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Abstract

Low-temperature electrical conductivity and Raman scattering are studied as charac-
terization tools for activated carbon fibers, which have a high density of defects and a huge
specific surface area. The transport mechanism at low temperature is governed by variable-
range hopping, as in other strongly disordered systems. From the Raman spectra obtained,
we deduce that the long phenolic fibers are more disordered than the acrylic fibers and
that increased specific surface area corresponds to increased disorder. The average in-plane
microcrystallite size is about 20-30 A.

Introduction

Although the adsorption properties of activated carbons have been extensively studied,
there has been little work done on other physical properties of this interesting material,
which possesses an unusally high density of defects and a huge specific surface area (SSA),
exceeding that in other solids. The recent success in the fabrication of activated carbon
fibers (ACFs) allows the transport properties of this disordered material to be investigated.
Di Vittorio [11 has made a preliminary survey of the temperature dependence of the dc elec-
trical conductivity, the magnetoresistance, the thermal conductivity and the thermopower
of acrylic ACFs with specific surface area (SSA) of 1000 rn 2/g. The dc conductivity and
the photoconductivity were studied by Kuriyama and Dresselhaus 121 over a temperature
range of -• 30K < T < 300K for phenolic ACFs with SSAs ranging from 1000m,/g to
2000m 2/g. The conduction mechanism in disordered solids is generally known to be gov-
erned by hopping. Measurement of the electrical conductivity down to temperatures lower
than 30 K has been used to identify the hopping conduction model to be used in interpreting
the photoconductivity and the magnetoresistance data at higher temperature. A comprehen-
sive understanding of the various transport phenomena should be essential to learning the
nature of defects and the role they play in transport. Some knowledge of the microstructure
of ACFs can also be obtained from the Raman scattering experiments and such knowledge
should help our understanding of the conduction mechanism. It is also interesting to see
whether both low-temperature conductivity measurements and Raman scattering can be
used as complementary characterization tools for ACFs.

Experimental Details

The precursor materials of the ACFs we studied are isotropic pitch (acryl) and phenol.
The SSA ranges from 1000 m 2 /g to 3000rn'2/g for the acrylic ACFs and from 1000n

2/g
to 2000m 2/g for the phenolic ones. The precursor is first spun to form the fiber. Then,
the fiber is prepared for activation in an antiflammable process at a temperature of 200 to
400'C. Finally, the fiber is activated. In the activation process, the fiber is heated in the
temperature range 800 - 1200'C for acrylic fibers and 1100 - 14000C for phenolic fibers in
02, H20, C0 2 or other oxidizing atmospheres. The activation process for the phenolic ACFs
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used in this paper is described in ref. [3]. The main parameter that characterizes. ACFs, the
specific surface area (SSA), is controlled by the temperature and the time for activation, the
activation process and the precursor materials. It is measured using BET analysis of the
adsorption isotherms of N 2 at 78 K and C0 2 at 195 K.

The Raman scattering experiments were performed in the back-scattered configuration.
An Argon-ion source was used to provide coherent radiation of less than 100mW (to avoid
sample deterioration due to radiation heating) at a wavelength of 4880 A. A two-lens couple
was used to focus the beam on the sample at an angle of approximately 400 to the normal. In
order that the results be truly characteristic of the type of fibers under study, the laser beam
was deliberately defocussed on the sample so that more fibers could be sampled and radiation
heating could be avoided. The scattered beam from the sample was collected at normal
incidence by a 50-num camera lens into the entrance slit of a SPEX-1403 monochromator,
the setting of which corresponded to a bandpass of 7 cm 1 . This bandwidth is sufficiently
narrow to preserve the lineshape of the broad Raman peaks observed. To avoid fluoresence,
we did not use any transparent medium, such as a capillary tube, to hold our samples.
Parafilmn strips were used in this experiment to wrap the ends of the fibers onto a glass plate
which would serve as the sample-holding substrate. The middle part of the fiber bundle
was then conveniently exposed to the incident radiation. A good signal-to-noise ratio was
obtained when six 25-minute scans were taken for each spectrum.

The transport experiment involved measurements of the resistance of ACFs over a range
of temperature spanning 4.2 K to 300 K. All resistance measurements were made using the
four-point probe method. We used copper wires and silver paint to make contacts with the
fiber sample. The contact resistance measured in this experiment was on the order of 10 R1
typically and was much smaller than the sample resistance (> 1kUl).

The voltage across the middle contacts was measured by a Keithley model-181 digital
nano-voltmeter, whose maximum range was 200-mV, while the current to the fiber was
provided by a Keithley model-225 current source. Because the sample resistance could go
up to tens of megaohmus at low temperature, measurements of such high resistances required
a few precautions. First, the current level was adjusted so that the power dissipated in the
sample was less than 10-"W. A resistor of - 10 Mfl, accurately measured by a Keithley
model-192 digital multimeter before the experiment, was placed across the input terminals of
the nano-voltmeter. At low temperature, it could divert the current from the sample so that
the current source could now provide an output current above its minimum range without
causing overflow in the nanovoltmeter. The resistor also reduced the total impedance seen
by the nanovoltmeter so that a voltage correction was not necessary. Finally, neighbouring
samples were placed at least 5 cm apart, a distance observed to be long enough to avoid the
problem of signal coupling of two large resistances at low temperature.

