JOURNAL OF MATERIALS SCIENCE 27 (1992) 3497-3501

Preparation of semiconducting carbon fibre by
pyrolysis of polyacrylonitrile precursor
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Semiconducting carbon fibres were prepared from polyacrylonitrile precursor by pyrolysis in
an inert atmosphere in temperature range 550-800 °C. The obtained fibres have an electrical
resistivity between 10* and 102 Qcm ™" and showed negative temperature coefficients.
Electrical resistivity was mainly governed by the pyrolysis temperature and both electrical
resistivity, p, and thermistor constant, B, decreased with increasing pyrolysis temperature and
duration. A linear relation between log p and thermistor constant B was observed. Chemical
analysis and infrared spectra indicated that the concentration of nitrogen and hydrogen
decreased and basal plane structure developed accompanying an increase in carbon content

as the pyrolysis temperature increased.

1. Introduction
The preparation of semiconducting materials from
organic precursor has been the object of scientific
inquiry for many years. The interests in this subject
have increased recently owing to its advantages over
other preparation processes. Among the organic pre-
cursors, polyacrylonitrile has been widely studied as a
precursor for carbon fibre [1-4]. One of the research
interest is its electrical properties. Semiconducting
properties have been observed in polyacrylonitrile
pyrolysed in temperature ranges of 500 to 800 °C [5].
A more recent study has shown that the pitch-based
and rayon-based carbon fibres demonstrate rapid re-
sponses to infrared incidence due to their very small
heat capacity and negative temperature coefficients of
electrical resistivity [6]. This suggests the importance
of semiconducting carbon fibres as a promising mater-
ial for applications, utilizing semiconductance and
fibrous shape, such as thermal-type infrared sensors.
There have been several studies on the electrical
behaviour of pyrolysed polyacrylonitrile [7-8]. It is
known that the resistivity of pyrolysed polyacryloni-
trile depends greatly on its preparation conditions and
the composition of precursor. Generally, pyrolysed
polyacrylonitrile has a resistivity covering the whole
range, 10'-10'°Qecm™?, depending on the pyrolysis
conditions, which corresponds to an activation energy
of 0.06-0.33eV [10]. The preparation of carbon fibre
from polyacrylonitrile precursor usually consists of
two steps, ie. a low temperature pre-oxidation or
stabilization in air or oxygen atmosphere, followed by
a high temperature pyrolysis, namely carbonization,
in an inert atmosphere such as nitrogen or argon [11,
12]. The temperature for pre-oxidation depends on
the composition of precursors, usually, the pre-oxida-
tion is carried out at 200 to 300°C for sufficient
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duration to render it infusible and flameproof. Tem-
peratures above 300 °C cause violent exothermic reac-
tions resulting in significant weight loss and formation
of tarry substances. The pyrolysis of pre-oxidized
precursor in temperatures ranging from 500 to 800 °C
is accompanied by a rapid drop in electrical resistivity,
i.e. conversion from an insulator to a semiconductor.
Therefore, careful control of conditions in both pre-
oxidization and subsequent pyrolysis is required for
the preparation of semiconducting carbon fibres.

In the present work, electrical resistivity was meas-
ured for carbon fibres prepared by various pyrolysis
conditions and the pyrolysis passway are also dis-
cussed.

2. Experimental procedure
Polyacrylonitrile precursors for carbon fibre with an
average diameter of 10 um supplied by Nippon
Carbon Company were employed in this work. For
determination of the temperature profile of heat treat-
ment, thermogravimetric-differential thermal analysis
(TG-DTA) measurements were conducted using a
Rigaku Thermoflex in air and nitrogen up to 700 °C.
The precursor was pre-oxidized in air for 3h at a
heating rate of 5 °C min~! and subsequently heated at
temperatures ranging from 500 to 800 °C in nitrogen
for various durations. During heat treatment, both
ends of precursor fibres were fixed on an alumina
holder so that it was subjected to a tensile stress by the
shrinkage of itself. After pyrolysis was finished, the
fibres were cooled at a rate of — 5°Cmin~! to am-
bient temperature.

Electrical resistivity of prepared carbon fibres was
measured in a temperature range from room temper-
ature to 120°C by direct current four-probe method
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and the thermistor constant was calculated from
temperature dependence of electrical resistivity by
using the general equation.

