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Abstract—The pretreatment of Fechral support for preparing a methane pyrolysis catalyst was studied. The Fechral
support after high-temperature (1000°C) treatment in air was examined by atomic force microscopy, scanning
electron microscopy with chemical analysis, and X-ray phase analysis of the surface layer. The morphological,
chemical, and phase changes on the support surface were studied. A mechanism of formation of the dispersed

a-Al,O5 phase on the Fechral surface was suggested.
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Efficient utilization of hydrocarbon resources and
development of new resource-saving and environmentally
clean technologies acquire growing importance today.
From the environmental viewpoint, methane is the
cleanest natural energy source. Methane is used today in
industry for production of energy and also of synthesis
gas, hydrogen, halogen derivatives, and HCN [1].
Markedly growing interest in the hydrogen fuel and its
use in means of transportation [2—4] makes problems of
hydrogen production and storage urgent. It is suggested
to use hydrogen for direct combustion in internal
combustion engines, as additives to organic fuel, but
mainly in fuel cells. Electric cars with fuel cells can
be considerably more efficient than cars with internal
combustion engines. Furthermore, the environmental
advantages or fuel cells are obvious: only water vapor
is formed in combustion of hydrogen.

Pure hydrogen can be prepared, in particular,
by endothermic decomposition of methane (main
component of natural gas) on an appropriate catalysts,
e.g., on palladium alloys [5]. The most active in
this process are catalysts based on transition metals,
primarily Ni, Co, and Fe applied onto Al,O5- or
Si0,-based supports [6—8]. The generally accepted
mechanism of methane decomposition, carbide cycle
mechanism [7-12], suggests initial decomposition of
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methane on less closely packed faces (100, 010) of
metal crystals, dissolution of carbon in the crystal up
to saturation, and formation of graphite layers on the
close-packed (111) face. The propagating carbon thread
can detach the crystal from the support and transfer it
into the intergrain space. In the course of the subsequent
oxidative regeneration of the catalyst, dispersed particles
of the metal (or oxide formed) are removed with the gas
flow. In the process, the catalyst is destroyed.

Presumably, the use of heat-resistant all-metal
supports with a strong surface oxide layer containing
active elements would allow preparation of new catalysts
of methane decomposition, which not only would be
interesting for basic science but also would withstand
repeated regenerations. In this study we took as support
Fechral, an alloy used, in particular, in production of
metallic blocks for automobile exhaust afterburning.

The surface of the initial Fechral alloy has almost no
adsorption centers. This complicates application of nickel
and other iron-group metals onto the support surface.
The use of Fechral as support requires increasing its
specific surface area, forming appropriate morphology,
and changing the composition of the surface layer, which
can be attained by pretreatment.

The goal of this study was to develop a procedure and
find conditions of Fechral treatment for developing its
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surface, and also to study the morphology of the Fechral
surface and phase transformations occurring on it.

EXPERIMENTAL

The starting material was a wire of Cr23AI15Ti
Fechral alloy, 0.25 mm in diameter, produced by
Elektrostal’ Metallurgical Plant, Joint-Stock Company.
According to GOST (State Standard) 12766 1-90, this
iron-based alloy contains (wt %) Cr 22-24, Al 5-58,
and also impurities of Ni up to 0.6, Ti and Si up to 0.5,
Mn up to 0.3, Ca and Ce up to 0.1, C up to 0.05, and
S up to 0.015.

The wire was cut in pieces 0.3—1 cm long, degreased
by washing in acetone, and calcined in air in a muffle
furnace at 1000°C (preliminary experiments showed that
this treatment temperature ensures the optimal extent of
changes in the surface layer, combined with sufficient
strength). The calcination time was varied from 2 to
21 h, and the samples were weighed before and after
calcination. Then 10-15 g of the calcined support in
a quartz reactor was placed in a tubular muffle furnace
and reduced at 700°C in a hydrogen flow for 2 h before
testing in methane pyrolysis.

To study the phase transformations occurring in
the course of heat treatment of the support, the surface
layer of the calcined and initial samples was separated
mechanically, and its phase composition was studied by
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Fig. 1. X-ray diffraction patterns of the (/) initial support and
that calcined in air at 1000°C for (2) 12 and (3) 21 h. (26)
Bragg angle.

powder X-ray diffraction with a DRON-3 diffractometer
using Cuyg, radiation.

The initial support and the ready catalyst were
examined by atomic force microscopy (AFM). For this
purpose, Fechral wire was compacted in pellets
10 mm in diameter and 0.5—1 mm thick under a pressure
of 160 atm in a mold. The pellets were polished with
emery paper and with chromium sesquioxide paste,
degreased, and subjected to the same treatment as the
wire samples, i.e, were calcined in air at 1000°C and
reduced in a hydrogen flow at 700°C. Then the samples
were subjected to microscopic examination with a Solver
PRO scanning electron microscope using an NSGO1 probe
sensor. The same samples were studied by scanning
electron microscopy. In so doing, we used an S3400N
electron microscope with a Hitachi High-Technologies
attachment for chemical analysis.

Only iron is identified in the initial wire by X-ray
phase analysis (XPA) (Fig. 1). Chromium is not detected
because its peaks are obscured by iron peaks, and the
aluminum content of Fechral (~5%) is insufficient for
its detection by low-sensitive XPA method.

After calcination, peaks of oxidized forms of
aluminum and iron appear in the diffraction patterns.
These peaks belong to a-Al,O5 (corundum) and Fe,04
(hematite), with the corundum peaks being considerably
more intense. With increasing calcination time, the
relative intensity of corundum peaks increases, and that
of hematite peaks decreases. Hence, the experimentally
observed weight gain of the samples after calcination
can be interpreted as follows: Under the action of
high temperature, aluminum whose melting point is
660°C diffuses to the surface and is oxidized there
with atmospheric oxygen, transforming into a-Al,O;.
Simultaneous oxidation of iron can be neglected, the
more so as hematite is then partially reduced in a hydro-
gen stream, whereas corundum is not reduced.

