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ABSTRACT: A solution of a polyimide (PI, Matrimid�

5218) in dimethylacetamide was electrospun, and carboniza-
tion of the electrospun nonwoven fabrics produced carbon
nanofiber fabrics. The effects of iron(III) acetylacetonate
(AAI) on carbonization and the resulting morphology were
also investigated. The carbonization behavior of the non-
woven fabrics was examined by X-ray diffraction and Ra-
man spectroscopy. AAI promoted carbonization of the non-
woven fabrics and increased the carbon yield. Addition of 3
wt % AAI increased the crystal dimension of electrospun PI
nanofibers from 1.06 to 4.18 nm and decreased the inte-
grated intensity ratio from 3.37 to 1.83 when heat treated at
1200°C. Scanning electron microscopy images of the carbon-

ized nonwoven fabrics showed that AAI remained as parti-
cles within the fibers after carbonization. In addition, trans-
mission electron microscopy observations revealed that tur-
bostratic-oriented graphite layers were observed around the
particles even at 1200°C, which have been reported only on
carbonization of rigid-chain solvent insoluble PI materials
under tension. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 97:
165–170, 2005
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INTRODUCTION

Carbon fibers have been used in a variety of fields’
as high-performance and functional materials. Wo-
ven or nonwoven carbon fibers are used as absorbed
materials because of better adsorption capacity than
conventional activated granular and powder carbon
materials. They are being applied to gas separation
and liquid adsorption. Because thinner fibers are
more desirable for those separation and adsorption
applications, there has been growing interest in
electrospinning to produce ultrafine fibers.1,2 The
electrospun nonwoven polyimide (PI) fabrics com-
posed of nanofibers may be carbonized by a single
step because of the extreme thinness of individual
fibers. Thus, such electrospun polymeric nanofibers
may be used as effective precursors of carbon nano-
fibers.

PI is a good candidate for a carbon precursor.
However, most of the solvent insoluble PIs such as
Kapton� are insoluble in organic solvents, which is a

prerequisite for electrospinning. A thermotropic PI
(Matrimid� 5218) can be dissolved in an organic
solvent such as dimethylacetamide (DMAc), and the
PI solution can be readily electrospun to produce
nanofibers. In addition, a transition metal would
promote carbonization and graphitization of PI,
which was verified for Kapton� films by various
research groups.3–7 However, there has been no at-
tempt to produce carbon nanofiber fabrics by elec-
trospinning of solvent soluble PIs and subsequent
carbonization. This study investigates structural
changes of electrospun nonwoven PI fabrics with
the heat treatment temperature (HTT) and the ef-
fects of a transition metal, Iron(III) acetylacetonate
(AAI) on the carbonization behavior of the fabrics.

EXPERIMENTAL

Preparation of electrospun nonwoven fabrics

A solvent soluble PI (Matrimid� 5218) powder (Ciba
Specialty Co.) was the precursor material for car-
bonization, whose chemical structure is given be-
low:
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The solvent soluble PI was dissolved in DMAc, and
AAI ([CH3COCHAC(OO)CH3]3Fe) was mixed into
the solution. The polymer concentration was 20 wt %
and the catalyst levels were 0.3, 0.6, 1.0, 1.5, 2.0, and
3.0 wt % on the weight of the polymer. The PI solution
was first placed in a 25-mL syringe with a 20-gauge
needle. A Betran series 205B high voltage power sup-
ply was used to produce voltage ranging from 6.0 to
15.0 kV. The PI solution was suspended under con-
stant pressure onto the electrically ground collector at
24°C below a relative humidity of 24%. The flow rate
was 20–50 �m/min. Electrospun nonwoven fabrics
were dried under a vacuum at 60°C for 12 h to pro-
duce 60 �m thick fibers. The fabrics were coded as
PI-FE-X-Y, in which X denotes the weight percent of
AAI and Y denotes the HTT.

Electrospun nonwoven PI fabrics were carbonized
over the temperature range of 400–1200°C in a high-
purity argon atmosphere. The heating rate was 2°C/
min, and the samples were held at each HTT for 1 h.

Characterization of electrospun nonwoven fabrics

The thermal decomposition behavior of electrospun
nonwoven PI fabrics up to 1300°C was analyzed by
dynamic thermal analysis and thermogravimetric
analysis (TGA, TA Instrument) at a heating rate of
10°C/min in a nitrogen atmosphere. The carbon yield
was determined by reduction of the weight of the
fabrics after carbonization.

The change of the structure of the electrospun non-
woven PI fabrics with temperature was examined by
X-ray diffraction (XRD) diffractometer and Raman
spectroscope. The XRD patterns were determined
with an Mx-018 X-ray diffractometer (MACscience)
with CuK� radiation (� � 0.15406 nm, 40 kV, 200 mA)
over the 2� range of 10–90°. Raman spectra were
obtained by micro-Raman (Jbon–Yvon Spex T64000)
using an argon laser as an illumination source, which
consisted of a subtractive dispersion triple monochro-
mator combined with a spectrograph that disperses
the light onto a bidimensional CCD detector cooled at
140 K. The laser frequency was the 514.532-nm line,
and the laser spot diameter reaching the sample was
about 3.5 �m.

