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Abstract—Bromine was intercalated in pitch-based carbon fibers (Thornel P-100 of Amoco) by either
exposure to Br, or anodic oxidation (i.e., electrochemical intercalation). The former method resulted
in fibers that exhibited in-plane disorder at room temperature and in-plane melting at 271 K, whereas
the latter method resulted in fibers that exhibited in-plane superlattice order at room temperature and
in-plane melting at 373 K. Compared to fibers prepared by the former method, fibers prepared by the
latter method exhibited more homogeneous intercalation, a more uniform chemical state of the inter-
calated bromine, a higher electron transfer from bromine to carbon, a lower bromine concentration,
a lower electrical conductivity, enhanced oxidation resistance, and an increased activation energy for
oxidation. Highly oriented pyrolytic graphite did not undergo electrochemical intercalation under the

same conditions as the fibers.

Key Words—Carbon fibers, bromine, intercalation, oxidation, pitch, Raman, electrochemical, anodic

oxidation.

1. INTRODUCTION

Pitch-based carbon fibers (Thornel P-100 of Amoco)
that have been brominated by exposure to bromine
(liquid or vapor) have received much attention re-
cently[1] because they have an electrical resistivity
of 50 w} cm (comparable to the value for stainless
steel) and are stable in air, vacuum, high humidity
and temperatures up to 200°C[2]. Moreover, the
electromagnetic interference (EMI) shielding effec-
tiveness is greatly improved by the bromination[1].
Even though the mechanical properties of the fibers
themselves are essentially not affected by the brom-
ination, the interlaminar shear strength of the brom-
inated fiber-epoxy composite is 18% greater than its
pristine counterpart[1]. Furthermore, the oxidation
resistance of the fibers is improved by the bromi-
nation[3].

Raman scattering showed that Thornel P-100 fi-
bers brominated by exposure to bromine are graph-
ite intercalation compounds, but X-ray and electron
diffraction showed that the bromine layers in the
fibers are disordered at room temperature[4]. In
contrast, all other graphite—-bromine phases exhibit
in-plane superlattice ordering at room tempera-
ture[S]. Upon cooling these fibers to below 271 K,
in-plane superlattice ordering occurs[4].

Intercalation in general can be carried out in two
ways, namely

1. direct exposure to the intercalate vapor or lig-
uid, and
2. electrochemical intercalation.

The first method is the method widely used for al-
most all intercalate species, whereas the second
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method is used for many fewer intercalate species
(e.g., H,SO,[6]). The intercalation of bromine in
graphite as well as carbon fibers has always been
carried out by using the first method. However, re-
cently Tillgner and Ruland{7] successfully carried
out electrochemical intercalation of bromine in
Thornel P-100 carbon fibers and observed with X-
ray diffraction in-plane superlattice ordering at room
temperature. In this paper, we have confirmed the
report of Tillgner and Ruland and have furthermore
shown that the electrochemically brominated P-100
fibers are more oxidation resistant than those brom-
inated by exposure to bromine, and that the bromine
in the electrochemically brominated P-100 fibers
undergoes more charge transfer than that in the fi-
bers brominated by exposure to bromine.

2. INTERCALATION METHODS

Two bromination methods were used for the sake
of comparison. The first method involved direct ex-
posure of Thornel P-100 carbon fibers (without resin
sizing) to bromine vapor in air at room temperature
for at least 6 days. After that, the fibers were re-
moved from the bromine reservoir and allowed to
desorb in air at room temperature. The fibers pre-
pared by using this method are labeled Type I.

