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Abstract
Catalysts (metaloxide/carbon support) for carbon monoxide methanation were prepared with two different preparation meth-
ods using three different metals and three different carbon supports. While nickel (Ni), iron (Fe), and cobalt (Co) were used
as metals, graphene oxide, activated carbon and mesoporous carbon were used as carbon support. Two traditional preparation
methods, impregnation and co-precipitation, were used in order to prepare the catalysts. The X-ray diffraction, N2 physisorp-
tion, high-resolution transmission electron microscopy, and scanning electron microscopy analysis were used to characterize
the catalysts. The COmethanation studies were conducted on all catalysts. The highest surface area results were obtained over
the iron oxide composed catalysts. It was found that the impregnation method is the most suitable method for obtaining a high
surface area. The average pore diameters of the catalysts entered to the mesopore diameter scale in the Dubinin classification.
Except for active carbon-supported iron and cobalt catalysts, other catalysts have crystal phases due to the NiO, Fe2O3, and
Co3O4, according to the composition of catalysts. Activated carbon-supported iron and cobalt catalysts showed an amorphous
phase structure. The catalysts prepared by the impregnation method had higher activity. Higher activities were obtained from
the graphene oxide supported catalysts. When activities were evaluated in terms of active component (metal oxide) type,
cobalt oxide active component provided better results. Co3O4/graphene oxide catalyst prepared by the impregnation method
leads to 100% CO conversion and 85% CH4 formation at 275 °C.

Keywords Methane · Carbon monoxide · Hydrogenation · Carbon support · Preparation method

1 Introduction

Carbon is formed in almost all heterogeneous catalytic reac-
tions involving organic molecules. These species are referred
to as soot, coke or carbon residues. They are known for
their defined graphitic structure and are often harmful forms.
These species block the active sites responsible for the reac-
tion activity in the catalyst structure and cause catalyst
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deactivation [1]. Carbon is a good catalyst support. This
is due to its different pore structure, resistance to acidic
and basic environments, low price, easy accessibility, good
recycling properties, low density, being synthesized in other
ways, or being used in a wide range of engineering, produc-
tion, activation, and carbonization methods. Solid carbons of
different structures are known as polyforms and are com-
posed entirely of carbon in different physical structures.
Amorphous carbons and crystalline carbons show two dif-
ferent physical structures [2]. Graphite and diamond are the
most well-known forms of crystalline carbon and have a
wide range of industrial applications. Fullerene and carbon
nanofibers began to be developed in the 1960s and 1970s.
The official discovery of carbon nanotubes was made in
1991 by Iijima. These types of carbon materials have wide
applications as semiconductor, aerospace, catalysts and gas
storage. In addition, someof thesematerials are used in indus-
trial applications. They perform well in applications such as
fuel cells and catalysts. The oldest form of carbon is amor-
phous carbon. They do not have regular structures and consist
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of strong covalent bonds in the basic structure. Its produc-
tion and use date back to the nineteenth century. There are
also extensive studies on activated carbon. The usefulness
of activated carbon stems from its micropore and meso-
pore volumes, and accordingly, its high surface area feature.
According to the studies in recent years, templated carbons
have been found as “amorphous” carbon with controllable
porosity and structures. Templated carbons are synthesized
by using hard and soft preparation techniqueswith a high sur-
face area (4100 m2/g) and large pore volume (2.25 cm3/g).
These properties encourage the use of templated carbons
as good catalyst support and adsorbent [2, 3]. Commer-
cial carbons are used as catalyst support material because
their porous structure allows the catalyst active component
to be dispersed evenly within the pores. Activated carbons,
carbon nanotubes, nanofibers, and fullerenes are the most
mentioned and widely used catalyst support materials in the
literature. In order to improve the catalytic properties and sta-
bility of the carbon species, the active metal component of
the catalyst is mostly dispersed into the structure by impreg-
nation or precipitation techniques. Porous carbons are used
in many applications as adsorbent in separation processes, as
a support in catalytic processes, and as electrode material in
electrochemical systems. In general, glassy carbon (or vit-
reous carbons) and graphitic carbons are used in electrodes
because of their electron-conducting properties. Carbon nan-
otubes, nanofibers, and activated carbons are used in catalysts
and adsorption fields due to their porous structure [2, 3].

When the literaturewas examined, it was seen that carbon-
based materials (mesoporous carbon, carbon nanofiber,
carbon nanospheres, carbon nanotube, activated carbon,
graphene) are used as a support in many different reactions
[4–20]. While Chen et al. were studied effects of promot-
ers of K and Zr on the mesoporous carbon-supported cobalt
catalysts for Fischer–Tropsch synthesis [4], Díaz et al. were
used carbon nanofibers and nanospheres as support for cobalt
and iron catalysts in order to use in the Fischer–Tropsch
process [5–8]. Ubago-Perez et.al. used carbon-supported Pt
as catalysts for low-temperature methanol decomposition to
carbon monoxide and hydrogen [9]. While Meng et.al. used
Ni/reduced graphene oxide catalysts for ammonia decompo-
sition to hydrogen [10], Xuezhi et al. used carbon nanofiber
supported Ru catalysts [11]. Li et al. used Ru/carbon nan-
otubes and Niu et al. used Ru/graphene-meso-macroporous
SiO2 composite for CO preferential oxidation in a H2-rich
stream [12, 13]. Surisetty et al. used alkali promoted MoS2
catalysts supported on multi-walled carbon nanotubes [14],
and Kim et al. used ordered mesoporous carbon-supported
uniform rhodium nanoparticles for higher alcohol synthesis
from syngas [15]. Chen et al. used bimetallic cerium–cop-
per nanoparticles embedded in ordered mesoporous carbons
for the selective catalytic reduction of NO with NH3 [16].