The fiber surface was observed by a field-emission
scanning electron microscopy (FE-SEM) microscope

Hitachi S-4200). SEM images of the specimens heat
treated at 1200°C were taken in the longitudinal and
rupture cross-sectional directions.

RESULTS AND DISCUSSION

Thermal properties of electrospun PI nonwoven
fabric

Figure 1 illustrates the TGA curves of PI-Fe-0 and
PI-Fe-3. In the case of the PI-Fe-0, weight loss mostly
takes place in the temperature range of 450–720°C
because of imide ring cleavage, which accords with
previous reports.8 The evolution of CO and CON
bonds causes imide ring cleavage. Of the two speci-
mens, PI-Fe-3 exhibits greater weight loss below 200°C
than PI-Fe-0. This is ascribed to the decomposition of
the acetylacetonate contained in AAI. However, it is
interesting to see that PI-Fe-3 gives a higher ultimate
carbon yield than PI-Fe-0 above 1200°C, indicating
that AAI is an effective catalyst of carbonization for
solvent soluble Matrimid�, as well as solvent insoluble
Kapton�.3 Actual carbonization of the sample in the
bench-scale furnace also gives the same result.

Figure 1 The variation of the weight of electrospun non-
woven PI-Fe-0 and PI-Fe-3 fabrics with the temperature.
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Microstructure of carbon fiber in nonwoven fabric

Figure 2(a, b) shows XRD patterns of electrospun PI
fibers (PI-Fe-0, and PI-Fe- 3) with HTT, respectively.
The XRD patterns of as-spun PI-Fe-0 in Figure 2(a)
exhibit an amorphous halo in the 2� range of 15° and
30°. This indicates that few structural changes take
place up to 400°C in the absence of AAI. In the profiles
of PI-Fe-0-600, 800, 1000, and 1200, however, the in-
tensity of the peak in the vicinity of 23° increases with
increasing temperature, indicating that carbonization
takes place above 600°C. It is recognized that PI-Fe-0
develops only a noncrystalline structure composed of
minute basic structural units under 1200°C.9–11

Up to 600°C, PI-Fe-3 gives XRD patterns similar to
PI-Fe-0, as shown in Figure 2(b). At 800°C, however, a
sharp peak by the 002 diffraction plane of carbon
appears. In addition, the intensity of the peak in-
creases with the HTT, although the shape is still asym-
metric. Above 800°C, the peaks assigned to iron com-

ponents such as �-Fe (metallic iron) and Fe3O4 are
more noticeable. XRD peaks for Fe3O4 in the case of
PI-Fe-3 above 800°C are related to residual oxygen in
the furnace.12

Estimates of the mean crystallite dimensions (Lc)
were obtained from powder XRD data by the Debye–
Scherrer equation.13 The values of d002 and Lc deter-
mined from the 002 peak after corrections are given in
Table I. In the absence of AAI, d002 and Lc remain
almost constant up to 1200°C (0.37 and 1.04–1.06 nm,
respectively). The temperature independence of Lc

suggests that the PI fabrics without an iron complex
generate only noncrystalline structures. Addition of
AAI decreases the d002 indicating the fiber structure
gets denser. In addition, the Lc increases from 1.04 to
4.18 nm when increasing the AAI content from 0 to 3
wt %, indicating that the transition metal catalyzesFigure 2 XRD patterns of electrospun fabrics with the tem-

perature for (a) PI-Fe-0 and (b) PI-Fe- 3.

Figure 3 XRD patterns of electrospun fabrics with the AAI
content at 1200°C.

TABLE I
Variation of Average Interlayer Spacing d002 and

Average Crystallite Size along c-Axis (Lc) with
Temperature for Carbon Nonwoven Fabrics Prepared

from Electrospun PI-Fe-0 and PI-Fe-3

HTT
(°C)

AAI
(wt %)

Carbon
002a

HTT
(°C)

AAI
(wt %)

Carbon 002

d002
(nm)

Lc
(nm)

d002
(nm)

Lc
(nm)

800 0 0.37 1.04 1200 0.3 0.34 1.21
1000 0 0.37 1.09 1200 0.6 0.34 2.16
1200 0 0.37 1.06 1200 1.0 0.34 3.78
800 3 0.34 3.56 1200 1.5 0.34 4.14

1000 3 0.34 3.74 1200 2 0.34 4.07
1200 3 0.34 4.18 1200 3 0.34 4.18

a Carbon 002 is the 002 diffraction plane.
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carbonization of PI. In the case of PI-Fe-3, the value of
d002 remains constant (0.34 nm) but Lc increases from
3.56 to 4.18 nm when the HTT increases from 800 to
1200°C. The XRD patterns in Figure 3 further ascertain
the catalytic activity of the transition metal. As the
AAI content is increased the intensity of the peak for
carbon is increased and gets sharper. The values of
d002 and Lc indicate that the carbonized nonwoven
fabric includes a turbostratic structure that has a 2-di-
mensional orientation order.

