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Synthesis and properties of carbons
dispersed with a-iron particles from
divinylbenzene-vinylferrocene
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a-lron-dispersed carbon was synthesized, through pressure pyrolysis of divinylbenzene-vinyl-
ferrocene above 750° C, and by reduction of magnetite-dispersed carbon. Divinylbenzene-
vinylferrocene copolymer was pyrolysed at 125 MPa above 750° C to yield carbons dispersed
with a-iron accompanied by cementite. Magnetite in the carbon matrix was reduced to a-iron
after heat treatments at b00° C in a flow of hydrogen. Carbons synthesized by the pressure
pyrolysis of divinylbenzene-vinylferrocene at 800° C and 125 MPa contained iron-compound
particles up to 200 nm, whereas the median diameter of z-iron particles in the carbon matrix
after reduction treatments was 20 nm. «-Iron-dispersed carbon had a Curie temperature of
770° C. The saturation magnetization of iron-dispersed carbon increased with increasing the

pyrolysis temperature of divinylbenzene-vinylferrocene copolymer, and reached a constant
value of 183 e.m.u.g™" at 800° C. The saturation magnetization of a-iron-dispersed carbon after
the reduction treatment revealed practically the theoretical value of a-iron. Carbons finely dis-
persed with only a-iron particles were synthesized successfully by reduction of magnetite-

dispersed carbons.

1. Introduction
Metal-dispersed carbons have been synthesized by
pressure pyrolysis of organometallic polymers in high-
carbon yields [1-8].

One of the most important objectives for the syn-
thesis of such metal-carbon composites is the control
of both the morphology of matrix carbon and the
properties of metal dispersoid. Hirano et al. [3] synthe-
sized cementite-dispersed carbon from divinylbenzene
copolymerized with vinylferrocene by pressure carbon-
ization below 680° C. The morphology of cementite-
dispersed carbon was found to depend upon the con-
centration of iron in the starting polymer as well as
pyrolysis conditions. Hirano ef al. [4] demonstrated
that the crystallinity of cobalt particles in the carbon
reflects the thermal stability of the cobalt-carbon
bond of the parent organocobalt compounds. The
particle size of cementite in the carbon has been found
to be controlled by the selection of the carbon—-carbon
bond of the starting polymer matrix and the carbon-
carbon bond between ferrocene and polydivinyl-
benzene [7, 8].

This paper describes the synthesis of w-iron-
dispersed carbon, by pressure pyrolysis of divinyl-
benzene—vinylferrocene above 750° C, and from mag-
netite-dispersed carbon by the reduction treatment.
Attempts were made to disperse a-iron particles in the
carbon matrix in order to increase the saturation mag-
netization of carbons dispersed with iron compounds,
because a-iron has the highest saturation magnetiz-
ation among iron-triad metals and iron compounds.

0022-2461/89 $03.00 + .12 © 1989 Chapman and Hall Ltd.

The oxidation state of iron in the carbon should also
be controlled when iron-dispersed carbon is applied to
catalysts for organic synthesis. The properties of
a-iron particles and accompanying phases were inves-
tigated in order to elucidate two kinds of synthesis
method. The reduction method was found to be
superior to the direct high-temperature pyrolysis as a
synthesis method for carbons finely dispersed with
a-iron particles.

2. Experimental procedure

2.1. Starting materials

Vinylferrocene (VF) was prepared according to Ari-
moto and Haven [9]. Commercially available divinyl-
benzene (a mixture of 55% m- and p-divinylbenzene
and 45% ethylbenzene) was employed as the organic
copolymer for the carbon matrix.

2.2, Synthesis of iron-dispersed carbon
Pressure pyrolyses were carried out in a hydrothermal
apparatus of the cold-seal type as described previously

2.

2.2.1. Direct synthesis through pyrolysis
above 700° C

The mixture solution of vinylferrocene (VF), divinyl-
benzene (DVB) was sealed into a thin-walled gold
capsule of 3.0 or 5.0 mm diameter and 50 mm length.
The solutions of DVB containing VF were poly-
merized at 300° C and 100 MPa for 2 h and then pyrol-
ysed at temperatures from 700 to 850° C and 125 MPa
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for 3h. The heating rate was 10° Cmin ' at 125 MPa.
The pressure was kept constant by releasing water as
the pressure-transporting medium during heating.
The pressure was measured with a calibrated Heise
gauge and the temperature was measured with a cali-
brated sheathed thermocouple set inside the pressure
vessel. The sample was quenched after each experi-
mental run.

2.2.2. Reduction method of
magnetite-dispersed carbon

The solution of DVB containing 10.5mol % VF and
water was sealed into a gold capsule and then poly-
merized at 300° C and 100 MPa for 2 h as described in
Section 2.2.1. The organoiron copolymers thus
prepared were successively pyrolysed at 550°C and
125MPa for 3h in the presence of water in a gold
capsule.

A graphite crucible was filled with the as-pyrolysed
product and then heat-treatment was carried out. at
temperatures between 500 and 700°C in a flow of
hydrogen.

The as-prepared specimen was also heat-treated
between 700 and 900° C under nitrogen and vacuum
(about 10 Pa), respectively.

