
Eng. Sci., 2024, 27, 975 

 

© Engineered Science Publisher LLC 2024                                                                                                                                                         Eng. Sci., 2024, 27, 975 | 1 

 

Engineered Science 

DOI: https://dx.doi.org/10.30919/es975 

 

 

Electrospinning with Natural Rubber and Ni Doping for Carbon 
Dioxide Adsorption and Supercapacitor Applications 
 

Songwuit Chanthee,1 Channarong Asavatesanupap,2 Darunee Sertphon,3 Thanigan Nakkhong,4 Nakarin Subjalearndee5 and Malee 

Santikunaporn1,* 

 
Abstract 
 

Three distinctive morphologies of carbon nanofibers (CNFs) on the surface were successfully fabricated by the electrospinning 
technique. The polymeric precursor was prepared by dissolving polyacrylonitrile (PAN), natural rubber (NR) cup lump, and 
nickel-pyridine complex in a single solution. The PAN-based polymeric solution, doped with various amounts of Ni, NR, and 
NR-Ni, was electrospun to create polymeric fibers and then stabilized and carbonized to obtain PAN composite nanofibers. 
Smooth surfaces were found on all NR-doped and Ni (5 wt%)-doped CNFs. Pores and spots on the CNFs’ surface occurred on 
Ni-doped CNFs at 10 and 15 wt%, respectively. Interestingly, carbon nanotube (CNT) growth on the CNF surface was found in 
NR-10Ni@CNF samples. Depending on the preparation technique, Ni0 nanoparticles also formed in CNFs, with a small size 
(25 nm) promoting CNT formation and a large size (200-400 nm) creating pores on the CNF surface. CNT growth on the carbon 
fiber surface was successfully achieved using trace amounts of NR with Ni samples. Based on the results of CO2 adsorption 
and electrochemical performance, the 1NR-10Ni@CNF electrode exhibited a specific capacitance that was twice as high as 
the PAN electrode. Additionally, the 5Ni@CNF demonstrated CO2 adsorption that was 4.0 times greater at 273 K and 2.9 times 
greater at 298 K.  

Keywords: Carbon Nanofibers; Natural Rubber; Nickel Particles; CO2 Adsorption; Supercapacitor. 

Received: 16 August 2023; Revised: 29 September 2023; Accepted: 03 October 2023. 

Article type: Research article. 
 

1. Introduction 

Carbon nanofibers (CNFs), a one-dimensional (1D) 

nanostructured carbon form, are drawing more and more 

interest as potential materials for a variety of applications due 

to their light weight, great physical strength, and chemical 

resistance[1]. Nanocomposites,[2] catalyst supports,[3] 

rechargeable batteries,[4] textiles,[5] supercapacitors,[6] energy 

devices,[7] and hydrogen storage.[8] are just a few of the 

potential uses for CNFs. Different CNF morphologies are 

needed for each application in order to improve its qualities. 

For instance, the CNF surface needs to have small pores and a 

large surface area for catalytic or hydrogen storage 

applications.[3,9] The size and surface area of CNFs determines 

their physical properties,[10,11] whereas tunable metal form and 

particle size inside the CNF matrix are required for 

superconductor applications. Controlling the size, surface area, 

and unique CNF morphology that match each application, 

however, is a difficult undertaking. There is growing interest 

in the use of CNFs supported by transition metal nanoparticles 

(Pd, Pt, Rh, Ru, Ir, Ni, etc.) as catalysts.[12] As an illustration, 

Ni/CNFs was employed as a catalyst for methane 

decomposition[13] and the hydrogenation reactions of 

benzene,[14] 2-tert-butylphenol,[15] and p-nitrophenol.[16] 

However, the decorated Ni was mostly achieved by 
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conventional preparation methods such as impregnation, 

deposition-precipitation, and co-precipitation. 

Polymeric electrospinning and conventional chemical 

vapor growth are two developed CNF fabrication techniques. 

Uniform CNFs are produced by chemical vapor growth, 

although this process is time-consuming and costly. On the 

other hand, electrospinning is a useful method for producing 

polymeric nanofibers. Additionally, the electrospinning 

technique offers chances to develop the architecture, 

functioning, chemical content, and shape of the fiber.[17] In 

addition, electrospinning is a widely recognized technique for 

producing functional nanofibers on an industrial scale due to 

its ease of use and versatility in processing various polymers.[18] 

To fabricate polymeric fibers prior to the carbonizing process, 

a variety of polymer sources are available, such as 

polyacrylonitrile (PAN),[19] polyvinyl alcohol (PVA),[20] 

polyvinylpyrrolidone (PVP),[21] pitch,[22] and rayon.[23] The best 

carbon yield is achieved by CNFs derived from the as-spun 

PAN precursor; nevertheless, PAN is a costly synthetic 

polymer.[24] Additionally, the benefit of as-spun PAN for 

human application demonstrates reduced genotoxicity in 

comparison to conventional CNFs.[25-27] As was previously said, 

many techniques have been used to synthesize carbon 

nanostructures in an effort to create a variety of surface 

morphologies. For instance, volatile organic solvents drive 

pore formation,[28] carbon additives improve surface area,[29] 

and mixed polymeric precursors promote branches on the 

surface of carbon nanofiber.[30] The use of green chemistry, 

which is environmentally beneficial and substitutes natural 

resources for dangerous compounds, is also growing in 

popularity.[31,32] 