The second method involved anodic oxidation of
the Thornel P-100 carbon fibers in an electrolyte,
which was a saturated aqueous potassium bromide
solution[7]. The electrochemical intercalation set-up
is illustrated in Fig. 1. The carbon fibers were sus-
pended in the electrolyte by a platinum wire and
basket, which served as the anode. Electrical contact
between the fibers and the platinum basket was ren-
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Fig. 1. Schematic of apparatus for electrochemical inter-

calation of bromine in carbon fibers.

dered by pressure. Another platinum wire served as
the cathode. The reference electrode was a com-
mercial (Orion) Ag/AgCl electrode, which was filled
with a 4 M KCl solution and connected to the elec-
trolyte by fritted glass. Above the fritted glass was
a 0.1 M KCI solution. Anodic oxidation was per-
formed either at constant voltage (1.8-2.2 V) or
constant current (0.5 mA) between the anode and
the cathode. With a constant current of 0.5 mA for
80 h, the potential between the anode and the ref-
erence electrode (Fig. 2) was recorded continuously
in a pulse mode, such that each data point was ob-
tained after disconnecting the anode and cathode for
2 min. No step was observed in Fig. 2, in contrast
to the steps typical for the electrochemical interca-
lation of graphite (such as highly oriented pyrolytic
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Fig. 2. Variation of the potential between the anode and
the reference electrode during electrochemical intercala-
tion of bromine in carbon fibers.

graphite, or HOPG) with H,SO,[6]. Aftei the anodic
oxidation, the fibers were rinsed with distilled water
and dried in air at room temperature for 2 days. The
fibers prepared by using this method are labeled
Type II.

3. WEIGHT UPTAKE

The fractional weight increase relative to the
weight of the pristine fibers was about 20% for Type
I and 12.2% for Type II, as measured by using a
Perkin-Elmer AD-2Z autobalance. The weight in-
crease for Type II includes the weight of the small
amount of KBr crystals which remained on the sur-
face of the fibers after drying.

4. STRUCTURE

X-ray diffraction was performed at room temper-
ature in the transmission mode with the diffraction
plane perpendicular to the fiber axis. A Stoe X-ray
diffractometer system was used, with CuKa radia-
tion and a 45° curved position sensitive detector.
Figure 3 shows a diffraction pattern obtained on a
Type I sample, which weighed 3.9 mg. The counting
time was 1500 s. Most of the peaks in the diffraction
pattern were labeled with the Miller indices of graph-
ite (G) or of graphite-bromine intercalation com-
pound (B). The intercalate peaks are due to in-plane
intercalate superlattice ordering. No staging peak
was observed. One peak is due to KBr. In contrast,
Type I at room temperature gave an X-ray diffrac-
tion pattern that consisted of only graphite peaks[4].

Electron diffraction was performed on a Type II
sample at room temperature. The diffraction pattern
(Fig. 4) was the same in-plane superlattice pattern
as that of HOPG intercalated with bromine[8]. In
contrast, the electron diffraction pattern of Type I
at room temperature (Fig. 4) was just a graphite
pattern, without any superlattice spot.
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Fig. 3. X-ray diffraction pattern of carbon fibers bromi-

nated by electrochemical intercalation (Type II). The peaks

are labelled by the Miller indices, with G signifying graphite
peaks and B signifying bromine intercalate peaks.
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Type II

Type I

Fig. 4. Electron diffraction patterns of Type II and Type I fibers at room temperature. The camera
length is different for the two photographs.

Differential scanning calorimetry (DSC) was per-
formed using a Perkin-Elmer DSC-2 system in order
to look for the melting of the intercalate layers—a
phase transition which occurs at 100°C in HOPG
intercalated with bromine[9,10]. This peak was in-
deed observed as an endothermic peak at 100°C (373
K) upon heating at a heating rate of 40°C/min for a
15 mg Type 11 sample prepared with a voltage of 2.2
V between the anode and cathode (Fig. 5(a)). Upon
cooling this sample at 20°C/min, an exothermic peak
was observed at 96°C (369 K) (Fig. 5(b)). For Type
I samples, the only peak observed was at —2°C (271
K)[4]; no peak was observed in the vicinity of 100°C.

