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Abstract  

     This study investigates the structural, thermal, and electrical properties 

of polyvinyl alcohol (PVA) nanofibers doped with a ZnO–CoO binary 

oxide, synthesized via a controlled electrospinning process at an applied 

voltage of 16 kV and a flow rate of 0.8 mL/h. FESEM analysis revealed a 

systematic morphological transition from smooth, uniform fibers to a 

bead-on-string structure as the dopant concentration increased from 1 wt% 

to 5 wt%. Moreover, quantitative analysis revealed fine fiber 

morphologies, with the minimum diameters reaching 17 nm, 23 nm, and 

26 nm of different concentration ratios, respectively. X-ray diffraction 

(XRD) analysis confirmed the amorphous nature of both the pristine and 

doped nanofibers. The absence of metallic crystalline peaks suggests that 

the dopants were uniformly distributed throughout the polymer matrix, 

which is consistent with established literature. Fourier Transform Infrared 

(FTIR) spectra demonstrated an increasing shift in the vibrations of the 

hydroxyl (–OH) functional groups, signifying strengthened intermolecular 

interactions. Thermal analysis via TGA/DSC indicated that while low-

level doping (1 wt%) enhances thermal stability, higher dopant 

concentrations result in a reduction of the characteristic degradation 

temperatures. Electrical characterization revealed that the conductivity 

follows an Arrhenius-type behavior, in which the activation energy (  ) 

was significantly reduced with increasing dopant concentration. The 

lowest    value of 0.031 eV was attained for the composite containing 4 

wt% of the ZnO–CoO hybrid. These results suggest that the charge 

transport mechanism is thermally activated and that the incorporation of 

metal oxide dopants effectively lowers the energy barrier for carrier 

hopping. Consequently, the synthesized hybrid nanofibers demonstrate a 

high degree of tailoring capability for tunable electronic applications. 

Keywords: Electrospinning, Poly (vinyl alcohol), Hybrid nanofibers.

  

1. Introduction  

     The synthesis of one-dimensional (1D) nanostructures has gained significant interest in recent 

years, finding applications in manufacturing flexible electronics and novel optoelectronic 

devices
1
. Materials with particular electrical and optical responses can be produced by 

combining a flexible organic matrix with semiconducting inorganic fillers, according to recent 

research on metal-oxide-decorated polymers
2
. Among the various synthesis routes, 

electrospinning is widely regarded as the most versatile and efficient method for producing 

ultrafine fibers with a remarkably high surface-area-to-volume ratio, a parameter critical for 

maximizing active sites in sensing and light-matter interactions
3,4

. 

Poly (vinyl alcohol) (PVA) is often used as a structural support for these hybrid systems because 

it possesses superior mechanical properties, can make films better, and is chemically stable
5,6

. 

Nonetheless, PVA exhibits intrinsic insulating properties, requiring the addition of functional 

inorganic dopants to facilitate semiconductive behavior and photosensitivity
7
. Zinc oxide (ZnO) 

and cobalt oxide (CoO) are especially excellent choices for this kind of integration. ZnO is a 
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well-known wide-bandgap semiconductor with a high exciton binding energy, which makes it 

great for absorbing photons. CoO, on the other hand, has unique magnetic and catalytic 

properties that can change how carriers move through the polymer matrix
8,9

. 

Numerous studies have examined single-oxide polymer composites; however, the synergistic 

effect of a binary ZnO-CoO system within a PVA matrix necessitates thorough investigation, 

especially concerning morphological stability and thermal degradation kinetics at elevated 

weight percentages
9
. In the present study, the impact of binary metal oxide loading, ranging from 

1% to 5% wt.%, on the morphological, structural, and thermal properties of electrospun PVA 

nanofibers is systematically investigated. The interfacial interactions and the change from 

smooth to bead-on-string morphology were described using Field Emission Scanning Electron 

Microscopy (FESEM), (FTIR) spectroscopy, and TGA/DSC analysis
10,11

. This thorough 

profiling provides a crucial benchmark for the optimization of polymer-inorganic interfaces and 

validates the potential of these hybrid mats as active layers for upcoming flexible, low-cost 

conductometric applications
12,13

. 