As a bioresource, natural rubber (NR) has been used as a 

filler in a variety of products, including carbon compounds, 

composites, and polymers.[33,34] The use of NR as an additive 

or precursor for electrospun polymeric fibers has not been 

documented. The NR structure’s carbon chain may improve 

the texture of the carbon nanofiber by raising its carbon 

content, increasing defects, and causing the interior carbon 

fiber to become porous. In this study, metallic nickel doping 

was utilized to improve the unique surface morphologies of 

carbon nanotubes (CNTs), pores, and spots on CNFs. NR was 

employed as a co-precursor with PAN. Different behaviors of 

Ni particles in metallic form in CNFs were evaluated, as well 

as standard approaches to manage Ni particles as dopant in 

metallic form utilizing PAN-based carbon nanofiber under 

conventional heat treatment. The impact of three different 

concentrations of Ni (5, 10, and 15 wt%), and NR (0.5, 1.0, 

and 2.0 wt%) on the morphology and characteristics of 

fabricated CNFs was examined using three different sets of 

CNFs (Ni-PAN, NR/PAN, and Ni-NR/PAN). 

Thermogravimetric analysis (TGA), Fourier transform 

infrared spectroscopy (FTIR), Raman spectroscopy (RS), X-

ray diffraction (XRD), field emission scanning electron 

microscopy (FESEM), transmission electron microscopy 

(TEM) and adsorption-desorption analyzer (BET analysis) 

were among the common characterization techniques that 

were used. Additionally, the synthesized CNFs’ 

electrochemical performance and CO2 adsorption were 

assessed. 

 

2. Experimental section 

2.1 Materials 

In this research work, all chemicals were commercially 

available and used without further purification. 

Polyacrylonitrile (PAN) (ca. MW = 150,000), nickel (II) 

nitrate hexahydrate (Ni(NO3)2·6H2O), and pyridine (C5H5N) 

were purchased from Sigma-Aldrich. N, N-

dimethylformamide (DMF) was purchased from Carlo-Erba 

Reagents. Hexane was obtained from Macron Fine Chemicals. 

Raw natural rubber (NR) cup lumps were harvested from an 

agricultural farm in Thailand. Nitrogen gas (99.999% UHP) 

was supplied by S.I. Technology Co., Ltd. (Thailand). 

Polyvinylidene fluoride (PVDF, 99.9%, Mw ~ 600,000) was 

purchased from Xiamen Tob New Energy Technology, China. 

Carbon black (CB, super P conductive, 99+ %) was purchased 

from Alfa Aesar. 

 

2.2 Preparation of CNFs 

2.2.1 Preparation of Ni doped CNFs 

As illustrated in Fig. 1, polymeric electrospinning was used to 

fabricate CNFs doped with nickel nanoparticles (NiNPs), and 

then conventional heat treatment was applied. Initially, 8 wt% 

of PAN solution was prepared by fully dissolving PAN 

polymer in DMF under a magnetic stirrer for 12 hours at room 

temperature.[11,35] The resulting solution was then vigorously 

mixed at room temperature with pyridine ligand and metal 

nitrate in complex forms[36] until a homogeneous solution was 

achieved. The PAN-based solution was supplemented with 

metal complexes at 5, 10, and 15 wt%. Nickel (II) nitrate 

complexes with equivalent pyridine ligands were used to 

generate a number of solutions with different metal complexes 

(5Ni-PAN, 10Ni-PAN, and 15Ni-PAN). A stainless steel gauge 

needle with an inner diameter of 1 mm was used to electrospun 

the polymeric solution precursors containing the produced 

metal complexes into polymeric fibers. The gauge needle was 

connected to the anode of a DC power source at a high voltage 

of 15 kV and a flow rate of 1 ml/h. A collector made of 

stainless steel roller was covered with a piece of aluminum foil.  
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Fig. 1 Schematic illustration of the preparation process of nNi@CNF, nNR@CNF, and nNR-10Ni@CNF. 

 

The process was carried out at room temperature. The needle 

tip and the collector were 15 cm apart. Finally, the thermal 

treatment was used to transform the as-spun fibers into carbon 

nanofibers. To develop NiNP-doped CNFs (denoted as 

5Ni@CNF, 10Ni@CNF, and 15Ni@CNF), all as-spun fibers 

were stabilized at 533 K for 2 hours at a heating rate of 1 

K/min. They were subsequently annealed at 1173 K with a 

heating rate of 10 K/min in an N2 environment. 

 

2.2.2 Preparation of NR doped CNFs 

The NR-doped CNFs were fabricated in a procedure similar to 

the earlier preparation, which involved dissolving 8 wt% of 

PAN polymer in DMF for 12 hours at room temperature using 

a magnetic stirrer. Next, dried NR was thoroughly dissolved 

in hexane while being vigorously stirred for 12 hours at room 

temperature to form an NR solution. After an hour of vigorous 

stirring, the produced NR solution was gradually added to the 

8 wt% PAN solution. In order to formulate the mixed 

polymeric solution, 0.5, 1, and 2 wt% (denoted as 0.5NR-PAN, 

1NR-PAN, and 2NR-PAN) of NR were added to the PAN-

based solution. Subsequently, a stainless steel gauge needle 

with an inner diameter of 1 mm was used to electrospun the 

mixed polymeric solution precursors into fibers. The gauge 

needle was coupled to a DC power source at a high voltage of 

20 kV and a flow rate of 2 ml/h. A collector made of stainless 

steel rollers was covered with a piece of aluminum foil. The 

procedure was done at 303 K. The needle tip and the collector 

were separated by 15 cm. Ultimately, the resulting fibers 

underwent heat treatment at the same temperatures, durations, 

and heating rates mentioned in Section 2.2.1 to transform into 

carbon fibers. The obtained NR-doped CNFs were designated 

as 0.5NR@CNF, 1NR@CNF, and 2NR@CNF. 

