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Due to their electrical and mechanical properties, carbon nanofibers are of large interest for diverse applications, from batteries to
solar cells to filters. They can be produced by electrospinning polyacrylonitrile (PAN), stabilizing the gained nanofiber mats, and
afterwards, carbonizing them in inert gas. The electrospun base material and the stabilization process are crucial for the results
of the carbonization process, defining the whole fiber morphology. While blending PAN with gelatin to gain highly porous
nanofibers has been reported a few times in the literature, no attempts have been made yet to stabilize and carbonize these
fibers. This paper reports on the first tests of stabilizing PAN/gelatin nanofibers, depicting the impact of different stabilization
temperatures and heating rates on the chemical properties as well as the morphologies of the resulting nanofiber mats. Similar
to stabilization of pure PAN, a stabilization temperature of 280°C seems suitable, while the heating rate does not significantly
influence the chemical properties. Compared to stabilization of pure PAN nanofiber mats, approximately doubled heating rates
can be used for PAN/gelatin blends without creating undesired conglutinations, making this base material more suitable for
industrial processes.

1. Introduction

Functional nanofibers are used in a broad variety of
applications, from nanofibrous membranes for filters [1] to
substrates in tissue engineering [2, 3] to electrocatalysis [4],
capacitors [5], and other applications based on the conduc-
tivity of the nanofibers [6]. Especially for batteries and other
energy applications, often carbon nanofibers are used [7–11].

Such carbon nanofibers are often prepared via the elec-
trospinning route, followed by stabilization and afterwards
carbonization. Both steps influence the morphologies, the
mechanical and electrical properties of the final carbon
nanofibers significantly. While carbon nanofibers can be
produced from a broad variety of materials [12–14], one
of the most common materials for this purpose is polyacry-
lonitrile (PAN). PAN changes fiber diameters and mat

morphologies significantly for varying spinning and solution
parameters [15, 16], while the fibers themselves keep their
flat, even surfaces.

In most applications, however, it is advantageous to
further increase the surface: volume ratio of the nanofibers.
This can be done by blending PAN with other polymers or
inorganic material, a method which may also alter other
physical properties, such as the conductivity. Increased crys-
tallinity and conductivity were found, e.g., when PAN/pitch
nanofibers were carbonized [17]. Blending PAN with cellu-
lose acetate resulted in increased adsorption properties of
the carbonized nanofibers [18]. Combined with diverse
water-soluble polymers, only gelatin showed a significant
influence on the PAN fiber diameters [19]. PAN/gelatin
blends have also shown to create highly porous fibers by elec-
trospinning [20]. Nevertheless, to the best of our knowledge,
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no investigations on the stabilization of such electrospun
PAN/gelatin nanofiber mats were performed yet.

In this paper, we report on the influence of the
stabilization temperatures and heating rates on the chemical
properties and morphologies of the resulting nanofiber mats.

2. Materials and Methods

Electrospinning was performed with a “Nanospider Lab”
(Elmarco, Czech Republic), a needleless electrospinning
machine based on the wire technology, using a polypropyl-
ene fiber mat as the substrate. The spinning parameters were
high voltage 70 kV, nozzle diameter 1.5mm, carriage speed
100mm/s, ground-substrate distance 240mm, electrode-
substrate distance 50mm, temperature in chamber 22°C,
and relative humidity in chamber 33%.

The spinning solution contained 16% PAN in DMSO
(min 99.9%, purchased from S3 Chemicals, Germany) and
9% gelatin (Abtei, Germany).

Samples of 50mm× 50mm of the electrospun nanofiber
mats were stabilized in a muffle furnace B150 (Nabertherm),
approaching stabilization temperatures between 240°C and
300°C at heating rates between 0.5°C/min and 4°C/min, and
then 1h of isothermal treatment at the final temperature.
For each combination of heating rate and temperature,
samples were stabilized with their borders fixed by placing
a metal frame with sufficient weight on them as well as freely,
without any fixation. Carbonization was performed in a
furnace CTF 12/TZF 12 (Carbolite Gero Ltd., Hope, UK),
approaching a temperature of 800°C with a heating rate of
10°C/min in a nitrogen flow of 150mL/min (STP), followed
by isothermal treatment for 1 h.

Masses of the samples were taken before and after
stabilization using an analytical balance (VWR). Samples
dimensions were analyzed by the program ImageJ 1.51j8.

For Fourier-transform infrared (FTIR) spectroscopy, an
Excalibur 3100 (Varian, Inc.) was used. Color measurements
were performed with a sph900 spectrometer (ColorLite).

Scanning electron microscopy (SEM) images were taken by
a Zeiss 1450VPSE with a resolution of 5 nm or a JSM-840
microscope, respectively, using a nominal magnification of
5000x. Optical images of the nanofiber mats were taken using
a confocal laser scanning microscope (CLSM) VK-100 with a
nominal magnification of 2000x.