Donphaia et al. used Ni–CNTs/mesocellular silica compos-
ite catalysts for carbondioxide reforming of methane [17].
Chiou et al. used Ni-doped ordered mesoporous carbon cat-
alyst on the steam reforming of ethanol application [18].
Palacioa et al. studied decomposition of ethanol into H2-
rich gas and carbon nanotubes over Ni, Co and Fe supported
on SBA-15 and Aerosil [19]. Jiméneza et al. studied metha-
nation over ruthenium carbon nanofibers catalysts [20]. In
these studies, various metals were added to carbon supports
as an active ingredient or as a second component to use
less carbon economically, depending on the type of reac-
tion designed. These metals were Co, Fe, Co–Fe, Pt, Ru,
Ni, MoS2, Ce–Cu. When these metals were added to carbon
supports, the most preferred method was the impregnation
method. Most of the catalysts are commonly prepared by
impregnation, in which the oxide support is contacted with a
metal salt solution containing the desired metal. The differ-
ent preparation methods have shown that the performance of
the catalyst greatly depends on the synthesis methodology.
Thus, the dispersion of the active phase, which will influence
the accessibility of reagents, and the metal-support interac-
tion, which often involves a synergistic effect important for
a good catalytic performance, are strongly influenced by the
method of preparation [21]. The homogeneous incorporation
of activemetal species onto the carbonmatrix canbe achieved
by using impregnation [9]. The active phase is supported by
high surface area oxides (SiO2, Al2O3…) mostly by either
incipient wetness impregnation or slurry impregnation [5, 6].

As a result in this study, the metaloxide component was
added to the porous structure of the carbon support using
both impregnation and co-precipitation methods. Although
CO methanation was examined in this study, since there
are a limited number of carbon-assisted methanation stud-
ies in the literature, the studies on both CO2 and CO
methanation are summarized below. Multi-walled carbon
nanotubes-supported mesoporous nickel catalysts were used
for the carbon dioxide methanation byWang et al. [22]. They
used CeO2 as a prometer, and results were compared with
γ-Al2O3-supported catalysts. They found that confinement
effect of CNTs and the promotion effect of cerium efficiently
prevented the migration of active species, sintering, and car-
bon deposition. Another significant property of cerium has
stabilized the catalyst alongside deactivation due to more
high temperature and more diffusion of the active metal [23].
Romero-Sáez et al. studied the CO2 methanation over the
nickel-ZrO2 catalyst supported on carbon nanotubes. They
investigated the effects of impregnation studies on the char-
acteristic and catalytic properties [24]. Truszkiewicz et al.
studied the effects of the preparation method on the CO
methanation activities of Ru/graphitized-carbon catalysts.
They obtained the complete conversion of CO to methane
at 240 °C by using the graphitized carbon of appropriate
structure in the preparation of the Ru/C catalyst [25]. Gödde
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Table 1 Physical properties of the catalysts obtained from N2 physisorption measurements

Catalysts BET surface area
m2/g

Micro- + Mesopore
volume
(liquid N2 STP, cc/g)

Total pore volume
(liquid N2 STP, cc/g)

% of meso- +
micropore volume

Average pore diameter
nm

CoP Imp CoP Imp CoP Imp CoP Imp CoP Imp

Ni/MC 215 214 0.437 0.523 0.447 0.671 98.0 78.0 15.5, 46.3 9.4, 23.8

Ni/Gr 70 112 0.253 0.255 0.296 0.280 85.5 91.0 36.9 15.6

Ni/AC 219 108 0.300 0.246 0.321 0.266 93.5 92.5 5.2 9.4

Fe/MC 171 256 0.435 0.594 0.444 0.602 98.0 98.7 8.5 14.1

Fe/Gr 77.3 132 0.243 0.236 0.263 0.257 92.4 91.8 24.2 5.2

Fe/AC 268 219 0.419 0.305 0.439 0.321 95.4 95.0 9.2 3.2, 14.8

Co/MC 122 126 0.387 0.329 0.420 0.393 92.1 83.7 24.9 25.5

Co/Gr 62 50 0.279 0.219 0.317 0.258 88.0 85.0 15.3 27

Co/AC 78 72 0.334 0.211 0.386 0.239 86.5 88.3 24.7 9.3

MC 217 0.467 0.483 96.7 7,9

AC 715 0.571 0.588 97.1 3.8, 4.9

Gr 259 0.388 0.478 81.2 2.2, 3.8, 6.6, 9.4, 17.7

*CoP: Co-precipitation, Imp: Impregnation
MC mesoporous carbon; Gr graphene oxide; AC activated carbon