 

2.2.3 Preparation of NR and Ni doped CNFs 

By combining the nickel (II) complex with the NR-PAN 

polymer, NR- and Ni-doped CNFs were prepared. The 

procedure described in Section 2.2.2 was used to prepare the 

0.5, 1, and 2NR-PAN solutions. Next, three NR-PAN solution 

precursors were mixed with 10 wt% of nickel (II) nitrate and 

four equivalents of pyridine ligand to form the NR-PAN and 

Ni complex polymeric precursors (denoted as 0.5NR-10Ni-

PAN, 1NR-10Ni-PAN, and 2NR-10Ni-PAN). The solution 

precursors were loaded into the syringe and placed in the 

electrospinning machine after being thoroughly mixed at room 

temperature for half an hour following the addition of all the 

components. The same parameters and conditions as described 

in Section 2.2.1 were applied when electrospunting the 

combined precursors into fibers. Finally, using the previously 

described procedure, heat treatment was used to transform the 

produced NR- and Ni-doped fibers into carbon. 0.5NR-

10Ni@CNF, 1NR-10Ni@CNF, and 2NR-10Ni@CNF were 

the names of these CNFs. 

 

2.3 Characterization 

The chemical functional groups of the as-spun fibers were 

analyzed by Fourier transform infrared spectroscopy (FTIR) 

using a Spectrum 100 (PerkinElmer, USA). Data were 

collected using an attenuated total reflection (ATR) technique 

connected to infrared spectroscopy with 16 scans/sample. 

Thermal stability and weight loss of the as-spun fiber samples 

were determined by thermogravimetric analysis (TGA), a 

model TGA2 STARe system (Mettler Toledo, USA) 
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performed in the range of 313 to 973 K with a heating rate of 

10 K/min under a nitrogen flow of 5 ml/min. The crystal 

structures of the samples were measured by Raman 

spectroscopy (RS) (HORIBA model KH 8700, Japan). 

Chemical components of all carbon fibers were recorded by 

powder X-ray diffraction (XRD) using a model D8 advanced 

X-ray diffractometer (Bruker, USA) equipped with a Cu Kα 

sealed tube X-ray source (1.5418 Å). Data were collected in 

the range of 5.0 to 60.0° for 2θ in steps of 0.02° with a scan 

speed of 0.1 sec/step. The average size of metal particles was 

estimated from the XRD data by the Scherrer equation, as 

presented in Equation (1).[37] 

D = K λ / β cos θ                          (1) 

where D is the average particle grain size, K is a dimensionless 

factor (typical value = 0.9), λ is the X-ray wavelength, β is the 

line broadening at maximum intensity of full width at half 

maximum (WFHM), and θ is the Bragg angle. The physical 

morphology of the carbon fiber samples was detected by a 

field emission scanning electron microscope (FESEM), model 

Merlin Compact (Zeiss, Germany). Images were captured 

under an in-lens duo detector (in-lens secondary electron (SE) 

and energy selective backscattered detection (EsB)) and a 

transmission electron microscope (TEM), model Tecnai G2 20 

S-Twin (FEI, USA) at an operating voltage of 200 kV. The gas 

adsorption-desorption experiment (up to 1 bar) was performed 

on a Quantachrome Autosorb automated gas sorption analyzer. 

 

2.4 Supercapacitor device assembly and electrochemical 

performance evaluation 

Supercapacitor cells were assembled in two-electrode 

Swagelok cells using the PAN composite nanofibers (Ni-

doped CNFs, NR-doped CNFs, and NR-Ni-doped CNFs) as a 

major component in the electrodes, 2 M sulfuric acid as the 

electrolyte, and filter paper (Whatman filter paper No. 4) as 

the membrane separator. The electrode was prepared by 

casting a slurry containing the PAN composite nanofibers, 

carbon black, and PVDF binder in a weight ratio of 7:2:1, 

respectively, on stainless-steel foil before drying inside a 

vacuum oven at 353 K overnight. The dried electrode was then 

punched into a circular sheet with a diameter of 80 mm before 

being assembled in the Swagelok cells. All electrochemical 

characterizations were measured at room temperature. Cyclic 

voltammetry (CV) and galvanostatic charge-discharge (GCD) 

were conducted by an electrochemical workstation (Metrohm 

Autolab, PGSTAT302N). The specific capacitance of the PAN 

composite nanofiber electrodes was evaluated from GCD 

curves according to Equation (2).[38] 

CSC = 4IΔt / mΔV                              (2) 

where CSC is a specific capacitance (F/g), I is a constant 

discharge current (A), Δt is a discharge time, m is the electrode 

mass (g), and ΔV is a potential change (V). 

 

2.5 CO2 adsorption measurements 

CO2 adsorption isotherms were measured on an Autosorb iQ-

MP/XR (Quantachrome) at 273 and 298 K. 80 mg of sample 

in a sample cell were degassed at 553 K for 18 hours under a 

He environment before the measurement. The adsorption 

isotherms were recorded at pressures ranging from 0-100 kPa 

while flowing pure CO2 (99.999 %). 

