ, H2-ТБТ және БЭТ әдістері метанның сутекке ыдырау 
процесі кезінде Fe/Al2O3 катализаторымен салыстырғанда Fe-Mo/Al2O3 белсенділігінің 
артуы, белсенді фазалардың дисперсиясының жоғарылауымен, сондай-ақ жеңіл 
тотықсызданатын Fe2(MoO4)3 фазасының түзілуімен байланысты екенін көрсетті.

Түйін сөздер: темір оксиді; молибден оксиді; метан; ыдырау; сутек.
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Данная работа посвящена исследованию активности монометаллических (Fe/
Al2O3) и биметаллических (Fe-Mo/Al2O3) катализаторов, нанесенных на носитель γ-Al2O3. 
Установлено, что в реакции разложения метана биметаллический катализатор более 
активен, чем монометаллический. Получены результаты влияния оксида молибдена 
на активность катализатора Fe/Al2O3 в реакции разложения метана в температурном 
диапазоне 500-850°C. Установлено, что добавление оксида молибдена в количестве 5 мас. 
% в состав железного катализатора приводит к повышению каталитической активности 
образца в реакции разложения метана в водород при относительно низких температурах. 
По сравнению с Fe/Al2O3 на катализаторе FeMo/Al2O3 при температуре реакции 750 °C, 
конверсия метана увеличивается от 8% до 98%, выход водорода от 5% до 57%. Согласно 
результатам РФА, TПВ-H2 и БЭТ повышение активности Fe-Mo/Al2O3 при разложении метана 
в водород по сравнению с катализаторами Fe/Al2O3 связано с увеличением дисперсности 
активных фаз катализатора, а также формированием легко восстанавливаемой фазы 
Fe2(MoО4)3.

Ключевые слова: оксид железа; оксид молибдена; метан; разложение; водород.
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1. Introduction

The direct transformation of methane into value-added 
chemicals is one of the most important topics in gas chemistry. 
Methane can synthesize the entire range of products made 
from oil. The cost of substances like synthesis gas, hydrogen and 
ethylene is many times higher than the original CH4. Methane is 
the best source of hydrogen since it has the highest C-H ratio 
and the largest reserves.

From methane, hydrogen can be obtained from the 
following reactions using catalysts: partial oxidation of  
methane [1], carbon dioxide conversion of methane [2], steam 
conversion of methane [3], catalytic decomposition of СН4 [4]. 
Catalytic decomposition of methane (СDM), the most cost-
effective method for producingН2. The catalytic decomposition 
is methane positive by the reaction shown in Equation 1.

СН4→2Н2+С ΔH= 74.9 kJ mol-1    (1)

The main advantage of CDM is the almost complete 
absence of carbon monoxide emissions. In addition, CDM to 
hydrogen can be utilized directly as a fuel cell in internal 
combustion engines without the need for extra cleaning [5]. In 
addition, the nanocarbon produced, which has many 
technological applications, reduces the cost of the process.

Various catalysts based on nickel, carbon, precious metals, 
iron, etc. are used to decompose methane.

Previously, the authors studied monometallic and 
bimetallic nickel-containing catalysts [6]. The results obtained 
showed that the modification of Ni/Al2O3 with cobalt oxide leads 
to an increase in the activity of the catalyst in the reaction of 
methane decomposition to hydrogen and nano-carbon due to 
the formation of the NiCo alloy. On the Ni-Co/γ-Al2O3 catalyst, 
the highest methane conversion of 86% was observed at a 

reaction temperature of 600°C, with a hydrogen yield of 51%. 
However, the catalytic activity of the bimetallic Ni-Co/γ-Al2O3 
decreased after 60 min. The results obtained indicate that 
nickel-based catalysts have a high activity in CDM, however, 
they are sensitive to the operating temperature and quickly 
deactivate at high temperatures [7,8]. Although adding  
precious metals to nickel-based catalysts can increase activity 
and stability, it is rather costly and has no commercial potential. 
Carbon catalysts convert methane at a lower rate than metal 
catalysts [9].

To make the CDM to Н2truly environmentally sound and 
economical, the use of a very cheap catalyst is a promising 
approach [10]. A highly efficient and environmentally friendly 
iron catalyst is an effective alternative to solving the problem at 
present [11]. In addition, iron is a good candidate for use as a 
CDM catalyst, as it also has unfilled 3d orbitals [11,12].

