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Abstract

The effect of method preparation on the activity of Fe,0;-NiO/y-Al,O; catalyst was
investigated in process decomposition of methane. Fe,0;-NiO/y-Al,O; catalyst was
prepared by impregnation and solution combustion methods. The samples were
characterized by X-ray phase analysis (XRD), temperature-programmed hydrogen
reduction (TPR-H,), BET and Raman spectroscopy. It has been shown that the method
of preparation plays an important role in regulating the textural and morphological
properties of catalysts and provides a difference in their catalytic activity. The synthesis
of the Fe,03;-NiO/y-Al,O; catalyst by the solution combustion method, in comparison
with the capillary impregnation method, leads to the formation of a large amount
of FeNi and FeAl,O, solid solutions, which ensured good catalytic activity at high
temperatures. The Fe,0;-NiO/y-Al,O; catalyst synthesized by the solution combustion
method demonstrated good activity with a hydrogen yield of 52% within 150 min of
the reaction without any deactivation. According to the results of Raman spectroscopy,
graphene-like carbon was obtained on the surface of the catalysts. On the catalyst of
Fe,05-NiO/y-Al,O; (CI) synthesized by capillary impregnation, 45 layer graphene on
Fe,05-NiO/y-Al,O; (SC)-6-7 layer graphene is formed.

1. Introduction

The catalytic decomposition of methane (CDM)
is a promising method for obtaining pure hydrogen
without CO,. The advantage of catalytic decompo-
sition of methane to hydrogen in comparison with
steam methane reforming, water electrolysis, and
other processes are described in detail in [1-3].
Nickel oxide is widely studied as catalysts for
CDM, but the main disadvantage of these catalysts
is its rapid deactivation. Iron oxide is a promising
catalyst that is not inferior in activity to nickel cat-
alysts. Iron, like nickel, has partially filled 3d or-
bitals to facilitate the dissociation of hydrocarbons
due to the partial acceptance of electrons [4].

Recently, monometallic Fe catalysts deposit-
ed on oxide supports, Al,O; and Si0O,, have been
widely studied [5-7].
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Murata et al. [5] compared the activity of
10 wt.% Fe/Al,O; and 10 wt.% Fe/SiO, catalysts in
methane decomposition under the same conditions.
The authors found that the methane conversion
was higher on the 10 wt.% Fe/Al,O; catalyst and
amounted to 75%, while the methane conversion
on 10 wt.% Fe/SiO, was only 10%. The authors of
[6] also conducted comparative studies of the ac-
tivity of 20 wt.% Fe/Al,O; and 20 wt.% Fe/SiO, in
the decomposition of methane under the same con-
ditions. The results showed that at a reaction tem-
perature of 700 °C, a catalyst of 20 wt.% Fe/Si0,
provides 5% methane conversion, while 20 wt.%
Fe/Al,Os, the conversion of methane was 83%. The
authors explain the low activity of the iron catalyst
supported on silicon oxide compared to aluminum
oxide with the low specific surface area and pore
volume of the 20 wt.% Fe/Si0, catalyst.

The authors of [8—10] reported on the promot-
er effect of some transition metal additives on the
characteristics of iron-containing samples in the
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decomposition of methane. The authors of [§]
studied the activity of Fe/Mo/MgO (respectively,
the molar ratio is 50:7.5:42.5) in the decomposi-
tion of methane, at 900 °C the conversion of meth-
ane was 87%. The authors reported that the com-
bination of Fe particles with Mo will help prevent
the agglomeration of Fe particles under operating
conditions at temperatures above 800 °C, which
positively affects its activity. Pudukudi et al. [11]
studied the activity of the 25 wt.% Fe/25 wt.% Co/
SBA-15 catalyst in the decomposition of methane
at 700 °C. The catalyst was highly active due to the
formation of bimetallic alloys between iron oxide
and cobalt, the hydrogen yield was 51%.

From the analysis of the literature, it follows
that the activity of iron oxide is affected by both the
nature of the carrier and the modifying additives.
Iron-containing catalysts supported on alumina are
more active compared to catalysts supported on
silicon oxide due to effective textural characteris-
tics. Bimetallic iron catalysts are active compared
to monometallic ones due to the formation of al-
loys between the iron oxide and the promoter.

