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Abstract

High-loaded Ni-SiQ and Fe-Si@ catalysts (85-90wt.% of metal) for methane decomposition were prepared by the
heterophase sol-gel method and studied at various stages of their preparation and operation using XRD, IR, TPR, TEM
techniques and the stoichiographic method of differentiating dissolution. Carbon yield was demonstrated to depend on the
interaction between nickel and silica. The yield equal to 384 g C/g Ni was characteristic of the catalyst free of silicates, while
the presence of silicates in amount of 1.5-2 wt.% caused a decrease in the carbon yield to 40 g C/g Ni. The effect of silicates
comprised in iron catalysts is not so unambiguous as for nickel catalysts, they can both inhibit and promote the process of
carbon formation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The second reaction product is nanofiber carbon. It
is of interest as a very pure graphitized carbon material

Direct catalytic cracking of hydrocarbons is a pro- potentially applicable to various industrial processes.
mising process for industrial processing of natural and Growth of carbon filaments is a result of the following
associated oil gases. Methane is the main componentprocesses. Dissociative chemisorption of hydrocar-
of these gases. Therefore, metal-catalyzed decompo-bons produces carbon atoms, which are released on
sition of methane at moderate temperatures is of mostcertain faces of a catalytic metal particle (e.g. Ni)
practical importance. Two products of methane de- and diffuse towards opposite faces where crystallize
composition, molecular hydrogen and filamentous car- in the form of continuous graphite-like structures
bon, are produced by direct catalytic cracking. The [3,4]. The rate of carbon deposition is controlled by
hydrogen is free of carbon monoxide. The presence isothermal carbon diffusion through the metal parti-
of CO is often undesirable or even inadmissible, for cle [5,6]. The catalyst is deactivated because of the
example, due to catalyst poisoning in electrocatalytic active surface blocking by carbonaceous deposits
cells with hydrogen used as fugl,2]. [7].

The not separated mixture of hydrogen and methane Attention of numerous researchers was paid to car-
is more effective fuel for internal combustion engines bon materials synthesized by cracking of various hy-
and gas turbine power plants than natural or oil gas. drocarbons due to their unique structure built-up by

interlaced nanofibers or nanotubes. Properties of these
* Corresponding author. materials were studied regarding their use as adsor-
E-mail address: erm@catalysis.nsk.su (M.A. Ermakova). bents[8], catalystg9,10], catalyst supportgl1,12]or
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for storage of hydrogen in hydrogen power engineer-
ing [13]. Some progress in the field was achieved.

It is evident that the practical importance of cat-
alytic cracking of methane can only be provided by
the use of deliberately designed highly effective cata-
lysts. This is a rather complex problem, however. The
efficiency here means a long catalyst lifetime even
though carbon is deposited in large quantity. Nickel is
the most active catalyst for decomposition of hydro-
carbons including methane. However, nickel particles
larger than 100 nm in size are incapable of producing
filaments but covered by a crust which isolates them
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nitrate in aqueous ammonia solution. The precipitate
was filtered out and washed with water in order to
remove ammonium nitrate. The specific surface area
of the prepared hydroxidex{Ni(OH),) was 460 ri/g
after drying in air at 110C. Non-stoichiometric nickel
oxide (63.3 wt.% Ni) was prepared by calcining nickel
hydroxide in flowing air at 250C. The specific surface
area of the oxide was 400%y. The texture of this
nickel oxide was further varied by calcination at 350,
450 and 700C. Moisture capacity of nickel oxides
was from 6 to 0.8 ml/g.