 

3. Results and discussion  

3.1 Characterization of synthesized carbon nanofibers 

TGA was performed to investigate the optimal temperature 

and prevent polymeric decomposition in order to stabilize the 

as-spun fibers. Thermograms of a selection of as-spun fibers 

are shown in Fig. 2. Due to the decomposition of compounds 

containing oxygen, nitrogen, and hydrogen during the 

carbonization process,[39] the 1NR-PAN demonstrated a single 

step of significant weight loss of 29% at 310 °C (583 K) in the 

carbonization process. On the other hand, three steps of weight 

loss were shown by the TGA curves of 10Ni and 1NR-10Ni-

PAN. First, weight loss occurred between 50 °C (323 K) and 

110 °C (383 K), corresponding to when the humidity was 

removed; second, weight loss occurred between 175 °C (448 

K) and 260 °C (533 K), which is when the pyridine ligand 

dissociated. At 300 °C (573 K), the final stage represented 

carbonization and decomposition. Consequently, 260 °C (533 

K) was chosen as the stabilization temperature. 

 
Fig. 2 TGA curves of 10Ni-PAN (green), 1NR-PAN (brown), and 

1NR-10Ni-PAN (blue) as-spun fiber. 
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Fig. 3 FTIR spectra of as-spun fibers. 

 

The 8 wt% PAN, 1NR-PAN, 10Ni-PAN, and 1NR-10Ni-

PAN as-spun fibers were selected to characterize the chemical 

functions by FTIR, as shown in Fig. 3. The vibrational 

frequencies of the as-spun nanofibers were presented in the 

range of 3500 to 750 cm-1. Different dopant fibers showed 

clear characteristic signals, in agreement with the 8 wt% PAN 

spectrum at 2923, 2245, and 1454 cm-1 of C−H stretching, 

C≡N group, and C−H bending, respectively.[40] The spectrum 

of 1NR-PAN presented the characteristic vibration of PAN and 

showed a weak absorption band at 2160 cm-1 assigned to C=C 

stretching and a weak band at 1663 cm-1 assigned to 

substituted C=C stretching.[41] The C=C vibrations in the 1NR-

PAN spectrum implied that NR had dispersed in PAN fibers. 

For 10Ni-PAN and 1NR-10Ni-PAN spectra, the vibrational 

frequencies revealed similar patterns resulting from Ni-

pyridine complex addition and the poor signal of NR. The 

distinct weak broad bands around 2160 and 1663 cm-1 were 

assigned to C=C stretching, while the strong broad vibration 

at 1319 cm-1 corresponded to the C−N group of disordered 

pyridine ligands in the Ni-pyridine complex.[42] Moreover, 

characteristic aromatic peaks at 1046 and 828 cm-1 were 

attributed to the pyridine ring structure, while the absorption 

band at 1740 cm-1 was assigned to C=O stretching of the 

residue solvent (DMF). In the 1NR-10Ni-PAN spectrum, the 

Ni metal signal could not be seen. However, the vibration of 

the coordinated pyridine ligand was used to show that the 

metal complex had been added. The wavenumber of free 

pyridine ligand (1433 cm-1) shifted to a lower value when 

coordinated to the metal core,[43] while broad frequencies 

between 1400 and 1322 cm-1 were assigned to coordinated 

pyridine ligand due to the lower shift and wide wavenumber 

frequency range. 

All the fabricated CNF samples were characterized by 

Raman spectroscopy. In Fig. 4, the D-band (blue region) at 

1355 cm-1 reflected disordered graphite in CNF, while the G-

band (yellow region) around 1580 cm-1 was caused by ordered 

graphite or carbon fibers with sp2 hybridization.[44] The 

presence of the D-band implied that the CNFs had defects due 

to impurities, incomplete graphitization, and sp3 hybridization. 

An increase in the ratio of D- to G-band intensity revealed the 

level of defects and impurities in the CNF structure, with a 

higher ratio indicating lower crystallizability of the carbon 

fibers. The D-band/G-band ratio for nNR@CNF samples rose 

with increasing NR content because the NR dopants were not 

carbon-based for graphitization. As a result, when adding 

larger amounts of NR, a slightly growing value of D-band/G-

band ratio influences the samples’ reduced crystallizability. Of 

the Ni-doped CNFs, 10Ni@CNF had the greatest D-/G-band 

intensity ratio (ID/IG =1.03), followed by 5Ni@CNF with a 

moderate ratio (0.97) and 15Ni@CNF with the lowest ratio 

(0.79). Ni particles incorporated in the CNF structure caused 

this variation. Remarkably, compared to pure NR- and Ni-

doped CNF, the ratios of NR and Ni CNF (nNR-10Ni@CNF 

samples) were lower. As previously mentioned, NR- and Ni-

doped CNFs demonstrated decreased crystallizability while 

increasing sp2 carbon formation and improving graphitization.  