et al. studied the CO2 methanation over the nickel nanopar-
ticles supported on nitrogen–doped carbon nanotubes. They
found that optimum loading of 30–40 wt% Ni was found
to result in the highest Ni surface area, the highest degree
of conversion and the highest selectivity to methane [26].
Ahmad et al. studied the selective CO and CO2 methana-
tion over nickel catalysts supported on exfoliated graphitic
carbon nitride with cerium (Ni–Ce/eg-C3N4) and lanthanum
(Ni–La/eg-C3N4) as promoters. They obtained the high cat-
alytic activity for CO2 methanation by the enhancement of
CO2 adsorption and activation sites by the Ce promoter and
eg-C3N4 support [27]. Xiong et al. studied the selective CO
methanation over the carbon nanotube-supported Ru-based
catalysts. They found that themetal promoter, reduction tem-
perature, andmetal loading have great effects on the catalytic
properties. According to their results, amorphous and high
dispersed Ru particles with small size were obtained for 30
wt% Ru–Zr/CNTs catalyst reduced at 350 °C which leads to
excellent catalytic performance forCOselectivemethanation
[28]. The aim of this study is to prepare different carbon type
supported catalysts with different metaloxide additives with
two different preparationmethods and to test them for the CO
methanation reaction. As a result of the literature research,
it has been determined that there is a limited number of CO
methanation studies in which carbon is used as a support. In
this study, the effects of active ingredient type, support type,
and preparation method on CO methanation were revealed.

2 Experimental

In this study, nine types of catalysts were developed for the
carbon monoxide methanation reaction using different met-
als, different carbon supports and two different preparation
methods. NiO, Fe2O3, and Co3O4 were used as active com-
ponent; graphene oxide, activated carbon, and mesoporous
carbon were used as carbon support. All catalysts were pre-
pared to contain 15 wt%Metaloxide/85 wt% carbon support.
All catalysts were characterized to see the effects of the
preparation method and support type on the physical prop-
erties of the catalysts. Afterward, all catalysts were tested
for CO methanation reaction. The detailed procedure of the
experimental is given below.

2.1 Catalyst Preparation

Co-Precipitation (CoP): The 85 wt% of the catalyst amount
was carbon support by mass. This amount of carbon
support (mesoporous carbon (Sigma-Aldrich), graphene
oxide (Aldrich, powder 15–20 sheets), activated carbon
(Merck)) and metal salts which are enough to form 15 wt%
of metal oxide in catalyst composition (Ni(NO3)2·6H2O
(Sigma-Aldrich, 97%), Fe(NO3)3·9H2O (Carlo Erba, 98%),
Co(NO3)2·6H2O) (Sigma-Aldrich, 99%))weremixed to pre-
pare the catalysts at the desired mass composition . The
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Fig. 1 Average pore diameter
graphs of active carbon
(AC)-supported catalysts

concentration of the metal salt solution was 0.1 M, which
was prepared by using deionized water. In order to precipi-
tate the metal salt solution, 1 M Na2CO3 solution was added
dropwise (10 ml/min) to the prepared solution, which was
mixed in the mixer, until the pH reached 8. The obtained
solution was aged in a mixer for 3 h at room temperature.
The solution was then filtered, washed with hot deionized
water at 60 °C to remove excess ions, and dried at 110 °C for
12 h. The resulting catalyst was calcined at 350 °C for 3 h.

Impregnation (Imp): In this method, a solution with a
low volume was prepared using deionized water, metal salts
(Ni(NO3)2·6H2O (Sigma-Aldrich, 97%), Fe(NO3)3·9H2O
(CarloErba, 98%),Co(NO3)2·6H2O) (Sigma-Aldrich, 99%),
and carbon support [Mesoporous carbon (Sigma-Aldrich),
graphene oxide (Aldrich, powder 15–20 sheets), activated
carbon (Merck)], depending on catalyst composition. This
mixture was aged by using the mechanical mixer at room
temperature for 3 h. Then, for controlled drying, it was kept
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Fig. 2 Average pore diameter
graphs of mesoporous carbon
(MC)-supported catalysts

in an oven set at 40 °C for one day, and finally, the temper-
ature of the oven was increased to 100 °C and dried at this
temperature for one more night. Then, the obtained catalyst
samples were crushed in a mortar and sieved. Finally, they
were calcined at 350 °C for 3 h.

2.2 Catalysts Characterization

Different techniques are used to determine the physi-
cal properties of catalysts. These are X-ray diffraction

(XRD), N2 physisorption, high-resolution transmission elec-
tron microscopy (HRTEM), scanning electron microscopy
(SEM), and energy dispersion spectrometry (EDS) tech-
niques. Multipoint surface areas, pore volumes, and pore
diameters of the catalysts were determined in the Quan-
tochrome Autosorp 1C/MS instrument. Before the analysis,
the catalysts were degassed at 300 °C for 1 h. Average pore
diameters were determined using the BJH method. X-ray
diffraction patterns of the catalysts were determined in the
PHILISPSPW1840diffractometer. ThenXRDpatternswere
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Fig. 3 Average pore diameter
graphs of graphene oxide
(Gr)-supported catalysts

obtained on the Rigaku rotating anode X-ray diffractom-
etry system producing CuKα radiation. Scanning electron
microscopy (SEM) was used to analyze the surface proper-
ties and shapes of the particles. SEM measurements were
performed on a Philips brand FEI/Quanta 400 F model
device. JEOL JEM 2100F high resolution transmission elec-
tron microscope (HRTEM) with a maximum acceleration
voltage of 200 kV was used for TEM analysis. The sam-
ple was prepared by dispersion in ethanol, and a drop of
this suspension was deposited on a C-film covered grid. The

distribution of the components in the catalyst structure was
determined by HRTEM analysis.