A temperature scan from 4.2 K to room temperature took place by natural warming.
After the experiment, the resistivity of each sample was calculated using the diameter and
length of the sample measured by Scanning Electron Microscopy (SEM).

Experimental Results

Raman measurements were made on a series of samples to examine the effect of SSA,
precursor materials and morphology on the Raman spectra. The aim of our study is to
correlate disorder with SSA by plotting the appropriate fitting parameters against SSA and
to examine the sensitivity of Raman scattering to both the SSA and the precursor materials
in strongly disordered systems like ACFs. The ACFs studied include 3 categories, namely
acrylic fibers (AC), long phenolic fibers (FRL) and short phenolic fibers (FRS). Although
the FRL fibers and the FRS fibers originated from the same precursor, they were treated
differently during their activation processes and the resultant degree of disorder in these two
types of ACFs could be quite different. FRLL fibers are typically more than 10 cm long and
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FRS fibers are generally shorter than 1 cmmm. The AC fibers are pitch-based fibers and were
selected in our Raman studies to provide a comparison with the phenol-based fibers, which
have a different morphology. Shown in fig. 1 are the Raman spectra for FRL15, FRS15
and AC15 and their corresponding fitting curves. Each of these spectra is typical of all the
fibers with different SSAs in the same category. The labels indicate whether the fibers are
long phenolic, short phenolic or acrylic ACFs. The numbers in the labels represent the SSA
divided by 100 m 2 /g, so that SSA = 1500 mn2 /g for the ACFs in Fig. 1.

Figure 1: Raman spectra for FRL15 (top figure), FRS15 (middle figure) and AC15 (botiom figure).
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Two peaks were observed in the Raman spectrum for each of the 10 samples studied.
The best fit to the data was obtained with a Lorentzian fit to the broad line near 1360 ci- 1

and a Breit-Wigner-Fano (BWF) lineshape around 1610 cnm-'. The latter lineshape results
from the interaction of a Raman-active continuum with the discrete Raman-alowed mode,
which can be identified as the 1582-cm-1 E 2,, mode in HOPO. The BWF lineshape was
also observed in the Raman spectra for other disordered graphitic systems, such as ion-
implanted graphite [41 and stage-i alkali metal graphite intercalation compounds COK, C$Rb
and CsCs [5]. The BWF line is described by the following expression:

) o[1 + (W, -_ Wo)/q]2

where 1(w) is the intensity as a function of frequency, I0 the peak intensity, 1/q the interaction
between the discrete E2 ., mode and the Raman-active continuum, Wo the center position
and r the full-width-at-half-maximum-intensity (FWHM) of the unweighted Lorentzian (for
which q -- oo). The broad peak near 1360 cm-m is disorder-induced, and has also been
observed in other disordered graphitic systems such as benzene-derived carbon fibers [6J. In
table 1, we list the fitting parameters extracted from the fit to the spectra in Fig. 1. The
fitting parameters include the center frequencies, the FWHM's and the relative integrated
intensities 1136o/1msso for the two peaks observed. Also listed are 11q and rmsso/q for the
Raman-active mode with the BWF lineshape.

The temperature dependence of the dc electrical conductivity of phenolic ACFs is shown
in fig. 2. When plotting the logarithm of the conductivity against lIT, 11TmV2, 11Tmfs, and
1/T

1
/
4 for all phenolic ACFs, we found that the plot against 1/Tm/2 appeared most linear

over the widest range of temperature. It indicated that the conduction mechanism could be
governed by Mott's law in the following form [7]:

a-(T) = 0oexp T- (2)
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Table 1: Listed are the fitting parameters (pars.) obtained from fitting a Lorentzian line at
1350cnm- and a BWF line at - 1610cm-' to the data. The numbers in the fiber labels indicate
their specific surface area in 100 rn2

/g.

pars. FRL10 FRL15 FRL20 FRS12 FRS15 FRS20 AC10 AC15 AC20 AC30
u 1 3 6 0  1348 1350 1350 1348 1348 1347 1347 1345 1345 1342
r 1360  152 156 141 120 124 118 114 113 102 103
visso 1611 1612 1611 1606 1612 1610 1610 1607 1609 1606

[17o8 67 64 68 61 61 57 57 57 54 56
1_ -0.23 -0.19 -0.23 -0.10 -0.18 -0.18 -0.17 -0.16 -0.16 -0.17

S-15 -12 -16 -6 -11 -10 -10 -9 -9 -10

S1.89 1.90 1.92 1.67 1.69 1.70 1.69 1.81 1.70 1.84

Figure 2: The temperature dependence of the dc electrical conductivity of FRL20 (A), FRS20 (B),
FRS12 (C) and FRL1O (D) activated carbon fibers Is shown below together with the fitting curves
obtained using the model of thermal activation and 2-dimensional VRHC.
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where o, is the conductivity, To a fitting parameter and p = 2 in this case. Equation (2) with
p = 2 can be identified with hopping conduction in the Coulomb gap, which has a parabolic
density of states about the Fermi level. The log-log plot of the local activation energy e.,
given by:

d (in p)
e, -d((kBT)_l) , (3)

where p is the resistivity and kB the Boltzmann constant, versus temperature also yields
values of p centered very closely around 2 for all ACFs studied.

