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Abstract
In this paper, the polyacrylonitrile (PAN) nanofibers and PAN nanofibers bonded with different transition metal (Fe, Co, 
Ni, and Cu) acetates were successfully prepared and their thermal oxidative stabilization process were analysed by Fourier-
transform infrared spectra (FT-IR) and differential scanning calorimetry (DSC). The structural evolution of process was 
characterized by examining the FTIR spectral peaks generated at four different thermal oxidative stabilization temperatures. 
Based on the thermal oxidative stabilization rates obtained from each transition metal, Co-PAN and Cu-PAN are the only 
effective precursors for the thermal oxidative stabilization process and, according to differential scanning calorimetry, Co-
PAN is the most effective and suitable precursor for the PAN with different transition metals. Although Co-PAN increased 
the exothermic reaction (ΔH) by approximately 140%, it alleviates the heat release rate (ΔH/ΔT) by approximately 44%.
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1  Introduction

Polyacrylonitrile (PAN) is one of the most commonly used 
materials for the fabrication of carbon fibers [1–3]. To pro-
duce PAN-based carbon fibers, the polymer must first be 
converted to a flame-resistant structure (e.g., a ladder-like 
structure or a non-plastic cyclic structure) through a stabili-
zation process [2] to prevent it from melting during carboni-
zation. The stabilized PAN structure, which has a high rate 
of conversion to carbon fiber, is the reason why the PAN-
based carbon fiber has outstanding properties compared with 
carbon fibers based on any other precursor material [4, 5].

When heated from 200 to 300 °C in air, PAN will be 
transformed into a ladder-like structure through cycliza-
tion, dehydrogenation, and oxidation processes [4–6]. The 
cyclization process converts the nitrile groups to conjugated 
nitrogen double bonds, which in turn forms an aromatic ring 
together with five carbon atoms [7]. The dehydrogenation 
process exhausts the hydrogen atoms by reacting with O2 to 
form H2O. Finally, the oxidation of PAN generates oxygen-
containing groups, such as carbonyl and carboxyl groups. 
These reactions lead to the ladder-like structure of PAN and 
prevent it from melting during carbonization [8].

The structural conversion of PAN releases a large amount 
of heat, as the formation of free radicals that initiate cycliza-
tion leads to a sudden and rapid evolution of thermal energy 
[7, 9, 10]. Since the intense exothermic reaction can break 
the molecular chain of PAN, the resultant carbon fibers are 
left with inferior characteristics. To alleviate the intense exo-
thermic reaction, researchers have tried to blend PAN with 
different co-monomers and reported the effects on the cycli-
zation kinetics. For example, to decrease the stabilization 
temperature and/or alleviate the intense exothermic reaction, 
PAN was copolymerized with itaconic acid (IA), acrylic acid 
(AA), ammonium salt of itaconic acid (AIA), guanidinium 
itaconate (GIA), methyl acrylate (MA), methacrylic acid 
(MAA), or 2-acrylamido-2-methylpropane acid (AMPS) 
[9–18]. Among these co-monomers, IA resulted in a signifi-
cant decrease in the stabilization temperature and alleviated 
the intense exothermic reaction [14, 16–18]. Unfortunately, 
it also decreased the cyclization rate, generating many beta-
amino groups and conjugated nitrile groups, which caused 
point defects in the carbon fiber [19, 20]. Moskowitz et al. 
reported GIA contained copolymers showed a significant 
reduction in heat flow and cyclization peak temperature as 
compare to IA copolymers.

In addition to organic materials, inorganic materials 
such as carbon nanotubes (CNTs) and functionalized CNTs 
have been mixed with the PAN precursor [7, 21, 22]. CNTs 
enhance the mechanical properties of the carbon fiber. Since 
PAN is already a one-dimensional crystallized material con-
sisting of carbon atoms, it can easily stack upon the CNTs 

to form a graphitic structure. In other words, the CNTs in 
the PAN work as nucleation sites for graphitic structure 
formation [22]. However, the CNTs had a negative effect 
on the PAN stabilization process as the stabilization of the 
PAN–CNTs composite resulted in more unreacted nitrile 
groups than the stabilization of PAN alone. Therefore, the 
composite required a relatively longer stabilization time 
[22].