It is known [12, 13] that the catalyst synthesis
method plays an important role in the formation
of the active phase, porous structure, etc. There-
fore, it was interesting to study the effect of the
synthesis method on the activity and physicochem-
ical characteristics of bimetallic iron-containing
catalysts. The purpose of this work is to study the
effect of preparation methods (capillary impregna-
tion and solution combustion) on the activity of the
Fe,0;-NiO/y-Al,O; catalyst in the decomposition
of methane to hydrogen and to study the physico-
chemical properties of the catalysts.

The choice of the synthesis method as capillary
impregnation and combustion of the solution is jus-
tified by the fact that these methods have a number
of advantages compared to other methods (sol-gel,
deep impregnation, etc.): relative simplicity, less
harmful waste and more efficient use of a low-per-
centage active component, there is no loss of the
impregnating solution, which is especially import-
ant in the manufacture of expensive catalysts [14].

2. Experimental

Fe,05-NiO/y-Al,O; catalysts (Fe:Ni oxide ratio
= 3:1) were prepared by capillary impregnation
of support (y-Al,O;, Changhai Jiuzhou Chemicals
Co.) according to its moisture capacity aqueous
solutions of salts Ni(NOs), * 6H,O (SUST: 4055-
70) and Fe(NO;); - 9H,0O (SUST: 4111-74) and the
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Fig. 1. Scheme of a flow-through installation.

solution combustion method with the addition of a
dispersing agent (urea). Catalysts synthesized by
capillary impregnation of Fe,0;-NiO/y-AL,O; (CI)
and combustion in a solution of Fe,0;-NiO/y-Al,O;
(SC) were dried at 300 °C (2 h) and calcined at
500 °C for 3 h.

Testing the activity of Fe,0;-NiO/y-Al,O; (CI)
and Fe,05-NiO/y-Al,O; (SC) catalysts in methane
decomposition were carried out in a flow laborato-
ry setup (Scheme 1).

The decomposition of methane was carried out
in a quartz flow reactor (length 36 cm, inner di-
ameter 1 cm). For each run 2 ml of fresh catalyst
previously reduced with 6% H,/94% N, at 750 °C
for 3 h was used. After reduction, hydrogen was
removed by a nitrogen flow from the reaction sys-
tem, then a methane/nitrogen mixture was supplied
at a given temperature at a flow rate of 160 ml/
min, the methane content in the initial reaction
mixture was 6 vol.%. Process conditions: reaction
temperature T = 650-850 °C, gas volumetric flow
rate (methane:nitrogen) WHSV = 5000 h', atmo-
spheric pressure.

The reaction products were analyzed on a Khro-
mos GH-1000 chromatograph (Russia). Two col-
umns were used to analyze possible reaction prod-
ucts: a packed column (1 =1 m, d = 2 mm) with
CaA sorbent for hydrogen analysis; an HP/Plot Q
column was used to identify CH,, CO, and CO.
The first analysis of the reaction products was car-
ried out 15 min after methane was passed through
the catalyst. The efficiency of the catalysts was ex-
pressed in terms of methane conversion and hydro-
gen yield.

Methane conversion and hydrogen yield were
calculated according to the following Eqs. (1) and

)
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CH4in - CH40ut

0 1
. x100% (1)

CH, conversion (%) =

Moles of hydrogen produced

o (2)
2x mole of CHyy foea x100%

H, Yield (%) =

where the volume of CH, at the reactor inlet and
outlet are represented by CHy;,, and CH,,,, accord-
ingly.

The physicochemical characteristics of fresh
catalysts and those tested in methane decomposi-
tion were studied by X-ray phase analysis (XRD),
Brunauer-Emett-Taylor (BET), temperature-pro-
grammed hydrogen reduction (TPR-H,), and Ra-
man spectroscopy.

3. Results and discussion

The results of comparative activity in the meth-
ane decomposition of Fe,0;-NiO/Al,O; catalyst
synthesized by capillary impregnation (Fe,O;-
NiO/Al,05(CI)) and solution combustion (Fe,0;-
NiO/AlLO; (SC)) are shown in Fig. 2.
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Fig. 2. Effect of reaction temperature on activity of
Fe,05-NiO/AL,O; (CI) and Fe,05;-NiO/AL,O; (SC)
catalysts in decomposition of methane: conversion of
methane (a), yield of hydrogen (b).
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Fig. 3. Stability performance of catalysts in terms of CH,
conversion at 750 °C.

