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Abstract  

     This study introduces a method to enhance the graphitization of carbon nanofiber 

(CNFs) by incorporating multi walled carbon nanotubes (MWCNTs) to 

polyacrylonitrile (PAN) as precursors to improve graphitization compared to CNFs 

produced from pure PAN precursors. Both traditional CNFs and modified CNFs/CNTs 

were synthesized via electrospinning followed by thermal treatment (stabilization at 

275°C and carbonization at 1000°C in N2 gas atmosphere). FE-SEM analysis showed 

a reduction in average fiber diameter after the addition of MWCNTs. Post-

carbonization, the composite CNFs/CNTs exhibited a smaller diameter reduction 

(−13.54%) compared to pure CNFs (−25.05%), indicating enhanced structural 

stability. FTIR spectroscopy confirmed the effectiveness of adding MWCNTs to the 

graphitization process. XRD analysis revealed the successful carbonization of both 

CNFs and CNFs/CNTs specimens at 1000°C while Raman spectroscopy showed a 

slight decrease in ID/IG intensity ratio from 1.22 for CNFs to 1.15 for CNFs/CNTs. 

Both the electrical conductivity and water contact angle were enhanced in the 

modified CNFs/CNTs compared with the traditional CNFs. 

 

Keywords: Carbon nanofibers; Polyacrylonitrile; Stabilization; Carbonization; 

Electrospinning. 
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°م وبوجود  1000°م والكربنة بدرجة حرارة  275حرارية )التثبيت بدرجة حرارة    معالجةيتبعها    تقنية الغزل الكهربائي 
الألياف بعد إضافة انابيب    متوسط قطرفي    انخفاضًا الماسحأظهر تحليل المجهر الإلكتروني غاز النتروجين(.  
النانوية المركبة  .الكاربون  الكربنة، أظهرت الألياف  بنسبة   وبعد عملية  القطر  أقل في  %  13.54−انخفاضًا 

  .البنيوي   الاستقرار  في  تحسن  على  يدل  مما  ،%25.05−بنسبة    قطرها   انخفض  التي  النقية  بالألياف  مقارنةً 
الحمراء  أكدت تحت  الأشعة  محتوى    فعالية إضافة مطيافية  زيادة  في  النانوية  الكاربون  انابيب  إضافة  فعالية 

كفاءة عملية الكربنة عند   تحليل حيود الأشعة السينية اظهرت الكرافيت في الياف الكاربون النانوية المعدلة، كما 
أظهرت    1000درجة حرارة   رامان°م.  نسبة    مطيافية  في  قليلًا  الكاربون    1.22من    GI/DIانخفاضاً  لألياف 

كل من التوصيلية الكهربائية وقابلية التبلل تحسنتا    المعدلةلألياف الكاربون النانوية    1.15النانوية التقليدية الى  
 في الياف الكاربون النانوية المعدلة مقارنة بألياف الكاربون النانوية التقليدية.

 
1. Introduction 

      One-dimensional 1D carbon nanofiber CNFs are highly regarded among low-dimensional 

carbon nanostructures because of their straightforward manufacturing process, exceptional 

chemical stability, ability to tolerate high temperatures, mechanical capabilities, and relatively 

good electrical conductivity [1]. Owing to their distinct structure, performance, and features, 

CNFs have shown promise in various fields, such as materials science, environmental science, 

tissue engineering, biomedicine, energy storage, and nanotechnology [2]. Polyacrylonitrile (PAN) 

is a common precursor for CNFs due to its environmental benefits, ease of dehydrocyclization, 

rapid pyrolysis rate, and high carbon yield [3]. Chemical vapor deposition (CVD) is the traditional 

technique employed to produce CNFs. CVD is well-known for its complexity and high cost. 

Consequently, a straightforward, cost-efficient electrospinning process has been progressively 

employed as the most effective technique for producing continuous CNFs [4, 5]. The subsequent 

heat treatments, which involve stabilization and carbonization processes, transform PAN 

precursor nanofibers into CNFs [6]. The stabilization step was carried out in an oxidative 

atmosphere at temperatures ranging from 200 °C to 300 °C. This stage is crucial for preventing 

the fusion of precursor nanofibers, minimizing volatilization, and optimizing the carbon yield 

during carbonization [4, 7]. A thermally stable infusible ladder structure is formed through 

chemical reactions that occur during the stabilization process, including cyclization, 

dehydrogenation, aromatization, oxidation, and cross-linking, which convert C≡N bonds to C=N 

