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The properties of Fe–Co catalysts in the reaction of CO2 hydrogenation were investigated. Samples with
high cobalt concentrations have shown higher activity. Morphology of the obtained catalysts was observed by
using scanning electron microscopy and the elemental composition of surface of the catalysts was determined by
scanning electron microscopy-energy dispersive X-ray method. Energy dispersive X-ray analysis showed that metal
distribution is not homogeneous with various metal ratio in selected points of the surface for the Fe-rich less active
samples, whereas for the Co-rich samples with higher activity metals are homogeneously distributed, which is
possibly connected to the formation of single phase.
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1. Introduction

State of the environment and the greenhouse problem
are still ones of the most pronounced ecological problems.
The increase in CO2 emissions leads, in particular, to the
negative climatic changes.

The CO2 hydrogenation process (the Sabatier reac-
tion) is one of the effective methods of removal of CO2,
allowing not only to utilize its excess but to convert it into
light hydrocarbons, opening the way to the new sources
of fuel [1, 2].

One of the most perspective ways to solve the men-
tioned tasks is so-called power-to-gas technology. The
concept is to use the excess of energy to split water into
H2 and O2, with further conversion of hydrogen and car-
bon dioxide into methane. Thus, the renewable energy
can be stored in the already existing network of the natu-
ral gas, utilizing its great volumes. Moreover, natural gas
is a convenient fuel that is already widely used in differ-
ent aspects of human life, and does not show the security
problems connected with use of gaseous hydrogen [3, 4].

CO2 hydrogenation depending on the conditions and
the type of catalyst used gives a wide spectrum of prod-
ucts, from CO and CH4 to ethylene and higher hydrocar-
bons. Literature data are present on studies of metallic
catalysts based on transition metals (Ni, Co, Fe, Mn, Cu,
Zn etc.) [5–8] as well as on the noble ones (Pt, Pd, Ru,
Rh etc.) [9, 10]. From the economical point of view, use
of non-noble metals is more proficient [11, 12].

No common point of view on the mechanism of the
Sabatier reaction exists at the time. The significant part
of potential combinations of active phase, promoter and
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support remains not examined yet. It is desired to cre-
ate thermally and mechanically stable catalysts that pos-
sess highly specific surface. Thus, it can be stated that
the search of cheap catalysts compliant with the above-
mentioned is an actual task.

2. Experimental

A series of metallic samples based on Fe and Co with
different Co:Fe ratio was obtained as below. The cal-
culated amounts of metals were dissolved in the con-
centrated nitric acid, the solution was cooled to room
temperature (r.t.) and hydroxides were precipitated by
excess of NH3 solution. The precipitate after the evap-
oration was dried at 180 ◦C and pre-reduced in flow of
50% H2 in helium for 2 h at 350 ◦C.

The catalytic activity of the samples was studied in a
fixed bed reactor in flow of 2% CO2+ 55% H2 mixture
(balanced with He), at total flow of 100 cm3/min and
sample mass of 1 g. The reactor with inner diameter of
8 mm contained a 1 mm glass tube with a thermocou-
ple inside, put in the catalyst bed. The pre-treatment of
sample in the reaction mixture was made by gradual in-
crease of the catalyst temperature to 450 ◦C over 3 h. The
exiting gaseous mixture was analyzed by gas chromato-
graph with a thermal conductivity detector (Shimadzu
GC-2014, 1 m length packed column, molecular sieves
5A).

XRD studies of the samples were performed on a
diffractometer MiniFlex 600 (Rigaku, Japan) with CoKα

radiation (λ = 1.7903 Å). The morphology of sam-
ples and the chemical analysis were studied on the Tes-
can Mira 3 LMU scanning electron microscope (SEM)
equipped with energy-dispersive X-ray (EDX) detector
(Oxford INCA). The specific surface was assessed by ad-
sorption of Ar at 77 K.
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3. Results and discussion

The dependence of catalytic activity on the composi-
tion of the sample is shown in Fig. 1. The temperature
of 300 ◦C was taken for the ease of the comparison as at
this temperature the most active sample (93% Co, 7%
Fe) has reached 100% methane yield.

Fig. 1. Yield of reaction products at 300 ◦C versus
composition of the catalyst.

The data signify that the most active samples are in
the region of high Co content. The activity increases
rapidly with Co content when it exceeds 50%. This can
be explained by the fact that according to the phase dia-
gram of Co–Fe system [13] an area of heterogeneity exists
in this region of Co concentrations. A diffusionless tran-
sition from γ + α phases to ε phase occurs in the solid
solutions, and the transition temperature decreases down
to r.t. for 91–93% of Co (γ — face-centered cubic Co–
Fe solution, α — normal body-centered cubic iron, ε —
normal hexagonal Co). Hence, the most active samples
are expected to contain γ phase only. It should be men-
tioned that CO, which is a byproduct, is present for the
samples with high Fe content but completely absent for
the samples with high Co content (>70%).