X-ray diffraction patterns from carbon nanofibers that were 

produced are shown in Fig. 5. The disordered structure of the 

carbon phase was confirmed by the large diffraction peaks 

between 25 and 35 degrees of 2θ.[15] According to earlier 

findings,[45] the diffraction pattern of synthesized 8 wt%-

PAN@CNF revealed the carbon phase pattern of carbon 

nanofibers. The small peak at 2θ = 26 degrees of the 

10Ni@CNF and 15Ni@CNF patterns for Ni doped carbon 

nanofibers was attributed to the reflection (002) of carbon 

because of a more graphitic structure of the carbon fibers or 

carbon bonded to Ni.[46] While 5Ni@CNF had diffraction 

peaks at 2θ = 37 (111) and 43 (200) degrees of NiO,[46] all Ni-

doped CNFs showed sharp diffraction peaks at 2θ = 44 (111) 

and 52 (200) degrees as typical peaks of metallic Ni. It is 

interesting to note that only Ni (0) peaks were seen in the XRD 

patterns of 10Ni@CNF and 15Ni@CNF because the pyridine 

ligand arranged around the Ni metal core inhibited Ni 

oxidation during the heating process. Nonetheless, incomplete 

complexation for low concentrated Ni and pyridine in the 

polymeric solution led to the observation of NiO particles in 

5Ni@CNF. 10Ni@CNF was chosen to dope with trace NR 

because it had the lowest Ni content in metallic form. As 

expected, different concentrations of NR dopant with 10 wt% 
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Ni carbon nanofibers exhibited the Ni0 pattern and no NiO 

formation.  

 
Fig. 4 Raman spectra of carbon nanofibers. 

 
Fig. 5 XRD patterns of carbon nanofibers. 

 

Average sizes of metal particles were estimated from the 

XRD data by the Scherrer equation.[37] as presented in Table 

S1. By using a common value of K = 0.9, the Ni0 particle size 

was calculated to be between 15 and 18 nm, and the calculated 

NiO particle size in 5Ni@CNF was 15.04 nm. The computed 

Ni particle size demonstrated good particle dispersion and 

demonstrated that this approach could detect doped Ni 

particles on a nanometric scale. Particle sizes were found to be 

dispersed between 25 and 30 nm for small sizes and between 

130 and 250 nm for large sizes, in contrast to the TEM 

approach as illustrated in Fig. 6. Some large Ni particles 

aggregated during polymeric solution or graphitization 

processes. 

Based upon the results herein and the precedent reports, a 

plausible reaction pathway is shown in Fig. 7. At the 

polymeric solution preparation step, the nickel nitrate 

(Ni(NO3)2) was surrounded by excess pyridine ligands, which 

led to the formation of the square planar [Ni(py)4(NO3)2] 

complex.[47,48] However, when excess pyridine was added to 

the solution precursor, other forms of Ni complexes were 

created with 2, 3, or 6 pyridine compounds in the solution, 

such as [Ni(py)2(NO3)2], [Ni(py)3(NO3)2], and 

[Ni(py)6(NO3)2].[49,50] Subsequently, the Ni (II) complex 

changed to NiNPs by removing pyridine compounds at high 

temperatures in the stabilization and carbonization steps. In 

these steps, the pyridine compound that surrounded the Ni2+ 

ion probably prevented the oxidation of Ni to nickel oxide. 

The morphologies of carbon nanofibers with different 

dopants were determined by SEM and TEM. As shown in Figs. 

8(a-c), SEM images of various Ni-doped CNFs had different 

morphologies as smooth surfaces with pores and spots for 

5Ni@CNF, 10Ni@CNF, and 15Ni@CNF, respectively. With 

well-dispersed Ni0 nanoparticles (25 nm) and a small diameter 

(250-350 nm), the 5Ni@CNF possessed a smooth and uniform 

surface. The XRD result led to the assignment of Ni0 (25 nm) 

and NiO (200 nm) forms to the two sizes of Ni particles. In 

comparison, the diameter of 10Ni@CNF was bigger (average 

633 nm) and it had a porous surface. Ni agglomerated into 

larger particles when the amount of Ni dopant was increased 

to 10 wt%, even though Ni-doped CNF was only found in Ni0 

form. These Ni0 particles (250 nm) were larger than Ni 

particles in 5Ni@CNF. Additionally, Ni nanoparticle drilling 

had an impact on pores that were present throughout the 

carbon fiber chain. [51] As shown in Fig. 6(b), the Ni particles 

destroyed the carbon matrix adjacent to their surface by 

creating pores on the surface.[52-54] According to the TEM 

images, there is evidence that Ni0 particles punched holes in 

the CNF matrix, causing pore development on CNFs. NiNPs 

were found at the bottom of these pores. The 10Ni@CNF 

sample and 15Ni@CNF particles exhibited comparable 

diameters (average 849 nm). Large spots of Ni particles were 

detected all over the CNF surface, however pores were not 

visible on the surface of 15Ni@CNF. The higher Ni 

concentration in CNF promoted the production of NiO under 

thermal conditions and aided in the agglomeration of the 

bigger particles.[55] 

The surfaces of the three NR-doped CNF samples were all 

smooth. The average diameters of NR-doped CNF for 

0.5NR@CNF, 1NR@CNF, and 2NR@CNF were 422, 433, 
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Fig. 6 TEM images of (a) 5Ni@CNF, (b) 10Ni@CNF and (c) 0.5NR-10Ni@CNF. 

 

and 676 nm, respectively, as shown in Figs. 9(a-c). The greater 

concentration of NR doped in solution during the 

electrospinning polymeric fiber process led to an increased in 

diameter. The diameter size was affected, and the 

electrospinning process was impeded by the increased NR 

dopant level. Furthermore, the NR dopant both interrupted the 

graphitization process and increased the diameter size, as 

reported in the Raman characterization. This suggests that NR 

can be employed as a carbon source or additive for CNF 

fabrication. However, due to incompatibility between PAN 

precursor and NR during the preparation of polymeric 

precursor, NR doping over 2 wt% could not be electrospun 

into fibers. 