bonds [8]. During the carbonization process, an inert gas such as argon or nitrogen is used to 

prevent the disintegration of the polymer chain [9]. This process results in the development of 

cross-links, rearrangement, and merging of cyclized sections, leading to a structural transition 

from a ladder structure to a graphite-like structure, and a morphological change from a smooth to 

a wrinkled surface. Carbonization can specifically eliminate non-carbonized volatile molecules 

such as H2O, CO, HCN, N2, NH3, and CO2. In addition, carbonization reduces the diameter of 

polymer fibers, resulting in a greater surface area and improved conductivity [10]. Carbon 

nanotubes (CNTs) are commonly employed as additives in electrospun fibers. They primarily 

serve as reinforcing elements in electrospun polymeric fibers, but they also adjust the electrical 

characteristics of the fibers by reducing their resistance to electricity flow. Furthermore, the 

presence of CNTs may facilitate the formation of carbon crystals as PAN undergoes carbonization 

[11, 12]. The study conducted by Ali and co-workers [1] revealed that incorporating MWCNTs 

enhanced the graphitic arrangement of PAN, they proposed an approach for producing CNFs 

developed with MWCNTs by fixing the edges of nanofiber mats and applying a constant creep 

stress throughout the stabilization process, they showed that applying creep stress results in 

enhanced graphitization compared to those without it. Stodolak-Zych et al. [13] found that 

adding a modest quantity of functionalized MWCNTs to the PAN significantly influences its 

stabilization process; moreover, the resulting CNFs containing CNTs display noticeably higher 

levels of organization compared to pure CNFs. While Zhang and his associates [3] 

demonstrated that decreasing the diameter led to a higher degree of graphitization in CNF mats 
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and produced more extensive cross-linking structures throughout the stabilization procedure. 

Zhou and his colleagues [6] reported that with an increase in the carbonization temperature to 

2200 °C, CNFs exhibited a higher degree of graphitization and structural organization.  

This study aims to synthesize carbon nanofibers (CNFs) with enhanced graphitization from 

electrospun PAN/CNT precursors through stabilization and carbonization processes at 

temperatures below 2000°C, a significant reduction compared to conventional methods using 

pure PAN precursors. Additionally, the impact of incorporating CNTs on the properties of the 

resulting CNFs was examined. 

2. Materials and Methods 

2.1 Materials 

     PAN supplied by Macklin, China with a molecular weight (Mw) of 150000 g/mol. 

Dimethylformamide (DMF ≥99%, Sigma Aldrich) was used as the solvent. Multi-walled 

carbon nanotubes (MWCNTs) purchased from Cheap Tubes Company, USA with a length of 

10–30µm, outer diameter of 10–30 nm, and purity of 90% were used as reinforcement 

materials. 

2.2 Preparation of the CNFs precursors 

     First, a 10% w/v PAN solution was prepared by dissolving PAN in DMF and stirring the 

mixture on a hot magnetic stirrer at 50 °C for 1 hour, resulting in a clear and homogeneous 

polymer solution. Next, a 10% w/v PAN/CNT solution was prepared by mixing the 

(MWCNTs: PAN) solution in a (1:9) ratio and magnetically stirring for 2 h [14, 15]. The 

mixture was then homogenized using ultrasonic waves (bath type) for 2 h to disperse the 

agglomerates and create a uniform black suspension. PAN and PAN/CNT nanofiber mats were 

fabricated using an electrospinning device (Bio-electrospinning/Electrospray System ESB-

200, South Korea). The setup included a syringe containing the solution and a stainless-steel 

needle (inside diameter = 0.7 mm) as the nozzle, and the spinning parameters were set as 

follows: voltage, 20 kV; capillary collector distance, 20 cm; and feed rate, 1 mL/h.  

2.3 Heat treatment 

     Before stabilization, the PAN and PAN/CNT precursors were placed in a specially designed 

alumina crucible (3.5×8.5×1.5 cm) to fix the membrane and prevent its movement and folding 

due to the flow of gas inside the furnace. This crucible was designed with an alumina breathable 

cover to keep the nanofiber precursor stable during heat treatment and, at the same time, allow 

the inert gas inside the crucible during carbonization, as shown in Figure 1.  

For stabilization, the nanofiber mats were heated to 275 °C at a rate of 2 °C per minute and 

maintained at this temperature for 3 hours to ensure the completion of transformation. For 

carbonization, the stabilized nanofiber mats were heated at 1000 °C at a heating rate of 5 

°C/min and held at this temperature for 1 h under an atmosphere of nitrogen flow of 5 mL/min. 

