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Preparation of transition metal-carbon material from
polyacrylonitrile incorporated with inorganic salts
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The incorporation of CoCl, and FeCl, into polyacrylonitrile (PAN) modified the carbonization
behaviour and led to the development of carbon with a narrow pore radius ranging from
1.8-2.3 nm and a high surface area ranging from 182-190 m?g~". The carbon obtained was
of better structural organization than from the original PAN, having an interlayer spacing,
Ooo2, Of 0.342 nm and a crystallite dimension along the c-axis, L¢, of 5.5-8.5 nm. The
transition metals incorporated into carbon exhibited a strong resistance to hydrochloric acid

solution treatment, suggesting high dispersion and strong anchoring of the transition
metals in the carbon matrix. These non-crystallized and homogeneously distributed
transition metals in carbon seem to promise some interesting applications, for example as

supports in catalysis.

1. Introduction

Supported metal catalysts require a high degree of
dispersion in order to maximize the catalytic activity
per unit weight or volume. Carbon materials are usu-
ally used in heterogeneous catalysis as the supports for
metals.

It is well known that activated carbons are produc-
ed from natural coal materials in an inert atmosphere,
retaining their pore structure and properties [1]. The
wide variety and reproducibility of their properties
reflect the heterogeneous nature of most precursors of
activated carbons [2, 3]. The catalysts prepared by
impregnation of carbon supports with a solution of
adequate inorganic salts, and by consequent reduction
to metals, possess several disadvantages, the main one
being the poor interaction of metal particles with the
carbon support, which often results in the aggregation
of the metal into bigger clusters. This leads, in most
cases, to deactivation at a high temperature.

Recently, there has been interest in developing por-
ous carbon as catalyst supports from polymers. The
artificial carbon materials prepared from different syn-
thetic precursors have many attractive properties. The
polymer precursors are of special interest because of
their well-defined macromolecular structure. The car-
bons prepared from these precursors can be expected
to have reproducible characteristics and controlled
pore size [4].

Several works have been performed on carboniz-
ation of polymer precursors, such as polyimides [5, 6]
phenol resin [3, 7] and polyacrylonitrile [4, 8, 9]. Also
several methods have been tried in order to modify the
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structure and properties of carbon materials to obtain
better performance as supports. It was reported [10]
that modification of the carbon structure can be
reached by impregnation of the polymer precursor
with a solution of some inorganic salts [ 11]. Solutions
of different transition metal salts, such as RuCls,
MnCl,, MoCl,, VCl;, FeSO,, CuCl, ZnCl,, FeCl,
and CoCl,, were used as additives. The pyrolysis of
polyacrylonitrile in the presence of ultrafine particles
of metallic iron, nickel and copper has also been
performed [9].

In the present work, a new method was proposed
for in situ creation of transition metals (iron or cobalt)
in carbon by reduction of inorganic salts with hydro-
gen which was generated during carbonization of
polyacrylonitrile in an inert gas. The mixing of poly-
acrylonitrile with an inorganic salt in an organic sol-
vent was employed to prepare the precursor, and the
carbonization of the precursor was performed under
controlled conditions, atmosphere, heating rate and
residence time. Carbon materials with modified
pore structure and also with strongly incorpora-
ted transition metal particles, were obtained. The
transition metal/carbon support prepared will be
a useful catalyst in industrial processes, for example
ammonia synthesis, as has been proposed [9] and
patented [12].

2. Experimental procedure
Polyacrylonitrile (PAN, 18 g) and FeCl, (1 g Fe) or
CoCl, (1 g Co) were mixed by dissolving them into
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dimethylformamide (DMF, 180 g). The solution was
heated at a temperature of ~70°C under stirring in
a closed glass vessel for 3 h, to ensure complete dis-
solution of each component. Then, the solution was
poured on to a flat glass vessel and DMF allowed to
dry out for about 2 weeks in air. The platy block thus
obtained was the PAN incorporated with an inor-
ganic salt. For carbonization the precursors thus
prepared were mechanically crushed to pieces of ap-
proximately 2 x 3 mm. The original PAN was also
used as a control. About 1.2 g precursor was carbon-
ized at 1000°C in a flow of high-purity argon with
a flow rate of 5dm>h~!. The heating rate was
200°Ch ™! and the sample was kept at 1000 °C for 2 h.
The cooling of the sample down to room temperature
in the furnace took about 10h. The pH value of the
decomposition gas was monitored.