To prepare 90% Ni—10% SiOsystems, the sam-

from the reaction medium. For this reason unsupported ples of nickel oxide were modified with silica by mix-

nickel powder, liable to strong sintering in hydrocar-
bon media, cannot produce carbon filamdaty. Al-

ing them with alcosol containing silica in a certain
amount. Alcosol was prepared by mixing 50 ml of

though the process of methane cracking does not needTEOS, 40 ml of ethanol, 2 ml of water and 0.5 ml of

fine catalyst particle§l5], the use of supported cat-

40% HCI. Content of silica in the alcosol was 0.147 g

alysts necessary. Cobalt is an inappropriate catalystper 1 ml and could be varied by dilution with ethanol.
for methane decomposition due to its lower activity The mixture of NiO and alcosol was dried in flowing
[16], and, in addition, the high price and toxicity. In  air at room temperature. Then the temperature was el-
contrast, iron-based catalysts, which are inexpensive, evated to 150C and the sample was allowed to stand

non-toxic and resistant to high temperatufeg|, are

at this temperature for an hour. The next step was re-

attractive for the process. Moreover, carbon deposits duction in hydrogen at 55CC.

synthesized with iron catalysts contain thin-wall nan-

Iron hydroxide prepared by precipitation of FeCl

otubes in large amount, which are the most valuable 6H,0O with an agueous ammonia solution was used for

product among carbon nanofibers.

We have reported before that the carbon yield
reached 384 g C/g Ni over 90% Ni—10% Si€atalysts
synthesized by the sol-gel meth¢tb,18] Carbon
yield was much lower over Ni catalysts with other

synthesis of iron catalysts. The precipitate was care-
fully washed with water, then dried and calcined in a
muffle furnace at 300C for 4 h. The texture of the pre-
pared iron oxide (Fg3-nH20, Sspecific = 106 nF/g)
was varied by calcining it in air for an hour at different

commonly used supports, such as alumina, zirconium temperatures ranging from 450 to 80D. Moisture

oxide, magnesia and titanium oxide, even if the nickel
particles were approximately equal in size in all
reduced catalystfl5]. Interaction between the com-

capacity of iron oxides was from 3.7 to 1 ml/g.
Iron catalysts were prepared by heterophase sol—gel
method in the way similar to nickel catalysts. ¢EB+

ponents was assumed to affect the catalytic propertiesSiOy) systems were reduced by hydrogen at 700

of the systems.
Since silica was found the most suitable support

of methane decomposition catalysts, the present work

was aimed at study of the influence of silica on ability
of the catalysts to accumulate carbon.

2. Experimental
2.1. Catalyst preparation

A nickel precursor was prepared by hydrolysis of
the ammonia complex produced by dissolving nickel

2.2. Characterization of catalysts and carbon

Samples were reduced in the temperature-progra-
mmed reduction (TPR) mode using a quartz U-shaped
reactor by heating from room temperature to 900
at the heating rate of & min~1, in 10% (v/v) H
in argon (the gas mixture was dehydrated by KOH).
The gas mixture flow rate was preset at 30 ml/min
at atmospheric pressure. The sample weight was
6 mg.

Phase composition of samples was studied using
X-ray powder diffraction technique. XRD patterns
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were recorded using a URD-63 diffractometer (Cu catalyst during the reaction time was determined by
Ka radiation ath = 0.15418 nm, a graphite crystal weighing unloaded samples.
monochromator). Silicon was used as the internal The methane conversion was calculated by the for-
reference. Coherent scattering regions were deter-mula:
mined by the Scherer equation based on half-widths 1—¢c
of diffraction lines (11 1), (200) for nickel oxide and X (%) = Ty
nickel metal and diffraction lines (104), (110) for
a-Fe0O3 and (1 10) fora-Fe.

Infrared (IR) spectra were recorded (21 scans) at 3. Results and discussion
room temperature at the resolution of 4chusing a
BOMEM-MB-102 and Specord spectrophotometers. 3.1. Nickel catalysts
Samples were finely ground and dispersed in KBr pel-