Investigation of the activity of catalysts in the
temperature range of 650—-850 °C showed that on
the Fe,0;-NiO/AlL,O; (CI), the methane conver-
sion and hydrogen yield increase in the tempera-
ture range of 650-800 °C from 90 to 94%, from
52 to 54%, respectively, passing through a max-
imum at 750 °C. A further increase in the reac-
tion temperature to 850 °C leads to a decrease in
the activity of the catalyst. A similar character is
also observed for Fe,05-NiO/Al,05 (SC), but with
lower catalytic activity. The highest methane con-
version of 98% and hydrogen yield of 57% at a
reaction temperature of 750 °C are observed for
the Fe,0;-NiO/Al,O; (CI) catalyst. However, for
the catalyst Fe,0;-NiO/AlL,O; (CI) at 850 °C there
is a sharp decrease in activity compared to Fe,O;-
NiO/Al,O; (SC).

Catalysts Fe,0;-NiO/Al,O; (CI) and Fe,Os-
NiO/AlLO; (SC) were tested at a reaction tempera-
ture of 750 °C in methane decomposition for 150
min (Fig. 3). The conversion profiles showed that
Fe,0;-NiO/Al,O; (CI) had an initial conversion
of 57%, which decreased starting at 60 min and
reached 47% at 150 min. Compared to Fe,0;-NiO/
Al,O; (CI), the Fe,05-NiO/AlL,O; (SC) catalyst had
a lower initial conversion of 52% however, the cat-
alyst did not decrease its activity within 150 min.

The results of BET showed that the specific sur-
face area of the catalysts did not differ much from
each other. The specific surface of the catalyst
prepared by capillary impregnation of Fe,0;-NiO/
ALO; (CI) is 89.7 m*/g, while the catalyst prepared
by the combustion solution method Fe,0;-NiO/
ALO; (SC) is 94.6 m%/g.

X-Ray diffractions patterns of fresh catalysts
are shown in Fig. 4.

The diffraction peaks at 26 = 30.4, 37.4, 45.3°
are mainly related to Fe,O; (JCPDS, no. 39-1346).
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Fig. 4. XRD patterns of fresh catalysts: 1 — Fe,0;-NiO/
ALO; (CI); 2 — Fe,05;-NiO/ALO; (SC).

Characteristic peaks of the FeNi alloy (JCPDS,
no. 38-0419) can be observed at 20 = 44.2, 51.5
on the X-ray diffraction patterns of the catalysts,
for the Fe,0;-NiO/Al,O; (SC) catalyst with greater
intensity. The absence of the peaks from the crys-
tal lattice of the NiO suggests that the oxide in the
synthesized catalysts is presented in the form of
nanoparticles with sizes much smaller than the
X-ray diffraction sensitivity threshold for the co-
herent scattering area size (<100 A).

The reduction characteristics of Fe,0;-NiO/
AlLO; (CI), Fe,05-NiO/AlL,0O; (SC), and monome-
tallic Fe,05/Al,0; (CI), NiO/Al,O; (CI) catalysts
were studied by the TPR-H, method. The results
are shown in Fig. 5.

The TPR profile of Ni/y-AL,O; (CI) shows four
peaks with temperature maxima at T',, = 487 °C,
(hydrogen amount A = 13 pmol/gKt), T%,,, = 652
°C, (A = 369 umol/gKt), T°,., = 740 °C, (A = 44
umol/gKt) and T, = 780 °C, (A = 135 umol/
gKt). The peak at T',,, refers to the reduction of
nickel cations in the composition of NiO parti-
cles not bound to the support [15]. Peaks T2, and
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Fig. 5. TPR profile of catalysts.

T3 . refer to the reduction of nickel oxide particles
characterized by “weak” and “strong” metal-car-
rier interactions [16]. The peak with a maximum
at T« = 780 °C is associated with the presence
of dispersed spinel-like forms of NiAl,O, in the
sample [17].