To increase the activity of iron composites, oxides of 
transition elements such as nickel, copper, manganese, 
molybdenum are added. In some studies, yield of hydrogenis 
reported to increase when a certain amount of molybdenum is 
added to Fe [13], Co [14] and Ni [15]. The physicochemical 
characteristics of Fe–Mo catalysts were studied in this work 
[16]. Until now, the role of molybdenum in the bimetallic 
catalyst is unclear. There are conflicting data in the literature. It 
is also not clear why the catalytic nature of the bimetallic Fe–
Mo catalyst is better than that of the monometallic (Fe and Mo) 
catalyst [1-6,17].

In this work, a comparative study of the activity of 
monometallic (Fe/Al2O3) and bimetallic (Fe-Mo/Al2O3) catalysts 
was carried out, which is a novelty of this work.

The aim of this work is to study the activity of monometallic 
(Fe/Al2O3) and bimetallic (Fe-Mo/Al2O3) catalysts, to determine 
the effect of the interaction of components in a nickel-
molybdenum catalyst on its activity in hydrogen production by 
methane decomposition.
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2. Experiment

Catalysts хFe/Al2O3 and хFe-уMo/Al2O3(x and y are the 
content of metal oxides in the catalyst, wt. %) were obtained by 
impregnating the carrier (γ-Al2O3) with aqueous metal salt 
solutions Fe(NO₃)₃·9H2O (technical standard 4111-74, Sigma 
Aldrich, reagent grade 98%) and mixtures Fe(NO₃)₃·9H2O 
(technical standard 4111-74, Sigma Aldrich, reagent grade 98%) 
and (NH4)6Mo7O24·4H2O (technical standard 3765-78, Sigma 
Aldrich, reagent grade 99%), respectively [17,18]. Heat 
treatment of synthesized catalysts was carried out at 
temperatures of 300оC for 2 hours and at 500оC for 3 hours. The 
oxide content of Fe in the monometallic catalyst was 15 wt.%, in 
bimetal 15 wt.% Fe and 5 wt.% Mo.

Studies of the activity of synthesized catalysts was carried 
out at a laboratory with a continuous flow facility (Figure 1). The 
reactor is made of quartz glass, length 22-25 cm, internal 
diameter – 10 mm. The reactor is vertically installed in the 
furnace, and the incoming flow of the source gas mixture is fed 
into the reactor through a pipe with a diameter of 0.6 mm from 
the top and exits through an opening in the lower part of the 
reactor. Further online line is submitted for analysis in 
chromatograph “Chromos GC – 1000”. Catalytic activity of 
catalysts has been studied with a volumetric reaction rate of 
4980 h-1 and a volume ratio of the original reagents CH4:N2=1:15, 
within a temperature range of 500-850ºC.The following gases 
were used for the experiments:CH4 (NTC «Kriogen», Russia, 
purity 99.9%), N2 (NTC «Kriogen», Russia, purity 99.9%), Н2 (NTC 
«Kriogen», Russia, purity 99.9%). All reagents were used without 
additional purification. 

The physicochemical characteristics of the catalysts were 
studied by X-ray phase analysis (XRD), Brunauer-Emmett-Taylor 
(BET), temperature-programmed hydrogen reduction (H2-TPR), 
and Raman spectroscopy. The research was carried out at Al-
Faraby KazNU“National Nanotechnology Laboratory of open 
type” and in the laboratory of catalytic processes of the Institute 
of Combustion Problems. H2 temperature-programmed 
reduction (H2-TPR) was carried out in on USGA-101 installation 
with thermal conductivity detector. Analysis of the gas mixture 
was carried out using a thermal conductivity detector. X-ray 
analysis of the obtained samples was carried out on the X-ray 
diffractometer “DRON-3M”. To determine the total specific 
surface size by thermal desorption of the gas-adsorbate method 
was performed by the BET method in accordance with  State All-
Union standard 23401-90. 

3. Results and Discussion

Table 1 shows that the monometallic Fe/-Al2O3 catalyst has 
a specific surface of 122.73 m2/g  and that adding molybdenum 
oxide increases the specific surface to 134.82 m2/g, which 
indicates an increase in the dispersity of the catalyst.