2.3 Catalytic Activity Measurements for CO
Methanation

Catalytic activity tests of the catalysts were carried out in a
fixed bed quartz reactor at atmospheric pressure and tempera-
tures between 125 and 375 °C. A quartz reactor with a length
of 70 cm, a thickness of 1 mm, and a diameter of 5 mm was

123



Arabian Journal for Science and Engineering (2023) 48:8989–9008 8995

Fig. 4 X-ray diffraction patterns of different carbon-supported NiO composed catalysts

used. Before the reaction, the catalysts were reduced in situ
with pure H2 at 350 °C for 1 h. In order to prepare the feed
gas the 10% vol. CO/90% vol. He, 100% vol. H2 and 100%
vol. He gases were used. The feed gas composition was 1%
vol. CO, 50% vol. H2 and 49% vol. He. Aalborg brand mass
flow meters were used to prepare the feed gas mixture. Gas
flow rates were calibrated by passing the gas from the mass

flow meter through a soap flow meter. The feed gas mixture
was fed into the reactor at a total volumetric flow rate of
25 ml min−1. According to the reactor dimensions and the
total volumetric flow rate, the space velocity is 45,000 h−1.
The amount of catalyst was calculated from the space veloc-
ity and volumetric flow rate of the feed gas mixture. Some
calculation steps were followed to determine the amount of
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Fig. 5 X-ray diffraction patterns of different carbon-supported Fe2O3 composed catalysts
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Fig. 6 X-ray diffraction patterns of different carbon-supported Co3O4 composed catalysts

catalyst. For this, the ratio of the volumetric flow velocity
to the space velocity was first calculated. This value was
then equalized to the volume of the reactor. As a result of
this calculation, the reactor height to be filled with the cat-
alyst was determined. All prepared catalysts have the same
particle size as they are passed through a 150 mesh sieve.

Therefore, approximately 25 mg of prepared catalysts was
sufficient to fill the calculated height. The catalyst was filled
into the reactor from the top of the reactor, supported verti-
cally by glasswool.At each reaction temperature atwhich the
conversion of CO to methane was to be determined, at least
30 min was waited for the methanation reaction to stabilize

123



8998 Arabian Journal for Science and Engineering (2023) 48:8989–9008

Table 2 Average crystal SIZES
Support Average crystal size (Å)

NiO (2θ = 43.7°) Co3O4 (2θ = 37.1°) Fe2O3 (2θ = 35.7°)

CoP Imp CoP Imp CoP Imp

MC 39.9 29.0 82.4 58.8 74.5 51.4

Gr 30.1 21.0 63.4 63.4 68.3 –

AC 26.3 26.3 – – – –

in the catalyst bed. Then, the reaction product composition
was analyzed when the product analysis result was obtained
at least three times in a row in gas chromatography. Feed
and product gas compositions were analyzed by gas chro-
matograph (CLARUS 500, PerkinElmer) equipped with a
thermal conductivity detector (TCD) with a separation col-
umn filled with carbosphere. In order to make the separation
of hydrogen, carbonmonoxide, methane, and carbon dioxide
gas components correctly, 50 °C temperature was chosen as
the column temperature from the carbosphere operating tem-
peratures. Detector temperature was determined as 125 °C.

The CO conversion was calculated using the equation
given below.

% CO Conversion = [CO]0 − [CO] f
[CO]0

× 100

Here [CO]0 is the amount of CO in the feed, and [CO]f
is the amount of unreacted CO in the product stream. The
concentration of methane in the product was determined by
the calibration calculations made as a result of the analysis of
1% vol. CH4/99% vol. He mixture before the activity tests.

3 Results and Discussion

3.1 N2 Physisorption Results

The surface area results of the catalysts are shown in Table
1. The highest surface area values were obtained in cata-
lysts containing bothmesoporous carbon and graphene oxide
supported Fe catalysts. When the surface area results were
examined in terms of the preparation method, the catalysts
prepared by the impregnation method gave higher surface
area values. When the surface area results were examined
depending on the carbon support type, it was determined
that the activated carbon- and mesoporous carbon-supported
catalysts gave higher surface area results. The surface area of
activated carbon alone was of great value. It can be seen from
Table 1 that the surface areas of activated carbon-supported
catalysts were much lower than the surface area value of acti-
vated carbon alone as a result of the addition of metal oxides

Fig.7 SEM photograph of Co3O4/graphene oxide prepared by impreg-
nation method

to the structure and the applied heat treatment. Similar to acti-
vated carbon, the surface areas of graphene oxide supported
catalysts were also obtained lower than the surface area value
of graphene oxide alone. The decrease in this surface area in
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Fig. 8 SEM photograph of Co3O4/graphene oxide prepared by co-
precipitation method

graphene oxide-supported catalysts was not as low as in acti-
vated carbon-supported catalysts. In the surface area value,
the least loss according to the surface area of the support
was observed in the mesoporous carbon-supported catalysts.
This decrease indicates that the metal oxide component has
entered the porous structure and may have resulted from the
conversion of some carbon into CO2 as a result of calcination
under weather conditions.

The total pore volume (Micropore+Mesopore+Macro-
pore) results and micropore + mesopore volume values of
the catalysts prepared are shown in Table 1. By comparing
the total pore volume values with the mesopore + micro-
pore volume values, it was determined that the macropore
volume values in the structure of the catalysts were low.