The characteristic catalytic curves (product yields ver-
sus temperature) are shown in Fig. 2 for the active
(Co93Fe7) and the inactive (Co14Fe86) samples.

The active sample shows the start of reaction at 150 ◦C
and the total conversion to methane at 300 ◦C, which is
a remarkable result for this type of catalysts in compar-
ison to literature data [14]. The total absence of CO
co-product is noteworthy for this sample. For the inac-
tive one, the reaction starts at around 200 ◦C, the highest
methane yield achieved is only 48% at 350 ◦C and 10% of
CO is present in the reaction mixture.

For the active catalyst (Fig. 3a,b) the more defective
structure in comparison to the inactive one (Fig. 3c,d)
is clearly seen in the micrometer-range magnification. In
the nm range a close examination shows the agglomer-
ates in the active sample (ca. 80–100 nm) and for the

Fig. 2. Temperature dependences of CH4 and CO
yields for Co93Fe7 (a) and Co14Fe86 (b).

inactive one the big agglomerates presumably resulted
from sintering are observed, but for Co93Fe7 the particle
size is about 40 nm and for Co14Fe86 about 80 nm, the
surface layer being much more defective for the former.
The specific surface for all of the samples studied was
about 18 m2/g, indicating no notable difference in the
accessible surface.

The EDX data show that for the active sample the
metal ratio found in different regions is effectively the
same and equals to the one given by synthesis (Table I).
Instead, a strictly uneven distribution of Co and Fe is
revealed in the inactive one.

The macroscopic structure of the samples is also dif-
ferent. Co93Fe7 shows the several µm-sized aggregates
with a porous surface, while Co14Fe86 shows the big ag-
gregates in 10–50 µm range having the smooth surface.
Size of the pores in the former is below 100 nm, indi-
cating the presence of both micro- and mesopores. For
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Fig. 3. Micrographs of Co93Fe7 sample ((a) 20 µm, (c)
200 nm) and Co14Fe86 sample ((b) 20 µm, (d) 200 nm).

TABLE ISEM-EDX data for Co93Fe7

Region #
Content [at.%] Fe:Co ratio
Fe Co O by analysis by synthesis

1 5.25 70.37 24.38 6.95:93.05

7:932 7.55 89.79 2.66 7.76:92.24
3 9.20 84.40 6.40 9.83:90.17
4 6.50 79.79 13.71 7.53:92.47

Co14Fe86 one can mention a dense structure consisting
of 70–80 nm spheroidal particles which are sintered in
a thick layer. The elemental composition (see Table II)
for this sample shows the inequality of metal ratios in
different points to be of as high as 50%.

XRD analysis of Co93Fe7 before the reduction in the
reaction mixture showed only a Co3O4 phase. How-
ever, after catalytic test the diffraction pattern of the
reduced sample (Fig. 4a) shows both cubic and hexag-
onal (the latter with low intensity and broadening of
the reflexes) metallic cobalt and CoO oxide phase, the
oxide presumably being a result of exposition to air
after the catalytic test.

TABLE IISEM-EDX data for Co14Fe86

Region #
Content [at.%] Fe:Co ratio
Fe Co O by analysis by synthesis

1 56.41 33.93 9.30 62.44:37.56

86:142 81.46 6.04 12.50 93.10:6.90
3 69.00 11.06 19.94 86.19:13.81
4 67.35 10.80 19.46 66.59:33.41

Only iron oxides Fe2O3 and Fe3O4 are present in the
pattern of the untreated, freshly synthesized Fe86Co14
sample. After the catalytic tests metallic α-Fe and the
residual (Fe, Co)3O4 are present (Fig. 4b).

Fig. 4. XRD patterns of Co93Fe7 (a) and Co14Fe86 (b)
samples.

4. Conclusions

A series of inexpensive Co–Fe catalysts of CO2 hydro-
genation was tested in the atmospheric pressure condi-
tions. A sample with 7% Fe shows a pronounced catalytic
activity and is primarily formed by cubic Co(Fe) phase,
in agreement to Fe–Co phase diagram which shows one
cubic alloy for this composition. This phase must be con-
sidered responsible for the high catalytic activity. Addi-
tion of small amount of Fe stabilizes the cubic phase and
has an effect on morphology, promoting smaller particle
size. Catalysts with high Fe content demonstrate poor
activity instead.
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