Over the years, the synthesis and application of metal 
and metal oxide nanoparticles have attracted the interest of 
a wide range of researchers from different fields [23–28]. 
As another kind of inorganic additives, the study of apply-
ing transition metals and their oxides in PAN fibers by add-
ing transition metal salts in PAN solutions for electrospin-
ning has received much attention [28–33]. Co nanoparticles 
encapsulated in PAN-based carbon fibers were applied as 
electrocatalysts for the stable oxygen reduction reaction 
[28]. A core–shell structure assembled by Ni(OH)2 grown on 
NiCo2O4 embedded PAN-based carbon nanofibers (CNFs) 
was successfully synthesized and applied as anode material 
in a supercapacitor [29]. Functionalized porous graphitic 
CNFs incorporated with iron acetylacetonate sacrificial cata-
lyst performed exceptional rate performance in lithium-ion 
batteries as anode material [30]. Activated CNFs composite 
with Cu/CuxO nanoparticles prepared by electrospinning of 
copper acetate addicted PAN solution followed by carboni-
zation and mild activation was fabricated and its enhanced 
adsorption to gaseous pollutant H2S was investigated [31]. 
Although there are diverse studies on the applications of 
transition metal and metal oxide nanoparticles composite 
with PAN CNFs, there is a lack of studies on the reaction of 
metal salt additions with PAN during synthesis and subse-
quent stabilization.

Usually, transition metals can be used to reduce the acti-
vation energy of a reaction, resulting in a higher reaction 
rate. Therefore, in this study, we investigated the effects of 
several transition metals on the PAN stabilization process 
using differential scanning calorimetry (DSC) and Fourier-
transform infrared (FTIR) spectroscopy. For this purpose, 
we used the acetate salts of iron (Fe), cobalt (Co), nickel 
(Ni), and copper (Cu). Each transition metal resulted in a 
different cyclization rate, exothermic reaction, and enthalpy 
during the PAN stabilization process.

2 � Experimental

2.1 � Materials

PAN (average Mw 150,000) and N,N-dimethylformamide 
(DMF) were purchased from Sigma-Aldrich Korea Co., Ltd. 
(Republic of Korea). Likewise, copper acetate monohydrate 
(CAS No. 6046-93-1), iron acetate (CAS No. 3094-87-9), 
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nickel acetate tetrahydrate (CAS No. 6018-89-9), and cobalt 
acetate (CAS No. 71-48-7) were purchased from Sigma-
Aldrich Korea Co., Ltd. These transition metal salts and PAN 
were first dissolved in DMF separately as shown in Fig. S1 
(a) in the supplementary information, and then they were dis-
persed into each other to form a 10 wt% of PAN and 0.1 wt% 
of transition metal salts in DMF (PAN: metal ion = 99:1) as 
shown in Fig. S1 (b) in the supplementary information.

2.2 � Electrospinning

The electrospinning setup consisted of a positively charged 
needle nozzle with a high-voltage DC power supply (Nano 
NC Co. Ltd., Republic of Korea). The feed rate and applied 
voltage were 0.05 mL h–1 and 10 kV, respectively. The elec-
trospun fibers were deposited onto a rotating aluminum drum 
collector at 485 rpm.

2.3 � Thermal Oxidative Stabilization

PAN stabilization was carried out with the thermal oxidative 
stabilization. The furnace was set at four different tempera-
tures: 200 °C, 240 °C, 280 °C, and 320 °C. The fibers were 

heat treated for 1 h in air with a temperature increasing rate 
of 2 °C min–1.

2.4 � Characterization

A scanning electron microscope (SEM; JSM-7401F, JEOL, 
Japan) was used to observe the withdrawn fibers. FTIR spec-
trometer (Nicolet iS5, Thermo Fisher Scientific, Waltham, 
MA, USA) was used to analyze changes in the chemical com-
position of the stabilized PAN. Each sample was scanned 32 
times at a resolution of 4 cm−1. DSC analysis was performed 
to measure the heat released during the stabilization process. 
The conformation of PAN molecules bonded with the transi-
tion metal precursors were visualized using Marvin Sketch 
(ChemAxon Ltd., Budapest, Hungary).