lets with the ratio of about 1.5mg per 500mg of KBr. A number of catalysts containing 90% of nickel are
Micrographs were recorded using transmission studied Table 1. Tabulated data demonstrate that the
electron microscope JEM-100CX. carbon yield increases from 40 to 384 g C/g Ni and the
Textural parameters of samples were studied by low |ifetime from 4 to 50 h Fig. 1) with a decrease in the
temperature adsorption of nitrogen at 77K using an specific surface area of nickel oxide used for catalyst
automated installation ASAP-2400 (Micrometrics). preparation_ Presumab|y, that occurs due to a lower
Empirical formula and quantitative contents of indi-  proportion of silicates dissolved in the nickel particles.
vidual phases in samples under study were determinedamong the catalysts under consideration, the oxide
by the method of differentiating dissoluti¢h9]. The precursor of catalyst 1 has the maximal specific sur-
studies were carried out USing a flow Teflon reactor. face area equa| to 4002#@ and, Consequenﬂy, is the
Mass of the samples was 5 mg. The solvent was passednost reactive with respect to silica to form interphase
at the rate of 3.65ml/min. The dynamic dissolution sijlica-like compounds. Calcination of the precursor at
regime implied variations in the solvent composition 350°C or higher temperatures results in a decrease in
from HO (pH = 7) through BO:HCI (pH = 2) to its specific surface area and, consequently, in lowering
H20:acids mixture= 10:1 (pH= 1.2 at the compo- its ability to form interphase silica-like compounds.
nent ratio BSOy:H3POy:HNO3:HF = 4:3:1:2). The In order to verify this assumption, catalysts 1 and 4
dissolution process was conducted at linear tempera- gre thoroughly studiedg. 2a—d at different stages
ture elevation at the rate of’C/min. An inductively  of their preparation, as well as during the reaction of

coupled plasma atomic emission spectrometer (PST methane decomposition. Among the catalysts under
of “Baird Europe”, The Netherlands) was used as the

analyzer detector.

x 100

18

2.3. Catalysts testing

The catalysts were tested using a laboratory in-
stallation with a vibrating flow quartz reactor. Nickel
catalysts were reduced and tested at 850and iron
catalyst at 700C. The working zone of the reactor
was 10 cm. Load of catalysts was in amount of 10 mg
on the basis of nickel or in amount of 15mg on the
basis of iron. High-purity methane (99.99%) was used
for decomposition. Methane flow was 20¥min
for Ni samples and at 12 cttmin for Fe samples.
The hydrogen concentration in the mixture was de-
termined using a chromatographic column filled with  Fig. 1. Methane conversion over catalysts 1 (rectangles) and 5
NaX zeolite. The amount of carbon deposited on the (circles) depending on reaction time at 580

Conversion of methane, %
=
1

0 1000 2000 3000
Reaction time, min.
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Table 1

Influence of the specific surface area of NiO on carbon yield over 90% Ni—10% &itlysts

Sample Temperature of Specific area of Average size of Ni Average size of Ni Carbon yield
calcination {C) NiO (m?/g) particles by XRD (nm) particles by TEM (nm) (g C/gNi)

1 250 400 7 6.8 40

2 350 144 10 9 300

3 450 56 17 16 375

4 700 7 60 62 384

study, the chosen samples provide extreme values ofserved at reduction of NiO prepared at temperatures

carbon yield. below 400°C. It is Mile’s opinion[20] that this effect
Fig. 3shows TPR profiles of samples 1 and 4 and, is accounted for by the “ND3" to NiO transition.

for comparison, TPR profiles of oxides used as pre- The process of Nit to Ni® transition starts from

cursors of these catalysts. One can see two peaks athe point of ca. 240C; it is observed within a very

236 and 246C at reduction of silica-free dispersed narrow temperature range between 240 and°£55

nickel oxide. Notice that the first peak is only ob- Even though the reduction temperature is low, nickel