According to this result, mesopore + micropores are mostly
present in the structure of the catalysts. Parallel to the surface
area results, both total pore volume values and mesopore +
micropore volume valueswere higher inmesoporous carbon-
supported catalysts prepared by impregnation method. In the
catalysts prepared by both methods in graphene oxide sup-
ported catalysts, both pore volume values were obtained low.
According to the values given in Table 1, it was determined
that the catalysts had varying pore diameter values within
the scale of mesoporosity (2 nm < dave < 50 nm). When
Figs. 1, 2, 3 are examined, it is seen that the area under
the mean pore diameter curves is wide (not narrow, thin).
According to this result, it is understood that there are many
different size pores in the structure of the catalysts and the
pore diameter values are focused on the values given in Table
1. The adsorption/desorption isotherms of the catalysts are
similar to Type V in the Brunauer–Deming–Deming–Teller
(BDDT) classification. Type V occurs in mesoporous solids.
Adsorption takes place first, followed by capillary conden-
sation. The characteristic feature of this type of isotherm is
the Hysteresis Range. The hysteresis range is due to capil-
lary condensation in the mesopores. In addition, H3 Type
hysteresis range was seen in the catalysts. The H3 Type hys-
teresis range indicates that there are particles in the structure
that form slit-like pores, and H3 hysteresis loop is typical of
porous materials [29].

3.2 X-ray Diffraction Results

X-ray diffraction analyses were done to determine the crys-
tal phases present in the catalysts. X-ray diffraction patterns
of catalysts are given in Figs. 4, 5, 6. The most inten-
sive diffraction peaks of NiO crystal phase were observed
at 2θ = 37.1°, 43.3°, 62.5°, 75.6°, 79.2° (JCPDS card no
= 47–1049) (Fig. 4). The diffraction peaks due to the α-
Fe2O3 crystal phase (JCPDS card no = 33–0664) were
observed at 2θ = 32.9°, 35.4° from catalysts prepared by
impregnation method and at 2θ = 32.9°, 35.4°, 49.2°, 54.4°,
62.3°, 63.9° from catalysts prepared by the co-precipitation
method (Fig. 5). The Co3O4 crystal phase (JCPDS card
no = 42–1467) diffraction peaks were observed at 2θ =
31.2°, 37.1°, 44.8°, 59.2°, 65.7° diffraction angles. The car-
bon diffraction peak due to the graphene oxide support was
obtained at 2θ = 26°, which is well-matched with JCPDS
card no = 41–1487 [30]. Except for 15 Ni/AC catalysts,
all other activated carbon-supported catalysts showed amor-
phous crystal phase structure. The diffraction peaks due to
the carbon phase from the activated carbon-supported cata-
lysts can be supported by other studies. Wibawa et al. [31]
conducted SEM, XRD and FTIR studies over the activated
carbonmicrostructure. They observed three diffraction peaks
between 5°–10°, 20°–30° and 40°–50° angles. Aravind et al.
[32] observed the diffraction peaks from the country egg shell
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Fig. 9 HRTEM photograph of Co3O4/graphene oxide prepared by impregnation method

Fig. 10 HRTEM photograph of Co3O4/graphene oxide prepared by co-precipitation method

derived activated carbon sample at 2θ = 20.48°, 23.54°,
25.18°, 27.29°, 29.29°, 31.60°, 33.59°, 36.16° and 46.37
angles.Among them, themost intensive peakwas observed at
2θ =25.18°.However, in our study, the diffractionpeakof the
carbon crystal phase originating from activated carbon was
not found at the reflection angles specified in the literature.
Table 2 shows the average crystal sizes of the catalysts. The
smallest crystal sizes were obtained from carbon-supported
catalysts containing nickel oxide. It was seen that the aver-
age crystal sizes increase when the catalysts were prepared
by the co-precipitation method. When the table is examined
in general, it has been determined that the largest crystals
are generally in cobaltoxide-containing catalysts. Since the
catalysts containing activated carbon-supported cobaltoxide
and iron oxide and the graphene oxide-supported iron oxide-
containing catalysts prepared by the impregnation method
showed amorphous crystalline phase, average crystal size
values for these catalysts could not be calculated.

3.3 ElectronMicroscopy Analysis Results

Since the total conversion of carbon monoxide was obtained
from the Co3O4/Graphene oxide catalyst at the lowest tem-
perature, SEM and HRTEM studies were carried out on this
catalyst. In order to see the effect of the preparation method,
the images of the catalysts prepared by both methods were
compared.

3.3.1 Scanning Electron Microscopy (SEM) Results

Figures 7 and 8 show the surface morphologies of the
Co3O4/graphene oxide catalysts prepared with both two
methods, which are co-precipitation and impregnation
obtained from scanning electron microscopy. On the surface
of the catalysts, spherical particles on the planar particles
were formed. The size of the spherical particles were much
less smaller in the catalyst prepared by the co-precipitation
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Fig. 11 Methanation activity results obtained over the nickel composed catalysts (Feed composition: 1% vol. CO, 50% vol. H2, 49% vol. He; 25 mg
catalysts, flow rate 25 ml min−1)
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Fig.12 Methanation activity results obtained over the cobalt composed catalysts (Feed composition: 1% vol. CO, 50% vol. H2, 49% vol. He; 25 mg
catalysts, flow rate 25 ml min−1)
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Fig.13 Methanation activity results obtained over the iron composed catalysts (Feed composition: 1% vol. CO, 50% vol. H2, 49% vol. He; 25 mg
catalysts, flow rate 25 ml min−1)
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method. While the average particle size was 17.3 nm for the
catalyst prepared by the impregnation method, the average
particle size was 16.4 nm for the catalyst prepared by the
co-precipitation method. SEM images shows that the porous
structure of graphene oxide mixes with Co3O4 in nanostruc-
tures [33].