3 � Results and Discussion

The conformation of PAN molecules bonded with vari-
ous transition metal precursors were visualized to iden-
tify how the transition metal ions affect the stabilization 
of the polymer (Fig. 1a). Owing to the polarity of the 

Fig. 1   a Two-dimensional and three-dimensional conformer struc-
tures of polyacrylonitrile (PAN) with cobalt acetate, iron acetate, 
copper acetate monohydrate, and nickel acetate tetrahydrate. SEM 

images of as-spun PAN nanofibers b without transition metal acetate, 
c with ion acetate, d with cobalt acetate, e with nickel acetate tetrahy-
drate, and f with copper acetate monohydrate
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acetate from the transition metal precursors, the opposite 
charge of the carbon side of the nitrile groups attracts the 
carboxyl groups of acetate. As shown in Fig. 1a, since the 
nitrile groups in PAN have high polarity, the Co2+, Fe2+, 
and Cu2+ ions are attracted to the negatively charged nitro-
gen side. However, because the Ni2+ ions are surrounded 
by negatively charged water molecules, they are prevented 
from bonding with the nitrile groups of PAN. Therefore, 
the positively charged metal ions would affect the redox 
properties of the polymer. The microstructure of as-spun 
PAN and PAN bonded with various transition metal ions 
were confirmed by SEM and showed in Fig. 1b–f.

The FTIR spectra of the as-spun PAN and PAN bonded 
with the various transition metal ions fibers at different 
stabilization temperatures are presented in Fig. 2. The 
identities of the peaks are summarized in Table 1. The 
FTIR spectrum of the as-spun PAN exhibited character-
istic peaks in the range of 2850–2940 cm−1 for the asym-
metric vibration of CH2 groups (νas(CH2)), at 2240 cm−1 
for the vibration peak of the nitrile groups, and at 
about1650–1680  cm−1 for the vibrational mode of the 
carbonyl groups (C=O highly conjugated from remaining 
DMF). The addition of the transition metal precursors to 
PAN slightly increased the broad peak from the carboxyl 
group (–COO−) in acetate in the range of 1560–1590 cm−1. 

During the thermal oxidative stabilization of PAN, the 
CH2 backbone (at 2940  cm−1) lost hydrogen atoms and 
the nitrile (–C≡N) peak turned into peaks for the cyclic 
–C=N– and –C–N– groups. With an increase of the stabi-
lization temperature, the nitrile peak at 2240 cm−1 disap-
peared and a broad peak of the –C=N–, –N–H–, and C=C 
groups appeared at about 1590 cm−1. At the same time, the 
intensity of the O–H and N–H stretching peaks (at 3370 and 
3324 cm−1, respectively) gradually appeared with increasing 
temperatures. The tautomerization of PAN is generated and 
initiated by oxygen (in the air) [10, 11], which accepts the 
lone pair of electrons from the nitrile groups and dehydro-
genates the polymer. The dehydrogenation process gener-
ates free radicals in the PAN molecules, which bind with 
oxygen to become the carbonyl groups (νC=O peaks at 1700 
and 1650 cm−1). In this way, PAN turns into a ladder-like 
structure that makes it non-flammable. Since this reaction 
occurs at 200–300 °C, we annealed the PAN molecules with 
transition metals at the temperatures of 200 °C, 240 °C, 
280 °C, and 320 °C in air.

Even though the nitrile groups turned into the cyclic 
structure in all samples, the reaction rates were different 
depending on the assisting transition metal precursor and 
the stabilization temperature. The extent of ratio (EOR) for 
the cyclization reaction was calculated as follows [46]:

Fig. 2   FTIR peaks of PAN bonded with transition metal ions accord-
ing to the various stabilization temperatures. a Raw PAN; b PAN 
with iron acetate; c PAN with cobalt acetate; d PAN with nickel ace-

tate tetrahydrate; e PAN with copper acetate monohydrate; f extent of 
the cyclization reaction ratio (EOR) of PAN with different metal ions 
according to the stabilization temperature
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where I1590 and I2240 are the intensities of the peak related 
to –C=N–, –N–H–, and C=C groups at 1590 cm-1 and of the 
nitrile peaks at 2240 cm−1.

