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Abstract: Introducing carbon nanotubes (CNTs) with the capability of anchoring on nanofibers 

establishes new possibilities in many applications such as lithium-sulphur batteries and laminated 

composites. Direct growth and attachment of CNTs eliminate dispersion challenges such as 

detachment or transfer of CNTs onto another medium and damage on CNTs, leading to inadequacy for 

practical applications. This study facilitated the direct growth of conductive CNTs on curved, high-

temperature resistant polymeric polybenzimidazole (PBI) nanofibers by chemical vapor deposition 

method (CVD). Controlling CVD process parameters including nucleation and growth times (10 or 15 

minutes) and catalyst concentration (1 or 10 mM) at 600 °C facilitated the growth of radially-oriented 

CNTs on PBI nanofibers and provided morphology-dominated behavior both on physical and electrical 

properties. Morphological analyses showed that tuning catalyst concentration (10 mM) and CVD 

process parameters including nucleation (15 min) and growth times (10 min and 15 min) yielded 

uniform CNT coverage and conformity. A systematic exploration of mesoscopic morphologies 

revealed a strong correlation between physical parameters such as CNT array lengths and electrical 

conductivity which is up to 0.039±0.004 S/cm. The proposed CNT growth method could offer in-situ 

structural tunability to respond to application-related requirements from energy storage to the rate 

capability of lithium-based batteries. 
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1. Introduction  

Carbon nanotubes (CNTs) incorporated material systems have been one of the well-known 

lightweight solutions to a wide range of applications ranging from energy storage and interface 

reinforcement in laminated composites to the life cycle and rate capability booster in lithium-ion 

capacitors and lithium-sulfur batteries [1–7]. Opposed to commonly adopted approaches of dispersing 

and distributing CNTs into a polymer medium [8–10] or surface coating techniques [11], direct 

deposition of CNTs onto the surface of a substrate has found a novel and promising role in hierarchical 

composites [12] and conductive micro-devices [13]. Promoted by the superior electrical conductivity 

properties of CNTs, the capacity and the efficiency of rechargeable lithium batteries could be enhanced 

by placing CNT-based interleaves between the separator and the sulfur cathode. Furthermore, the 

delamination that afflicts the durability in laminated composite structures could be prevented by 

distinct CNT-based interfaces which enhances fracture toughness and high delamination resistance 

[14–17]. Thus, the growth of CNTs onto distinct substrates and their controlled architectures enable 

keeping the CNTs intact; therefore, significant attention has been given to the CNTs direct growth 

procedures along with process optimization [18–20]. 

CNT hierarchical composites are found in various applications such as energy storage and 

harvesting units, air filtration, and reinforced structural composites. CNT grafted hybrid fabrics with 

high surface area and electrical conductivity were shown to have a potential to be implemented as 

electrodes for the production of flexible supercapacitors [21]. Additionally, lithium-CNT microsphere 

composites as electrodes in lithium-based batteries were proven to be a solution to prevent dendrite 

formation on the surface of electrodes, thus, increasing recharging cycles [22]. In another study, 

ZnMn2O4-CNT composites were used as a cathode material for zinc-ion batteries with high specific 

capacity (mAh/g) [23]. Recently, a polyvinylidene fluoride (PVDF) CNT foam composite 

nanogenerator was shown to not only exhibit good flexibility but also high piezoelectric performance 

with an output voltage of 15 V under a compressive force [24]. Furthermore, CNTs incorporated in 

fibrous membrane used for air filtration applications provided high porosity, leading to low-pressure 

drop and high capturing capacity [25]. Other studies also reported CNT-incorporated nanofibrous 

interlayers as functional interlaminar reinforcements [26–29]. 

Regardless of the orientation in CNT growth, to implement CNTs in later processes, the grown-

CNTs usually are peeled off or transferred onto another medium. As a result of this post step, the CNTs 
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could be severely damaged, making them inadequate for sensory applications. As an alternative to 

conventional film-based substrates, nanofiber scaffolds as interleaves are beneficial as a result of their 

interconnected porous structure and high surface area [30]. Additionally, direct deposition of CNTs 

onto either nano- or micro-scale fibers have the potential of using these strong and conductive 

reinforcers without tarnishing the quality of the CNTs or adding post-processes such as the collection, 

dispersion, and distribution steps. Although this approach promotes fewer steps, the substrate on which 

CNTs grow need to stay intact at the elevated synthesis temperature. Hence, it is vital that the 

polymeric substrate withstands high temperatures during CNT synthesis. 

Poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole], also known as polybenzimidazole (PBI) is a heat 

resistant and high-performance polymer that exhibits remarkable chemical resistance, high thermal 

and oxidative stability [31]. PBI nanofibrous scaffolds have received attention due to their high surface 

area, porous and interconnected structure in many applications from the high-temperature fuel cell and 

reverse osmosis, gas separation systems, to interface toughening in laminated composites, and etc. 

[32,33]. First, Kim and Reneker explored the electrospinning of PBI nanofibers [34], by emphasizing 

on the increase in Young's modulus and fracture toughness, as a reinforcement [35]. Apart from their 

use in composites, the high-performance capabilities of PBI nanofibers have also been reported as a 

successful membrane proton exchange membrane (PEM) material in fuel cells [33,36]. Doped by 

phosphoric acid, crosslinked PBI nanofibers enhanced PEM fuel cell performance along with increased 

proton conductivity and mechanical properties [37]. 

Among many methods for the synthesis of CNTs, chemical vapor deposition (CVD) has come 

forward as one of the most efficient methods due to its versatility to work with different substrates and 

catalyst types, ease of scaling, high-yield CNT production, and controllability of the alignment [29,38]. 

Physical properties of CNTs such as orientation, array density, and length could be tuned by CVD 

process parameters such as growth and nucleation times [8,18,39,40], the flow rate of gases [41], 

growth temperature [41,42], and catalyst concentration [12,40]. Agnihotri et al. studied the effect of 

growth time on the density and length of grown-CNTs on carbon fibers and concluded that CNTs could 

lose their orientation with over-growth [19]. In another study, Singh et al. highlighted that the high 

degree of alignment in CNTs anchored onto the micron-sized fibers was due to the resulting crowding 

effect (steric hindrance) between nanotubes, while low catalyst density caused random orientation of 

CNTs [43]. Setting growth temperature lower than the carbon-iron eutectic temperature, 723 °C, 
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randomly oriented CNTs were produced, associated with low solubility of carbon in the iron catalyst. 

Beyond this temperature, however, gas kinetics promoted controlled deposition of stable CNTs onto 

the fiber surfaces [12]. 

It is important to note that the CNT alignment is not affected only by the process parameters, but 

also by the texture and morphology of the base substrate. In particular applications, e.g. sensors, control 

of orientation is essential for electron transport [44]. Thus, in such structural restraints, the most critical 

parameters affecting the orientation of CNTs were reported to be the crystallographic orientation of 

the substrate, density of the nucleation sites and size of the isolated catalyst particles [38]. Handuja 

et.al. reported well-aligned and uniform CNT growth on an untreated and Fe-deposited quartz substrate, 

while a copper substrate did not work as a convenient medium for the growth that encouraged the 

agglomerated amorphous phase on the surface [45]. From this perspective, silica-based substrates work 

more efficiently than quartz substrates in which higher CNT density and densely ordered CNT 

structure were achieved owing to existing repulsion forces among the adjacent CNTs [46]. Vertically 

aligned CNTs (CNT forest or arrays) have been successfully grown on different smooth substrates 

depending on systematic control on growth conditions and catalyst amount [47]. The separation 

distance between accumulated catalysts nanoparticles on substrate surface affected the self-assembly 

ability of CNTs. Xu et al. successfully tailored the active catalyst formation during the growth stage, 

by monitoring CNT alignment depending on catalyst density in which crowding effect between 

neighboring CNTs was observed with an increase in density [48]. However, to what extent the 

nanoscopic features of a polymeric substrate could affect the control of CNT architectures and, 

subsequently, electrical, and thermal and mechanical properties of the nanocomposite is yet to be 

studied. 

To the best of our knowledge, the synergetic effect of both oriented CNTs and nanofibrous 

networks, which could open up new possibilities in nano-engineered polymer composites, is not 

completely addressed by researchers. This manuscript systematically attempts to reveal how we could 

benefit from the intrinsic merits of nanofibrous substrates by controlling CNTs orientation on 

nanofibers. 