3.3.2 High Resolution Transmission Electron Microscopy
(HRTEM) results

Figures 9 and 10 show the high-resolution transmission elec-
tron microscopy images of the Co3O4/graphene oxide cata-
lysts prepared with both methods which are co-precipitation
and impregnation. Black areas show themetaloxide particles.
This result shows us that Co3O4 particles have entered the
pores.Homogeneous distribution ofmetaloxide particleswas
observed. The formation of GO sheets and spherical-shaped
Co3O4 grains were clearly observed in the HRTEM images
of the Co3O4/Graphene oxide catalysts. It was clearly seen
that the Co3O4 particles penetrated into the GO leaves [33].

3.4 Catalytic Activity Results

In this study, carbon monoxide methanation was carried
out over the catalysts which were composed of three dif-
ferent active components, which were NiO, Co3O4, Fe2O3

supported on different type carbon [activated carbon (AC),
mesoporous carbon (MC), graphene oxide (Gr)]. The chem-
ical conversion of three hydrogen moles and one carbon
monoxide mole into one mole of methane and one mole of
water is known as CO methanation or CO hydrogenation
[CO + 3H2 ↔ CH4 + H2O]. It is achieved between 300
and 550 °C at 1 to 100 bars in the presence of an effective
catalyst During the stoichiometric reaction of CO metha-
nation, 206.28 kJmol−1 (2.3 kW) heat and 1 m3 methane
are produced per hour, confirming a highly exothermic reac-
tion [34]. Catalysts were prepared by using impregnation
and co-precipitation methods. Activity studies showed us
the results of the effects of active component, effects of
preparation methods and effects of carbon support type on
the conversion of carbon monoxide to methane. In order to
determine the accuracy in the activity results and to deter-
mine that the conversion values were taken at equilibrium,
the tests were repeated three times at each temperature and
it was decided that the obtained conversion results were
the result of the equilibrium conversion at that tempera-
ture. Activity results are given between Fig. 11 and Fig. 13.
The different carbon type supported Co3O4 catalysts pre-
pared by using the impregnation method had the lowest
50% CO conversion temperature. As can be seen in Table
3, these catalysts have a 50% conversion temperature lower
than 200 °C. NiO/graphene oxide catalyst synthesized by
the impregnation method showed the same good activity

Table 3 50% CO conversion temperature to CH4 of the catalysts

Catalysts Preparation method

Support Co-precipitation Impregnation

Ni MC 246 °C 251 °C

Gr 249 °C 198 °C

AC 355 °C 358 °C

Co MC 286 °C 195 °C

Gr 281 °C 197 °C

AC 278 °C 195 °C

Fe MC – 259 °C

Gr – –

AC – –

as cobaltoxide-containing catalysts (50% conversion yield
temperature 198 °C). When the activities were evaluated in
terms of method, the catalysts prepared by the impregnation
method had higher activity. When activities were evaluated
in terms of active component (metaloxide) type, cobalt oxide
active component provided better results.

When the activities were evaluated in terms of support
type, higher activities were obtained from the graphene oxide
supported catalysts (except Fe2O3). Among the different
carbon type catalysts containingNiO, grapheneoxide synthe-
sized by the impregnation method and mesoporous carbon-
supported catalysts and the mesoporous carbon-supported
catalyst synthesized by the co-precipitation method had the
highest activity (Ni/Gr_Imp > Ni/MC_CoP > Ni/MC_Imp)
(Fig. 11). Other nickel oxide-containing catalysts were able
to achieve 50–60% CO conversion at a maximum reaction
temperature of 375 °C. Between NiO-containing catalysts,
the best activity was obtained over NiO/graphene oxide
synthesized via impregnation, NiGr_Imp. When the activ-
ity results and the characterization results are interpreted
together, a direct relationship cannot be established even
though the catalysts with the highest surface areas in the
nickel oxide-containing catalyst show the best catalytic activ-
ity. Although the nickel oxide-containing activated carbon-
supported catalyst prepared by the co-precipitation method
had a high surface area, it did not show high catalytic activity.
Although there is no linear relationship between the catalyst
surface area and the catalytic activity, there is a relationship
with the average crystal size of the active ingredient in the
catalyst structure. Among the catalysts containing NiO, the
highest catalytic activity was obtained from the catalyst with
the smallest NiO average crystal size (Table 2). The small
average crystal size of NiO may have caused the NiO crys-
tals to be homogeneously dispersed in the porous structure
and not agglomerate. This may have caused the catalyst to
give high activity.
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Table 4 Methanation studies over the carbon-supported catalysts

Authors Reaction Catalysts Results Ref.
No

Jimenez et al. CO and CO2 methanation were
studied

Carbon nanofiber-supported Ru
catalysts

At 340 °C all CO converted to
CH4
Orientation of graphite planes
affects the catalytic activity