The current investigation addresses existing gaps in the field of binary metal oxide nanofibers 

through the accomplishment of three key objectives. The study shows that it is possible to create 

ultrafine ZnO-CoO/PVA hybrids with a specific size of 17 nm. Furthermore, it illustrates the 

critical role that p-n heterojunctions play in tuning the electrical and optical behavior of the 

polymer matrix. 

 

2. Materials and Methods  

2.1. Materials 

High molecular weight poly (vinyl alcohol) (PVA) was used to create the polymeric matrix. The 

binary metal oxide dopants were made up of Zinc Acetate Dihydrate: Zn(CH3COO)2.2H2O and 

Cobalt (II) Chloride Hexahydrate: CoCl2. 6H2O powder. Distilled water and 70% ethanol were 

employed as primary solvents. All chemicals were used as received from commercial sources 

without further purification, following standard protocols for nanocomposite preparation
13

. 

2.1.1. Preparation of the Blend Solution 

The first step in making the product was to make a 6% (w/v) poly (vinyl alcohol) (PVA) 

solution. In this case, 10 mL of distilled water was used to dissolve 0.6 g of PVA powder. For 6 

hours, the mixture was stirred with a magnet at a temperature between 50 and 60 °C until it 

became a clear, even precursor. Once the solution was homogeneous, a certain amount of 70% 

ethanol was added to it to make the surface tension and viscosity just right for the 

electrospinning process
14

. The binary metal oxide dopants were prepared as two separate 

suspensions. 0.1 g of Zinc Acetate Dihydrate: Zn(CH3COO)2.2H2O and  0.1 g of Cobalt (II) 

Chloride Hexahydrate: CoCl2.6H2O, were each placed into 20 mL of 70% ethanol. Both 

suspensions were stirred for 30 minutes which allowed for even distribution of metal particulates 

throughout the alcohol. 

Finally, the metal oxide suspensions were combined with the PVA precursor at specific 

volumetric ratios to formulate samples B2- B6 at 1 wt% to 5 wt% loadings
15

. 

2.1.2. Electrospinning Procedure 

A 50 mL plastic syringe with a 30-gauge stainless steel needle was filled with the prepared 

solutions. The electrospinning apparatus, depicted in Figure 1, was optimized in accordance 

with existing literature on PVA-based systems
16,17

. 
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Figure 1. Schematic representation of the electrospinning setup

18
. 

 

The following process parameters were upheld: 

Applied Voltage: 16 kV 

Flow Rate: 0.8 mL/h 

Tip-to-Collector Distance: 13 cm 

Collector: Rotating drum covered with aluminum foil. 

These parameters were fixed based on preliminary optimization to ensure a stable Taylor cone 

and consistent fiber morphology for a controlled comparative study. The nanofiber mats that 

were made were collected at room temperature and put in a cell-culture dish to keep them clean 

and dry before they were tested
19

. 

 

3.Results 

     In order to emphasize the importance of the technique utilized for this purpose, the 

morphological and structural aspects of the fabricated ZnO-CoO/PVA nanofibers have been 

compared to different PVA-based nanocomposites obtained using alternative techniques. The 

comparison between the electrospinning method used in the present investigation and the other 

methods reported in recent literature, such as solution casting, spin coating, and chemical spray 

pyrolysis, is presented in Table 1. It is evident from Table 1 that the electrospinning method 

offers distinct advantages over other conventional techniques due to its ability to fabricate 1D 

nanostructures with ultra-thin diameters and high surface-to-volume ratios. 
Table 1. Comparative study of different synthesis techniques and their effects on the morphological characteristics 

of PVA-based nanocomposites. 