2.3. Characterization of iron-dispersed
carbon
The yield of carbon was as high as 80% by weight.

The carbonized product was analysed by X-ray
diffraction analysis. The iron-dispersed carbon was
characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and electron
diffraction analysis. The particle diameter of a-iron in
a carbon matrix was measured by TEM.

The thermomagnetization curve of iron-dispersed
carbon was measured with a magnetic balance from
room temperature to 850°C. The specimen was out-
gassed under vacuum for several hours at 250° C and
then sealed into a quartz capsule under vacuum prior
to the thermomagnetic measurement. The saturation
magnetization of iron-dispersed carbon was evalu-
ated using a vibrating sample magnetometer at room
femperature.

3. Results and discussion

3.1. Synthesis of iron-dispersed carbon

3.7.1. Pressure pyrolysis of organoiron
polymer above 700° C

Divinylbenzene (DVB)-10.5mol % vinylferrocene

(VF) was pyrolysed at temperatures between 700 and

850° C under 125 MPa for 3 h, and the XRD profiles

of pyrolysis products are shown in Fig. 1.

The XRD profile of the product pyrolysed at 700° C
consisted of two broad diffractions as shown in Fig.
la. The broad diffraction centred at 26 = 25.5°
(CuKua) is attributable to turbostratic carbon. The dif-
fraction from 26 = 41.0° to 46.5° corresponds to
cementite (Fe;C). As the pyrolysis temperature
increased from 700 to 750° C, the sharp reflection at
20 = 44.6° due to o-iron appeared. However, the
broad diffraction from 26 = 41.0° to 46.0° super-
imposed on the reflection of a-iron in Figs lc and d
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Figure 1X-ray diffraction profiles of iron-dispersed carbons formed
by pyrolysis of DVB-10.5mol % VF at temperatures from 700 to
850° C under 125 MPa: (a) 700° C; (b) 750° C; (c) 800° C; (d) 850°C.

suggests the coexistence of cementite in the specimen
pyrolysed even at 800 and 850° C.

On increasing the pyrolysis temperature from 700 to
850°C, the 002 diffraction of turbostratic carbon at
25.5° sharpens its half-value width with a shift of peak
maximum from 25.5° to 26.3°. This fact suggests the
alignment of an hexagonal layer increased in order
with increasing pyrolysis temperature in the presence
of catalyst iron, as reported [10].

3.1.2. Synthesis of a-iron-dispersed

carbon through reduction of

magnetite-dispersed carbon
Magnetite-dispersed carbon was synthesized by press-
ure pyrolysis of DVB-10.5mol % VF and 17.6wt %
water at 550°C and 125 MPa for 3 h [3]. The forma-
tion of magnetite in the carbon was confirmed by
XRD analysis.

Magnetite-dispersed carbon was heat-treated in a
flow of hydrogen at temperatures from 500 to 700° C.
The XRD profiles of the specimen after heat treatment
are shown in Fig. 2. The specimen heat treated at
500°C for 1h showed the diffractions of «-iron at
26 = 44.6° and wiirstite at 41.9° (Fig. 2a). Only a-iron
particles were dispersed in the carbon matrix after
heat treatment at 500° C for 2h as shown in Fig. 2b.
However, cementite began to form at 700°C even in a
flow of hydrogen (Fig. 2c).

3.1.3. Heat treatment of magnetite-dispersed
carbon under nitrogen and vacuum
Magnetite was found to disperse without any change
after heat-treatments in a flow of nitrogen at 700°C
for 1h. The lowest temperature at which magnetite
particles reacted with carbon matrix was 750°C, at
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Figure 2 X-ray diffraction profiles of iron-dispersed carbons synthe-
sized by reduction of magnetite-dispersed carbons at various tem-
peratures under hydrogen: (a) 500°C, L h; (b) 500°C, 2 k; (c) 700° C,
I h.

which magnetite particles were not converted to a-iron
but to a mixture of cementite and magnetite.

The heat treatment of magnetite-dispersed carbon
under a vacuum of about 10 Pa gave a similar result to
that obtained in a flow of nitrogen. The iron com-
pound in the carbon matrix after heat treatment at
750°C and 10Pa for 1h was a mixture of magnetite
and cementite. Magnetite was completely reduced to
cementite after heat treatment at 800° C and 10 Pa for
3h. No a-iron was formed in the specimen by heat
treatment up to 900° C under 10 Pa.

Hydrogen does reduce magnetite completely to
a-iron at about 500°C before a-iron reacts with
carbon to form cementite, because hydrogen is a more
powerful reducing agent than carbon.

3.2. Particle size of a-iron dispersed in
carbon matrix

Figs 3a and b show the microstructures of a-iron-

dispersed carbon synthesized by pyrolysis of DVB-

10.5mol % VF at 800°C and 125MPa, and of the
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Figure 4 Size cumulative curves of a-iron particles dispersed in the
carbon formed from organoiron copolymer including 3.0 wt % iron:
(a) by pyrolysis of DVB-VF at 800°C and 125MPa for 3h; (b)
through the reduction of magnetite-dispersed carbon at 500° C for
2h under hydrogen.

reduction product of magnetite-dispersed carbon con-
taining the same number of iron atoms, respectively.