Interestingly, as shown in Figs. 10(a-c), branches of carbon 

nanotube growth over their mother CNF were visible in the 

three SEM images when NR was varied from 0.5, 1, and 2  

wt% to Ni (10 wt%) CNF. For 0.5NR-10Ni@CNF, 1NR-

10Ni@CNF, and 2NR-10Ni@CNF, the average CNF size was 

789.63, 879.52, and 1,890.54 nm, respectively. Ni 

nanoparticles catalyzed the growth of the carbon nanotubes 

that were detected on the CNF surface.[56] The agglomerated 

Ni particles in 10Ni@CNF with NR doping disintegrated into 

the carbon matrix surrounding the Ni particles, whereas the 

 
Fig. 7 Proposed mechanism for NiNPs formation after coordinated by pyridine ligand. 
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Fig. 8 SEM images (left) and diameter size distribution (right) of (a) 5Ni@CNF, (b) 10Ni@CNF, and (c) 15Ni@CNF samples. 

 
Fig. 9 SEM images (left) and diameter size distribution (right) of (a) 0.5NR@CNF, (b) 1NR@CNF and (c) 2NR@CNF samples. 
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Fig. 10 SEM images (left) and diameter size distribution (right) of (a) 0.5NR-10Ni@CNF, (b) 1NR-10Ni@CNF and (c) 2NR-

10Ni@CNF samples. 

 

smaller Ni particles (27 nm) in 10Ni@CNF with NR doping 

promoted accelerated carbon nanotube growth. Because of the 

poor non-graphitized carbon in the carbon fiber, the Ni 

particles of 5Ni@CNF did not promote the formation of 

carbon nanotubes. Since the chemical nature of NR allows 

carbon decomposition to become a carbon resource, Ni 

particles of NR-doped CNF in 10Ni@CNF can act as a 

catalyst for carbon nanotube growth. The 0.5NR-10Ni@CNF 

was characterized by TEM in order to verify that Ni 

nanoparticles stimulated the growth of carbon nanotubes, as 

demonstrated in Fig. 6(c), and they distinctly protruded from 

their mother surface.  

The CNF growth process with ethylene decomposition on 

Ni and Ni/C catalysts was proposed by Prasiwi et. al.[51] 

Similarly, NR was decomposed at high temperatures during 

the carbonization step, and Ni nanoparticles on the surface of 

CNF searved as the active nucleation sites for the formation of 

CNTs. Furthermore, these carbon nanotubes’ diameter was in 

agreement with other reports[56,57] because it was near the Ni 

size. Because the higher non-compatible NR concentration led 

to poor NR dispersion in the PAN polymer and as-spun fiber 

form, the 2NR-10Ni@CNF had the biggest diameter of CNF 

and the lowest growth of carbon nanotubes. 

To quantify the surface area of the materials, nitrogen 

adsorption-desorption studies of all samples were carried out 

using the BET method; the results are shown in Table 1. An 

adsorption-desorption of 5Ni@CNF, 10Ni@CN, and 

15Ni@CNF is presented in Fig. 11(a). The 5Ni@CNF showed 

a type I isotherm with a surface area of 396.72 m2 g-1, which 

was associated with its smallest size. On the other hand, the 

10Ni@CNF and 15Ni@CNF samples were classified as type 

IV isotherms, which are typical of mesoporous solids that go 

through monolayer and multilayer hysteresis, then capillary 

condensation during desorption.[58,59] In contrast to the 

10Ni@CNF sample, which had pores on its surface and the 

lowest surface area (66.23 m2g-1) due to CNF bunch formation, 

the 15Ni@CNF sample had a moderate surface area (144.07 

m2g-1) and less CNF bunches. Depending on the concentration 

of Ni doping, the specific surface area of the nNi@CNF 

samples varied from 60 and 400 m2 g−1.  

Nitrogen adsorption-desorption isotherms of type I for 

0.5NR@CNF, 1NR@CNF, and 2NR@CNF are shown in Fig. 

11(b), suggesting a consistent CNF surface for all NR doped 

samples. In accordance with the bigger diameter of  
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Table 1. Physicochemical properties of Ni doped carbon 

nanofiber. 

Sample 
BET surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Pore width 

(nm) 

5Ni@CNF 396.27 0.0312 2.02 

10Ni@CNF 66.23 0.0326 3.45 

15Ni@CNF 144.07 0.0562 2.77 

0.5NR@CNF 26.32 0.0076 2.88 

1NR@CNF 14.60 0.0104 5.28 

2NR@CNF 5.77 0.0102 6.60 

0.5NR-

10Ni@CNF 

169.99 0.0850 3.13 

1NR-

10Ni@CNF 

79.38 0.0613 4.07 

2NR-

10Ni@CNF 

62.91 0.1019 6.53 

 

greater NR-doped CNF, specific surface areas of 0.5NR@CNF, 

1NR@CNF, and 2NR@CNF were 26.23, 14.60, and 5.77 m2 

g-1, respectively, and decreased with an increase in NR 

polymer quantity. Furthermore, in accordance with previous 

studies,[60] 1NR@CNF and 2NR@CNF isotherms showed 

poor N2 adsorption on carbon-based materials. The nitrogen 

adsorption-desorption isotherms for 0.5NR-10Ni@CNF, 

1NR-10Ni@CNF, and 2NR-10Ni@CNF are shown in Fig. 