Morphology Preparation Method Material System Reference 

1D Nanofibers Electrospinning PVA/ZnO-CoO Present Study 

2D Thin Film Solution Casting PVA/ZnO-Au Abdel-Fattah (2026)
20

 
Micro-thick Film Spin Coating PVA/Au-NRs Tarpataki (2025)

21
 

2D Smooth Film Chemical Spray ZnO films Al-Dahash (2024)
22

 

 

3.1.Morphological Characterization (FESEM)  

Field Emission Scanning Electron Microscopy (FESEM) was used to look at the surface 

morphology and structural evolution of the electrospun nanofibers, as shown in Figure 2. 

Sample B1, composed of unadulterated PVA nanofibers, demonstrated a remarkably uniform, 

smooth, and bead-free cylindrical morphology with a random orientation in Figure 2a. The 

creation of this stable porous network shows that the electrospinning settings, like the 16 kV 

applied potential and 0.8 mL/h flow rate, were set up in the best way to break the surface tension 

of the pure polymer solution. Adding the binary salt system, which is made up of zinc acetate 
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and cobalt chloride, caused significant changes in the fiber's diameter and surface. The fibres 

kept their linear continuity at a 1 wt% loading concentration (Sample B2), the fibers maintained 

their linear continuity, yet a discernible reduction in average diameter was observed compared to 

the undoped PVA in Figure 2b. This reduction in diameter is attributed to the increased net 

charge density of the precursor solution. Upon increasing the dopant concentration to 3 wt% 

(Sample B4) and 5 wt% (Sample B6), the morphology transitioned to a "bead-on-string" 

structure in Figure 2c-d. The interaction of the solution's surface tension and electrostatic 

repulsion forces largely drives this structural change. The high ion concentration at these high 

loadings drastically changes the rheological characteristics of the solution. 

   

   
Figure 2. FESEM micrographs illustrating the morphological evolution of PVA/zinc acetate/cobalt chloride hybrid 

nanofibers: a. pure PVA (B1), b. 1 wt% (B2), c. 2 wt% (B3), d. 3 wt% (B4), e. 4 wt% (B5), and f. 5 wt% (B6). 

 

3.2. Structural Analysis (XRD) 

The crystalline structure of the pure PVA and ZnO-CoO/PVA hybrid nanofibers was 

investigated using XRD analysis, as shown in Figure 3. It is evident from the plots that there is a 

single broad peak around         , indicative of the (101) semi-crystalline plane of the PVA 

matrix (Figure 3). 

10 20 30 40 50 60 70

In
te

ns
ity

 (a
.u

.)

2q (Deg)

Pure PVA 

8:2 ( PVA:Metal Oxide)

6:4 ( PVA:Metal Oxide)

9:1 ( PVA:Metal Oxide)

7:3 ( PVA:Metal Oxide)

5:5 ( PVA:Metal Oxide)

 
Figure 3. X-ray Diffraction Analysis of Pure and Hybrid ZnO-CoO/PVA Electrospun Nanofibers. 
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Interestingly, there were no sharp peaks corresponding to the hexagonal structure of ZnO and the 

cubic structure of CoO observed for the doped samples. The lack of such metallic characteristic 

peaks indicates that the metal oxides are present in an amorphous form or as ultrafine clusters, 

which is below the coherence length necessary for X-ray diffraction. This phenomenon is 

attributed to the "quenching" effect associated with the electrospinning technique, where the 

solvent evaporates rapidly and the jets elongate at very high speeds, thereby immobilizing the 

precursor components within the PVA molecular chains. 

3.3.FTIR Analysis and Chemical Interaction 

The chemical interactions and interfacial dynamics between the zinc acetate/cobalt chloride 

binary dopant system and the polyvinyl alcohol (PVA) polymeric matrix were clarified using 

FTIR spectroscopy. Figure 4 displays the spectra of the pristine and hybrid nanofibers side by 

side.The spectrum of pure PVA (Fig. 4a) shows peaks at 3320 cm⁻¹ (O-H stretching), 2924 cm⁻¹ 
(C-H asymmetric stretching), 1732 cm⁻¹ (C=O stretching), and 1088 cm⁻¹ (C-O stretching). 