The black particles were confirmed to be a-iron by
electron diffraction analysis.

Fig. 4 summarizes the particle diameter distribution
of a-iron in the carbon matrix synthesized by high-
temperature pyrolysis and the reduction method. The
carbon formed through the high-temperature pyroly-
sis contained particles up to 200 nm, whereas the par-
ticle sizes of a-iron by the reduction method were less
than 100 nm. The median diameter of a-iron particles
obtained by the high-temperature pyrolysis is about
65 nm, which is three times larger than that obtained
by the reduction method.

The size of a-iron particles increased on thermal
diffusion by the pressure pyrolysis at higher tempera-
tures of 800°C. On the other hand, the original
magnetite-dispersed carbon formed at 550°C and
125MPa had a particle size of magnetite, less than
100 nm, which did not increase much in size through
reduction to a-iron at 500°C for 2h in a flow of
hydrogen. The growth of a-iron particles by diffusion
at 500°C does not proceed so markedly as that at
800° C. Therefore, the high-temperature pyrolysis of
DVB-VF copolymer at 800° C gave larger particles of
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Figure 3 Microstructures of carbons dispersed with black particles of a-iron: (a) carbon including 3.0 wt % iron prepared from DVB-VF
copolymer by pyrolysis at 800°C under 125MPa; (b) carbon synthesized by reduction of magnetite-dispersed carbon containing 3.0 wt %

iron at 500° C for 2h under hydrogen.
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Figure 5 Thermomagnetization curve of a-iron-dispersed carbon
formed by reduction of magnetite-dispersed carbon containing
1.5wt % iron.

o-iron than those formed by the reduction of mag-
netite particles at 500°C.

3.3. Magnetic properties of iron-dispersed
carbon

3.3.1. Thermomagnetic behaviour

Fig. 5 shows the thermomagnetization curve of iron-
dispersed carbon from room temperature to 850°C.
The specimen was prepared through the reduction of
magnetite-dispersed carbon formed by pyrolysis of
DVB-5.1mol % VF-10.0wt % water at 550°C and
125MPa as described in Section 3.1.2.

On heating, the magnetization of the specimen
decreased and reached zero at 770° C, which is in good
agreement with the Curie temperature of o-iron itself.
No other Curie points of iron compounds except
o-iron were observed in the thermomagnetization
curve during heating. However, the thermomagnetiz-
ation curve showed a Curic point of cementite at
210°C on cooling, and recovered almost the original
magnetization.

The only ferromagnetic dispersoid in the specimen
was a-iron before the thermomagnetic measurement.
However, the reaction of a-iron particles with excess
carbon during heating resulted in the formation of a
small amount of cementite.

3.3.2. Saturation magnetization of
iron-dispersed carbon

Fig. 6 correlates the saturation magnetization of the
specimen synthesized from DVB-10.5mol % VF above
700°C and the pyrolysis temperature of copolymer.
The saturation magnetization of the specimen was
converted to the value per gram of metal. The satu-
ration magnetization increased with increasing pyroly-
sis temperature from 700 to 750°C, and reached a
constant value of 183emu.g™' at 800°C. The
formation of a-iron in the specimen shown in Fig. 1 is
responsible for the rapid increase of the saturation
magnetization at 750° C, because the saturation mag-
netization of a-iron is about 1.7 times higher than that
of cementite.
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Figure 6 Saturation magnetization of carbons synthesized from
DVB-10.5mol% VF at temperatures between 700 and 850°C
under 125 MPa.

The dashed line in Fig. 6 shows the saturation
magnetization of carbon dispersed with a-iron pro-
duced through the reduction method containing the
same concentration of iron atoms. The saturation
magnetization of iron-dispersed carbon formed by the
reduction method is higher than that obtained by the
high-temperature pyrolysis of copolymer, because the
iron phases of the latter comprise a-iron and cemen-
tite. The saturation magnetization of the specimen
by the reduction method was 211e.m.u.g”', which
revealed about 97% of the theoretically calculated
value based upon a-iron itself.

4. Conclusions

Carbons dispersed with a-iron particles were synthe-
sized using divinylbenzene-vinylferrocene copolymer.
The properties of iron-dispersed carbon formed through
the pressure pyrolysis of divinylbenzene—vinylferro-
cene were compared with those synthesized by the
reduction of magnetite-dispersed carbon. The results
are summarized as follows:

1. Only a-iron particles were dispersed in the carbon
matrix formed by the reduction method, while a-iron
was accompanied by cementite in the specimen synthe-
sized by pyrolysis of divinylbenzene-vinylferrocene
above 750°C.

2. The median diameter of a-iron particles in the
carbon matrix formed through the reduction method
was 20 nm, which was one-third of that formed by the
pyrolysis at high temperature.

3. The saturation magnetization of the specimen
obtained by the reduction method was 97% of the
theoretical value of pure a-iron, and was higher than
that obtained by the high-temperature pyrolysis.

The reduction method was found to be better than
the high-temperature pyrolysis for the synthesis of
carbon finely dispersed with a-iron particles.
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