As shown in Fig. 2, copper acetate monohydrate and 
cobalt acetate were effective precursors for initiating the 
stabilization of PAN over all temperature ranges. Accord-
ing to the standard hydrogen electrode (SHE), the effective-
ness of the ions in initiating the reaction was predicted to 
be in the order of Cu > Ni > Co > Fe (Table 2). However, 
according to the EOR calculation, at 240 °C, the nitrile 
groups of PAN turned into the cyclic structure in the order 
of Cu > Co > Fe > Ni (Fig. 2f). The stabilization rate of Ni-
PAN increased significantly between 240 and 280 °C, which 

EOR (%) =
I
1590

(I
2240

+ I
1590

)
× 100

might be due to the evaporation of the water molecules in the 
tetrahydrate phase at these temperatures. Moreover, iron ace-
tate hindered the transformation of the nitrile groups into the 
cyclic structure. Fe2+ showed a different behavior from other 
metal ions in the PAN stabilization process near 1300 cm−1, 
which was related to oxygen bond in the carboxyl group.

To determine the effect of different transition metal ions 
on the structural evolution and thermal oxidative stabiliza-
tion of PAN at 280 °C, FTIR spectral curves of raw PAN 
and PAN bonded with the transition metal ions were fit-
ted in the range of 1000–2000 cm−1. The fitting curves of 
the νC=O peaks (at 1700 and 1650 cm−1), the νC=C + νC=N 
peak (at 1600 cm−1), the νC–N + δN–H peak of amide (at 
1525 cm−1), the δsC–H peak of CH2 (at 1450 cm−1), and 
the νC–CN peak at 1080 cm−1 are shown in Fig. 3. Cu2+ 
and Co2+ in PAN reduced the CH2 backbone peak (at 
1450  cm−1) and the C–CN peak (at 1080  cm−1) more 
than the other metal ions, indicating a higher degree of 
dehydrogenation. In addition, the νC=C + νC=N peak (at 
1590 cm−1) was much higher than the other fitted peaks, 
suggesting that more cyclization reactions had occurred. 
However, the stabilization reaction with Fe-PAN showed a 
low intensity for the νC=C + νC=N peak and a high intensity 
for the CH2 backbone peak. Because of the low cyclization 
rate, the peak intensity of δC–H + δN–H  + δO–H in the ring 
(at 1370 cm−1) was also relatively low. In addition, the 
intensity of the νC=O peak at 1700 cm−1 in Fe-PAN was 
higher than that of the other peaks in the other samples. 

Table 2   Standard hydrogen electrode (SHE)

Oxidant Reductant E0 (V)

Fe2+  + 2e− ↔ Fe(s) − 0.44
Co2+  + 2e− ↔ Co(s) − 0.28
Ni2+  + 2e− ↔ Ni(s) − 0.25
2H+  + 2e− ↔ H2(g) 0.0000
Cu2+  + 2e− ↔ Cu(s) + 0.337
Cu+  + e− ↔ Cu(s) + 0.520
O2(g) + 4H+  + 4e− ↔ 2H2O + 1.229

Fig. 3   Peak fitting of FTIR by the Gaussian function in the range of 900–2000 cm−1. a Raw PAN and PAN bonded with b Fe2+, c Co2+, d Ni2+, 
and e Cu2+. Thermal oxidative stabilization was carried out at 280 °C
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The C=O peak at 1650 cm−1 represents the conjugated 
carbonyl group in the acridone ring, whereas the C=O 
peak at 1700 cm−1 is for the unconjugated carbonyl group 
in hydronaphthyridine [10, 14].

The peak fitting of FTIR by the Gaussian function in the 
range of 2150–2300 cm−1 is presented in Fig. 4. Two new 
peaks at 2190 and 2210 cm−1, identified as β-aminonitrile 
and conjugated nitrile, respectively, were associated with 
the transformation of the nitrile peak at 2240 cm−1 (Fig. 4). 

