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Early Stages on the Graphitization of Electrostatically Generated PAN
Nanofibers

Abstract

Carbon nanofibers were produced from polyacrylonitrile/N, N-Dimethyl Formamide (PAN/DMF)
precursor solution using electrospinning and vacuum pyrolysis at temperatures from 773K to 1273K for 0.5,2,
and § hours, respectively. Their conductance was measured. It was found that the conductivity increases
sharply with the pyrolysis temperature, and increases considerably with pyrolysis temperatures of 873, 973
and 1073K, but varies, less obviously, with pyrolysis time at the higher pyrolysis temperatures of 1173 and
1273K.
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Early Stages on the Graphitization of Electrostatically Generated

PAN Nanofibers

Yu Wang, Jorge I. Santiago-Aviles (Department of Electrical and Systems Engineering, University of

Pennsylvania, Philadelphia, PA 19104)

Abstract Carbon nanofibers were produced from
polyacrylonitrile/N, N-Dimethyl Formamide (PAN/DMF)
precursor solution using electrospinning and vacuum
pyrolysis at temperatures from 773K to 1273K for 0.5, 2, and
5 hours, respectvely. Their conductance was measored. It
was found that the conductivity increases sharply with the
pyrolysis temperature, and increases considerably with
pyrolysis time at the lower pyrolysis temperatures of 873, 973
and 1073K, but varies, less obviously, with pyrolysis time at
the higher pyrolysis temperatures of 1173 and 1273K.

L. INTRODUCTION

Electrostatic generation, or electrospinning, of ultrafine
fibers has recently stimulated much interest in the research
community. So far, the technique has been mostly used to
produce ultrafine polymer fibers [1-3]. Chun et al [4] and
Wang ef al [5] pyrolyzed electrospun polyacrylonitrile
(PAN) fibers in the vacuum into carbon nanofibers, whose
diameter is in the range of 100nm, much less than that of
carbon fibers produced by other methods of spinning [6-
8). Wang er al [9] also synthesized ultrafine PZT fibers by
sintering electrospun metal alkoxide fibers. Because of
their high specific surface area, electrospun ultrafine fibers
can be used as high performance filters, scaffolds in tissue
engineering, and sensors. These possible applications
become possible only after enough knowledge of the
electrostatically generated fibers is gained. However,
many properties remained to be uninvestigated. Take
electrical conductivity as an example. Although it is very
important in sensor application, so far only a few
investigators have looked into it. Norris et a/ [10], using
the indirect four-point probe method, measured the
conductivity of their eletrospun non-woven ultra-fiber
mats of polyaniline doped with camphoersulfonic acid
blended with polyethylene oxide (PEQ). MacDiarmid er al
[11] obtained I-V curves of single 50wt%PAn HCSA/PEO
fibers. The lack of conductivity data of eiectrospun carbon
nanofibers can, to a large degree, be attributed to the
difficuities in evaluating the cross-section area of the
fibers. The authors evaluated the cross-section area using
scanning probe microscope (SPM), and measured the
room temperature ¢lectrical conductivity of PAN-based
carbon nanofibers before [5]. This paper reports pyrolysis
temperature and time dependence of the electrical
conductivity evolution of carbon nanofibers.
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II. EXPERIMENT

Commercial PAN powder and N, N-Dimethyl
Formamide (DMF), in a ratio of 800mg PAN to 10cm®
DMF, were used to prepare the precursor solution.
Thermal gravimetric analysis (TGA) and thermal
differential analysis (DTA) were conducted in Argon
atmosphere, using SDT 29600 Simultaneous DTA-TGA
analyzer, from room temperature to 1573K at a heating
rate of 10K/minute.

The electrospinning was conducted in a homemade
setup reported in details previousiy [5]. Before the
deposition, arrays of ImmxImm or 50umx50um gold
contacts were fabricated onto the surface of single crystal
silicon substrates using lithography and vacoum
evaporation. The deposition was conducted carefully so
that only single fibers ran between two neighboring
isolated gold contact pads.

The as-deposited samples were pyrolyzed in a Brew
Model 466-S vacuum furnace at 773, 873, 973, 1073,
1173 and 1273K for 0.5, 2 and 5 hours, respectively. The
vacuum was maintained at pressures lower than 1.33x10™
Pa. The substrates, with 50umx350um gold contact pad
arrays, were used only for fibers pyrolyzed at 773 and
873K. All other samples, pyrolyzed at higher
temperatures, used lmmx mm gold contact pad arrays.