The carbonized samples obtained were examined
by X-ray diffraction (XRD, Rigaku Denki Co. Ltd,
Japan) with CoK,, radiation, energy dispersive X-ray
microanalysis (EDX, Jeol, JEO-2001SAJ, Japan) and
scanning electron microscopy (SEM, Jeol, JISM-35CF,
Japan). For SEM and EDX the specimens were moun-
ted on a holder with a conductive carbon adhesive
tape. The FeK, (6.400 keV), CoK, (6.930 keV) and
CIK,, (2.622 keV) radiations were used for the distri-
bution analysis of each element.

The average interlayer spacing, d, o 5, and crystallite
dimension along the c-axis, L,(002), were determined
from the 00 2 diffraction line profile by referring to an
inner standard of silicon.

The samples were also characterized by adsorp-
tion—desorption isotherms of nitrogen at a temper-
ature of — 196°C. The specific surface area was
calculated by the BET method at a relative gas pres-
sure, p/po, up to 0.3 on the adsorption isotherm.

For estimation the HCl resistivity, the samples were
treated with HCl solution (1:1) under magnetic stirring
for 2 h at a temperature of about 50 °C.

3. Results and discussion

The changes in pH value produced by the decom-
posed gases and changes in temperature of the sample
during carbonization are shown in Fig. 1 as a function
of heating time. Starting from around 200 °C, the pH
value detected in the effluent gases from all three
samples increases abruptly to above 11. At high tem-
peratures, the PAN sample gives basic gases during
thermal decomposition and carbonization, which
seems to be reasonable from its chemical composition.
The pH value of the gases from the samples
PAN-CoCl, and PAN-FeCl,, decreases very rapidly
above 500°C down to below 1 and increases again.
During 1000 °C holding, the gas becomes neutral, in-
dicating the completion of out-gassing from these
samples. The difference in the position of the two lines
is caused by the difference in the melting points of
CoCl, and FeCl,.

The weight loss after the carbonization up to
1000 °C from the sample PAN-FeCl, (61.12%) was
lower than that of PAN-CoCl, (62.48%) and PAN
(66.8%). These observations suggest different carbon-
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Figure 1 Changes in pH value produced by out-gassing during
carbonization of the samples. (x) PAN, (A) PAN-CoCl,, (O)
PAN-FeCl,, (@) temperature.

TABLE I X-ray parameters, specific surface area and dominant
radius of pores

Precursor doo 2 L(002) Surface Dominant

name (nm) (nm) area by pore radius
Ny(m’g™)  (nm)

PAN 0.358 14 154 <10

PAN-CoCl, 0.342 5.5 190 2.3

PAN-FeCl, 0.342 8.5 182 1.8

ization processes in these three precursors, which sure-
ly affects the structure and texture of the resultant
carbons.

The X-ray parameters, dyo, and L(002), cal-
culated from the 002 diffraction profile are sum-
marized in Table I. The X-ray data on the carbonized
PAN, very broad and weak 002 diffraction profile,
large d, o » and small crystallite size, L,(002), indicate
that the sample gave poorly organized carbon, in
accordance with the results published in the literature.
The incorporation of inorganic salts, CoCl, and
FeCl,, into PAN produces carbons with much lower
dy o, and relatively larger L,(002) than PAN itself,
suggesting much better organization. It is worthwhile
to point out that the X-ray parameters for both car-
bons PAN-CoCl, and PAN-FeCl, are practically the
same as the PAN-based carbon fibres heat treated up
to 2500°C (L, (002) = 7.0-8.0 nm, dy o , = 0.342 nm)
even though they have been heat treated only up to
1000°C [13].