Figure 1 – Laboratory catalytic unit schematic

Table 1 – Texture characteristics of catalysts

Catalysts applied to γ-Al2O3 Specific surface, m2/g

Fe/γ-Al2O3 122.73

Fe-Mo/γ-Al2O3 134.82
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The results of the Fe/γ-Al2O3, Fe-Mo/γ-Al2O3 catalyst 
phase-compositions are shown in Figures 2 and 3. It can be seen 
that iron is present as oxide Fe2O3 in the catalyst Fe/γ-Al2O3. 
Modification of Fe/γ-Al2O3  by molybdenum oxide results in a 
change in catalyst phase composition, iron is present in the 
form of Fecubic, molybdenum in the form of MoO3 oxide, and a 
Fe2(MoO4) 3 compound is formed.

Oxidative-reducing characteristics of catalysts have been 
studied by TPR-H2. The results are presented in Figure 4.

On the TPR profile of Fe/Al2O3 there is an intense peak with 
maximum at T1

max=434oC, (A=342 μmol/gKt), also low-intensity 
peaks above 660oC. According to the literature [8], Fe2O3 is 
reduced to Fe0 successively at temperatures of ~350, 430, and 
600°C. However, the reduction temperature of Fe2O3 can be 
shifted both to the low-temperature and high-temperature 
regions, depending on the nature of the substrate, modifiers, 

Figure 2 – X-ray Fe/γ-Al2O3

Figure 3 – X-rayFe-Mo/γ-Al2O3 

Figure 4 – TPR profiles
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and other factors. The peak at Т1
max=434оС on the Fe/Al2O3 TPR 

profile can be associated with Fe3O4 → FeO reduction, Fe2O3 → 
Fe3O4 reduction is not observed, possibly due to the overlap of 
the Fe3O4 peak.

Peaks in the region of 650-720°C can be attributed to FeO 
reduction. The presence of several peaks may indicate the 
interaction of the metal-carrier, characterized by different 
strengths.

On the TPR profile of 5wt.% Mo/γ-Al2O3 catalyst have 
three peaks with maxima at T1

max=502oC, (Hydrogen quantity 
A=55 µmol/gKt), T2

max=660oC, (A=19 µmol/gKt) and T3
max=741oC, 

(A=7 µmol/gKt).
The conversion of Mo6+ to Mo4+ in distributed Mo 

structures is generally linked with a low temperature peak 
around T1

max=502oC [9]. MoO3is responsible for the peak 
observed at T2

max=660oC [10]. There is no big peak on the TPR 
profile at T3

max=741oC, which is linked to further reduction of 
partially recovered Mo particles from the first and second 
peaks, as well as partial reduction of strongly interacting 
tetrahedral coordinated Mo particles with Al2O3 [11].

The influence of molybdenum on TPR profile of Fe /γ-Al2O3 

is noticeable, the reduction temperature of Fe2O3 is shifted to a 
high temperature region from 434→461oC, the amount of 
hydrogen spent on reduction from 342 to 534 µmol/gKt is 
increased. An increase in the amount of hydrogen consumed 
and a shift in the reduction temperature can be associated with 
the formation of the Fe2(MoO4)3 phase, since according to [19], 

this phase is reduced in the range of 400-500°C. According to 
the literature [12], the formation of the Fe2(MoO4)3 phase leads 
to an increase in the reducibility of iron oxide. Modification of 
Fe/γ-Al2O3 with molybdenum oxide leads to an increase in the 
intensity of the peak with T2

max=660°C, which refers to the 
reduction of FeO to metallic iron. According to [20] Fe0 is the 
center for activating the decomposition of methane.

The catalytic properties of synthesized catalysts in 
methane decomposition have been investigated in a 
temperature range of 500-850ºC, the results are presented in 
Figure 5.

The decomposition of methane on the Fe/Al2O3 
monometallic catalyst increases from 9% to 99% when the 
temperature of the methane decomposition process is raised 
from 500 to 850°C, as shown in the figure.

Figure 5a shows the dependence of methane conversion 
on the reaction temperature on the Fe/Al2O3 catalyst. As can be 
seen from Figure 5a, the Fe/Al2O3 monometallic catalyst has a 
low conversion in the range of 500–750°C, and the catalyst 
activity increases with an increase in the reaction temperature. 
At 850°C, the conversion of methane reaches 99%, the main 
reaction product in the gas phase is hydrogen (Figure 5b).