An H-P Model 4145B Semiconductor parameter
analyzer was used to measure the I-V characteristics of the
carbon nanofibers at room temperature. The testing
voltage ranged from —20V to 20V, with the step of 0.1V,
The measurement was conducted on the same segment of
fiber for 10-20 times under the same conditions.

Optical microscope was used to observe the fiber after
pyrolysis and measured their length 1. Digital Instruments
Dimension 3000NS-1I SPM, operated in tapping mode,
was used to record the height and amplitude images of
fibers as data files. Offline image processing software was
used to obtain the average cross-section profile, from
which cross-section area was evaluated. To ensure reliable
results, a scanning electron microscope (SEM) was used to
record the image of fibers, from which the horizontal
diameter of the imaged fibers was also evaluated. The
gold contact pads served as excellent internal lengih
references. The conductivity was finally determined using
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0=G5/1, where G, S and | are conductance, average cross-
section area and the length of the fibers, respectively.

I11. Results & Discussions

The TGA-DTA curves (Fig. 1) show a dramatic weight
loss and an endothermic DTA peak between room
temperature and 473K, indicating the solvent (DMF)
evaporation. Beyond this temperature, a broad exothermic
peak appear in DTA curve (Fig 1b) and weight decreases
at a much slower rate, from 8.34% at 473K to 3.88wt% at
873K, and to 3.35wt% and 2.62wt% at 1273 and 1573K,
respectively. It is noteworthy that a small sharp peak,
centered at 570K, is superimposed on the broad
exothermic DTA peak.
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Fig. 1 TGA (a) and DTA (b) curves of the precursor PAN/DMF
solution

Fig. 2 shows the I-V curves of carbon fibers pyrolyzed
at different temperatures for half hour periods. Their
linearity implies an ohmic contact between the contact pad
and the fibers. The linear slope, or the conductance of the
fibers, G, increases sharply with the pyrolysis temperature.
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Fig. 2 I-V curves of carbon nanofibers pyrolyzed at different
temperatures

Fig. 3 shows SPM height and amplitude images of a
typical single fiber. The apparent semicircular profile of
the cross section (Fig 3c) may be misleading because the
cone-shaped tip could not track the lower half of the cross
section (Fig. 3d). However, the height of the fiber, or the
vertical diameter, is real. The full width at half maximum
(FWHM) was taken as the horizontal diameter of the
fibers. Since the measured values of vertical and
horizontal diameters on the same cross section are
different, and the cross section is elliptical rather than
circular, as previously supposed.
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Fig. 3 SPM micrograph of carbon nanefiber and its cross section
profile

SEM image of the fiber revealed by SPM in Fig. 3 also

reveals its irregularity {Fig. 4). The average horizontal
diameter of the fiber was measured to be 120mm,
approximately the same as the FWHM value obtained
from 3PM cross-section profile, justifying the use of
FWHM as the horizontal diameter. This paper uses the
diameter values measured from SPM height images since
they give both horizontal and vertical diameters.
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Fig. 4 SEM image of the same fiber revealed by SPM i Fig. 3

Pyrolysis at 773K did not generate a conductance high
enough as to be detected. Since the detection limit of the
measurement system is estimated to be 0.25/m, the

conductance of the fibers pyrolyzed at 773K must be
lower than this value. At temperatures higher than 873K,
the conductivity increases sharply with pyrolysis
temperature. It also increases with the pyrolysis time at
lower pyrolysis temperatores (873, 973 and 1073K) (Fig
5a), but levels off at higher pyrolysis temperatures (1173~

1273K) (Fig. 5b).
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Fig. 5 Pyrolysis temperature (a) and time (b) dependence of the
conductivity
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1V. CONCLUSION

The conductivity of PAN-based carbon nanofibers
produced by electrospinning was measured. It increases
sharply with the pyrolysis temperature, and also increases
considerably with pyrolysis time at lower pyrolysis
temperatures (873, 973 and 1073K), but varies less
obviously with pyrolysis time at higher pyrolysis
temperatures {1173 and 1273K).
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