The adsorption—desorption isotherms of nitrogen at
— 196 °C on three carbons are shown in Fig. 2. The
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Figure 2 Adsorption—desorption isotherms of nitrogen gas at

— 196 °C on the samples carbonized up to 1000 °C. (¢, ¥) PAN,
(A, A) PAN-CoCl, and (O, @) PAN-FeCl,. (V, A, O) adsorption,
(¥, A, @) desorption.
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Figure 3 Pore volume distribution determined from the adsorption
of nitrogen at — 196 °C. (A) PAN, as-carbonized; (@) PAN-FeCl,,
as-carbonized; (O) PAN-FeCl,, after HCI treatment.

isotherm of the control carbon obtained from PAN
belongs to Type I; the amount of adsorbed nitrogen
sharply increases at low relative pressures and reaches
practically a plateau. This Type I isotherm has often
been observed when the adsorbent is microporous and
also when the width of pores is up to two molecular
diameters of the adsorbate. The shape of the adsorp-
tion isotherms of the carbons PAN-CoCl, and
PAN-FeCl, is quite different in character from that of
the PAN. These isotherms may be classified into
pseudo-Type II; very rapid adsorption of nitrogen gas

at low relative pressures and a remarkable hysteresis
loop at high relative pressures (Type H3). A capillary
condensation of nitrogen in the pores is reasonably
supposed for these two samples. The amount of con-
densed nitrogen is larger in the carbon PAN-FeCl,
than in PAN-CoCl,. The desorption took a much
longer time than the adsorption, especially at the
transition in p/p, from 0.5 to 0.4 corresponding to
a sharp desorption edge of the hysteresis loop.
Fig. 3 shows examples of pore distribution curves
versus pore radius for the PAN-FeCl, series and
control PAN determined by Barrett et al’s (BHJ)
method [14] from the observed isotherms. The devel-
opment of a new region of micropores can be seen on
the carbons prepared under the incorporation of
inorganic salts, to be much clearer in the carbon
PAN-FeCl, than in PAN-CoCl,. The distribution of
pores in the samples after treatment with HCI did not
show any change in pore distribution. Surface areas
also remain intact after HCI treatment of the two
carbon samples, PAN-CoCl, and PAN-FeCl,. The
development of a new region can be concluded to be
due to the incorporation of CoCl, and FeCl,. The
dominant radius of newly developed pores is about 1.8
and 2.3 nm (Table I), respectively, which is on the
border between micro- and mesopores. On the control
sample PAN, there are no pores in this size region,
only those with a size less than 1.0 nm.

Fig. 4a and b show diffractograms of the samples
PAN-CoCl, as-carbonized and treated by HCI solu-
tion, respectively. In the as-carbonized sample pre-
sented are phases of metallic cobalt, CoO, Co0,0s,,
Co30, and carbides. Three possibilities for the forma-
tion of cobalt oxides in this carbon must be taken into
account, oxidation during carbonization of the sample
by oxygen presented in the PAN molecules, also by
oxygen in the residue of DMF used as solvent, and
oxidation in air after carbonization. The treatment of
this sample by HCI solution removes almost all the
metallic cobalt, cobalt oxides and carbides. There
might be only a minute amount of carbides left. Fig. 4¢c
and d present the diffractograms of the samples de-
rived from PAN-FeCl,. In the as-carbonized sample,
metalliciron, Fe, O3, Fe;O, and carbides are detected.
After HCI treatment, all these impurity phases were
practically removed.

