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Morphology of poly(vinyl alcohol) (PVA) nanofibers was studied while varying needle-

collector distance and concentrations of graphene oxide, poly (3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), and functionalized multiwalled 

carbon nanotubes. Most notably, we found that variations in PVA nanofiber diameter of ~ 34 

nm exist in the radial area of electrospinning; the variation is believed to be the result of a 

fringing electric field effect at the edge of the collector plates. Needle-collector distance was 

varied between 10 and 17 cm, and FESEM images revealed average fiber diameter decreased 

from 173 nm to 144 nm with no obvious change in morphology at both nanofiber diameters. 

Similarly, electrospinning of PVA-GO solution at 17 cm resulted in nanofibers with decreased 

average diameter of 197 nm (σ = 97 nm), compared with PVA alone (349 nm, σ = 87 nm) with 

no obvious change in morphology. The average diameter of PVA nanofibers then increased 

with added PEDOT:PSS to 244 nm, σ = 75 nm. PVA-MWCNT samples at 2 wt% and 4 wt% 

showed no beading, while at 6, 8, and 10 wt%, beads were prevalent in the fibers. The presence 

of beads could be the result of re-agglomeration of MWCNTs in the electrospinning solution 

at higher wt%. No clear trend was found with increasing concentrations of MWCNTs, with 

average nanofiber diameters varying in the range of 115 – 206 nm. 
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1. INTRODUCTION   

 

Nanofibers have been utilized in various fields such as tissue engineering [1], electronics [2,3], 

pressure sensors [4], clothing [5,6], and medicine [7]. The attractive properties of nanofibers, 

including the high surface area–to-volume ratio and ability to be doped with other materials 

mailto:asalim@iium.edu.my


Theo. Exp. NANOTECHOLOGY 4 (2020) 235-248                                        236 

that enhance its physical and electrical properties, warrant suitability for the aforementioned 

applications. 

Electrospinning is simple and inexpensive method for producing nanofibers. The method 

comprises oppositely charged syringe needle tip and collector surface (which alternatively can 

be grounded). Through the applied potential at the needle tip, a charged polymer solution in 

the form of a jet is drawn from the needle to the collector to produce nanofibers with diameters 

of 50 nm to 1 µm [8]. The process of electrospinning occurs in three stages: jet initiation, into 

a straight or stable jet, followed by instability mode or spinning of jet mode, and finally 

collector mode, where nanofibers are deposited at the collector. Although the process is 

straightforward, successfully obtaining uniform and homogeneous nanofiber morphology 

requires careful tuning of electrospinning parameters, such as needle tip diameter, applied 

voltage, solvent use, and physical and chemical properties of the polymer solution. These 

electrospinning parameters determine the morphology of the resultant nanofibers [8] [Add 

Ref]. 

Poly(vinyl) alcohol (PVA) is a synthetic water-soluble polymer that is often used in 

electrospinning, owing to its suitability for the electrospinning process and its low cost. 

Electrospun PVA nanofibers have been shown to be an attractive material for wound-healing 

applications, as embedding silver nanoparticles in the nanofibers induces antimicrobial 

properties [9]. Physical properties of electrospun PVA nanofibers can also be manipulated by 

altering the basic electrospinning setup. Efforts have been made to selectively deposit PVA 

nanofibers on electrode surfaces [10] in which the electric field was controlled, improving 

selectivity [11]. More so, modifications have also been made to deposit PVA nanofibers that 

are aligned, by electrospinning between two parallel collector plates or moving drums, an 

approach that also decreases nanofiber diameter [12]. These studies demonstrate how the 

electric field affects the morphology of nanofibers. 

Furthermore, addition of materials can augment electrospun nanofibers. Among others, carbon-

based nanomaterials such as graphene oxide (GO) [13] and carbon nanotubes added to PVA 

solutions have been shown to increase the conductivity of PVA nanofibers to 10.7 × 10-6 S cm-

1 [14]. Likewise, the conductive polymer poly (3,4-ethylenedioxythiophene):polystyrene 

sulfonate (PEDOT:PSS) was shown to adjustably enhance the conductivity of electrospun PVA 

nanofibers to up to 1.7 × 10-5 S cm-1 [15].   