B = {Tsz/(Tz - T1)} InR,/R, (1

where, R, and R, are the clectrical resistances at
temperatures of T; and T,, respectively.

The infrared absorption was measured with a
Shimane infrared spectrometer using powdered sam-
ples diluted in anhydrous KBr pellets. Gas chro-
matography was employed to determine the gaseous
carbon, nitrogen and hydrogen contents, in which
the powdered specimen were burned out in oxygen.
The surface and cross-section of fibres was examined
by scanning electron microscope (SEM) after coat-
ing with a thin layer of gold.

3. Results and discussion

Fig. 1 presents the results of TG-DTA runs of poly-
acrylonitrile precursor used in this work. In Fig. la,
a very sharp exothermic peak at 298 °C followed by a
weaker exothermic peak at 400°C and a broad exo-
thermic peak between 570 and 700 °C were observed.
The weight loss corresponding to the first peak is
about 18%. The violent exothermic reaction with
onset at 260 °C is reported to be associated with the
cyclization of chain polyacrylonitrile molecules which
resulted in the formation of ladder structure [11]. In
regard to the second peak, it may be attributed to the
cross-linking of adjacent cyclized molecules. The third
peak is obviously caused by the gradual degradation
of molecules because it is absent in the DTA curve
obtained in nitrogen atmosphere. As shown in Fig. 1b,
the temperature and weight loss corresponding to the
first exothermic peak for the TG-DTA curves in
nitrogen are essentially similar to those in air, but the
second peak shifts to a higher temperature. To prevent
the fibre from damage during the release of volatiles
and to ensure the sufficient pre-oxidation, the pre-
oxidation temperature was determined to be 270°C, a
temperature somewhat higher than the on-set of ex-
othermic reaction.

The temperature dependence of resistivity of the
fibres pyrolysed at various temperature are illustrated
in Fig. 2. All of the fibres showed a negative temper-
ature coeflicient of resistivity. Both electrical resistivity
at 25°C and thermistor constant decreased with in-
creasing pyrolysis temperature as represented in Fig.
3. The effect of pyrolysis temperature on resistivity of
fibres was remarkable. In the investigated temperature
range, the resistivity decreases as many as six orders of
magnitude. Fig. 4 illustrates the temperature depend-
ence of electrical resistivity for fibres pyrolysed at
610°C for various durations. Fig. 5 shows the influ-
ence of pyrolysis duration on electrical resistivity and
thermistor constant. It is noted that the trend of
resistivity change is quite different from that in Fig. 3.
The curve can be roughly divided into two parts, in
which each has a different slope, i.e. a rapid drop in
electrical resistivity during the first 30 min of pyro-
lysis, followed by a slow change at longer durations.
An acceptable interpretation would be that at lower
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Figure ] TG-DTA curves of polyacrylonitrile precursor (a) in air;
(b) in nitrogen.
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Figure 2 Temperature dependence of electrical resistivity of fibres
pyrolysed at various temperatures for 30 min: (1) 550; (O) 590;
(@) 610; (B) 650; (A) 700 and (M) 800°C.

temperatures the pyrolysis reaction is controlled by
the diffusion rate of gases such as N,, HCN, NH; etc.
which were evolved during the pyrolysis process.
However, further analysis will be required for a satis-
fying explanation.
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Figure 3 Electrical resistivity ((1) at 25°C and thermistor constant
(A) of fibres as a function of pyrolysis temperature.
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Figure 4 Temperature dependence of electrical resistivity of
fibres pyrolysed at 610°C for various durations: () 10; () 30;

(B) 60; (<) 120; (W) 240 and (C7) 480 min.