[37]

Variava et al. CO methanation Ni/multiwall carbon nanotubes 95% CO conversion and 85%
CH4 selectivity were observed
at 400 °C

[38]

Truszkiewicz et al.
(2020)

CO methanation Ru/graphitized-carbon 100% CO conversion observed at
240 °C
Activities of the catalysts
depends on structure and
average size of the active phase
crystallites

[25]

Gonçalves et al. CO2 methanation Ni/activated carbon Methanation reaction is highly
dependent on the basicity of the
support
76% CO2 conversion, 97% CH4
selectivity were obtained at
450 °C

[39]

Xiong et al. CO selective methanation Ru/carbon nanotube Metal promoter, reduction
temperature and metal loading
affected the catalytic properties
30 wt% Ru–Zr/CNTs catalyst
was Show excellent catalytic
performance between the 180 −
240 °C reaction temperature

[28]

Ahmad et al. Selective CO and CO2
methanation

Ni/exfoliated graphitic
carbon nitride
Ni–Ce/exfoliated graphitic
carbon nitride
Ni–La/exfoliated graphitic
carbon nitride

The promoted catalysts showed an
increased number of mesopores,
a higher degree of dispersion of
Ni nanoparticles, moderate
metal-support interaction, and
more surface basic sites
Ni-Ce/eg-C3N4 catalyst
exhibited the best CO
methanation (72% CO
conversion, 89% CH4
selectivity at 279 °C) (83% CO2
conversion and 99% CH4
selectivity at 297 °C)

[27]

Among the catalysts containing cobalt oxide, the best
activity results were generally obtained from the catalysts
synthesized by the impregnation method (Fig. 12). Also,
100% CO conversion was obtained over these catalysts after
225 °C. Compared to other catalysts, approximately 85%
CO conversion was obtained after a maximum temperature
of 325 °C over different carbon-type catalysts containing
cobalt oxide synthesized by the co-precipitation method.
Catalysts prepared by the impregnation method in differ-
ent carbon type supported catalysts containing cobalt oxide
showed better catalytic activities. When the activity results
and surface area results were interpreted together, better
activity results were obtained from cobaltoxide-containing
catalysts, although lower surface area values were obtained

than other catalysts. Based on this result, it can be concluded
that the active component, which is more in the structure
than the surface area, is effective in obtaining high catalytic
activity. Cobalt oxide-containing carbon-supported catalysts
prepared via impregnation have lower average crystalline
size than catalysts prepared via co-precipitation. Among
these catalysts, the small average crystal size was also effec-
tive in obtaining high catalytic activity.

Fe2O3-containing catalysts gave very low activity results
compared to other NiO and Co3O4-containing catalysts
(Fig. 13). Among the Fe2O3-containing catalysts, the meso-
porous carbon-supported catalyst synthesized by the impreg-
nation method showed the best catalytic activity result. With
this catalyst, 65–70%CO conversionwas obtained at 325 °C.
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When Table 1 is examined, it can be seen that the catalysts
with high surface area are generally those containing Fe2O3.
Therefore, there is no direct relationship between surface
area and activity in this study. Activity studies have shown
that the preparation method and type of active component
are effective in obtaining high catalytic activity. The best
activity results were obtained from the catalysts synthesized
by the impregnation method and the catalysts containing
cobalt oxide. In Table 2, it is seen that the mesoporous
carbon-supported Fe2O3 catalyst prepared by the impregna-
tion method has the smallest average crystal size. In catalysts
containing Fe2O3, the activity was also obtained on the cat-
alyst with a small average crystal size. Therefore, it is seen
that the average crystal size of the catalyst active component
is effective on the CO methanation catalytic activity. Higher
activity is obtained on the catalyst with small crystals.

Although the CO conversion is important for the metha-
nation reaction, it is also very important how much of this
converted carbon monoxide is converted to the methane
component, which is the reaction product. In Fig. 11, the
CH4 formation obtained over nickel oxide-containing cat-
alysts can be seen depending on the reaction temperature.
The highest methane formation was obtained from graphene
oxide-supported catalyst synthesized by the impregnation
method. Subsequently, mesoporous carbon-supported cata-
lysts prepared by bothmethods showed similar highmethane
formation. Over 80% CH4 formation was achieved. This
result shows that the most of the carbon monoxide is con-
verted tomethane.After 375 °C, amaximumof 45%methane
formation was obtained from other nickel oxide-containing
catalysts. In Fig. 12, the CH4 formation obtained over cobalt
oxide-containing catalysts can be seen. They have a maxi-
mum of 85–90% CH4 formation from catalysts containing
cobalt oxide synthesized by the impregnation method. This
result shows that most of the CO is converted to CH4.
From other cobalt oxide-containing catalysts, approximately
50–60% CH4 formation was obtained at a maximum tem-
perature of 325 °C. Figure 13 shows the CH4 formation
obtained over carbon-supported catalysts containing Fe2O3.
The highest value was obtained with themesoporous carbon-
supported Fe2O3 catalyst prepared by the impregnation
method at 325 °Cwith the formation of 33%CH4.When this
result is compared with the CO conversion results, it shows
that about half of the CO is converted to methane. In other
Fe2O3-containing catalysts,methane formationwas obtained
below 3% (375 °C). It has been stated in the literature that
catalysts containing iron oxide do not show high activity for
CO methanation. Kang et al. studied Co methanation of CO
and CO2 over the NiX–Fe1−X /Al2O3 catalysts and observed
that high Fe content caused a decrease in carbon conver-
sion and CH4 productivity because of WGS reaction [35].
Derekaya et al. studied the CO methanation over the NiFeSi

mixed oxide catalysts and indicated that reaction would pre-
fer the catalyst with low Fe and Si ratio and high Ni ratio
because activity was increased by decreasing Fe content in
the catalysts structure [36].