Raman scattering was performed in the 180°C
back-scattering geometry using the 5145 A line of
an argon ion laser operating at a power of 250 mW.
The scattered light was detected by using a photo-
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multiplier tube and photon counting. The doublet
corresponding to the E,,, mode of graphite (as pre-
viously observed in HOPG intercalated with bro-
mine[11,12]) was observed in both Type I and Type
II samples, as shown in Fig. 6(a). The high frequency
component of the doublet is associated with the
graphite layers bounding the intercalate layers,
whereas the low frequency component is asseciated
with the graphite layers that are not immediately
adjacent to an intercalate layer[11]. The intensity
ratio of the high frequency component to the low
frequency component increases with increasing in-
tercalate concentration[11]. This ratio is 0.42 and
0.29 for Type I and Type II samples respectively.
According to Fig. 7 of Ref. 11, these values corre-
spond to residue compound intercalate concentra-
tions of 1.4 mole % Br, (18.6 wt. % Br,) and 0.87
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Fig. 5. DSC thermograms of carbon fibers brominated by electrochemical intercalation (Type II) (a)
during heating at 40°C/min, and (b) during cooling at 20°C/min.
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Fig. 6. (a) Raman spectra of brominated carbon fibers, showing the doublet associated with the £,

mode of graphite; (b) Raman spectra of brominated
superimposed on a scattering background.

240 ¢m ™!

mole % Br, (11.6 wt. % Br.), respectively. Since the
measured weight uptake (including that due to the
KBr crystals on the surface) is 12.2% for Type II,
this result indicates that the weight uptake due to
KBrisonly about 0 = 1 wt.%. A difference between
Type I and Type 11 is that the high frequency com-
ponent is more well resolved in Type II than Type
I. Another difference is that the full width at half
maximum of the low frequency component is 25 and
16 cm ' for Type I and Type II respectively (com-
pared to 15 em ! for HOPG intercalated with bro-
mine[11]). These Raman observations suggest that
intercalation is more homogeneous in Type II than
Type L.

Figure 6(b) shows the only observed Raman peak
other than the doublet for Type I and Type I1. Both
Type I and Type I1 show a peak at about 240 cm ™',
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Fig. 7. Bromine pressure measured by mass spectrometry

versus temperature during heating of carbon fibers brom-
inated by exposure to bromine vapor (Type 1).

wrbon fibers showing the intercalate peak near

which is the frequency for the intercalate mode in
HOPG intercalated with bromine[11,12]. However,
this peak for Type I and Type II is much broader
than in HOPG, though the peak for Type II is more
well defined and closer to 240 ecm ™' than that for
Type L. This difference between Type I and Type II
suggests that the chemical state of bromine in Type
[ is less uniform than that in Type II. (It should be
mentioned that Raman peaks quite close to 240 cm
also exist for Br-% and Br * ions[13]).

For both Type I and Type II, no Raman peak was
observed around 1360 cm ' (due to crystallite
boundaries[14]) or around 323 cm ' (the vibration
frequency of a free bromine molecule).

5. ELECTRONIC PROPERTIES

The electrical conductivity, Hall coefficient and
magnetoresistance of pristine fibers, Type Iand Type
I1 were measured at room temperature and 77 K.

Inidirectional fiber tows that had been pressed to

make contact were used for these galvanomagnetic
studies. The method of measurement was as de-
scribed by Marchand er al.[15,16]. The electric cur-
rent was passed along the fiber axis (x direction).
The magnetic field (0.75 T) was applied perpendic-
ular to the x direction, i.e., along the z direction.
The Hall voltage was directed perpendicular to both
the x and z directions, i.e., along the y direction.
The results on the electrical conductivity, magne-
toresistance and Hall coefficient are shown in Table
1. The electrical conductivity is higher for Type 1
than Type II at both temperatures. The magnetores-
istance is much less for both types of brominated
fibers than for pristine fibers. The Hall coefficient
is negative for the pristine fibers and is positive for
both types ot brominated fibers.