Although previous studies primarily focused on characterizing the effect of solution and 

apparatus parameters on PVA nanofiber morphology [16-18], they did not include the effect of 

electrode-collector distance when polymers were enhanced with semiconductive carbon-based, 

or conductive polymer materials. In this study, we varied the needle-to-collector distance of 

the electrospinning apparatus to determine the effect on electrospun nanofibers in terms of 

diameter and morphology. We also studied the morphology of PVA-GO, PVA-GO-

PEDOT:PSS nanofibers to understand the effect of each semiconductive material. 

Additionally, we studied the morphology of PVA nanofibers with multi-walled carbon 

nanotubes (MWCNTs) at varying concentrations. MWCNTs are known to be hydrophobic in 

comparison to GO and PEDOT:PSS, which can affect solution properties and nanofiber 

morphology.  

The variation in electrical properties as a result of the modifications in our setup is beyond the 

scope of this study. It is not confirmed whether the electrical properties of these polymers 

remain the same with electrode distance. As for varying concentrations of MWCNTs on 

polymer solutions, the effects on electrical properties of electrospun nanofibers enhanced with 

MWCNTs have been investigated in [19], though not for PVA. 
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2. EXPERIMENTAL 

2.1 Materials and Reagents 

 

Poly (vinyl alcohol) (PVA, MW = 145,000, 98 % hydrolyzed, from Merck & Co, Kenilworth, 

New Jersey, USA) and poly (3,4-ethylenedioxythiophene):polystyrene sulfonate 

(PEDOT:PSS, 1.3 wt % dispersion from Sigma-Aldrich, St. Louis, Missouri, USA) were used 

throughout the experiments. Ultra-highly concentrated single-layer graphene oxide (UHC-GO-

60, 6.2 mg/ml), was purchased from Graphene Supermarket, Calverton, New York, USA, and 

multiwalled carbon nanotubes (MWCNTs) were obtained from the School of Chemical 

Engineering, University Sains Malaysia (USM) in Penang. Sodium dodecyl sulfate (SDS) was 

obtained from Bendosen Laboratory Chemicals, Selangor, Malaysia. Distilled water was used 

throughout the experiment. 

 

 

2.2 Preparation of PVA, PVA-GO, PVA-GO-PEDOT:PSS Solution 

 

To prepare composite solutions, PVA was first dissolved in distilled water to form a polymer 

solution, before adding GO and PEDOT:PSS solution. The PVA solution was prepared at a 

concentration of 25 w/v % with 10 ml distilled water. PVA, PVA-GO, and PVA-GO-

PEDOT:PSS solutions were prepared as shown in Table 1. The total volume of solution was 

fixed at 20 ml. The parameters were chosen to see the effect of PEDOT:PSS and GO on the 

morphology of PVA nanofibers. 

 

Table 1 Parameters of PVA, PVA-GO, and PVA-GO-PEDOT:PSS solutions  

 

No. PVA [g] GO [ml] PEDOT:PSS [ml] Distilled water [ml] 

1. 2 0 0 18 

2. 2 2 0 16 

3. 2 2 2 14 

 

 

2.3 Preparation of PVA-MWCNT Solution 

 

MWCNTs were first functionalized to make them soluble in water [20]. SDS surfactant was 

used to increase MWCNT solubility and dispersion in water, followed by ultrasonication for 

20 minutes at 50 kHz. 