The scanning electron micrographs and EDX data
on the samples as-carbonized and after HCI treatment
are summarized in Figs 5-8. The morphology of car-
bonized PAN incorporated with CoCl, or FeCl, is
quite different in character from the PAN itself. The
PAN as-carbonized (Fig. 5) has apertures of no regu-
lar shape, which vary from an oblong to a round,
with smooth walls. In the carbon prepared from
PAN-FeCl, (Fig. 6), there are no large cavities nor
apertures. They are rather in the shape of blocks with
sharp edges. This characteristic shape was not disturb-
ed by the carbonization process, which could be called
a “shape memory”. The blocks are covered by minute
particles, which practically disappeared after HCI
treatment (Fig. 6c and d). The shape of blocks is also
modified by HCI treatment (Fig. 6¢c and 6d), the edges
of carbon grains appear to have been attacked. The
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Figure 4 X-ray diffraction patterns of the samples. CoK, radiation. (a) PAN-CoCl,, as-carbonized; (b) PAN-CoCl,, after HCI treatment. (O)
Co0, C0,03; (@) Co30,; (A) carbides; () Co; C, carbon. (c) PAN-FeCl,, as-carbonized; (d) PAN-FeCl,, after HCI treatment. (O) Fe,O3;
(@) Fe;Oy4; (A) Fe-C, Fe,C, Fe;C, Fe,Cs; (B) Fe; C, carbon.
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same observations on the PAN—-CoCl, sample were =~ ment with SEM observations. In the flat grains of

Figure 5 Scanning electron micrographs of PAN as-carbonized.

also obtained by SEM. sample “PAN-CoCl,” (Fig. 7a), a practically constant
The EDX measurements of cobalt and iron line distribution of cobalt, with a slightly higher con-
profiles on the above samples are in good agree- centration on the edges, is noticed (Fig. 7b). The

792



Figure 6 Scanning electron micrographs of the series sample PAN-FeCl,: (a,b) as-carbonized, (c, d) after HCI treatment.

(d)

Figure 7 Distribution of cobalt along the line indicated by arrows on the grains of the PAN-CoCl, sample: (a) as-carbonized, scanning
electron micrograph; (b) as-carbonized, distribution of CoK, line; (c) after HCI treatment, scanning electron micrograph; (d) after HCI

treatment, distribution of CoK,, line.

intensity of the chlorine line along the particle
(Fig. 7c) indicates a very low concentration of chlorine
(line of weak intensity above the background) in the
sample. The HCI (1:1) treatment did not change the

equal distribution of cobalt; only the total amount of
cobalt decreases slightly (Fig. 7d), compared with the
intensity of the cobalt line detected before acid treat-
ment (Fig. 7b).
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(a)

(c)

The distributions of iron along the grains of the
PAN-FeCl, sample (Fig. 8a) show a high concentra-
tion, even in the centre of the grains. The iron located
at the edge of the grain is easily attacked by HCI
solution, as shown in Fig. 8b and ¢, no iron was found
on the edges. It must be pointed out, however, that
even after HCI treatment the grains still possess a very
high concentration of iron. Some diversity of iron
concentration is found; the grain in Fig. 8c has a very
low concentration and also an inhomogeneous distri-
bution of iron in comparison with that in Fig. 8b. The
distribution of chlorine in the PAN-FeCl, sample
confirmed the complete reduction of FeCl, during
carbonization.
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Figure 8 Distribution of iron along the line indicated by arrows on
the grains of the sample PAN-FeCl,. (a) as-carbonized, (b) after
HCI treatment, (c) after HCI treatment.

If the XRD, SEM and EDX data are compared, we
can conclude that the main part of the transition
metals is present in the carbon matrix in a non-crystal-
lite form. This iron (or cobalt)-carbon material is
interesting from the catalytic view point [9, 12].

4. Conclusion

The incorporation of CoCl, and FeCl, into PAN on
a molecular scale by using their DMF solution was
found to modify the carbonization behaviour of PAN,
resulting in certain advantages; better structural or-
ganization of the resultant carbon, development of
a substantial number of pores with a narrow radius
around 1.8-2.3 nm and a higher surface area (Table I).
FeCl, accelerates the dehydrogenation from PAN
with a higher efficiency than does CoCl, and as a con-
sequence the virtual absence of chlorine in the
transition metal/carbon support was confirmed by
EDX. Low-temperature dehydrogenation of PAN by
FeCl, and CoCl, may assist the growth and alignment
of condensed aromatic rings and may be advantage-
ous in the development of micropores. The transition
metals incorporated in the carbon material may allow
distinct potential uses, for example in catalysis, be-
cause of the high dispersion and high concentration of
anchored metal particles.
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