This study tackles material-based challenges such as thermal degradation in polymer nanofibers 

and control of CNT orientation on heterogenous rough nanofibrous mediums. The experimental 

methodology began with the optimization of the CVD process to grow radially oriented CNTs on 
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electrospun PBI nanofibers, referred to as nanocarpets. PBI nanofibrous scaffold provided remarkably 

high surface area and well-connected porous network for CNT growth in which the intrinsic properties 

such as degradation temperature restrained growth process. After a series of process optimization in 

PBI nanofiber production based on monitoring the surface irregularities and fiber diameter changes, 

these nanofibrous scaffolds were utilized as the base for CNT growth where the process parameters 

were systematically regulated. This study intends to reveal the range of material quantities such as 

CNT physical parameters, coverage and density of CNTs and the CNT quality that could be tuned by 

the control of CVD process parameters coupled with nanofibrous surfaces. Transmission electron 

microscopy (TEM) images revealed that radially anchored CNTs could be grown onto 100 µm thick 

PBI nanofibers, with the Ig/Id ratio of ~1.11 and the electrical conductivity in the range of 0.004 and 

0.039 S/cm. 

2. Materials and Methods 

2.1 Materials 

PBI (Poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole]) S26 solution with a viscosity of 2100±200 

Poise at 25 °C (containing 26.2 weight percent (wt.%) PBI powder with molecular weight of 308 

g/mole, 72.3 wt.% N, N-dimethylacetamide (DMAc) and 1.5 wt.% LiCl) was purchased from PBI 

Performance Products, Inc. (USA). PBI solution was first diluted to 20 wt.% using DMAc, supplied 

by Sigma-Aldrich, to form the solution to be used in electrospinning. The solution was stirred 

magnetically at 150 rpm for 24 hours (h) and later kept in an oil bath for 2 h at 50 °C to ensure 

homogenization. For the reproducibility concerns, all the following preparation processes and 

characterization were repeated at least five times. 

2.2 Preparation of PBI Nanofibers 

PBI nanofibers were produced by an electrospinning device (Argeteknolab), which consists of a 

pump system (NewEra NE 1000 Syringe Pump) with a 5 ml syringe, a high voltage generator, and a 

rotary collector. During the electrospinning process, a 20 kV electrical potential was applied to the 

needle (inner diameter of 300 µm) while the distance between the needle tip and the collector was 15 

cm and the flow rate of the polymer solution was kept constant at 150 µl/h by the syringe pump. 

Polymer solutions were prepared by dissolving 20 wt.% PBI. After two hours of electrospinning, 100-

micron thick nanofibers were deposited and collected for further CVD processes. 
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2.3 Process of Catalysis 

Nanofibrous mats cut into 2×5 cm2 were catalyzed by using a spin coater at 500 rpm for 5 minutes 

(min). At two different concentrations, 1 mM and 10 mM of Fe(NO3)3∙9H2O (purchased from Emir 

Kimya) precursors were dissolved in isopropyl alcohol (Sigma Aldrich) and later used as the catalyst 

solution. Deposited Fe3+ ions onto nanofibers served as the nucleation sites for CNT growth. After the 

catalysis process, these nanofibrous mats were desiccated at 50 °C for 5 h in an oven. The scanning 

electron microscopy (SEM) image of the accumulated Fe3+ particles using 10 mM catalyst solution on 

PBI nanofibers and the particle size distribution are shown in the Supplementary Information (Fig. S1). 

2.4 Synthesis of CNTs Grown PBI Nanocarpets 

Catalyst deposited nanofibrous mats were placed in the quartz tube for the CVD process. Before 

the nucleation stage, helium gas was purged in with a flow rate of 1000 standard cubic centimeters per 

minute (sccm) to the quartz tube of the CVD furnace (Lindberg Blue/M) to provide an inert 

environment for the growth procedure (Fig. 1) while heating the oven simultaneously (0-t1). During 

the nucleation stage (t1-t2), helium and hydrogen gases were flushed in with flow rates of 1600 sccm 

and 1000 sccm, respectively, to create nucleation sites. Then, in the growth stage (t2-t3), the flow rates 

of helium (He) and hydrogen (H2) gases were reduced to 1000 sccm and 600 sccm, respectively, and 

the carbon source gas (C2H4) was introduced with a flow rate of 400 sccm to the system to facilitate 

CNT growth. Finally, the furnace was cooled down to room temperature under the He flushing with a 

flow rate of 300 sccm after the CNT growth was terminated. All the process gases were purchased 

from Air Liquide, Turkey. 