3. Results and Discussion

Figure 1 depicts the relative mass changes for different
stabilization temperatures (Figure 1(a)) and different heating
rates (Figure 1(b)), respectively. The trend of smaller normal-
ized masses, i.e., larger losses, for higher stabilization
temperatures is clearly visible. Compared to a previous study
on pure PAN nanofiber mats, the normalized masses here are
generally smaller, and the mass loss is strongly increased for
higher temperatures. This indicates clearly the influence of
the gelatin in the fibers—since gelatin denaturalizes around
40–90°C, depending on the water content [21], and it can
be expected to be released from the nanofibers as long as it
is not completely embedded in the fiber.

Opposite to mass measurements on stabilized PAN
nanofibers, showing an approximately constant value of
~85% of the original mass, here, a clear heating rate depen-
dence is visible for the lower heating rates. This suggests
that here the duration of the heating time plays an impor-
tant role, i.e., the lower the heating rate, the higher the
polymer decomposition obtained due to pyrolysis and
recombination reactions.

Besides the masses, the areas of the stabilized samples
in fixed and unfixed states were measured. The results
are depicted in Figure 2, depending on the temperature
(Figure 2(a)) and the heating rate (Figure 2(b)), respectively.
The ratio of the areas of the unfixed and the fixed samples
decreases with increasing temperature as well as with
increasing heating rate, showing that high temperatures
and large heating rates cause more stress in the unfixed sam-
ples and let them crumple stronger than under less extreme
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Figure 1: Normalized masses after stabilization at different temperatures (a) and using different heating rates (b).
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conditions. This finding underlines the importance of fixing
the samples during stabilization.

FTIR measurements were performed on the PAN/gelatin
nanofiber mat before stabilization. Figure 3 shows the
result together with pure PAN and pure gelatin nanofiber
mats. Comparing the spectra shows that the PAN/gelatin
line is composed of the typical PAN peaks in the range
between 950 cm−1 and 1700 cm−1, at 2240 cm−1 and
2938 cm−1 [22, 23] as well as gelatin peaks. The latter can
be differentiated into the region around 2700–3600 cm−1

which is attributed to the amides A and B, the region around
900–1900 cm−1 showing the amides I, II, and III, and finally
the region below 900 cm−1 depicting amide IV [24]. It should
be mentioned that several peaks are hard to distinguish
between pure PAN and pure gelatin. The most prominent

peaks which are not existent in pure PAN are the peak
around 3400 cm−1, corresponding with amide A, and the
peak near 700 cm−1, corresponding to amide IV. In the
original state after electrospinning, there are also clear differ-
ences between PAN and gelatin around 1640 cm−1 (amide I)
and 1540 cm−1 (amide II); however, it is well known that in
this region, significant changes will occur during the
stabilization process, making these peaks possibly less suit-
able for the examination whether gelatin stays in the fabric
during stabilization.

A comparison of the FTIR measurements on PAN/gela-
tin samples, heated at 1°C/min to different stabilization
temperatures, is given in Figure 4. At first glance, the results
look very similar to those gained by stabilizing pure PAN
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Figure 2: Normalized areas after stabilization at different temperatures (a) and using different heating rates (b).
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nanofiber mats.
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Figure 4: FTIR absorbance measurements on fixed samples,
stabilized at different temperatures approached with 1°C/min. The
lines are offset vertically for clarity.
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nanofiber mats [23, 24]. Following the most prominent peaks
of the original PAN/gelatin peaks shows that during stabili-
zation (amides A, I, and II, as marked in Figure 4), there is
no evidence for residual gelatin in the stabilized fiber mat.
The same results are visible for the not fixed samples.

Optical examination of the samples after taking them
out of the muffle oven revealed dark, nearly black areas
on the back in the areas which had touched the under-
ground during stabilization. Since the gelatin is no longer
visible in the FTIR measurements taken on the upper sur-
face of the samples, it can be assumed that gelatin—which
decomposes above approx. 100°C but needs more than
approx. 500°C for complete combustion—has precipitated
here after melting. Figure 5 thus depicts FTIR scans of
these dark areas.

While for a stabilization temperature of 240°C, the peaks
for amides A and I are still clearly visible, they are superposed
by the growing PAN stabilization peaks for higher tempera-
tures. Thus, the FTIR results can in this case not clearly state
which material causes the black areas on the back.

Figure 6 shows the heating rate dependence of PAN/
gelatin nanofiber mats, stabilized at 280°C. While stabilizing
pure PAN revealed significant differences in the FTIR mea-
surements for different heating rates [25], here, all curves
are very similar. A closer look, however, shows that for higher
heating rates, the peaks for the amides A, I, and II stay visible,
although strongly superposed by the large peaks of the
stabilized PAN in these areas. This indicates that faster
heating allows the gelatin to stay in the nanofiber mat to a
certain amount. Similar results were found on the dark back
of these samples (not shown here).