Fig. 2. Catalyst 1 in oxide form (a) and reduced form (b); catalyst 4 in oxide form (c) and reduced form (d).
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c_rys_talllte_s increase in average size from 3—-4nm ﬁ/n\\_f//
(initial oxide particles) to 44nm (from XRD date). S 632
Analysis of the TPR profile obtained at reduction of £ o N
sample 1 demonstrates that addition of Si@sults \932—7?\_&/
in a remarkable rise of the reduction temperature, as ~
well as in broadening of the second peak of hydrogen c
' . . N 1078 462
consumption. A considerable decrease in the average oS
size of nickel crystallites to 7 nm is indicated by XRD > ;_6/2/
data rable 1. Another evidence is provided by TEM 8 2
studies Fig. 2b). O 050 \/\-/J 433
A single peak from 300 to 380 with the maxi- MN] 7p3 83 /\
mum at 332C (Fig. 3 corresponds to reduction of NPT
the oxide precursor of sample &i¢. 29. This kind 1200 1000 800 600
of reduction is characteristic of stoichiometric nickel Wavenumber (cm’™)

oxide [21]. This oxide sample, when modified with

silica, starts reducing at the same temperature but fin- F19: 4- IR spectra of Ni samples 1 and 4 at different stages of

. . . their preparation.

ishes at 450C, that is 70°C higher than the com-

plete reduction point of pure nickel oxide calcined at

700°C. Splitting of the peak into two peaks with max- IR spectroscopic studies allow differences in the
ima at 335 and 370C is also observed. The first max- phase interaction in samples 1 and 4 to be revealed
imum can be attributed to reduction of silica-free NiO, at various preparation stagdsiq. 4). The frequency
while the second characterizes reduction of silica-NiO ranges from 200 or 400 to 1300 crhof the IR spectra
species. are compared. This is exactly the range where changes
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in the absorption profile attributed to the nickel-silica
interaction are observed. Unlike the IR spectrum of
SiO, xerogel calcined at 15CC, the spectrum of the
oxide form of sample 1 does not contain absorption
bands at 583 cmt (Si-OH deformation vibrations),
950 cnm ! (Si—OH valence vibrations) and 793 ¢
(symmetrical Si—-O-Si valency vibrations of the silica
skeleton)[22]. Disappearance of these bands, as well
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The IR spectrum of the oxide form of sample 4
looks like a superposition of spectra of SiI(A50°C)
and NiO (700°C), the absorption bands characteristic
of deformation vibrations of Si©and valence vibra-
tions of NiO (455 and 460 crt, respectively) being
superimposed one on another to merge into one very
intense band. The band at 1078Thattributed to
asymmetrical valence vibrations in this Si®@ample

as a strong shift of the most intense absorption band is slightly shifted to lower frequencies (1070ch)

at 1078-1050 cmt, argues the presence of Si-O-Ni
bonds. As has been reported ear[@3,24], the band

at 1100 cnt! (asymmetrical Si—-O-Si valency vibra-
tions) is very sensitive to formation of silicates. Bands
at 450 and 630 cmt, which are attributed to deforma-
tion vibrations of the silica skeleton and —O—H group
of the hydrated nickel oxide, respectively, remain at

that may mean weak interaction at the interface.
The IR spectrum recorded with sample 4 reduced at
500°C becomes similar to that of SI600°C) that
indicates minor interaction between the constituents.
This conclusions are in agreement with the inferences
drawn from analysis of TPR profiles of these samples.
Differential dissolution data confirm the presence

the same positions. Therefore, one can assume thatof silicates in sample 1. There are synchronous peaks

all silica (introduced in the form of the polysiloxane
film) is involved in the chemical interaction with the
surface of the dispersed NiO to form silicates. Ab-
sorption bands at 665 and 1050 chappeared in the

in the stoichiogramKig. 5) indicating dissolution of a
chemical compound. The Ni/Si ratio in the compound
equal to 1.5 corresponds to the nepouite stoichiome-
try comprised in the amount not more than 2% of the

spectra of nickel-silica samples are attributed to the sample weight. As to sample 4, silicates was not de-

strong chemical interaction and to formation of a new
chemical compoun@@5]. The band at 1100 cnt is
shifted to 1050 cm! due to the formation of poorly
crystalline 1:1 phyllosilicate (nepouit¢26,27] It is

tected during the dissolution.