 

Fig. 1 A representation of CVD time-temperature profile performed for CNT growth presenting 0-t1 

as heating, t1-t2 as nucleating, t2-t3 as growth and over t3 as cooling time in minutes. 
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2.5 Characterization 

The morphologies of both PBI nanocarpets and CNT anchored nanocarpets were characterized 

using various magnification by a QUANTA FEG SEM at 15 kV. TGA analysis was conducted using 

TA Instruments (SDT Q600) with a flow rate of 100 ml/min under N2 atmosphere to investigate the 

thermal stability of neat PBI nanofibers. Moreover, individual nanofibers were isolated by immersing 

in ethanol solvent using an ultrasonic cleaner for 10 min to retrieve the structural information of 

individual CNTs. Then, these small chunks of fibers were placed onto the grid surface (EMS CF200-

Cu) under an optical microscope. The prepared grids were investigated using JEOL 2100 HRTEM 

(200 kV) by zooming in individual CNTs on PBI nanofiber. Raman spectroscopy was conducted using 

Renishaw inVia reflex microscopy with an excitation energy of 2.32 eV and acquisition in the range 

of 100-3000 cm-1. The green laser (λ=532 nm) was used for Raman analysis, and all CNTs/PBI 

nanocarpets were mapped in 40×40 micron-squared to determine the quality of CNTs. Electrical 

conductivity measurements were carried out by a four-point probe with a surface probe (FPP-470A, 

Entek Elektronik). 

3. Results and Discussion   

3.1 Electrospun PBI Nanofibrous Scaffolds 

The electrospinning method facilitated the production of PBI nanofibrous substrates with high 

porosity and surface area. Fig. 2a-b show the randomly oriented as-prepared PBI nanofibers and the 

histogram of the mean fiber diameter, respectively. The mean fiber diameter of PBI nanofibers was 

calculated as 408±41 nm. Further, Fig. 2a reveals the high porosity of the structure, which favors 

interfacial adhesion to adjacent plies and better bonding, particularly in interlaminar reinforcement 

[49]. Using a publicly available MATLAB code, the SEM image given in Fig. 2a was analyzed to 

quantify the porosity of the neat nanofibers (Fig. S2). As a result of the analyses, the porosity of the 

neat nanofibers was found to be approximately 20% [50,51]. 
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Fig. 2 a) Randomly oriented electrospun PBI nanofibers, as later used as the base in CNT growth and 

b) the mean fiber diameter distribution of PBI nanofibers. 

The thermogravimetric analysis was conducted to understand the thermal stability and mass 

changes for the upcoming CVD process to synthesize CNTs. Fig. 3a reveals that the first mass change 

interpreted from DTG (%/°C) took place around 80 °C due to the decomposition of the LiCl stabilizer 

[52]. CNT growth and nucleation temperatures in the CVD method could be tuned in a way not to 

exceed the PBI decomposition range, which was determined to be around 700 °C in compliance with 

earlier studies [33]. Exceeding this temperature caused the decomposition of the polymer backbone, 

which can be traced by the notable weight loss shown in Fig. 3a [53]. Hence, the stability of the PBI 

nanofibers were investigated at 600 °C for the weight loss. CVD protocol to heat the PBI nanofibers 

was applied up to 600 °C and then followed by a TGA analysis to determine the thermal stability. The 

results revealed that the weight loss of neat and heat-treated PBI nanofibers at 600 °C are 

approximately 25% and 10%, respectively, as demonstrated in Fig. 3a and 3b. The increase in the 

thermal stability with heat-treatment at 600 °C confirms the usability of PBI nanofibers for CNT 

synthesis. Based on the results and considering the required high temperatures to activate the catalyst, 

the CVD growth temperature was determined to be 600 °C. 
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Fig. 3 Weight (%) and DTG (%/°C) analyses of a) neat PBI nanofibers and b) heat-treated PBI 

nanofibers (DTG, Derivative thermogravimetric). 