 

Table 2 Parameters of PVA-MWCNT solutions 

 

No. 
Mass in 8 ml H2O MWCNTs mass ratio [wt %] 

PVA [g] SDS [g] MWCNTs [g]  

1 0.9 0.072 0 0 

2 0.9 0.072 0.018 2 

3 0.9 0.072 0.036 4 

4 0.9 0.072 0.054 6 

5 0.9 0.072 0.072 8 

6 0.9 0.072 0.090 10 
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2.4 Electrospinning Process 

 

Figure 1 shows the electrospinning setup, which consists of a syringe-pump (NE-1010, New 

Era Pump Systems, New York, USA), a spinneret with a metallic needle, a collector (aluminum 

plate covered with aluminum foil), and a high-voltage supply (73030 series, Genvolt, United 

Kingdom). To study the morphology of nanofibers across the metal plate, the metal plate is 

divided into nine cells, each 2 × 2 cm, labelled 1 through 9.  The needle is manually aligned to 

point to the middle of the collector plate. 

 

 

Figure 1 The electrospinning setup consists of a syringe pump, a spinneret with a metallic 

needle, and a metal plate collector. The collector plate is divided into 9 identical cells (2 × 2 

cm) 

 

To study the effect of the needle-to-collector distance on PVA nanofiber morphology, the 

distance was varied at 10, 15, and 17 cm, with a pump flow rate of 0.6 ml/h and an inner needle 

diameter of 0.6 mm (23.5 gauge). For PVA-GO and PVA-PEDOT:PSS, the needle-to-collector 

distance was  17 cm with a flow rate of 0.7 ml/h and an inner needle diameter of 0.7 mm (22 

gauge). The voltage supply was kept constant at 20 kV. 

 

2.5 FESEM Imaging 

 

To achieve full coverage of the collector grid (6 × 6 cm) with nanofibers that can be 

mechanically removed from the collector without tearing the nanofiber structure, 

electrospinning was conducted for 45 minutes. The electrospun PVA samples were removed 

from the collector; each cell of the grid from 1 to 9 was cut out and observed with a scanning 

electron microscope (SEM, JSM-1T500HR, JEOL, Japan) available at International Islamic 

University Malaysia. To observe the morphology of PVA, PVA-GO, PVA-GO-PEDOT:PSS, 

and PVA-MWCNT nanofibers,  each cell was observed with field emission scanning electron 

microscopy (FESEM, SU 8030, Hitachi) at MIMOS Semiconductor (M) Sdn Bhd, Seri 

Kembangan, Selangor, Malaysia. The average diameter of electrospun nanofibers was obtained 

using ImageJ software.  
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3. RESULTS AND DISCUSSION 

3.1 Effect of Needle-to-Collector Distance on the Diameter and Morphology of PVA 

Nanofibers 

 

Figure 2 shows the SEM images of pristine PVA nanofibers in the central grid cell (cell 5), 
alongside graphs showing the distribution of the diameters. SEM images, including analysis 
for the 9 grid cell system used in our study are attached in Appendix A. As can be seen from 
Figure 2, the PVA nanofibers were smooth with no formation of beads. Although there was no 
obvious change on the surface morphology of the PVA nanofibers, the increase in needle-
collector distance from 10 to 17 cm caused a decrease in the mean diameter of the nanofibers 
from 173 to 128 nm. We believe this 45 nm reduction in diameter of the nanofibers from 
electrospinning at 10 to 17 cm to be a result of the additional distance available for the 
elongation of the nanofiber jet during the instability phase [7, 16, 21]. We found that this 
reduction in diameter was consistent in all cells of our grid.  

The appendix A shows our full results, from which we found further trends. The 9-grid cell 
system we used reveals reductions (of about ~40 nm) in nanofiber diameter are present further 
away from the center of electrospinning. Sorting grid cells by order of increasing distance from 
the center of electrospinning  

gives 3 groups: center (cell 5), adjacent (cells 2, 4, 6, 8), and edge (cells 1, 3, 7, 9). Since each 
grid cell was 2 x 2 cm, these categories were 0, 2, and 2.83 cm away from the electrospinning 
center, respectively. We found that among the three categories, nanofibers at the center of the 
collector plate (cell 5) had the highest mean diameter at each needle-collector distance. For 
comparison, Figure 3 shows SEM images and nanofiber diameter distributions of cell 1, an 
edge cell. The difference can be seen with Figure 2, which previously showed cell 5, the center 
cell. The observed diameters were 144, 140, and 94 nm, at cell 1, compared to 173, 144, and 
128 nm at cell 5 (center). We suspect the reduction in diameter from the center cell to the edge 
cells could be explained by the fringing effect at the edge of the collector plate, which tends to 
have a higher electric field profile [10, 22].  