Micrographs of catalysts 1 and 4&if. 6) were
recorded after the samples have been exposed to the
reaction methane medium for 30 min. As soon as the

seen from the IR spectrum of the reduced sample 1 catalyst with any proportion of the support is exposed
that the silicates formed upon mixing the constituents to methane, metal particles become more fluid under
do not disappear despite rather high temperature of re-the action of carbon dissolved therein and can merge

duction in hydrogen (500C). The fact that the main
silica band (at 1094 cm') is shifted to 1030 cm! and

a band appears at 670chleads to conclusion on
transformation of the unstable nepouite-like silicate
species into more stable talc-like spedi2g).

into larger particleg[28]. For this reason, initially
dispersed catalyst 1 free of coarse particles is capable
of producing both thin and thick carbon filaments
(Fig. 69. It is seen that some of fine particles pro-
duce carbon filaments but others are encapsulated in

»é 0.60 — — | Nickel

= I Y AN N NN O, Silica

]

Eﬁ 0-407 Silicate

g -

g

£ i

£ 0.20 )

g — Sample 1 /\/\/\I\/ PA‘\

Q [ NA I 37,
0.00 0 10 20 30 40 50

Time, min

Fig. 5. Differentiating dissolution stoichiogram of reduced catalyst 1.
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carbon, the latter being much larger in number. These
are the particles in the catalyst that are responsible for
the low carbon yield. Unlike catalyst 1, catalyst 4 pro-
duces carbon filaments of approximately equal diam-
eters Fig. 6b) corresponding to the size of particles of
the reduced catalysFig. 2d. Nickel particles at the
filament tips are well faceted crystals which take their
shape under the action of the reaction medium. Encap-
sulated nickel particles are not seen in the micrograph
(Fig. 6b). Thus, the reason for the rapid deactivation
of catalyst 1 is that silicates dissolved in nickel in
amount of 2wt.% hinder rearrangement of nickel par-
ticles to form faces which are necessary for growth of
filamentous carbon. As a result, nickel particles are
encapsulated in carbon during the earliest hours of the
reaction.

o=

3.2. Iron catalysts

The behavior of iron catalysts during methane de-
composition was the subject of our earlier study
[17]. The carbon yield attained 17 g C/g Fe over un-
supported iron powder. Addition of supports, except
SiOy, to the iron catalysts was established not to af-
fect the carbon yield against the yield observed with
iron alone Fig. 7). Therefore, it was interesting to
study in more detail ofx-Fe—SiQ systems during
reduction and carbonization.

A number of iron catalysts with the same silica con-
tent (10 mass%) but different specific surface area of
initial Fe;O3 are characterized imable 2(first series
of the catalysts). The average size of iron particles is
seen to be almost equal in all the reduced catalysts but
the carbon yields different. A surprising fact is that
the carbon yield is 10.5g C/g Fe over sample 6 pre-
pared from the most inert iron oxide (4rg specific

45

B
oo

30

20]135 14 174 16,5
Fig. 6. Electron micrographs of Ni catalyst 1 after exposure to 10 |—| |_| |_| |_|
methane for 30 min at 55@ (a), fine Ni particles of catalyst 0

1, covered with carbon (b) and Ni catalyst 4 after exposure to ZrO, ALO, TiO, SiO, Unsupported
methane for 30 min at 55@ (c).

Carbon yield,
gC/gFe

Support

Fig. 7. Influence of the chemical nature of the support on carbon
yield (content of Fe in catalysts was 85 wt.%, reaction temperature
was 700C).



232 M.A. Ermakova, D.Yu. Ermakov/Catalysis Today 77 (2002) 225-235

Table 2
Influence of the specific surface area o8¢ on carbon yield over corresponding 90% Fe—10%,Si@talysts. Temperature of reduction
and reaction is 700C

Sample Specific surface area Average size of Fg3 Average size of Fe Average size of Fe particles after Carbon yield
of Fe,03 (m?/g) particles by XRD (nm) particles by XRD (nm) 1h in methane by XRD (hm) (gClgFe)