A tube furnace, GSL-1500X-50RTP (MTI Corporation, Richmond, USA), was used for both 

processes. 
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Figure 1: (a) isometric and orthographic views of a rectangular crucible; and (b) a rectangular 

crucible with a breathable cover containing holes to allow permeabilizing gas into the 

membrane. 

 

2.4 Characterization 

     Field emission scanning electron microscopy (FE-SEM) (Inspect TM F50) was employed 

to characterize the fiber morphology of the electrospun and carbonized nanofiber mats. The 

samples were coated with a thin layer of gold and examined by FE-SEM at an acceleration 

voltage of 5 kV. The diameters of 50 fibers from the FE-SEM images were measured using the 

ImageJ software. The average fiber diameter and standard deviation were estimated using 

Microsoft Excel [16]. The average percentage reduction in size (Sr%) of the carbonized fibers 

was computed by comparing their average diameter (dc) to the average diameter of the initial 

PAN fibers (dx) using Eq. (1) [17]. 

    𝑆𝑟% =  (
𝑑𝑐 − 𝑑𝑥

𝑑𝑥
) × 100      (1) 

 

Fourier transform infrared (FTIR) spectroscopy (Bruker Optik system, Tensor 27, Germany) 

was used to characterize the chemical composition and capture the characteristic peaks of the 

electrospun and carbonized PAN and PAN/CNT nanofibers within the wavenumber range of 

400–4000 cm-1. Raman spectroscopy with an excitation laser wavelength of 532 nm (Bruker, 

Germany) was used to acquire data on the graphitic structure and defects in the carbonized 

PAN and PAN/CNT nanofibers. X-ray diffraction (XRD) analysis (Aeris Research Edition, 

Panalytical Company, Netherlands) was performed on the CNFs and CNF/CNT specimens by 

recording the 2θ angles in the range of 10° to 70° using Cu Kα radiation to understand the 

crystal phase of the prepared CNFs and CNFs/CNTs. To measure the electrical resistance R of 

the electrospun and carbonized PAN and PAN/CNT nanofiber mats using a Keithley Model 

616 digital electrometer, a two-point electrode was made from silver paste. The electrical 

conductivity () was determined using the Eq. (2) [6]. 

        𝜎 =  
𝐿

𝐴𝑅
      (2) 

Where R is the electrical resistance of the nanofiber mats, A is the cross-sectional area of the 

nanofiber mats (with a square-shaped specimen geometry of 2×2 cm), and L is the distance 

between the two electrodes (1 cm) [6]. The measurements were conducted at room temperature 

of 25°C and relative humidity of 50%. 
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     The water contact angle WCA of electrospun and carbonized PAN and PAN/CNT 

nanofibers was determined. The low-bond axisymmetric drop shape analysis LBADSA 

approach was utilized for measurement, and all WCA values were obtained by taking the 

average of seven measurements at various positions on the surface. A water droplet was 

carefully placed on the surface. The procedure was performed using a high-speed CCD camera 

set to capture 35 fps.   

  

3. Results and Discussion 

3.1 FE-SEM characterization 

PAN precursor, PAN/CNT precursor, CNFs, and CNFs/ CNTs were characterized using FE-

SEM, as shown in Figures 2 and 3, respectively. A drastic decrease was observed in the average 

fiber diameter from (176.2±69 nm) to (88.4±32 nm) after the addition of CNTs to pure PAN, 

as shown in Figures 2a-b. This reduction is related to the improved electrical conductivity of 

the PAN/ CNTs solution [14], which in turn increases fiber elongation during electrospinning, 

as demonstrated by Ali and co-workers [1]. As shown in Figure 3, both CNFs produced after 

heat treatment of PAN precursor and CNFs/CNTs produced after heat treatment of PAN/ CNTs 

precursor exhibited a decrease in the average fiber diameter, (132.06±82 nm) for CNFs and 

(76.43±4 nm) for CNFs/CNTs. Carbonization is carried out in an inert gas atmosphere, which 

specifically prevent oxidation and eliminates non-carbonized volatile molecules such as H2O, 

CO, HCN, N2, NH3, and CO2. This process results in the contraction of the fiber diameter and 

improved conductivity [10]. This reduction can be attributed to the evaporation of non-carbon 

elements during the stabilization and carbonization processes [1]. Furthermore, Carbonization 

caused a decrease in the fiber size across both assessed samples. 