Fig. 6 represents the relation between resistivity at
25°C and thermistor constant. A linear relation be-
tween log p and thermistor constant was observed. In
general, resistivity of semiconductors obeys an equa-
tion of the form

p =po exp(E/kT) = poexp(B/T) 2

where p is the resistivity at absolute temperature, 7, p,
is a constant referred to as the resistivity at infinite
temperature, E is the activation energy for conduction
and k is the Boltzmann constant. Changes in both p,
and E should contribute to the variation of resistivity.
Figs 7 and 8 show the variation of p, and E calculated
from the results in Figs 2 and 4, respectively. As can be
seen in Fig. 7, E decreased linearly with increasing
pyrolysis temperature but the change in p, was not so
evident compared to that of E. In Fig. &, the curve of E
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Figure 5 Electrical resistivity (A) at 25°C and thermistor constant
(O) of fibres as a function of pyrolysis duration.
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Figure 6 Relation between thermistor constant and log p; (0)
pyrolysing at different temperatures; (A) pyrolysing at different
durations.

is also similar to that in log p as known in Fig. 5.
Accordingly, it can be inferred that the decrease in
resistivity of fibres with an increase in pyrolysis tem-
perature and duration is mainly attributed to the
decrease in activation energy. Fig. 9 illustrates the
results of SEM observations. The fibre pyrolysed at
800 °C, (a), exhibits a porous surface, however, the
fibre pyrolysed at 610°C, (b), has a fairly smooth
surface.

Table I lists the chemical composition of the fibres
pyrolysed at different temperatures and durations.

To estimate the structure modification in the pyrol-
ysis process, namely the degree of basal plane develop-
ment, the atom ratios of hydrogen, nitrogen and
carbon were calculated from Table I and presented in
Fig. 10 as a function of pyrolysis temperature. It was
found that the changes in atom ratios were similar to
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Figure 7 Variation of E () and p, (M) with pyrolysis temperature.
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Figure 8 Variation of E (O) and p, () with pyrolysis duration.

those in electrical resistivity as shown as Figs 3 and 5.

Infrared absorption of precursors pyrolysed at vari-
ous temperatures are presented in Fig. 11 which indi-
cated the structure modification accompanying the
progress of pyrolysis. Three absorption peaks were
observed between 4000 and 400 cm ™. The absorption
at 1570 cm~! may be assigned to C=C and C=N
groups. In addition, no absorption associated with
~CH, and C=N at 2940cm ! and 2240 cm ™' were
found. It implies that the chain polyacrylonitrile mole-
cules have completely cyclized to form a ladder struc-
ture after pre-oxidation in air. The absorption peak in
the region from 1298 to 1233 cm ™! is probably a
consequence of overlap of several groups since the in-
plane vibration of =C-H and the stretching vibration
of C-C and C-O would be expected to absorb in this
region. The out-plane = C-H vibration might be re-

sponsible for the absorption at 800cm ™2,
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Figure 9 SEM micrograph of fibre pyrolysed at: (a) 800°C for
30 min showing pores on the surface; (b) 610 °C for 30 min.

TABLE I Chemical compositions of the fibres pyrolysed at differ-
ent conditions

Temp. (°C) Duration (min) C(wt%) N (wt%) H (wt%)
550 30 62.82 20.78 1.85
610 30 65.17 20.18 1.64
800 30 66.03 15.74 1.10
610 10 63.79 21.03 1.62
610 60 65.24 20.20 1.59
610 480 66.51 19.39 1.46
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Figure 10 Composition change in atom ratio as a function of
pyrolysis temperature: (A) N/C; () H/C.
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Figure 11 1r. spectra of fibres pyrolysed at different temperatures
for 30 min.

Furthermore the intensities of observed absorption
decreased with increasing temperature. This suggests
that the basal plane structure develops into a larger
section due to the intermolecular polymerization of
ladder-type structure into a larger section. It is
assumed that the development of basal plane structure
brings about a decrease in activation energy for
conduction and a following decrease in electrical re-
sistivity.

4. Conclusions

1. Semiconducting fibres were prepared by pyro-
lysis of polyacrylonitrile precursor and resistivities of
10410 2 Qcm ' were obtained when the pyrolysis
temperature varies from 550 to 800 °C. The electrical
resistivity of fibres is mainly controlled by the pyro-
lysis temperature.

2. All of the obtained fibres showed negative tem-
perature coeflicient of electrical resistivity. The ther-

mistor constant of fibres was found to reduce linearly
with a decrease in electrical resistivity.

3. Concentrations of hydrogen and nitrogen de-
creased with increasing pyrolysis temperature and
duration.

4. It is possible to prepare semiconducting fibres
with proper electrical resistivity and thermistor con-
stant by controlling the pyrolysis conditions.
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