When the binary salts are added (Fig. 4b–f), the O-H band gets a lot wider and shifts to the red. 

Furthermore, the higher peak intensities in the 1560–1410 cm⁻¹ range are linked to the vibrations 

of the carboxylate (COO-) group in Zinc acetate. These changes, along with those at 1088 cm⁻¹, 
show that the metallic ions work as cross-linking nodes in the polymer matrix. This molecular 

integration stabilizes the hybrid structure and matches the changes in shape seen in FESEM. 

Table 2 displays the peak assignments and the observed shifts.  
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Figure 4. FTIR spectra of the hybrid nanofibers illustrating the chemical functional group distributions for: 

a. pure PVA (B1), b. 1 wt% (B2), c. 2 wt% (B3), d. 3 wt% (B4), e. 4 wt% (B5), and f. 5 wt% (B6). 

a b 

c d 

f e 
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Table 2. Vibrational Band Assignments and Peak Positions (cm
-1

). 

Functional Group / Assignment B1 

(Pure) 

B2: 1 

wt% 

B3: 2 

wt% 

B4: 3 

wt% 

B5: 4 

wt% 

B6: 5 

wt% 

O-H Stretching (Hydrogen Bonding) 3427.51 3410.15 3425.58 3410.15 3417.86 3423.65 

C-H Stretching (Aliphatic) 2939.52 2939.52 2937.59 2920.23 2937.59 2937.59 

C=O Stretching (Residual Acetate) 1735.93 1734.01 1732.08 1735.93 1735.93 1734.01 

C-H Bending (CH2 groups) 1438.90 1433.11 1435.04 1431.18 1421.54 1431.18 

C-O Stretching (Crystalline phase) 1091.71 1093.64 1089.78 1091.71 1095.57 1093.64 

M-O Stretching (Zn-O / Co-O) -- 420.48 590.22 418.55 520.78 418.55 

 

3.4.Thermal Analysis (TGA/DSC) 

Figure 5 illustrates how TGA and DSC were used to examine the heat stability and state changes 

of the hybrid nanofibers. This analysis shows how the polymer breaks down and how the two-

salt system affects the polymer's structure and ability to resist heat.  
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Figure 5. Thermal analysis of the hybrid nanofibers: a. pure PVA (B1), b. 1 wt% (B2), c. 2 wt% (B3), d. 3 wt%  

(B4), e. 4 wt% (B5), and f. 5 wt% (B6). 
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There are three different stages of weight loss during thermal degradation. The first stage (50–

150 °C) is caused by the evaporation of water and leftover solvents that are physically adsorbed. 

The main degradation stage (250–450 °C) is when the PVA side chains lose water and the 

acetate groups break down. The hybrid samples (B2–B6) show a slight shift in the onset 

temperature of degradation and an increase in the final char yield.  

The DSC thermograms reveal both melting behavior and the glass transition temperature (Tg). 

The incorporation of binary salts results in a gradual increase in Tg, corroborating that the 

metallic ions restrict the segmental motion of the PVA chains through the cross-linking effect 

observed in the FTIR analysis. Additionally, the melting temperature (Tm) slightly decreases, and 

the melting enthalpy (Hm) diminishes for samples with higher loadings (B4–B6). This suggests a 

reduction in the degree of crystallinity, as the elevated concentration of ions disrupts the orderly 

packing of the polymer chains, which aligns with the transition to the beaded morphology 

observed in FESEM. 

3.5. D.C. Electrical Conductivity and Activation Energy Analysis 

The temperature-dependent DC electrical conductivity (   dc) and corresponding activation 

energies (Ea) for the hybrid nanofibers (B2–B6) were investigated to determine the charge 

transport mechanisms. Pristine PVA (B1) was excluded from electrical characterization as it acts 

as a typical insulator with a high bandgap; its insulating behavior is well-documented in existing 

literature. Figure 6 presents the Arrhenius plots (ln     vs. 1000/T) for the doped samples. 