1 106 Amorphous 50 29 225

2 61 30 57 24 30

3 29 33 57 25 30

4 19 45 57 27 30

5 9 90 67 31 26.5

6 4 >100 67 35 10.5

surface area), whereas it reaches 16.5 g C/g Fe over the
reduced silica-free sampl[&7], i.e. the inhibiting ef-
fect of silica takes place. An increase in the contact
area between iron oxide and silica (samples 1-5) gives
rise to a higher carbon yield compared to the yield over
iron powder, i.e. this is the case of promoting effect of
silica. Thus, the only reason for the difference in car-
bon yield observed with various 90% Fe—-10% &iO
catalysts is the presence of silicate species capable of
either inhibit or promote the process of formation of - \/
filamentous carbon depending on their proportion in
the catalyst. Fe+30%Si0,
In order to support this conclusion, another series of
iron—silica catalysts was studied. These were catalysts
prepared from Fgs3 with specific surface area equal
to 29 n?/g but containing different amount of silica
(second series). Comparative TPR profiles recorded
during reduction of these samples and the unsupported
FeO3 are shown irFig. 8 There are two peaks of hy-
drogen consumption in the TPR profile of the unsup-
ported oxide; the first one is attributed to theGg —
FesO4 transition, and the second to complete re-
duction of iron oxides tou-Fe in accordance with
literature data[29]. Introduction of silica results in /f

Fe+15%Si0,

Consumption H,

Fe+10%SiD),

S S S S
-

a pronounced shift of completion of the reduction
towards the range of higher temperatures. Iron oxides P L~
are known[30] to be inclined to strong interactions Fe 506810,
with SiO,. An increase in the silica proportion in the
catalyst results in separation of the stages of oxide
species reduction. The reduction is seen to be far

from completion at 700C for all the samples ex- \\
cept the unsupported iron oxide. At the same time, é;imn side

only peaks ofa-Fe but no line of iron oxide are 300 500 700 900
seen in XRD patterns recorded for all the samples.
The remained unreduced silicate species are X-ray
amorphous and, for this reason, not detected, while Fig. 8. TPR profiles, obtained by reduction oLbBB/SiO;, systems.

Temperature, °C
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Fig. 9. Carbon yield (g C/gFe) as a function of content of SiO
in iron—silica catalysts (iron oxide with specific surface area equal
to 29nt/g was used for the preparation of catalysts). Methane
decomposition temperature was 7@

the presence of them is indicated by pertinent TPR
profiles, where extended tails of peaks or not high
maxima of hydrogen consumption are observed at
temperatures up to 90C. Thus, all reduced samples,
except iron powder prepared from unsupported iron
oxide, contain silicate specieBig. 9 illustrates how
the silica content affects the yield of carbon during
methane decomposition. Similar to the first series of
catalysts, this one includes one sample providing a
lower carbon vyield (12.5gC/gFe) than unsupported
iron powder (16—-17 g C/g F¢17]. This is the sample
containing 5% of silica. In the first series, the lowest
carbon yield (10.5g C/g Fe) is observed with sample
6. Presumably, silicate species are comprised in the
lowest proportions in these samples; for the former
this is due to the lowest proportion of silica (5 wt.%)
and for the latter due to the low specific surface area
of FeO3 which is low reactive with respect to silica.
The next catalyst under consideration is the sample
containing 30% of silica. There is evidently the high-
est proportion of silica in this sample, and the car-
bon yield provided by it (259 C/gFe) is comparable
to the yield observed with sample 1 (22.5gC/gFe,
Table 2 which was prepared using hematite with
the largest specific surface area (108gh to make
the interaction with silica easier. Thus, we have two
boundary points of the carbon yield in both cata-
lyst series. It is evident that they correspond to the
lowest and the highest proportion of silicate species
in the samples. The samples providing the maximal
carbon yield (up to 45gC/gFe) are at the interme-
diate positions. It can be assumed that the amount

 —

L

Fig. 10. Electron micrographs of Fe/Si@atalyst: 1 h in methane
(a), 6h in methane (b), full carbonization (c). Temperature of the
reaction was 700C.
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