At room temperature the following four equations
weTe used to determine the mobilities (p,, p,) and
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Table 1. Galvanomagnetic properties of carbon fibers

Electrical Magneto- Hall
conductivity resistance coefficient
Fiber Temperature o AR/R A
type (K) (10° @"'m~") C10=Y (10*m*C-1)
Pristine 300 4.72 31.0 -0.27
77 2.92 23.6 -0.35
Type I 300 18.69 8.12 0.647
77 19.37 —10.08 0.410
Type II 300 8.02 7.40 0.718
77 9.47 -9.32 0.341

concentrations (n,, n,) of both electrons (e) and

holes (h)[16]:

= e(”rpﬂ' 35 nk“'.l'.‘_) (1)
A ctle = npi — npl (2)
2a? (AR/R)/eB? = nngpey (e + pi)* (3)
n.n; (brominated) = n.n, (pristine), (4)
where,
o = electrical conductivity,
e = electronic charge,
A = Hall coefficient
AR/R = magnetoresistance,
and,

B

magnetic field.

When the magnetoresistance values are negative
at (77 K), eqn. (3) is no longer valid[16], but the
problem can be solved by eqns (1), (2) and (4), and
also by using the notion that the (n,—n,) difference
is the same at 77 K and at room temperature. The
results of the calculations are listed in Table 2. From
the bromine content of each sample and the corre-
sponding value of n,—n,, it is possible to determine
the charge transfer coefficient, that is, the number
of electronic charge transferred per bromine atom,
as listed in Table 2. The charge transfer coefficient
for Type II is larger than that for Type I. If we had

excluded the weight of KBr, then the charge transfer
coefficient would have been even higher for Type
II. The electrical conductivity is higher for Type I
than Type II. This is because Type II has a lower
carrier concentration and a lower carrier mobility
than Type I.

Marchand and Mathur[16] investigated the gal-
vanomagnetic properties of UCC-3200 (a Union
Carbide pitch-based carbon fiber heat-treated at
3200°C) and UCC-3000 (the same fiber heat-treated
at 3000°C) instead of Thornel P-100. The electrical
conductivity of pristine P-100 is higher than that of
UCC-3200 or UCC-3000. After bromination by ex-
posure to vapor bromine (this work) or liquid bro-
mine[16] and subsequent desorption, the weight
uptake for P-100 (20%) was much less than that of
UCC-3200 (84%) or UCC-3000 (47%). Marchand
and Mathur[16] did not use electrochemical inter-
calation. They reported a charge transfer coefficient
of approximately 0.3. Thus, in spite of the difference
in material between this work and Ref. 16, the
charge transfer coefficient determined was similar
for the two works.

6. OXIDATION RESISTANCE

The oxidation resistance of the fibers was studied
during temperature scanning at a heating rate of
20°C/min. During heating the weight of the fibers
was measured in situ using a Perkin-Elmer AD-2Z
autobalance, while the relative amount of evolved
bromine vapor and the relative amount of evolved

Table 2. Carrier concentrations, carrier mobilities and charge transfer

Carrier Carrier
concentration mobility
(cm~) (cm?/V.s)
Charge
Fiber Temperature Electrons Holes Electrons Holes transfer
type (K) n, "y D, D, coefficient
Pristine 300 1.42 x 10¥ =395 1050 1050
77 1.01 x 10¥ 9.9 x 10% 916 916
Type I 300 2.04 x 107 9.65 x 10% 5400 121 0.26
77 1.03 x 107 9.65 x 10® 7300 125 0.26
Type 11 300 G e 6.23 x 10% 3420 80 0.30~0.33
77 1.59 x 10" 6.23 x 10® 4830 95 0.30~0.33