11(c). 0.5NR-10Ni@CNF, 1NR-10Ni@CNF, and 2NR-

10Ni@CNF had specific surface areas of 196.99, 97.38, and 

62.91 m2 g-1 respectively. These areas dropped as NR polymer 

loading increased, leading to larger CNF diameters, which in 

turn caused a decrease in CNT formation on the mother carbon 

surface. Type IV isotherms for all samples showed small 

cylindrical pores on CNF surface branches.[58,59] 

 

3.2 Electrochemical performance of PAN and PAN 

composite nanofiber electrodes 

Among PAN composite nanofibers, NR-Ni-PAN composite 

nanofibers (NR-Ni@CNF) were chosen to evaluate their 

electrochemical performance as electrodes in supercapacitor 

cells due to their specific surface and mechanical 

characteristics. Prior to measuring the specific capacitance of 

PAN and NR-Ni-PAN composite nanofibers using GCD, their 

performances were assessed by CV at a scan rate of 50 mV/s 

within a range of 0-1.2 V. Overall, the voltammogram of the 

PAN nanofiber electrode showed similarity to a quasi-

rectangular shape (Fig. 12(a)), whereas the PAN composite 

nanofiber electrode presented pseudocapacitive 

 
Fig. 11 The N2 adsorption-desorption isotherms of (a) nNi@CNF, (b) nNR@CNF and (c) nNR-10Ni@CNF samples. 
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Fig. 12 Electrochemical performance of PAN and PAN composite electrodes. Cyclic voltammograms at scan rates of 50 mV/s of (a) 

PAN@CNF, (b) 0.5NR-10Ni@CNF, (c) 1NR-10Ni@CNF, and (d) 2NR-10Ni@CNF. 

 

characteristics.[61] Small redox peaks were seen at around 0.52 

and 0.67 V in the PAN composite electrode with the lowest 

NR content, 0.5NR-10Ni@CNF (Fig. 12(b)). Greater 

voltammogram areas with redox peaks were obtained by 

increasing the NR content in the PAN composite nanofibers to 

1 and 2 wt% (Figs. 12(c) and 12(d)). A litter redox peak was 

observed at around 0.52 V for the 1NR-10Ni@CNF electrode 

and between 0.58 and 0.85 V for the 2NR-10Ni-PAN 

electrode.[62] It was hypothesized that Ni nanoparticles 

promoted ion conduction,[63,64] while NR increased the porosity 

of the electrode. 

Figure 13 presents the specific capacitance of PAN and 

PAN composite electrodes evaluated at a current density of 0.1 

A/g and calculated using Equation (2). Overall, there was a 

good correlation between CV performance and specific 

capacitance. The average specific capacitance of the PAN 

electrode was approximately 40 F/g, whereas the average 

specific capacitances of the 0.5NR-10Ni@CNF, 1NR-

 
Fig. 13 Electrochemical performance of PAN and PAN composite electrodes. Galvanostatic charge –discharge profiles at current 

density of 0.1 A of (a) PAN@CNF, (b) 0.5NR-10Ni@CNF, (c) 1NR-10Ni@CNF, and (d) 2NR-10Ni@CNF. 



Research article                                                                                                                                                                                Engineered Science 

 

12 | Eng. Sci., 2024, 27, 975                                                                                                                                                     © Engineered Science Publisher LLC 2024 

10Ni@CNF, and 2NR-10Ni@CNF electrodes were 

approximately 25, 84, and 61 F/g, respectively. Among the 

PAN composite electrodes, the 1NR-10Ni@CNF showed a 

specific capacitance that was twice as high as the PAN 

electrode. The increased specific capacitance could be related 

to the pore characteristics of the PAN composite 

nanofibers.[65,66] Even though the charge-discharge 

performance was not as high as the previously published 

results,[67,68] it could be seen that incorporating NR and Ni 

nanoparticles into the PAN nanofiber electrode significantly 

improved the electrochemical performance. In addition, the 

physical characteristics of the PAN composite electrode after 

measuring the electrochemical performance were checked. 

Non-homogeneity of electrode between the PAN composite 

nanofibers and conductive carbon was found (Fig. S1). To 

improve the electrochemical performance of the PAN 

composite electrodes, optimization of electrode preparation 

processes was required. 

 

3.3 CO2 adsorption isotherms 

According to Fig. 14, the CO2 adsorption capacities of 

nNi@CNF samples are as follows: 5Ni@CNF > PAN@CNF > 

15Ni@CNF > 10Ni@CNF. With a sharp rise at low relative 

pressure, the CO2 adsorption isotherm of 5Ni@CNF shows the 

maximum CO2 uptake at 273 K (137.95 cc/g) and 298 K 

(95.94 cc/g). This value is significantly greater than that of 

PAN@CNF at 273 K (33.91 cc/g) and 298 K (32.80 cc/g). 

Additionally, the CO2 adsorption quantities on 5Ni@CNF 

were better than those on commercial activated carbon fibers 

(1.92 mmol/g)[69] at 273 K and 298 K, respectively, at 6.15 and 

4.28 mmol/g. Although the smooth surfaces of these samples 

are identical, 5Ni@CNF showed a significant capacity to 

absorb CO2 due to potential interactions between the NiNPs 

and CO2 molecules. In contrast to earlier findings, 5Ni@CNF 

had the maximum CO2 adsorption capacity at both 

temperatures. Additionally, those CNF samples had a hollow 

cylindrical shape, a high surface area, and high porosity.[70-74] 

Table 2 lists the CO2 adsorption capacity for various dopants 

and CNF morphologies. This 5Ni@CNF exhibits moderate 

SBET when compared to the reported NiO/CNFs and 

MgO/ACNF, but the sample has the best CO2 adsorption 

capability at 298 K and 1 bar. The 5Ni@CNF material exhibits 

the lowest SBET when compared to porous CNF without metal 

oxide dopants. The sample’s adsorption performance shows 

the maximum CO2 adsorption at both temperatures (273 K and 

298 K). However, because of their surface morphologies, 

10Ni@CNF and 15Ni@CNF had low CO2 adsorption 

amounts at both temperatures. There were Ni/NiO spots all 

over the surface of the 15Ni@CNF, providing space between 

the particles and the carbon matrix for the adsorption of CO2 

molecules. Since CO2 molecules could not be captured by the 

huge pore size of the 10Ni@CNF surface, despite its high 

surface porosity, it had the lowest CO2 uptake capacity. 