Though morphology remained unaffected, nanofiber diameter reductions were seen both with 
increasing tip-collector distance and increasing distance from the center of electrospinning. 
These reductions in diameter (~30 nm) however, were notably small considering standard 
deviations were in the range of 18 – 56 nm. Nonetheless, we confirm the reduction in nanofiber 
diameter is linked to increasing needle-collector distance, since the effect was evident at each 
individual cell. Similarly, we confirm the reduction in nanofiber diameter linked to increased 
distance from the center of the grid, since this trend is consistently observed in the experiments 
at each needle-collector distance.  
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Figure 2 SEM images of nanofibers at 5 kV, 5 mm, 10 K magnification of 25 w/v% PVA 

electrospun nanofibers produced at a needle-collector distance of (a) 10 cm, (b) 15 cm, (c), 17 

cm, at cell 5. Each alongside respective diameter distribution histograms, mean, and standard 

deviations 
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Figure 3 SEM images of nanofibers at 5 kV, 5 mm, 10 K magnification of 25 w/v% PVA 

electrospun nanofibers produced at a needle-collector distance of (a) 10 cm, (b) 15 cm, (c), 17 

cm, at cell 1. Each alongside respective diameter distribution histograms, mean, and standard 

deviations 

 

3.2 Morphology of PVA, PVA-GO and PVA-GO-PEDOT:PSS 

The effect of GO and PEDOT:PSS on the morphology of PVA nanofibers was observed. The 

needle-to-collector distance was set at 17 cm with a pump flow rate of 0.7 ml/h. The flow rate 

was increased from 0.6 ml/h to 0.7 ml/h to shorten the deposition time. After the addition of 

GO, the PVA-GO nanofibers were thinner (197 nm, σ = 97 nm)  in comparison to PVA alone 

(349 nm, σ = 87). Studies also showed that addition of GO produces thinner nanofibers owing 

to the increased charge density within the electrospun polymer jet [7, 23-25] This is caused by 

the extra ions made available in the solution by the addition of GO. Addition of ions increases 

charge density, which can result in a decrease of nanofiber diameter [8, 21]. Addition of 

PEDOT:PSS yielded PVA-GO-PEDOT:PSS nanofibers with mean diameter 244 nm and σ 75 

nm (Figure 4 (c)); the nanofiber diameter was smaller than that of pristine PVA nanofibers 

under the same electrospinning conditions (mean diameter 349 nm and σ 87 nm). This 
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reduction in diameter is supported by prior research, which suggests that PEDOT:PSS is easily 

dispersed in aqueous solutions as a result of the available positive charge of p-type doped 

PEDOT, while the sulfonyl group of PSS acts as counter-ion [15], also increasing charge 

density. 

 

 

Figure 4 FESEM images of nanofibers at 5 kV, 5 mm, 10 K magnification of (a) PVA, (b) 

PVA-GO and (c) PVA-GO-PEDOT: PSS, each with respective diameter distribution 

histograms, mean, and standard deviations 

 

3.3 Morphological Study of PVA-MWCNT 

The effect of MWCNTs on the morphology of PVA nanofibers is shown in Figure 5. Needle-

to-collector distance was 15 cm, voltage was 20 kV, flow rate was 0.40 ml/h, and needle-tip 

diameter was 1.1 mm (19 gauge). As seen in Figure 5, adding MWCNTs to PVA led to 

nanofibers of random diameters. Pristine PVA nanofibers were observed to have an average 

diameter of 180 nm and a σ of 67 nm. The observed diameters then decreased and increased in 

alternating fashion with increasing wt%, from 116 nm (2 wt %), to 206 nm (4 wt %), 115 nm 

(6 wt %), and 159 nm (10 wt %).  