 

. 

Figure 2: FE-SEM images (magnification of 40000×) and fiber diameter distribution of (a) 

PAN precursor and (b) PAN/CNTs precursor (Red arrows indicating the fibers with diameters 

ranging from 0-50 nm). 

 

Significant reductions were observed in carbonized fibers compared to electrospun fibers: -

25.05% for CNFs and -13.54% for CNFs/CNTs. The absence of CNTs results in the loss of 
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nearly half of the fiber diameter. The presence of CNTs led to a slightly smaller reduction in 

size, suggesting their potential involvement in the thermal stabilization process [17]. 

 

 
Figure 3 FE-SEM images (magnification of 40000×) and fiber diameter distribution of (a) 

CNFs and (b) CNFs/CNTs after carbonization at 1000 °C. 

 

3.2 Fourier transform infrared (FTIR) spectroscopy 

     Figures 4a-b show FTIR spectra of prepared specimens, identifying all the significant 

characteristic peaks. After stabilization, both PAN and PAN/CNT precursors experienced a 

remarkable change: a drastic decrease in the intensity of the nitrile group C≡N at 2242 cm-1, 

accompanied by a peak evolution at 1541 cm-1, arising from the existence of C=N and C=C 

bonds. This band is responsible for the creation of a ladder structure in PAN, which allows it 

to endure the high-temperature carbonization process without undergoing fusion. However, 

this peak had a higher intensity in the stabilized PAN/ CNTs sample, confirming the 

effectiveness of CNTs in C≡N transformation to C=N and C=C during stabilization, which is 

consistent with the findings reported by Liu [18].  
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Figure 4: (a) FTIR spectra for electrospun PAN, stabilized PAN and CNFs; (b) FTIR spectra 

for electrospun PAN/CNTs, stabilized PAN/CNTs and CNFs/CNTs. 

 

Furthermore, the presence of a distinct peak at 855 cm-1 C=C-H, indicates that dehydrogenation 

has occurred [1]. After carbonization at 1000 °C, the materials produced no peaks associated 

with C≡N bonds, due to the structural transformation of PAN. During stabilization, C≡N bonds 

convert into C=N bonds, forming a ladder structure, which further rearranges into a graphite-

like structure during carbonization, eliminating nitrogen-containing groups [8, 10].  

 

     A peak corresponding to the stretching of the saturated C-H bond at approximately 2879 

cm-1 was prominently observed in the CNFs and CNFs/CNT specimens. The peak at 1110 cm-

1 refers to lactones and/or esters, and the peak at 1031 cm-1 is caused by the cyclization process, 

which induces CH deformation in monocyclic pyridine rings. The occurrence of PAN structure 
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may be attributed to the residues of oxidation-reduction catalysts containing the S=O group. 

Moreover, both specimens exhibit a peak at 699 cm-1, which is associated with the development 

of C=C bonds, but the intensity of this peak was higher in the CNFs/CNT specimen than in the 

CNFs specimen as a result of the presence of MWCNTs, which enhances the graphitization 

process [17, 19]. These results suggest that the absence of CNTs in the material reduces the 

effectiveness of graphitization and the structural arrangement of the sample induced by heat 

treatment. 

3.3 X- Ray Diffraction XRD analysis and Raman spectroscopy  

     To confirm the phases and compositions of the prepared CNFs and CNFs/CNTs, they were 

examined using XRD. XRD curves of both specimens Figures 5a-b show the presence of two 

broad and weak peaks at 2θ values of 25–26° and 43°, which correspond to the (002) and (100) 

planes of graphite (JCPDS No. 75-1621), respectively [20, 21]. According to Musiol, this is 

normal because the growth of the crystallite sizes and subsequent decrease in the distance 

between the crystal lattice planes along the c-axis are only achieved when using high 

temperatures beyond 2000 °C [21]. However, the XRD patterns reveal the successful 

carbonization of CNFs and CNF/CNT specimens at 1000 °C, which is consistent with Zhang 

[22].   