These unsaturated nitrile groups are generated by the ter-
mination of the cyclization reaction and dehydrogenation, 
which can cause structural defects in carbon fiber, such as 
chain scissions and point defects [20]. For Fe-PAN, unre-
acted and unsaturated nitrile groups remained, indicating 
insufficient cyclization of the PAN after thermal oxidative 
stabilization.

As mentioned above, oxidation generates free radicals in 
the PAN molecules during the stabilization process, which 
releases heat. As shown in Fig. 5 and Table 3, the DSC ther-
mogram of raw-PAN in air exhibited a narrow and sharp 
peak at 296.3 °C. The onset temperature for raw-PAN was 
292.8 °C (Ton), and the stabilization process progressed 
up to 298.9 °C (Toff). Here, the free radicals generated a 
large amount of heat (ΔH = − 500 J g–1) in a temperature 
change (ΔT) of 6.1 °C. For the PAN molecules that bonded 
with transition metal ions, the exothermic peaks occurred 
at a lower temperature and the thermal oxidative process 
released more heat. However, the addition of Fe2+ and Ni2+ 
to PAN did not alleviate the intense heat generation. In the 
case of Fe-PAN, Ton was 265.4 °C and the stabilization pro-
cess continued to 271.8 °C, with − 603 J g–1 of heat being 
released during the 6.4 °C (ΔT) increase. The addition of 
Fe2+ ions to PAN also aggravated the heat release rate dur-
ing the thermal oxidative stabilization process, as shown in 
Table 3. In contrast, the addition of Co2+ or Cu2+ to PAN 

Fig. 4   Peak fitting of FTIR by the Gaussian function in the range of 2150–2300 cm−1. a Raw PAN and PAN bonded with b Fe2+, c Co2+, d Ni2+, 
and e Cu2+. Thermal oxidative stabilization was carried out at 280 °C

Fig. 5   Differential scanning calorimetry (DSC) thermograms of PAN 
bonded with various transition metal ions in the air
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resulted in a longer duration of heat release and a lower 
Ton for initiation of the thermal oxidative process (Fig. 5). 
The DSC peak of Cu-PAN was not only less intense but 
was also broader than those of Fe-PAN and Ni-PAN. This 
indicated that the exothermic reaction started from a lower 
temperature and the reaction proceeded without an inten-
sive exothermic reaction as the temperature increased. The 
stabilization temperature of Cu-PAN ranged from 268.3 to 
276.4 °C with a heat of − 598 J g–1 released. However, the 
DSC peak of Co-PAN appeared to be broader, spanning a 
wide temperature range rather than a narrow one. As shown 
in Table 3, the stabilization of Co-PAN was carried out from 
249.5 to 269.2 °C (ΔT = 19.7 °C), with − 706 J g–1 of heat 
released. We examined the heat release rates of various ther-
mal oxidative stabilization processes by dividing the amount 
of heat generated (during heating of the various PAN sam-
ples) by the reaction temperature range (ΔH/ΔT). It was 
determined that the addition of Co2+ and Cu2+ to PAN had 

resulted in the lowest rates of heat release from the exother-
mic reaction (Table 3). 

After the thermal oxidative stabilization process, the 
stabilized PAN was annealed at 1000 °C with 100 sccm of 
Ar and 20 sccm of H2 flowing. TEM images were taken to 
observe the effect of added transition metals on the micro-
structure of the carbon nanofiber, as shown in Fig. 6. No 
crystalline structure was found in the carbon fibers with-
out any additives, as shown in Fig. 6a, b, which showed 
an almost amorphous carbon phase. On the contrary, 
carbon fibers containing Fe, Co and Ni have a partially 
graphitized structure (Fig. 6c–h). More specifically, the 
CNF contain different metals formed by different carbon 
crystal structures. As an example, the carbon structure of 
iron in Fig. 6c, d and Fig. S2 in the Supplementary Infor-
mation resembled CNT [47, 48]. During the carboniza-
tion process, iron nanoparticles in CNF were spread and 
merged, while CNT structures were synthesized due to 
the catalytic effect of iron nanoparticles. Path traces of 