Optical investigations were performed, using a CLSM.
Figure 7 depicts a comparison of an original PAN/gelatin
nanofiber mat (Figure 7(a)) and a sample stabilized in fixed
position at 280°C, approached at 1°C/min (Figure 7(b)).

Firstly, both images show the typical relatively thick and
straight fibers which are typical for gelatin or PAN/gelatin
[19]. After stabilization, the usual brown color of the
stabilized PAN is visible. Here, however, some silvery fibers
can be recognized, clearly indicating gelatin. It should be
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Figure 7: CLSM images of an untreated PAN/gelatin nanofiber mat
(a) and a sample stabilized at 280°C, approached at 1°C/min (b). The
scale bars indicate 20μm.
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Table 1: CLSM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at different
temperatures, approached with 1°C/min. For a better overview, the scale bars here indicate 50 μm.

Fixed Unfixed

240°C

260°C

280°C

300°C
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mentioned that—opposite to stabilization of pure
PAN—the stabilization process here seems to straighten
the fibers. Another important remark is that no undesired
conglutinations are visible in the stabilized sample, as
opposed to the stabilization process of pure PAN under
identical conditions.

Table 1 compares the samples stabilized at different tem-
peratures, approached with 1°C/min, in fixed and unfixed
state. Firstly, most images show some areas in which silvery
regions or fibers are visible which can clearly be attributed
to gelatin since stabilized PAN shows a strong color change.
Second, the typical crumpling of pure PAN fibers during
stabilization is invisible for the fixed samples and severely
reduced for the unfixed samples. This finding is independent

from the stabilization temperature, thus possibly allowing
using higher stabilization temperatures without a problem-
atic influence on the nanofiber dimensions.

This observation shows clearly that blending PAN with
gelatin can help to gain straight, long carbon nanofibers, as
desired for most technical applications.

Table 2 depicts the dependence of the nanofiber mat
morphology after stabilization at 280°C, approached with
different heating rates. For the higher heating rates, the more
chaotic fiber distribution for the unfixed samples is visible;
however, still, no undesired conglutinations seem to
appear. The assumption due to Figure 6 that faster heating
leads to more remaining gelatin cannot be verified or
falsified from these images, especially since gelatin inside

Table 2: CLSM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at 280°C, approached
with different heating rates. The scale bars indicate 50 μm.

Fixed Unfixed

1°C/min

2°C/min

4°C/min
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PAN fibers or blended fibers cannot be distinguished from
pure PAN fibers.

All samples were also investigated from the back, where
residual gelatin was expected due to the dark color and the
slight differences in the FTIR spectra. Some results of fixed
samples are depicted in Figure 8.

Firstly, a significant color change from 240°C to 260°C can
be recognized. This fits well to the starting point of the main
thermal degradation zone of gelatin reported in the literature
[26, 27]. Thermal degradation between 250°C and 600°C
includes breakage of protein chains and rupture of peptide
bonds, involving the evolution of volatile compounds and
formation of new C-C and C-N bonds in the solid matrix.

Independent from this finding, in all cases (including the
images not shown here), a mixture of broad gelatin bands
and fine gelatin membranes connecting PAN fibers can be
identified. No clear influence of the heating rate or the
temperature (as long as it is higher than 240°C) is visible.

These images show that a stabilization process using
hanging samples, without contact to the underground, may
be favorable to reduce these large gelatin agglomerations.
On the other hand, it should be mentioned that the next step,
carbonization of the samples, is usually performed at temper-
atures higher than 600°C so that gelatin will most probably
completely be degraded after the carbonization process.
Nevertheless, the influence of such gelatin agglomerations
on the morphology of carbonized nanofiber mats should be
investigated in the future.

Next, the morphology of the fibers themselves was inves-
tigated using SEM. The results for different temperatures are

depicted in Table 3, while Table 4 shows the influence of
different heating rates.

In all cases, the unfixed samples show stronger meander-
ing of the fibers, an effect which is supported by high temper-
atures and high heating rates. Stabilization of fixed nanofiber
mats results in most cases in straight, even fibers. Similar to
the CLSM images, some gelatin fibers are still visible between
the thinner PAN fibers. For the highest temperature and the
highest heating rates, the fixed PAN fibers seem to be more
irregular; thus, the SEM images suggest stabilization at
280°C (which is sufficient for stabilization, based on the FTIR
results) and 1°C/min which is twice as high as the best
stabilization temperature for pure PAN nanofiber mats of
0.5°C/min. It must be mentioned that the original aim of this
study, creation and stabilization of PAN/gelatin nanofibers
with porous surfaces, was not reached here, while the
investigation gives a new approach to create smoother, more
even fibers which can be stabilized with a higher heating rate
than pure PAN nanofibers.