3.2 Structural Optimization of CNTs/PBI Nanocarpets 

CNT synthesis on the PBI nanofiber substrates was accomplished using CVD method. The 

operating temperature inside the quartz tube was controlled to be 600 °C since the primary 

decomposition takes place around 700 °C as shown in Fig. 3. After removal of LiCl stabilizer, the 

weight change of the PBI substrate remains between 5-10% till the 600 °C defined as growth 

temperature. Anchoring CNTs on PBI nanofibers enables direct CNT growth while causing little to no 

damage on the nanofibrous substrate as the operating temperature does not exceed the degradation 

temperature of PBI nanofibers. Nevertheless, the time and temperature cycles both in the nucleation 

and growth stages were required to be monitored to address their effect on the structural and physical 

characteristics of grown CNTs. 

Table 1 describes the parametric exploration of the nucleation and growth stages in the CVD 

process. Based on the nucleation and growth times, the samples were coded in the following manner: 

The sample subjected to 10 min of nucleation step and 15 min of growth step with 1 mM catalyst 

concentration was named as M1N10G15, where M, N, and G denote the molarity of the catalyst, the 

nucleation and growth times, respectively. In this study, M was decided to be either 1 or 10 mM while 

N and G were chosen as 10 or 15 min, resulting in a total of 8 samples. 

Table 1 The parametric nucleation and growth times for the CNT growth on the PBI nanofibers. 

Sample (1 or 10 mM) Nucleation Time (min) Growth Time (min) 

N10G10 10 10 

N10G15 10 15 

N15G10 15 10 

N15G15 15 15 

3.2 Morphology of CNTs/PBI Nanocarpets 

Curved nanofibers would behave differently than smooth surfaces and micron-sized fibers due to 

having nanoscopic features, thus provide different assistance to the CNT growth. To reveal the effect 

of roughness and curvature of the substrate on the alignment of CNTs, we also used a commercial PBI 

smooth polymeric film (Fumatech AM-30) as a reference and then catalyzed it with 10 mM precursor 

catalyst solution. Following the aforementioned CVD process with nucleation and growth times of 15 

and 10 min, respectively, CNT synthesis was achieved. The cross-sectional SEM images revealed 
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uniform growth on the smooth surface and they are provided in the Supplementary Information (Fig. 

S2). Furthermore, the mean CNT diameter and the array length were measured using an image 

processing tool, ImageJ software, as 71±10 nm and 0.7±0.1 µm, respectively. This exploration 

validated the proposed CNT growth methodology using PBI based polymeric substrates. Nevertheless, 

we tuned the growth procedure while introducing PBI nanofibrous substrates along with a process 

optimization, aiming an optimal CNT coverage and uniformity. 

Employing heterogenous PBI nanofibrous substrate resulted in considerable structural differences 

in CNT growth coupled with nucleation and growth process parameters. Therefore, unraveling the 

effect of CVD process parameters is crucial for tuning the structural characteristics and the 

microstructure of the grown CNTs. The SEM images of each sample and their close-up insets are 

shown in Fig. 4. The morphology analysis revealed the dependency of CNTs physical properties, and 

the boundaries in terms of to what extent by tuning the process to achieve dense, long and relatively 

aligned arrays. 

Fig. 4a and 4b demonstrate that the CNT growth was hindered in both M1N10G10 and 

M10N10G10 samples where possibly the surface of the nanofibers was not coated completely, in other 

words insufficient number of nucleation sites was created due to less exposure to the nucleating gas of 

H2 during the nucleation stage [40]. Fig. 4c and 4d point out that better coverage of CNT arrays was 

achieved when carbon source gas was flushed for an extra 5 min during the growth stage. In other 

words, as C2H4 continued to flow inside the chamber during the growth stage, the intensity of the 

grown CNTs increased regardless of the catalyst concentration. However, a full-coverage of the fibers 

was not achieved as barren zones on the nanofibers were observed for both M1N10G15 and 

M10N10G15 samples. This behavior could be attributed to the low density of nucleation sites leading 

to non-uniform surface morphology, as noted by Yamamoto et al. [40]. Furthermore, increasing the 

nucleation time to 15 min resulted in better coverage on the surface of the nanofibers due to denser 

nucleation sites, as interpreted from Fig. 4e-h, re-emphasizing the importance of H2 pre-treatment [43]. 

The effect of increasing the growth time from 10 min to 15 min which could be followed in Fig. 4e to 

4g and Fig. 4f to 4h, caused highly dense CNT arrays, indicating better coverage due to grown CNTs. 