The pristine PVA nanofibers were beadless with diameters that appeared normally distributed 

(Figure 5(a)). In fact, the pristine PVA samples also showed the smallest percentage σ (mean/σ 

= 37 %), meaning that the nanofiber diameters had least variation and were closest to 

uniformity. At 2 wt % MWCNTs, we observed thinner nanofibers with an average diameter of 



Theo. Exp. NANOTECHOLOGY 4 (2020) 235-248                                        243 

116 nm, σ = 61 nm. However, many beads were visible among the nanofibers, as well as 

nanofibers that were twice as thick – ~ 250 nm. Correspondingly, in Figure 5(b), modal classes 

were seen around 90 nm, yet nanofibers from 175 - 275 nm were also observed six times from 

n=50 samples. At 4 wt % we observed the greatest average diameter of 206 nm and σ, 87 nm. 

The nanofibers, however, were almost beadless. The 4 % results were contrasted with the 6 wt 

% results; the latter had a smaller average diameter of 115 nm (σ = 87 nm), but beads of all 

sizes were predominant in the nanofiber structure. 

 

Figure 5 FESEM images of nanofibers at 2.5 K magnification of (a) pristine PVA, (b) 2 wt% 

MWCNTs (c) 4 wt% MWCNTs, (d) 6 wt% MWCNTs, (e) 8 wt% MWCNTs, (f) 10 wt% 

MWCNTs, each with respective diameter distribution histograms, mean, and standard 

deviations 
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Figure 6 Trend of mean diameters of nanofibers across range of MWCNT concentrations; 

FESEM image of anomalous result of excessive beading at 8 wt% MWCNTs 

 

Furthermore, at 8 wt %, as shown in Figure 6, the morphology of nanofibers was exceedingly 

bead-dominated; the beads observed were nearly spherical, with much thinner nanofibers 

between them. The much smaller scale of the nanofibers among the large beads made 

measuring the nanofiber diameter difficult at the FESEM magnification used. The presence of 

beads results from solutions of very low viscosity or low charge density, commonly described 

in the literature [7, 26]. Morphology at 10 wt%, however, appeared to contradict indications of 

low viscosity, since nanofibers were of comparable average diameter (159 nm, σ = 75 nm), as 

well as beads much smaller than were observed at 8 wt%, although individual nanofibers also 

had varying diameters along the length, indicating low viscosity. 

The presence of beads in PVA-MWCNTs nanofibers could be due to MWCNT aggregation in 

PVA solution that resulted in PVA-MWCNT solutions of inconsistent viscosity and 

conductivity. In other studies, ultrasonication was performed for longer times of 1-2 hours [14, 

27, 28].  

 

4. CONCLUSIONS 

 

Our study looked at the morphology of electrospun PVA nanofibers when combined with GO, 

PEDOT:PSS, and MWCNTs. The nanofiber composites showed no apparent differences in 

morphology, except in the case of PVA-MWCNT nanofibers, where existence of beads was 

obvious. Nevertheless, the addition of GO and PEDOT:PSS yields nanofibers comparatively 

thinner than PVA nanofibers. Our study also showed the slight (~25 nm) thinning of nanofibers 

at even a 2-cm radial distance from the center of a collector grid, a result of the fringing electric 

field. Future work should include investigation into the mechanical and electrical properties of 

the nanofiber composites. 
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Figure Appendix SEM images of nanofibers at 5 kV, 5 mm, 10 K magnification of 25 w/v% 

PVA electrospun nanofibers produced at a needle-collector distance of (a (i-ix)) 10 cm, (b) (i-

ix) 15 cm, (c) (i-ix) 17 cm. Each with corresponding diameter distribution histograms, mean, 

and standard deviation of nanofibers 
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