 
Figure 6. Arrhenius plots of ln    dc vs. 1000/T for hybrid samples B2–B6. 

 

The hybrid nanofibers act like semiconductors, meaning that their conductivity goes up as the 

temperature rises. The plots show that all of the samples have a dual-stage conduction 

mechanism. Conduction is controlled by the hopping of charge carriers between localized states 

at lower temperatures (303–383 K), where the activation energy (Ea1) varies from 0.153 eV for 

B5 to 0.382 eV for B4. As seen in the above figure, there is a phase change that occurs as the 

temperature increases (432 K). This increase in temperature allows for the energy barrier (Ea2) to 

drastically reduce. Sample B5 plateaus at a lowest energy of 0.031 eV while sample B4 

decreases steeply to 0.055 eV past 343 K. Charge migration can occur with greater ease as Zn
+2

 

and Co
+2

 ions have greater freedom of movement within the polymer matrix as it thermally 

expands. Hence, we see an increase in conductivity at elevated temperatures. While the binary 

salt system still requires less energy to transport ions when compared to the pure polymer, we 

can see this relationship in the decrease in Ea throughout the hybrid series. Ionic mobility 

increases in the thermally expanded matrix, causing a decrease in energy barrier (Ea2) as 

temperature increases (up to 432 K). The precise figures derived from these plots are displayed 

in Table 3. 
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Table 3. Pre-exponential factors ( 0) and activation energies for hybrid samples B2–B6. 
Sample 

name 

Ea1 (eV) Ea2 (eV) σ01 (Ω.cm )
-1

 σ02 (Ω.cm )
-1

 

B2  0.305 (303−363 K) 0.105 (373−423 K) 0.004 (303−363 K) 8.113E-06 (373−423 K) 

B3 0.330 (303−373 K) 0.141 (383−432 K) 0.019 (303−373 K) 4.220E-05 (383−432 K) 

B4 0.382 (303−343 K) 0.055 (353−423 K) 0.367 (303−343 K) 1.410E-07 (353  423 K) 

B5 0.153 (303−383 K) 0.031 (393−432 K) 3.596E-05 (303−383 K) 1.354E-07 (393−432 K) 

B6 0.280 (303− 373 K) 0.115 (383− 432 K) 0.004 (303− 373 K) 2.839E-08 (383−432 K) 

 

4. Discussion  

A notable change in the electrohydrodynamic characteristics of the solution is responsible for 

the transition from smooth, homogeneous nanofibers at low salt concentrations (1-2 wt%) to a 

beaded-string structure at higher concentrations (3-5 wt%). Increasing the binary salt 

concentration first improves the polymer jet's charge density, allowing for more stretching and 

producing finer fibre diameters. In comparison to recently established parameters for binary 

oxide/PVA-based composites, the resulting fiber diameter (17 nm) is remarkably lower, as 

average values typically range between 50 and 120 nm
9
. Such an improvement in diameter is 

attributed to the enhanced charge density within the precursor solution. The presence of metallic 

ions enhances electrical conductivity, thereby increasing the whipping instability and the 

longitudinal stretching forces acting on the jet, which culminates in the production of finer 

fibers
23

. However, a Taylor cone instability could be caused by an excessive ion loading of more 

than 3 wt%. When the repulsive electrostatic forces outweigh the surface tension of the solution, 

beads form as a structural adaptation to accommodate the excess charge
16

. While the strong 

electrical forces continue to lengthen the fibre segments between them, the surface tension 

attempts to reduce surface energy by pulling the jet into spindle-shaped beads
24