Investigation of the morphology of the samples led to the plain fact that was the nucleation time 

or H2 pre-treatment being the most prominent parameter in CNT growth regardless of the catalyst 

concentration and growth time. Longer nucleation time (i.e., 15 min) resulted in higher CNT density 
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for the cases of N15G10 and N15G15, as shown in Fig. 4e-h. Besides, the length of the CNT arrays 

was also found to be increasing with elongated nucleation times as it caused more uniform coating of 

nanofibers, leading to longer CNT arrays regardless of the catalyst concentration (~65% and ~190% 

increases for 1 and 10 mM). In addition to nucleation time, growth time also played a positive role in 

the morphology of CNTs. It is an expected behavior to observe more extended CNT arrays with 

increased exposure time to carbon source gas during the growth process [54]. Even though the CNT 

array lengths raised in both cases, the variation in the case of 1 mM catalyst concentration was found 

to be small (~8%) while the outcome in 10 mM case was substantial (~55%). This trend could be 

explained by the coating of nanofibers, pointing out another critical parameter: catalyst concentration.  
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Fig. 4 SEM micrographs of a) M1N10G10, b) M10N10G10, c) M1N10G15, d) M10N10G15, e) 

M1N15G10, f) M10N15G10, g) M1N15G15, and h) M10N15G15 where inset images reveal the 

orientation and volumetric distribution of CNTs on curved PBI nanofibers. 
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Higher catalyst concentrations facilitated more active sites on the nanofibers, thus leading to 

considerably higher intensity of CNT forests. When the surface of the nanofibers was activated with 

adequate catalyst sites, the vast number of grown CNTs created crowding effect as the neighboring 

CNTs force adjacent ones to grow up in a straighter route [48]. Accordingly, regarding the alignment 

of the CNTs, this effect played an important role in orientation. As a result, the CNTs grew longer and 

radially oriented in the samples doped with 10 mM catalyst as it granted a high amount of nucleation 

sites for CNT growth. However, extended growth times (i.e., 15 min) resulted in even longer CNT 

arrays, and eventually, they became bent and tangled, a characteristic expression noted by Hou et al. 

[54]. Particularly, the nanotubes observed in Fig. 4g-h are quite similar to the ones reported by Hou et 

al. demonstrating bent and tangled CNT structure. Although CVD parameters were critically affecting 

the morphology of the CNTs/PBI samples, the mean CNT diameters have not correlated either with 

the nucleation or growth times [18]. 

A closer look into the inset images quantified the physical properties of CNTs such as the array 

lengths, measured from 30 to 40 different locations in each case. Since the grown CNTs provide 

coverage around the nanofibers, the mean array length of the grown CNTs was determined by 

subtracting the diameter of the nanofibers from the total array length and dividing it by two, as depicted 

in the Supplementary Information (Fig. S3). The mean array length and mean diameter of CNTs are 

summarized in Table 2. Due to inconsistent CNT coverage in M1N10G10 and M10N10G10 samples, 

the mean array length could not be adequately measured. Tuning the process parameters, the nucleation 

and growth times were found to be directly affecting the CNT array lengths of the samples. 

Table 2 Mean CNT diameters and array lengths measured on CNTs/PBI nanocarpets. 

  N10G10 N10G15 N15G10 N15G15 

Diameter 

(nm) 

1 mM 23.5±3.0 24.0±4.3 27.1±4.3 24.5±4.4 

10 mM 38.7±9.4 30.3±7.6 27.2±3.8 28.2±5.6 

Array Length 

(µm) 

1 mM N/A 0.306±0.047 0.474±0.062 0.508±0.121 

10 mM N/A 0.277±0.066 0.518±0.083 0.805±0.073 

Judging by the SEM images, the highest quality samples in terms of uniform coverage and radial 

alignment were identified as M10N15G10 and M10N15G15. Therefore, TEM analyses were 

conducted on these select samples to quantify the grown CNTs, including the number of walls and wall 

thickness. Fig. 5a-b proves the existence of CNTs while highlighting the multi-walled nanotube 

assemblies. The number of walls was found to be in the range of 20-45 and 21-25 for M10N15G10 
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and M10N15G15, respectively. The mean outer diameters of CNTs were measured to be 26.46±10.56 

nm and 34.30±6.50 nm for M10N15G10 and M10N15G15 samples, respectively. Furthermore, Fig. 