Raman spectroscopy was performed on both the CNFs and CNF/CNT specimens to determine 

the degree of graphitization after the addition of MWCNTs, as shown in Figure 5c. The two 

main bands, the D-band at 1350 cm-1 refers to defects and disorder in the graphitic structure, 

While the G-band at 1590 cm-1 refers to the radial stretching of sp2 carbon atoms in the C-C 

bond and is evidence of highly ordered carbon structures. A higher R ratio or ID/IG Intensity 

ratio indicates the existence of flaws within the carbon layers, whereas a lower ID/IG ratio 

indicates the degree of structurally organized graphite crystallites present in carbonaceous 

materials [6, 23]. For CNFs/CNTs, the ID/IG ratio decreases slightly from 1.22 for CNFs to 1.15 

for CNFs/CNTs, indicating that the addition of CNTs can enhance the crystallinity of the fibers 

and transform disordered carbonaceous components into more organized graphite crystallites 

[1]. In addition, according to Stodolak-Zych, CNTs act as catalysts in both the cyclization and 

graphitization processes of CNFs. CNTs may act as heterogeneous nuclei for graphitization, 

potentially enhancing the polymer's crystalline structure during heat exposure.  This led to an 

increase in the G-band, which became sharper in the CNF/CNT specimen [13]. 
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Figure 5: (a) XRD patterns of CNFs; (b) XRD pattern of CNFs/CNTs; and (c) Raman spectra 

for CNFs and CNFs/CNTs specimens. 

 

3.4 Electrical conductivity (EC) test 

     EC of CNFs and CNFs/CNTs were compared with those of PAN and PAN/CNT precursors. 

Pure PAN precursors exhibited a negligible conductivity around 2.27×10-11 S/cm; after the 

addition of MWCNTs, it increased to 0.7 S/cm in the PAN/CNTs. This may be attributed to 

the high electrical conductivity of CNTs and the increased entanglement and contact between 

nanofibers after the addition of MWCNTs, which is consistent with Zhou, who also proved that 

increasing the entanglement and contact between nanofibers increases the electrical 

conductivity [6]. After carbonization, the EC of CNFs was 0.8 S/cm, while CNFs/CNTs 

resulted in higher conductivity up to 1.9 S/cm compared to CNFs alone. 

 

     The presence of CNTs leads to enhanced charge transport by creating a medium for 

conduction, enabling the movement of electrons within the composite structure of the fibers, 

which in turn increases electrical conductivity [24]. In general, the enhancement in electrical 

conductivity indicates that the structure becomes more graphitic and ordered [6]. 
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3.5 Water contact angle (WCA) test 

     As shown in Figure 6, WCA values for PAN precursor, PAN/CNT precursor, CNFs, and 

CNFs/CNTs were 140±2°, 45±2°, 40±2°, and 18±2°, respectively. A WCA assessment was 

performed to evaluate the wettability of the electrospun and carbonized specimens. Because 

the WCA of the PAN precursor has a value of 90° < θ < 150°, it is considered hydrophobic. 

The WCA for the other specimens had values of 0° < θ < 90°; therefore, they were considered 

hydrophilic [25]. The addition of CNTs, stabilization, and carbonization treatments decreased 

the WCA, indicating an enhancement in surface hydrophilicity (wettability of the CNFs). 

 

 

 

 

 

 

 

 

 

Figure 6: WCA measurement for (a) PAN precursor, (b) PAN/CNTs precursor, (c) CNFs and 

(d) CNFs/CNTs. 

 

Conclusions 

     In summary, modified CNFs/CNTs were successfully synthesized from PAN/CNTs 

electrospun precursors, followed by stabilization at 275°C and carbonization at 1000°C. The 

addition of MWCNTs maintained the fibers with a lower average percentage reduction in size 

Sr% after carbonization compared with traditional CNFs. FTIR spectroscopy and XRD 

analysis confirmed the effectiveness of the heat treatment used to transform PAN and 

PAN/CNT precursors to CNFs and modified CNFs/CNTs, respectively. Raman spectroscopy 

showed the improved graphitization in CNFs/CNTs by the decrease in ID/IG intensity ratio from 

1.22 for CNFs to 1.15 for CNFs/CNTs which means yielding more organized graphite crystals. 

The electrical conductivity of the modified CNFs/CNTs was also enhanced compared to that 

of the traditional CNFs. The wettability of traditional CNFs was enhanced by the addition of 

MWCNTs. The lowest water contact angle WCA was recorded for the CNF/CNT specimen 

(18±2°). This indicates the effectiveness of the modified CNFs/CNTs in many applications that 

require hydrophilicity, such as tissue-engineering applications. Further research should be 

conducted to synthesize modified CNFs by adding other ceramic and metallic reinforcements 

and carbonization at temperatures higher than 1000 °C. 
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