However, the conduction mnechanismu could also be described by Mott's law with dif-
ferent p values and a correction termn due to thermal activation. We have least-squares
fitted our conductivity data using four different models, namely Coulomb gap conduction,
Coulomb gap conduction plus thermal activation, 2-dimensional variable-range hopping con-
duction (VRIIC) plus thermal activation, and lastly 3-dimensional VRIIC plus thermal acti-
vation. To all these models, we have also added a constant contribution (o'(T = 0)) to verify
that the conductivity is zero at zero temperature. Indeed, a(T = 0) was found to be zero.
From table 2, in which we list the least-squares residues for all the models considered, we
find that the best fitting model is the 2-d VRHC plus themally activated conduction. The
fits are shown in fig. 2. We note that the model of Coulomb gap conduction plus thermal
activation is a close competitor and should not be ruled out based on a mere comparison of
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least-squares residues, which are affected by the weight allocation to different parts of the
data.

Table 2: List of residues resulting from a non-linear least-squares fit of various models to the
conductivity data. These models include the Coulomb gap conduction with and without thermal
activation, the 3-dimensional variable-range hopping conduction (VRHC) with activation and the
2-dimensional VRHC with activation.

Fiber (FRL1O I FRL20 FRS12 (FRS20

Coulomb gap 1.35 2.41 2.15 1.74
Coulomb gap 0.31 0.83 1.07 0.56
+ Activation

2dVRHC 2.32 0.23 0.25 0.84
+ Activation

3dVRHC 4.46 0.60 0.50 2.19
-+- Activation I

Discussion

From table 1, the intensity ratio 113ol/1l8o is extracted and plotted in fig. 3 against
SSA for all ACFs studied. This ratio, together with the other quantities listed in the table,

Figure 3: Plot of *the ratio of integrated intensity of the disorder-induced peak to that of the
Raman-active peak (Im3eo/Ilsso) against SSA for acrylic (AC), long and short phenoLic (FRL and
FRS) ACFs. 2.00 1 1 1 1 1

0 FRL
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have been used as a measure of the disorder in disordered graphitic systems [6]. The in-plane
crystallite size (L.) is determined by the empirical formula [81:

a=4 ( 1s30) (in A). (4)

The intensity ratio in Eq. (4) ranges from 1.67 to 1.92, giving L, _0 23-26 A. Equation (4)
implies that 1130o/I1so increases with the disorder in the system. It can then be seen from
the plots of Fig. 3 that the FRL fibers are more disordered than the AC fibers, which are
in turn more disordered than the FRS fibers, and that there is more disorder in ACFs with
a larger SSA, as indicated by the positive slopes of the straight lines resulting from the
least-squares linear fit. The slope of the fitting line for the AC fibers is within experimental
error of the other slopes. The other quantities in table 1, when similarly plotted against
SSA, showed little sensitivity to SSA. While it is still clear from those plots (not shown)
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that the FRL fibers are more disordered than both the AC and time FRS fibers, the plots
for the AC fibers now lie below those for the FRS fibers, suggesting either that the intensity
ratio (Im3eo/,ssso) is not so sensitive a measure of the disorder in a porous system, or that
the rest of the quantities are less informative and accurate as a characterization parameter
than the intensity ratio.

Looking at fig. 2, one finds that the FRL fibers are more conductive than the FRS fibers
and that ACFs with a larger SSA have a higher conductivity than those with a smaller SSA
in the same category, in agreement with the other work [2]. In strongly disordered solids,
conduction usually occurs by carrier hopping from one localized center to another. The
tunneling probability increases with the density of defects, which could be dangling bonds,
adsorbed impurity sites or vacancies. The observed trends therefore indicate that the FRL
fibers are indeed more disordered than the FRS fibers and that disorder increases with SSA.
This finding also encourages us to further our conductivity measurements to include AC
fibers in the future to determine whether they are actually more disordered than the FRS
fibers.

Based on the least-squares residues, one can argue that the 2-dimensional VRHC is
the most likely conduction mechanism at low temperature. However, since the estimated
hopping distance is larger than L,, it is questionable whether the hopping carriers should
see a 2-dimensional structure at all. Although the log-log plot of the local activation energy
versus temperature suggests that Coulomb gap conduction could be present, the localization
length and the pseudo-gap width were both found to be unconvincingly large (360 A and
- 1 eV, respectively). Therefore, we cannot yet conclude convincingly which conduction
mechanism governs the electrical transport of ACFs at low temperature.
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