5c-d revealed that Fe3+ nanoparticles were found at the tip of CNTs in an encapsulated form, diameters 

of which were consistent with that of CNTs, indicating the tip-growth CNT formation on PBI nanofiber 

where weak interaction between the substrate and the catalyst was formed. 

 

Fig. 5 TEM images of CNTs/PBI nanocarpets where insets showing individual CNTs revealing multi-

walled graphitic structures: a) M10N15G10 and b) M10N15G15; and TEM images showing tip growth 

of CNTs on PBI nanofibers: c) M10N15G10 and d) M10N15G15. 

The Raman spectroscopy was used to analyze the quality of the grown CNTs with different catalyst 

concentrations and various nucleation and growth times. The Raman spectroscopy results shown in 

the Supplementary Material (Fig. S4) demonstrated two distinct peaks, G peak seen at 1593 cm-1, 

which was attributed to the in-plane vibrations of sp2 bonded atoms and D peak seen at 1344 cm-1 

resulting from the out-of-plane vibrations of sp3 bonded atoms, expressing the structural defects of 
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carbon atoms. The higher intensity in D peaks indicates more defects and more significant number of 

broken sp2 bonded atoms [55]. Typically, Ig/Id ratio is a quite useful measure to determine the structural 

quality of the grown CNTs. Therefore, Ig/Id ratios were calculated from Fig. S4 to evaluate the quality 

of the grown CNTs on PBI nanofibers. 

The quality of the grown CNTs was found to be quite similar in each case. Therefore, when 

working with heterogeneous substrates, it can be deduced that there was no strong dependency between 

the CNT quality and the parameters examined in this study. A slight deviation in the CNT quality was 

believed to be resulting from the nucleation time. As the nucleation time was increased from 10 min 

to 15 min, a negligible decline in the Ig/Id ratio was observed. This behavior could be attributed to the 

increase in the accumulated iron catalyst, which leads to a loss of crystallinity of CNTs.  

Intensity, packing density and the alignment of the CNT forests on the substrates are the most 

prominent parameters affecting electrical conductivity [56,57]. The quality and the number of CNTs 

have an impact on the efficiency of the electron transfer through the nanofiber network. The electrical 

conductivity of each sample was measured using a four-point probe and the results are depicted in Fig. 

6. The electrical conductivities of the samples doped with 1 mM catalyst were insensitive to changes 

in nucleation and growth times and displayed a similar conductivity profile except for the M1N15G15 

sample. When the catalyst molarity was increased to 10 mM, the electron conduction mechanism 

became very sensitive to variations in the nucleation and growth times. The highest electrical 

conductivity was obtained as 0.039±0.004 S/cm with the M10N15G15 sample. 

 

Fig. 6 The four-point electrical conductivity of CNTs/PBI nanocarpets revealing the effect of catalyst 

concentrations at different nucleation and growth times. 
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 The electrical conductivity results revealed that N15G15 samples with both catalyst 

concentrations yielded the highest surface conductivities, which was strongly attributed to the 

volumetric intensity of CNT forests. A similar behavior, an increase in the electrical conductivity due 

to augmented CNTs buckypaper density was reported by Chen et al. [56]. Since the CNTs in each 

sample did not manifest a notable difference in terms of diameter, the increase in the electrical 

conductivity could be explained with the improved array lengths. Hence, more effective electron 

conduction paths were generated for the samples with more extended CNT arrays, boosting the 

electrical conductivity of M1N15G15, M10N15G10, and M10N15G15 samples [39]. 

4. Conclusions  

Direct growth of CNTs on the electrospun polymeric nanofibrous mats was successfully carried 

out by the CVD method. Uniform coverage and conformance of CNTs on the PBI nanofibers were 

achieved by conducting a series of parametric experiments, alternating the catalyst concentration and 

the nucleation and growth times, under a fixed CVD furnace temperature of 600 °C. The results 

indicated that the suggested pathway enabled successful growth of CNTs on nanofibrous mats without 

damaging the substrate significantly. The synthesized CNTs grown on PBI nanofibers possessed the 

potential of serving as interleaves in lithium batteries and structural composites, benefiting from the 

synergetic effect of PBI nanofiber scaffold and stiff CNTs to enhance electrical properties of the overall 

structure, achieving electrical conductivity values as high as 0.039±0.004 S/cm with CVD parameters 

of 10 mM catalyst concentration and 15 min of nucleation and growth times. 
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