The crystalline structure of graphite is well charac-
terized by Raman spectroscopy.14 The first-order band
(E2g2) of single hexagonal crystal graphite in the Ra-
man active appears at 1582 cm�1 and weak bands
appear at 42 (E2g) and 2724 cm�1.15–19 The mode at
1582 cm�1 is called the G mode. A band around 1357
cm�1 is called the D mode by disorder-induced scat-

tering, which is due to imperfection or lack of hexag-
onal symmetry in the carbon structure, resulting in
breaking the k-momentum conservation. A wide
Gaussian band (M mode) is considered as an amor-
phous carbon contribution.14 The integrated intensity
ratio (I(D)/I(G)) is one of the most important parame-
ters characterizing not only the extent of order of the
carbon structure but also defects in the material.

Figure 4 plots the I(D)/I(G) of electrospun PI fibers
against HTT. In the case of PI-Fe-0, increasing the HTT
slightly decreases the I(D)/I(G). However, the I(D)/I(G )
of PI-Fe-3 is notably decreased (from 3.18 to 1.83 nm)
as the HTT is increased from 600 to 1200°C. It is also
noted in Figure 5 that increasing the AA1 content
increases the crystal size along the a-axis. These two
figures quantitatively prove that AAI promotes car-
bonization of PI.Figure 4 The variation of I(D)/I(G) of PI-Fe-0 and PI-Fe-3

with the temperature.

Figure 5 The variation of I(D)/I(G) of electrospun PI fabrics
with AAI content at 1200°C.

Figure 6 SEM micrographs of electrospun fabrics (a) PI-Fe-
25, (b) PI-Fe-0-1200, (c) PI- Fe-3-25, and (d) PI-Fe-3-1200.
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Morphology of carbon nonwoven fabric

Figure 6 shows SEM micrographs of electrospun PI-
Fe-0 nonwoven fabric and fiber. Heat treatment makes
the fiber surface smooth and slightly decreases the

fiber thickness. This suggests densification of the fi-
bers. PI-Fe-3 gives a similar result. It is worth men-
tioning in figure 6(b) that adherence of fibers takes
place when heat treated at 1200°C in the absence of

Figure 7 SEM micrographs of the cross-sectional surface of electrospun fabrics (a) PI-Fe-0-1200 and (b) PI-Fe-3-1200.

Figure 8 TEM images of electrospun PI-Fe-3-1200 fabrics.
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AAI. By contrast, PI-Fe-3 gives less adherence of fibers
as shown in figure 6(d). Figure 7 shows rupture cross
sections of electrospun PI-Fe-0 and PI-Fe- 3 fibers heat
treated at 1200°C. PI-Fe-3 produces more a noticeable
grainy structure than PI-Fe-0. The size of the grains is
about 30 nm.

Figure 8 shows TEM images of PI-Fe-3 heat treated
at 1200°C. Clusters of AAI particles are observed, and
the average size of the AAI particles is about 30 nm.
This confirms that the grains observed in Figure 7(b)
are AAI particles. The outer region of PI-Fe-3 fibers
consists of a graphite-like concentration, which forms
a turbostratic-oriented graphite layer even though the
fabric is made of a flexible solvent soluble PI. This
structure has been reported only on carbonization of
rigid solvent insoluble PIs such as Kapton�.9 That is,
the solvent insoluble PI is a rigid-chain polymer, so it
readily produces an ordered structure when heat
treated under tension. However, solvent soluble PIs
such as Matrimid� are known not to produce such
ordered structures by carbonization because of chain
flexibility. However, this result indicates that the elec-
trospun thermoplastic PI nanofibers containing AAI
can form an ordered structure during carbonization.
The reason for developing the turbostratic structure
seems to be related to the characteristic features of
electrospun fabrics. That is, extreme thinness and po-
rosity of the fabrics together with catalytic action of
AAI lead to effective carbonization. In contrast, the
regions close to the iron particles are composed of the
disordered carbon layers, suggesting that AAI parti-
cles interfere with the perfectly ordered carbon layer.

CONCLUSION

Electrospinning and subsequent carbonization of PI
solutions in DMAc offered a good way to procure
carbon fabrics made of nanofibers. AAI proved to be a
good promoter of carbonization of the electrospun PI
fabrics. A careful examination of the resulting carbon
structure by TEM suggested that a turbostratic struc-

ture was developed, which was observed only when
solvent insoluble PIs were carbonized under tension.
This seems to result from the extreme thinness of the
electrospun fibers and effective carbonization by the
presence of porosity in the electrospun fabrics. This
result would contribute to the development of fabrics
composed of carbon nanofibers.
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