CAR 28:4-E




526 C. T. Ho and D. D. L. CHUNG

CO, vapor were monitored by using a VG Instru-
ments, Inc. 1-300 amu quadrupole mass spectrom-
eter equipped with a glass-lined capillary inlet. Three
types of fibers were used, namely pristine, Type I
and Type II fibers. The weight of each type of fibers
was about 20 mg prior to heating. Figures 7-9 show
the mass spectrometry results obtained for Type I
and Type II. The Type I fibers had been desorbed
at room temperature for 4 days prior to heating; the
Type 1I fibers had been desorbed at room temper-
ature for 2 days prior to heating. Figures 7 and 8
show that bromine desorption is important at low
temperatures, while Fig. 9 shows that the oxidation
of carbon (thereby evolving CO,) is negligible below
625°C for both Type I, Type II and pristine fibers.
This means that the weight loss below 625°C is almost
all due to the desorption of bromine. Comparison
of the three curves in Fig. 9 shows that bromination
by exposure to Br, (Type I) increases the oxidation
resistance most significantly at 675-800°C, less sig-
nificantly at 800-925°C and negligibly at other
temperatures, whereas bromination by the elec-
trochemical method (Type II) increases the oxida-
tion resistance at all temperatures.

Table 3 shows, for the sake of comparison, the
temperature (during temperature scanning at 20°C/
min) required to achieve 5, 15, 25 and 40% burn-
off (detected gravimetrically) in air for pristine, Type
1 and Type II fibers. At 5% burn-off, all three types
of fibers are almost the same in this required tem-
perature. This is because the contribution of bro-
mine desorption to the weight loss is important for
Type I and Type II below 626°C, thus overshadowing
the effect of bromination on the oxidation resistance.
For larger amounts of burn-off (i.e., higher required
temperatures), the contribution of bromine desorp-
tion is relatively less and the required burn-off tem-
perature clearly follows the trend: pristine < Type
I < Type II.
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Fig. 8. Bromine pressure measured by mass spectrometry
versus temperature during heating of carbon fibers brom-
inated by electrochemical intercalation (Type II).
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Fig. 9. CO, pressure measured by mass spectrometry ver-
sus temperature during heating of pristine fibers (dashed
line), Type I fibers (circles) and Type II fibers (crosses).

The oxidation resistance of the fibers in air was
also investigated isothermally at various tempera-
tures as a function of time.

The isothermal study was carried out by measuring
the weight of a bunch of fibers (typically about 20
mg in weight) after various periods of heating at a
chosen temperature. The heating took place in static
air in a box furnace with a heated volume of 0.0101
m?. Due to the large volume of the furnace and the
small volume of the fibers, the absence of forced air
circulation in the furnace did not affect the quality
of the results. Heating of a fiber sample was inter-
rupted at 15 min intervals for the purpose of weigh-
ing.

The weight loss of the three types of fibers as a
function of time at 700°C is shown in Fig. 10. The
oxidation resistance of the fibers is again seen to
follow the trend: pristine < Type I < Type II.

Table 4 shows the oxidation rate at 25% weight
loss (determined from the slope of isothermal weight
loss curves, such as Fig. 10, at 25% weight loss) for
pristine, Type I and Type II fibers at 750, 700 and
650°C. The oxidation rate at each temperature
was found to follow the trend: pristine > Type I >
Type II.

The data of Table 4 were plotted in the form of
an Arrhenius plot, as shown in Fig. 11. From the
slope of this plot, the activation energy was deter-
mined. The activation energy is 162, 183 and 200 kJ/

Table 3. Burn-off temperature during heating at
20°C/min
Burn-off temperature (K)
Fiber type 5% 15% 25% 40%
Pristine 663 726 757 812
Type I 660 770 810 873
Type II 675 793 844 914
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Fig. 10. Fractional weight loss versus time during isoth-
ermal heating at 700°C for pristine fibers (+), Type I fibers
(*) and Type II fibers (0).

mole for pristine, Type I and Type II fibers respec-
tively. For the sake of comparison, we should men-
tion that the activation energy at 5% burn-off is 240
kJ/mole for pristine Thornel P-55 fibers[17]. The
activation energy of oxidation of Thornel P-100 fi-
bers has not been previously reported.