Finally, spectroscopic examinations of the stabilized
nanofiber mats were performed. The color differences for
the brighter front and the darker back compared to the
original white nanofiber mat are depicted in Figure 9.

The difference between the dark and the “normal”
areas is also visible in these measurements for all temper-
atures and heating rates. Interestingly, the maximum
color difference is achieved at 280°C and decreases again
at 300°C. This may be attributed to structural effects due
to the degradation of gelatin. This explanation corre-
sponds to the slightly increasing color differences with

T = 240°C, 1°C/min

(a)

T = 260°C, 1°C/min

(b)

T = 280°C, 0.5°C/min

(c)

T = 280°C, 4°C/min

(d)

Figure 8: CLSM images of the back of different samples (see insets), stabilized under fixed conditions. The scale bars indicate 50μm.
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Table 3: SEM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at different temperatures,
approached with 1°C/min. All images were taken using a nominal magnification of 5000x.

Fixed Unfixed

240°C

260°C

280°C

300°C
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Table 4: SEM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at 280°C, approached with
different heating rates. All images were taken using a nominal magnification of 5000x.

Fixed Unfixed

0.5°C/min

1°C/min

2°C/min

4°C/min
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increased heating rates, for which larger amounts of
residual gelatin were found in the FTIR measurements
(Figure 6).

It should be mentioned that for the smallest heating rate
of 0.5°C/min as well as for the lowest temperature of 240°C
(i.e., below the start of the gelatin degradation), there are no
differences between fixed and unfixed samples visible. This

may indicate that under these stabilization conditions, the
fixation of the samples is not necessary to gain straight fibers
without undesired meandering.

Finally, some of the optimally stabilized samples (all
fixed during stabilization) were carbonized at a tempera-
ture of 800°C. Figure 10 depicts the SEM images taken
after carbonization.

240 260 280 300

54

56

58

60

62

64

66

68
dE

T (°C)

Heat rate 1°C/min
Fixed
Unfixed

Fixed - dark
Unfixed - dark

(a)

0 21 3 4
60

62

64

66

68

70

dE

Heat rate (°C/min) 

T = 280°C
Fixed
Unfixed

Fixed - dark
Unfixed - dark

(b)

Figure 9: Color differences dE of samples stabilized at different end temperatures (a) and different heating rates (b) and isothermal treatment
at the maximum temperature for 1 h.
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Figure 10: SEM images of some samples carbonized at 800°C.
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Comparing these images, it is clearly visible that thicker
fibers are achieved by smaller stabilization temperatures
(260°C) and lower heating rates (0.5°C/min). This corre-
sponds to the results of the stabilization process, as depicted
in Tables 3 and 4, and suggests future tests combining
relatively low stabilization temperatures and heating rates
to support this property. This result clearly shows that by
carefully choosing the stabilization conditions, the intended
increase of the fiber diameter can survive the stabilization
process, while the blending material responsible for this
diameter increase melts at much lower temperatures.

On the other hand, these properties must be balanced
against the carbonization yields. Here, we found the values
given in Table 5.

According to these numbers, a stabilization temperature
of 280°C in combination with a stabilization heating rate of
1°C/min should be preferred. The temperature of 260°C
results in a small carbonization yield, while the highest
temperature of 300°C leads to a reduced stabilization yield.
Comparing both alternatives resulting in relatively thick
fibers, a small heating rate of 0.5°C/min in combination with
the typical stabilization temperature of 280°C is preferable
since the overall yield is nearly twice as high as in the case
of the lower stabilization temperature.

Figure 11 shows the results of FTIR measurements on the
samples depicted in Figure 10. After stabilization, the peaks
visible after stabilization are nearly vanished. Only very few
functional groups are left after this process, corresponding
to the high absorbance of carbon, as it is well known from
the carbonization process of PAN and other carbon precur-
sors [28, 29]. It should be mentioned that the small peaks
visible here are neither identical with those stemming from
PAN nor stabilized PAN nor gelatin, showing that the
samples are carbonized to a high degree.

4. Conclusion

In this study, we have investigated electrospun PAN/gelatin
nanofiber mats in terms of stabilization parameters and their
influences on the resulting stabilized nanofibers. In all cases,
the amount of gelatin was significantly reduced, especially
above the onset of gelatin degradation at 250°C, as revealed
by FTIR, CLSM, and SEM measurements. While adding
gelatin did not result in creating porous PAN nanofibers after

stabilization, we showed that using PAN/gelatin blends as
precursors for carbon nanofibers offer a new possibility to
create long, straight fibers without many undesired congluti-
nations. Future tests will concentrate on investigating the
influence of the PAN : gelatin ratio on stabilization and
subsequent carbonization processes.
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