It is known [13] that calcination of a foamed material
based on Fechral at 500-1000°C leads to appearance
of the a-Al,0; phase in the surface layer owing to
diffusion of aluminum atoms to the sample surface and
their subsequent oxidation. At 500°C, aluminum oxide
crystals exist in a small amount, but at 900°C the sample
surface is fully coated with them. Further increase in the
temperature affects the morphology of the crystals: They
agglomerate to form spheroidal particles. In the process,
the thickness of the oxide layer increases.

Calcination of the Fechral wire should also be
accompanied by these processes. However, the wire
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is more resistant than foamed Fechral to oxidation
with atmospheric oxygen. Therefore, on the basis of
preliminary experiments we chose a higher calcination
temperature (1000°C).

In the examined interval of calcination times, the
relative change in the support weight is minor (about
1%). The weight gain is well reproduced, and the weight
linearly grows with time (Fig. 2). This fact indicates
that the rate of aluminum diffusion from the bulk of the
alloy to the sample surface is approximately constant.
Assuming that the weight gain is exclusively due to
formation of corundum from aluminum diffusing to the
sample surface, we calculated that approximately 40%
of aluminum present in the initial sample diffused to the
sample surface during calcination (21 h) and was oxidized
there. Apparently, in the course of further calcination the
aluminum diffusion will decelerate because of smaller
concentration gradient between the bulk and surface of
the sample.

To understand how Fechral calcination affects the
surface layer morphology, we examined the samples
by AFM. Visually the initial support surface looks
like a common polished metal surface. The maximal
roughness height according to AFM data is 0.18 pm. After
calcination at 1000°C and reduction in a hydrogen flow,
the surface morphology changes essentially (Fig. 3).
A new phase, a-Al,O;, appears in the form of nodules
covering virtually the whole surface. The maximal height
drop is 1 pm. It should be noted that a similar pattern
was obtained previously [14] with a scanning electron
microscope. The material examined in [14] was similar
(Fe—Cr—Al alloy, 75 : 20 : 5), but the surface activation
procedure was not reported.

From the AFM data we calculated the roughness R
of the samples. By the roughness we understand here
the mean height of the a-Al,O; particles formed. The
dependence of the roughness on the calcination time
passes through an extremum (Fig. 4).

The roughness appeared to be maximal in samples
calcined for 8 h and then reduced. Longer calcination
(12 h) leads to a decrease in the mean height of the
aluminum oxide particles formed. This may be due
to filling of the space between the initial particles
(nodules) of corundum due to the continuing oxidation
of aluminum diffusing from the bulk and reduction of
iron oxide with hydrogen. As a result, the detectable
part of surface formations becomes smaller.

Further study of the morphology and chemical
composition of the Fechral wire surface before and
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Fig. 2. Relative change in the support surface Am/m as a func-
tion of calcination time .

Fig. 3. AFM image of the pelletized support (160 atm) after

calcination at 1000°C for 12 h and reduction in a hydrogen
flow at 700°C (15 x 15 um).

after calcination was performed by scanning electron
microscopy. Figure 5a shows the initial Fechral surface.
The elemental composition of the surface is approximately
equal in different points and corresponds to the bulk
composition of Fechral declared by the producer. The
observed macrodefects of the surface appear apparently
in step of wire drawing through dies.
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Fig. 4. Roughness R of the support surface as a function of
calcination time t (AFM data).
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Fig. 5. SEM images (with EDAX analysis data) of the surface of the (a) initial support and (b) that calcined for 21 h at 1000°C.

After the high-temperature treatment, the Fechral
surface becomes very nonuniform in morphology and
uneven (Fig. 5). Morphologically different areas (A and
B) differ also in the chemical composition. Areas of type
A contain considerably more aluminum and oxygen
than the initial surface of untreated Fechral, which is
consistent with the XPA data on the formation of
a-Al,O; on the surface. Areas of type B are characterized
by the needle-like structure. Rosettes on the surface
of the calcined support (areas B) contain still more
aluminum and oxygen than areas A, and the amount of
Fe and Cr in these areas is, on the contrary, very low.
The elemental composition of the solid phase in areas
B approaches that of pure corundum.

The surface nonuniformity observed by scanning
electron microscopy suggests that the directional
migration of aluminum atoms to the surface occurs more
actively along intercrystallite boundaries of the Fechral
alloy. The oxide layer formed in the course of oxidative
treatment is very strong. It is not broken even after
oxidative treatment of the sample at 1100°C for 20 h.

It should be noted that examination by AFM
(method providing higher resolution) revealed no
coarse formations (rosettes). This difference for the
two methods can be attributed to different procedures
of support pretreatment. For AFM examination,
samples before heat treatment were pelletized under
a pressure of 160 atm, heat-treated, and reduced with
hydrogen. Presumably, compaction made intercrystallite
boundaries narrower (healing), which hindered the
surface oxidation in the course of the heat treatment.
Only nodules approximately 1 um in size can be seen
in the AFM image of such sample (Fig. 1). The surface
of the initial wire was oxidized more readily and to
a greater extent compared to the pellet, which led to
formation of coarser rosettes (~7 um) observed by
scanning electron microscopy.

CONCLUSION

As a result of phase transitions that accompany the
heat treatment, with radical changes in the morphology
of the Fechral surface, the roughness and geometric
surface area of the support become several times higher,
which favors stronger fixation of the active component
on the surface of the Fechral support.
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