7. COMPARISON WITH GRAPHITE

The same methods that produced Type [ and Type
I were applied to HOPG for the sake of comparison.
HOPG exposed to bromine vapor resulted in a stage-
2 intercalation compound with in-plane superlattice
ordering, as shown by X-ray and electron diffraction.

Bromine intercalation did not occur in HOPG that
had been electrochemically treated as for Type II,
as indicated by a purely graphitic X-ray diffraction
pattern (except for a very small amount of KBr re-
maining on the HOPG) and the lack of any change
in the electrical conductivity after the electrochem-
ical treatment. Figure 12 shows the potential be-
tween the anode and the reference electrode as a
function of time during anodic oxidation at a con-
stant voltage of 2.2 V between the anode and the
cathode. As in Fig. 2, each data point in Fig. 12 was
obtained after disconnecting the anode and cathode
for 2 min. Comparison of Fig. 2 (for fibers) and Fig.
12 (for HOPG) shows that the potential is about ten

Table 4. Oxidation rate measured at 25% burn-
off

Oxidation rate (min~')

Fiber type 750°C 700°C 650°C
Pristine 291 1.21 0.419
Type I 1.56 0.56 0.191
Type 11 1.46 0.51 0.142
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Fig. 11. Arrhenius plot of the oxidation rate at 25% weight
loss versus 1/temperature for pristine fibers (*), Type I
fibers (©) and Type II fibers (x).

times higher in Fig. 2 than in Fig. 12, although the
potential increases smoothly with time in both fig-
ures. This suggests that a relatively small degree of
charge transfer accurs in the anodic oxidation of
HOPG, but the charge transfer may be associated
with the adsorbed bromine and is not associated with
intercalation.

The difference between carbon fibers and HOPG
in their response to anodic oxidation is probably due
to the tendency of water in the electrolytic solution
to dissolve bromine and this dissolution probably
occurs more readily for bromine in HOPG than bro-
mine in carbon fibers. This explanation is supported
by the fact that the electrolyte turned more yellow
and bromine-smelling for HOPG than fibers.

8. CONCLUSION

Type I and Type II fibers are different in the fol-
lowing ways:

1. Type I exhibits in-plane disorder at room tem-
perature; Type II exhibits in-plane superlattice order
at room temperature.

2. Type I undergoes in-plane melting at 271 K;
Type II undergoes in-plane melting at 373 K.

3. Intercalation is more homogeneous in Type II
than Type L.

4. The chemical state of the intercalated bromine
is more uniform in Type II than Type I.

5. The electron transfer coefficient (from bromine
to carbon) is higher in Type II than Type 1.

6. The oxidation resistance is higher in Type II
than Type 1.

7. The activation energy for oxidation is higher
for Type II than Type 1.

The enhanced oxidation resistance of Type II com-
pared to Type I is attributed to the increased charge
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Fig. 12. Variation of the potential between the anode and
the reference electrode during electrochemical treatment
of HOPG.

transfer coefficient in Type II. Adsorbed halogens
are known to inhibit carbon oxidation[18], but the
bromine in both Type I and Type II is intercalated
rather than adsorbed. Furthermore, the bromine
concentration is higher in Type I than Type II. The
increased activation energy for oxidation of Type II
compared to Type I is consistent with the larger
charge transfer coefficient in Type II than Type L

In spite of the larger charge transfer coefficient in
Type II than Type I, the electrical conductivity is
lower in Type II than Type L. This is because of
the lower bromine concentration in Type II than
Type L

That a difference in intercalation method yields

different phases at the same temperature is related
to the complex phase equilibria in the graphite—bro-
mine system([5]. The origin of this difference is pres-
ently not clear.
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