. The resulting 

morphological changes can be correlated to the matrix’s chemical landscape; FTIR results verify 

that Zn
+2

 and Co
+2

 cations serve as centers of coordination. This change to lower wavenumbers 

shows that strong intermolecular hydrogen bonds have formed between the PVA hydroxyl 

groups and the metallic cations (Zn
+2

, Co
+2

) or acetate anions
25

. The metal cations are bonding 

directly with the lone pair of electrons on the oxygen in PVA’s hydroxyl groups. This is 

evidenced by the concerted shift of the O-H stretch bands, as well as the emergence of M-O 

vibration bands located at 450-600 cm 
-1 26

. Such observation suggests that the dopants are 

chemically bonded into the network as cross-linking nodes along the polymer chain
2
. Electrical 

measurements on the hybrid nanofibers also support this interpretation, as they exhibit a 

transition from insulating to semiconductor-like behavior. Activation energies determined from 

Arrhenius plots indicate a two-step thermally activated conduction process dominated by 

hopping of carriers between localized metallic states
27

. The lower temperature limitation is 

probably due to lower segmental mobility of the PVA chains, thus requiring higher Ea. 

Increasing the temperature allows the matrix to expand, increasing the efficiency of hopping. 

The decrease in activation energy with loading is lowest (0.031 eV) for the 4 wt% sample. This 

suggests the establishment of a continuous percolation network. At this critical concentration, the 

coordination sites are densely packed, facilitating rapid charge movement and significantly 

reducing the energy barrier for conduction. The enhanced DC conductivity of this binary system 

represents a significant advancement over previously investigated single-doped PVA/ZnO 

fibers
23

. This property is advantageous for application in photodetection systems due to the 

increased density of defect centers
24

. This elevated conductivity of the current composite 

material can be explained by the formation of heterojunctions at the interface of n-type zinc 

oxide and p-type cobalt oxide. These junctions serve to minimize the charge transfer barrier 

within the polymer matrix, a finding that is consistent with recent investigations on 1D hybrid 

systems
2,28

. Regarding thermal behavior, the coordination between the metallic cations (Zn
+2

, 

Co
+2

) and the PVA hydroxyl groups enhances the thermal stability of the composite and 
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promotes the formation of a stable carbonaceous residue
28

. The interaction of morphological 

evolution, chemical coordination, and enhanced charge transport renders these hybrid nanofibers 

as exceptional materials for advanced flexible electronics and sensing applications. 

 

5. Conclusion 

The current research clearly showed how to make PVA/zinc acetate/cobalt chloride hybrid 

nanofibers using the electrospinning method. Morphological examination using FESEM showed 

that when the concentration of the binary salt reached 3 wt% or higher, the fibers changed from a 

smooth and uniform appearance to a beaded-string formation. This transformation is attributed to 

the interaction between the surface tension and electrical conductivity of the spinning solution. 

FTIR structural analysis verified the molecular incorporation of metallic dopants, as indicated by 

the appearance of M–O stretching bands and notable changes in the vibrational regions of 

hydroxyl and acetate groups. Thermal analysis demonstrated that the interaction between 

metallic cations and the polymer backbone improved the composite's thermal stability. 

Compared to pure PVA samples, the hybrids resulted in greater char formation. Electrical 

characterization showed that the material exhibited a dual-stage conduction mechanism and 

semiconducting properties. Activation energy significantly decreased at elevated temperatures, 

reaching as low as 0.031 eV and 0.055 eV for samples B5 and B4, respectively. This suggests 

charge migration and ionic hopping facilitated by the binary salt system, aligning with our 

understanding of hopping conduction in polymer electrolytes. Overall, these findings indicate 

that these hybrid nanofibers have the potential for use in advanced technologies such as ion-

conductive membranes and flexible electronics. To extend these findings, future research should 

focus on varying the Zn:Co molar ratios to precisely tune the optical energy gap and charge 

carrier density required for advanced flexible optoelectronic devices. Furthermore, evaluating 

long-term stability, specifically regarding mechanical integrity and photo-sensitivity, is essential 

for the practical implementation of such ultrafine fibers. The gas-sensing potential of these 

nanofibers, leveraged by the formed p-n heterojunctions and high surface area, represents a 

promising avenue for further investigation. 
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