The TPR profile of Fe/Al,O; (CI) shows an in-
tense peak with a temperature maximum at T',,,
=434 °C, (A = 342 pmol/gKt). In addition, there
are low-intensity peaks at T2, = 660 °C (A = 10
umol/gKt), T3, = 717 °C (A = 2 umol/gKt) and
T = 790 °C (A = 9 umol/gKt). The peak at T',,,
=434 °C is associated with the reduction of Fe,O,
to Fe;O, [18]. Peaks in the region of 650-720 °C
can be attributed to the reduction of oxide Fe;O,
to FeO. The presence of several peaks may indi-
cate the interaction of the metal-carrier, charac-
terized by different strengths. The peak at T*,,, =
790 °C can be associated with the presence of the
hard-to-recover FeAl,O, phase.

The TPR profiles of bimetallic catalysts differ
from those of monometallic ones. The profiles of
Fe,05-NiO/y-Al,O; (CI) and Fe,0;-NiO/y-Al,O;
(SC) catalysts are of the same character, there are
three peaks with different intensities. The TPR
profile of Fe,0;-NiO/y-Al,O; (CI) has peaks with
maxima T',, =413 °C (A = 668 umol/gKt), T?.,
=514 °C (A = 1162 umol/gKt and T?,,, = 710 °C
(A = 127 pmol/gKt). The TPR profile of Fe,Os-
NiO/y-Al,0; (SC) has three peaks too with max-
ima T',,, = 415 °C (A = 504 pmol/gKt), T%,., =
526 °C (A = 1326 umol/gKt) and T3, = 795 °C
(A=164 pmol/gKt).

The first peak can be attributed to the reduction
of Fe,O; unbound to the support. Compared to a
monometallic catalyst, on bimetallic catalysts the
temperature maximum related to the reduction of
Fe,O; shifts to the low-temperature region from
434 to 413-415 °C. Compared to Fe,0;-NiO/y-
AlL,O; (SC) on the TPR profile of the Fe,0;-NiO/y-
AL O; (CI) catalyst, the intensity of the peak related
to the reduction of Fe,O; is higher, which indicates
a high content of Fe,O; unbound to the support. A
new peak appears on the TPR profile of bimetallic
catalysts with maxima at 514 and 526 °C, which
are not observed on the TPR profile of monome-
tallic catalysts. The presence of this peak may in-
dicate the formation of the FeNi alloy, these data
are confirmed by the XRD results (Fig. 4). The in-
tensity of this peak on the Fe,0;-NiO/y-Al,O; (SC)
catalyst is higher compared to Fe,O;-NiO/y-Al,O;
(CI), which may indicate a larger amount of this
phase on the Fe,0;-NiO/y-Al,O; (SC) compared
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with Fe,05;-NiO/y-Al,O5 (CI). The peak at T3, =
795 °C (A = 164 umol/g) can be attributed to the
reduction of aluminates, possibly FeAl,O,, since
the reduction of NiAlL,O, is observed at a lower
temperature (T*,,, = 780 °C).

Compared to Fe,0;-NiO/y-Al,O, (CI) on the
Fe,05-NiO/y-AlL,O; (SC) catalyst, the intensity of
the peak related to the reduction of aluminates is
higher, which indicates a higher content of alumi-
nates.

Therefore, the most stable activity in the decom-
position of methane of the catalyst Fe,0;-NiO/y-
Al,O; (SC) in comparison with Fe,0;-NiO/y-Al,O;
(CI) is possibly associated with a high content of
NiAlLO, or FeAl,O, solid solutions. It is known
[19] that the reduction of NiAl,O, spinel produces
finely dispersed nickel (5-20 nm) stabilized in an
Al,O; matrix, which is highly active in the methane
dissociation reaction. At high temperatures, spinel
will be reduced to finely dispersed nickel by atom-
ic hydrogen, which is formed during the dissocia-
tion of methane. Therefore, this property provides
good catalytic activity at high temperatures as well
as caking resistance.

The carbon structure was analyzed using Ra-
man spectroscopy. Figure 6 shows the spectra of
the catalysts tested in the decomposition of meth-
ane at 750 °C for 150 min.