The addition of molybdenum oxide to the Fe/Al2O3 catalyst 
increases the catalyst’s activity at a lower reaction temperature 
of 750°C, resulting in a 99%  conversion of methane (Figure 5c), 
which is higher by ~20% compared to the activity of the known 
catalyst FeMo(5.1)/Al2O3 [21]. A bimetallic catalyst yields 57% 

Figure 5 – Influence of reaction temperature on catalyst performance:
methane conversion over Fe/Al2O3 (a), methane conversion over FeMo/Al2O3 (b), yield of hydrogen over Fe/Al2O3 (c), yield of 

hydrogen over FeMo/Al2O3 (d) 
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hydrogen at 750°C, while a monometallic catalyst yields just 5% 
hydrogen (Figure 5d). The increase in the activity of the 
bimetallic catalyst compared to the monometallic one is 
possibly associated with an increase in the dispersity of the 
catalyst, the formation of an easily reduced Fe2(MoO4)3 phase, 
and an increase in the amount of Fe0, which is the active site of 
methane activation [22].

Only hydrogen is generated in gas products; no ethylene, 
ethane, or carbon oxides were found, which indicates the 
selective course of the reaction of decomposition of methane 
to hydrogen and carbon [23]. The principal product of the 
process is hydrogen, as evidenced by a comparison of methane 
conversion outcomes and hydrogen production.

Catalysts Fe/Al2O3 and FeMo/Al2O3 were tested at a 
reaction temperature of 750°C in the decomposition of methane 
for 300 min (Figure 6).
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Figure 6 – Stability performance in terms of methane 
conversion over catalysts: 1 –  Fe/Al2O3; 2 – FeМо/Al2O3.

The conversion profiles showed that Fe/Al2O3 had a low 
initial conversion of 19%, which decreased starting at 100 
minutes and reached 8% at 300 min. The FeMo/Al2O3 bimetallic 
catalyst had an initial conversion of 99%, which gradually 
decreased and reached 87% at 300 min. If compared with 
bimetallic catalysts known in the literature 50% Ni-10%Fe/
Al2O3, FeMo(5.1)/Al2O3, then the activity and stability of the 
FeMo/Al2O3 catalyst are much higher [21,24].

The FeMo/Al2O3 catalyst after testing at 750°C in the 
reaction of methane decomposition for 300 min was examined 
by Raman spectroscopy, the result is shown in Figure 7. 

Raman spectra show the presence of D, G and 2D bands.  
It is known that the G band at 1578 cm-1 refers to the vibration 
of graphite in the C-C plane. The band at 1359 cm-1 is called the 
D band obtained from imperfect graphite. The 2D band (~2716 
cm–1) is characteristic of structures with several layers of 
graphene and graphite. Similar spectra are found in the 
literature for multilayer graphene and graphite. It is known 
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Figure 7 – Raman spectra of the carbon layer on the surface 
FeMo/Al2O3 catalyst after the methane decomposition

that the ratio between the intensities of the 2D peak (I2D)  
and the G peak (IG) gives an estimate of the number of layers. 
The I2D/IG value of deposited carbon on FeMo/Al2O3 is  
0.66. According to [25], the ratio I2D/IG=0.0.66 indicates 3  
layers of graphene.

4. Conclusion

The effect of molybdenum oxide on the activity of the Fe/
Al2O3 catalyst in the decomposition of methane in the 
temperature range 500-850°C was studied. It has been 
determined that the addition of molybdenum oxide in an 
amount of 5 wt.% to the composition of the iron catalyst leads 
to an increase in the catalytic activity of the sample in the 
decomposition of methane to hydrogen at relatively low 
temperatures. Compared to Fe/Al2O3 on the FeMo/ Al2O3 
catalyst at a reaction temperature of 750°C, the methane 
conversion increases from 8 to 98%, the hydrogen yield from 5 
to 57%. According to Raman spectroscopy, a three-layer 
graphene-like carbon is formed on the surface of the FeMo/
Al2O3 catalyst.

According to the results of XRD, TPR-H2, and BET, the 
modification of a monometallic iron composite with 
molybdenum oxide leads to an increase in the dispersity of the 
sample and the formation of an easily reduced Fe2(MoO4)3 

phase. Due to the formation of an easily reduced Fe2(MoO4)3 

phase, the concentrations of metal particles increase, which are 
the centers for methane activation.
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