Table 3   Differential scanning 
calorimetry (DSC) data of 
the heat released during the 
stabilization of raw PAN and 
PAN bonded with transition 
metal ions from 195 to 325 °C 
upon heating at 10 °C min–1 in 
air atmosphere

Ton: temperature at the onset of stabilization; Toff: temperature at the end of stabilization; ΔT: temperature 
change; Tp: peak temperature of stabilization; ΔH: enthalpy change

Sample DSC in air

Ton (°C) Toff (°C) ΔT (°C) Tp (°C) ΔH (J g–1) ΔH/ΔT
(J g–1 °C–1)

Raw-PAN 292.8 298.9 6.1 296.3 − 500 81.97
Fe-PAN 265.4 271.8 6.4 269.6 − 603 94.21
Co-PAN 249.5 269.2 19.7 262 − 706 35.84
Ni-PAN 272.6 279.2 6.6 276.8 − 620 93.94
Cu-PAN 268.3 276.4 8.1 273.1 − 598 73.83

Fig. 6   TEM images of CNF a, b without any additive, with c, d iron, e, f cobalt, g, h nickel nanoparticles, and with i, j copper acetate monohy-
drate as addictive
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the iron nanoparticle changed the amorphous carbon into 
a graphitic carbon structure similar to CNT (Fig. S2(a)) 
[49, 50]. In the case of cobalt shown in Fig. 6e, f and Fig. 
S3, the existing cobalt nanoparticles caused the formation 
of graphitic carbon with a crystalline structure similar to 
the graphite pockets in CNF [51]. In Fig. 6g, h, with nickel 
nanoparticles, the graphitic structure was only found on 
the nickel surface although the structure was well ordered. 
Finally, as shown in Fig. 6i, j, no copper nanoparticles 
were observed in the copper-containing CNFs, revealing 
the evaporation of copper during the high-temperature and 
low-pressure heat treatment. It showed only an amorphous 
carbon phase, just like CNF, without additives.

Raman spectroscopy was applied to compare the crys-
tallinity depending on the additive transition metals. As 
shown in Fig. S4, Raman bands from 800 to 2000 cm−1 
were fitted with the Lorentzian (G (1580  cm−1), D1 
(1350 cm−1), D2 (1620 cm−1), and D4 (1200 cm−1)) and 
Gaussian (D3 (1510  cm−1)) line shapes using Origin 
inbuilt fitting procedures. Consistent with the TEM data, 
CNF with iron and cobalt nanoparticles showed higher 
intensity of G-band and lower intensity of D3-band than 
the other CNFs, indicating the higher content of graphitic 
sp2 phase existed in CNF with iron and cobalt nanoparti-
cles owing to their CNT-like and graphene-pocket-like gra-
phitic structure observed from TEM, respectively (Fig. 6 
and Figs. S2, S3). On the contrary, the D3-band present-
ing around 1510 cm−1 in less crystallized carbon mate-
rials such as amorphous carbon [52, 53] showed higher 
intensity in raw CNFs and in CNFs containing nickel and 
copper additives. This finding is also consistent with the 
crystalline structures observed by TEM measurement.

4 � Conclusion

The structural evolution of electrospun PAN nanofibers 
bonded with different transition metal precursors was 
investigated through FTIR and DSC analyses. The cycliza-
tion rate and exothermic reaction of the thermal oxidative 
stabilization process were controlled differently depending 
on the various transition metal ions used. The addition 
of the transition metals to PAN generally decreased the 
stabilization temperature. With the exception of Fe-PAN, 
the transition metals increased the number of cyclization 
reactions. Notably, the additions of Co2+ and Cu2+ allevi-
ated the extensive heat, initiating the thermal oxidative 
stabilization of PAN at a lower temperature. Specifically, 
although the exothermic reaction (ΔH) in Co-PAN stabi-
lization was increased by approximately 140%, the heat 
release rate (ΔH/ΔT) was alleviated by approximately 
44%. The addition of Fe2+ and Co2+ also improved the 

crystallinity of CNF in 1000 °C heat treatment in a low-
pressure Ar and H2 environment.
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