Band G, located at a frequency of 1572 cm,
refers to the vibration of graphite in the C-C plane.
The peak at 1357 cm™ is called the D band derived
from amorphous carbon or imperfect graphite. It is
known [20] that the D band on the Raman spectrum
is usually very weak in graphite and high quality
graphene. The intensity of the D band is directly
proportional to the level of defects in the sample.
The results of Raman spectroscopy show a high in-
tensity of the bands in the range of 500-1000 cm!
and the D band in the Fe,0;-NiO/y-Al,O; (SC)
spectra, which indicates the defectiveness of the
deposited carbon. Therefore, in the areas of Fe,O;-
NiO/y-Al,O;5 (SC) not covered with carbon, meth-
ane will decompose until all catalyst particles are
completely covered with carbon.

The relative intensity ratio in the form of I/l
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Fig. 6. Raman spectra of Fe,0;-NiO/y-Al,O; (SC)
and Fe,05;-NiO/y-ALO; (CI) after the methane
decomposition.

is used to quantify the degree of graphitization of
deposited carbon [21]. Namely, as the degree of
graphitization increases, the Ip/I; ratio decreas-
es. The I, Ig, I, intensities and calculated ratios
are shown in Table. The I,/I; value of deposited
carbon on Fe,0;-NiO (CI) is 0.75, on Fe,05-NiO
(SC) is 0.58. Higher Iy/I; values indicate a low-
er degree of graphitization of deposited carbon,
which is consistent with the results. The 2D band
(~2700 cm™) is characteristic of structures with
several and several layers of graphene and graph-
ite. Similar spectra are found in the literature for
multilayer graphene and graphite [22, 23]. It is
known [24] that the ratio between the intensities
of the 2D peak (I,p) and the G peak (I;) gives an
estimate of the number of layers. The 1,5/ value
of deposited carbon on Fe,0;-NiO/y-Al,0O; (CI) is
0.56, on Fe,0;-NiO/y-Al,O; (SC) is 0.50. Accord-
ing to [25], the ratio L,p/Ig = 0.56 indicates 4 or
5 graphene layers, L,p/Ig = 0.50 indicates 6 or 7
graphene layers.

From the results of Raman spectroscopy, it fol-
lows that after testing the catalysts Fe,O;-NiO/
v-AL,O; (CI) and Fe,0;-NiO/y-Al,O; (SC) in the
decomposition of methane at 750 °C, deposition of
graphene-like carbon is observed on the catalysts.
On the Fe,05-NiO/y-Al,O; (CI) catalyst, 4-5 layer
graphene is formed on Fe,0;-NiO/y-Al,O; (SC)-6-
7 layer graphene.

Table
Raman intensities for Ip, I, Lp, In/Ig and Lp/Ig
Sample Intensity (a.u) I/1g Lo/l Remarks
Ip Is
Fe,0;-Ni0O/y-AlLO; (CI) 369 494 279 0.75 0.56 4 or 5 layers of graphene
Fe,0,-NiO/y-Al, 05 (SC) 368 635 319 0.58 0.50 6 or 7 layers of graphene

Eurasian Chemico-Technological Journal 24 (2022) 221-227



226 Effect of Preparation Method on the Activity of Fe,03-NiO/y-Al,0; Catalyst in Decomposition of Methane

4. Conclusions

In order to develop an efficient catalyst for hy-
drogen production by methane decomposition, the
effect of synthesis methods, such as capillary im-
pregnation and solution combustion, on the activ-
ity of the Fe,0;-NiO/y-Al,O; catalyst was studied.
The results of the catalytic efficiency tests showed
that the activity and stability of the catalyst can be
controlled by preparation techniques. According
to the results of the studies, the synthesis of the
Fe,0;-NiO/y-Al,O; catalyst by capillary impreg-
nation increases the proportion of iron oxide not
bound to the support, which leads to an increase
in its activity in the decomposition of methane
at relatively low temperatures. The preparation
of Fe,0;-NiO/y-Al,O; by the solution combus-
tion method leads to the formation of FeNi and
FeAl,O,, which provided good catalytic activity
at high temperatures due to the high dispersion of
active metals.

The Fe,05;-NiO/y-Al,O; catalyst synthesized
by the solution combustion method demonstrated
good activity with a hydrogen yield of 52% within
150 min of the reaction without any deactivation.
According to the results of Raman spectroscopy,
graphene-like carbon was obtained on the surface
of the catalysts. On the catalyst of Fe,O;-NiO/y-
Al,O; (CI) synthesized by capillary impregnation,
4-5 layer graphene on Fe,0;-NiO/y-Al,O; (SC)-6-
7 layer graphene is formed.
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