The behavior of catalysts that show activity for COmetha-
nation can be related to the crystal sizes in their structures.
In the case where the active ingredient type is constant and
the support changes, the catalytic activity is higher than the
catalyst with the smallest crystal size, while higher catalytic
activity is obtained from the catalyst with the higher average
crystal size according to the type of active ingredient. It is
seen from Table 2 that the crystal sizes of the cobalt oxide-
containing catalysts, which are the most active catalysts, are
at the highest values. Compared with the active nickel oxide
catalysts, it was determined that the nickel oxide-containing
catalysts had up to 50% lower average crystal size than the
cobalt oxide-containing catalysts. In this case, higher activity
was obtained for the CO methanation reaction at large crys-
tal sizes. Although the iron oxide-containing catalysts have
high crystal size, they did not show high activity for the CO
methanation reaction. This is due to the fact that CO metha-
nation does not prefer the iron oxide active component in the
structure. Finally we can conclude that the best performance
for COmethanation between the catalysts that contain differ-
ent metal oxides and prepared with two different preparation
methods using different carbon support was obtained from
Co3O4 graphene oxide supported and traditional impregna-
tion catalyst Co3O4/MC_Imp in terms of bothCOconversion
andCH4 formation. This catalyst has a lower surface area and
a larger average pore diameter compared to other catalysts.
Co3O4 crystal sizes are larger than catalysts containing NiO.
Looking at these results, it can be concluded that the surface
area is not very effective for the CO methanation reaction
in this study and that the larger average pore diameter and
average crystal size are more effective.

Table 4 shows the studies on the methanation reaction
using carbon support.Whenwe look at the previous studies in
the literature for carbon monoxide methanation, studies with
catalysts with similar contents could not be found with the
catalysts developed in this study. Therefore, a direct compar-
ison of the results obtained from the activity studies could not
be made. Although the results cannot be directly compared,
the studies are shown in the table in order to make a com-
parison. It can be said by looking at Table 4 that the results
obtained fromour study aremuchbetter. If Table 3 andFig. 12
are compared, it can be seen that cobalt oxide-containing
catalysts have better results than the CO methanation cat-
alytic activity results obtained over ruthenium-containing
graphitic carbon-supported catalysts given in Table 4. The
Co3O4/graphene oxide and Co3O4/activated carbon cata-
lysts, prepared by the impregnation method, gave 100% CO
conversion at 225 °C, which is lower than the 100% conver-
sion temperatures given in the literature.
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4 Conclusion

In this study, three different carbon supports were used in
the structure of the catalysts, which are mesoporous carbon,
activated carbon and graphene oxide. And, three different
metal oxides were incorporated into the support structure,
which are NiO, Co3O4 and Fe2O3, by using impregnation
and co-precipitation techniques. All catalysts were tested for
CO methanation reaction. Characteristic and catalytic activ-
ity studies proved the effect of the support type, the effect of
metal oxide type, and the effect of the preparation method
on the characteristic and catalytic properties of the catalysts.
According to N2 physisorption measurements, after active
metal loading on the support component, the surface area of
the catalyst was lower than the surface area of the support in
activated carbon-supported catalysts. Since the porous struc-
ture of the support was blocked by the active component,
a decrease in the surface area was observed. The decrease
in the surface area was less accelerated in the mesoporous
carbon and graphene oxide supported catalyst. In this case,
it can be said that mesoporous carbon and graphene oxide
supported catalysts are more stable at temperature increase
compared to activated carbon-supported catalysts. However,
activated carbon andmesoporous carbon-supported catalysts
gave higher surface area results. The diffraction peaks due to
the Carbon, NiO, Co3O4 and Fe2O3 were detected in XRD
measurements according to the catalysts structure. Accord-
ing the average crystal size results, the larger crystals were
obtained in cobaltoxide-containing catalysts. The highest
activity results for CO methanation were obtained from the
catalysts prepared by the impregnation method. Although
graphene supported catalysts have lower surface areas than
other catalysts, higher activity was obtained in CO metha-
nation. In this case, among the carbon supports studied, the
graphene support was determined as the most suitable for
CO methanation. Among the active components of NiO,
Fe2O3 and Co3O4, it is known that NiO is the most suit-
able active component for CO methanation. In this study,
catalysts containing Co3O4 showed higher activities in CO
methanation. Here, it can be said that the interaction of the
active component with the support plays an important role.
The distribution and size of the active component within the
support pores affected the activity results for CO methana-
tion. Higher active component crystal size was obtained in
catalysts containing Co3O4. In this case, it can be said that
CO methanation prefers both the active ingredient Co3O4

and larger crystals. The graphene oxide support and Co3O4

active component in the catalyst structure provided higher
catalytic activity. Co3O4/graphene oxide catalyst prepared
by the impregnation method leads to 100% CO conversion,
85% CH4 formation at 275 °C.
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