Table 2. Comparisons of CO2 uptakes at 1 bar on the adsorbents 

with various support materials. 

Adsorbents 
SSA 

(m2/g) 
Temp.(K) 

CO2 

uptake  

(mmol/g) 

Reference 

PAN@CNF 306 298 2.52 [74] 

Activated-CNF 897 298 3.17 [75] 

Hollow ACNF 884 298 3.16 [76] 

NiO/CNF 330 298 1.11 [77] 

MgO/ACNF 413 298 2.67 [78] 

PCNF-2-1000 417 298 3.11 [79] 

Porous CNF/C-

H 

1084 273 5.08 [80] 

Porous CNF/C-

S 

990 273 4.63 [80] 

5Ni@CNF 396 273 6.15 This work 

5Ni@CNF 396 298 4.28 This work 

10Ni@CNF 66 273 0.28 This work 

10Ni@CNF 66 298 0.18 This work 

1NR-

10Ni@CNF 

79 273 1.19 This work 

1NR-

10Ni@CNF 

79 298 1.18 This work 

 

The CO2 adsorption isotherms on nNR-10Ni@CNF 

samples at different temperatures (273 K and 298 K) are 

presented in Fig. 15. With increasing amounts of NR content, 

the amount of CO2 adsorbed increased. At both temperatures, 

the adsorption of CO2 on NR-doped 10Ni@CNF was in the 

order of 2NR-10Ni@CNF > 1NR-10Ni@CNF > 0.5NR-

10Ni@CNF. When loading trace amounts of NR into 

10Ni@CNF, the CO2 uptake capacity increased. This 

demonstrates that the NR may create small pores in the carbon 

matrix of these CNF samples and allow CO2 molecules to 

adsorb. Compared with those reported in Table 2, the CO2 

adsorption capacity of nNR-10Ni@CNF samples is lower than 

any porous CNF or metal-doped CNF samples due to the 

lower surface area and lower porosity. Additionally, all 

samples gave a CO2 uptake value higher than 10Ni@CNF. 

This implies that NR can enhance CO2 adsorption by 

generating suitable pores on the CNF surface. Besides, the 

CNT branches on their CNF surface may contribute to 

adsorbing CO2. 
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Fig. 14 CO2 adsorption equilibrium isotherms for nNi@CNF (a) at 273 K and (b) at 298 K. 

 

The 5Ni@CNF sample has the highest CO2 adsorption 

capacity (4.28 mmol g-1) when compared to other adsorbent 

materials, such as metal-organic frameworks (MOFs), zeolite-

based materials, and silica-based materials, that have been 

reported at ambient air (298 K at 1 bar).[81] In contrast to the 

functionalized MOF materials with the highest CO2 uptake, 

the MOFs named 1-en-Mg2(dobpdc) provides a capacity value 

of 2.83 mmol g-1 less than 5Ni@CNF. The 5Ni@CNF sample 

nevertheless exhibits greater CO2 capture performance when 

compared to adsorbents without surface modification, such as 

zeolite (Li-LSK) and silica (K2CO3/γ-Al2O3) materials, which 

display uptake values of 1.34 and 1.20 mmol g-1, respectively. 

It is interesting to note that this sample’s CO2 capture 

capability is comparable to that of ionic liquid (IL) absorbents 

like Sar (5.4 mmol g-1), GlyGly (3.8 mmol g-1), TBAB (3.8 

mmol g-1), and BTIG (3.0 mmol g-1). 

 

4. Conclusions 

Diverse Ni@CNF, NR@CNF, and NR-10Ni@CNF samples 

were successfully prepared by the electrospinning technique, 

followed by conventional thermal treatment. The Ni0 form was 

controlled by incorporating a pyridine ligand. Different Ni 

nanoparticle sizes influenced pore and spot formation on the 

CNF surface. NR showed promise as a new carbon additive 

and natural polymer resource for utilization as a carbon source 

in the PAN precursor for carbon nanotube fabrication. NR 

doped in PAN-based CNF increased the diameter of the CNF 

and produced a smooth surface. Fabricating carbon nanotube

 
Fig. 15 CO2 adsorption equilibrium isotherms for nNR-10Ni@CNF (a) at 273 K and (b) at 298 K. 
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growth on carbon nanofibers was achieved by mixing NR (0.5 

to 2 wt%) and Ni (10 wt%), while both metallic Ni 

nanoparticles and NiO nanoparticles were well dispersed in 

the carbon nanofiber. Furthermore, small amounts of NR 

could enhance the specific capacitance (from 40 F/g to 84 F/g) 

and CO2 adsorption performance (from 0.28 and 0.18 mmol/g 

to 1.19 and 1.18 mmol/g at 273 and 298 K, respectively) in 

1NR-10Ni@CNF. 
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