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 The development of high-efficiency piezoelectric nanogenerators (PENGs) 
requires nanostructured materials with controlled crystallinity, optimized 
morphology, and enhanced lattice stability. However, systematic 
investigations on Al–Co co-doped electrospun ZnO nanofibers for 
piezoelectric energy harvesting remain limited. This study aims to examine 
the effects of aluminum (Al) and cobalt (Co) co-doping on the structural, 
morphological, and chemical characteristics of electrospun ZnO nanofibers. 
ZnO nanofiber membranes were fabricated via electrospinning using PVA, 
ZnAc, AlCl₃, and CoAc precursors, followed by calcination at 500 °C. XRD 
results showed that Al-ZnO (100:0) exhibited the largest crystallite size 
(93.09 nm) and highest crystallinity, while the Al–Co (75:25) composition 
produced the smallest crystallites (59.52 nm) due to Co-induced lattice strain. 
FTIR spectra further confirmed dopant–lattice interactions through 
characteristic metal–oxygen vibrations. SEM analysis revealed uniform bead-
free fibers with diameters ranging from 77 to 219 nm, with smoother surfaces 
observed in co-doped samples. EDX confirmed the successful incorporation 
and homogeneous distribution of Al and Co within the ZnO matrix. The results 
demonstrate that Al–Co co-doping effectively tunes crystallite size, 
crystallinity, and fibre morphology, offering a promising strategy for 
optimizing electrospun ZnO nanofibers toward enhanced piezoelectric energy 
harvesting applications. 
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G R A P H I C A L  A B S T R A C T 

 
 

Introduction  

Zinc oxide (ZnO) is a piezoelectric material that 

has been extensively researched for energy 

harvesting applications due to its relatively wide 

bandgap of 3.37 eV and high exciton binding 

energy of approximately 60 meV, which enable 

strong optoelectronic and electromechanical 

reactions [1-4]. Due to these inherent qualities, 

ZnO is extremely appealing for piezoelectric 

nanogenerators (PENGs), particularly in flexible, 

low-power, and micro-scale energy systems [5-7]. 

One-dimensional (1D) ZnO nanostructures, 

including nanowires, nanorods, and nanofibers, 

have drawn a lot of interest because of their 

advantageous polarization orientation under 

mechanical deformation, high surface-area-to-

volume ratio, and enhanced stress transmission 

efficiency [8-10]. ZnO nanofibers provide unique 

benefits among these topologies, such as 

mechanical flexibility, continuous charge 

transport channels, and large-area fabrication 

compatibility [11-13]. As a result, electrospun 

ZnO nanofibers have become attractive options 

for PENG applications that require excellent 

performance. Despite these benefits, pristine ZnO 

still has a number of inherent drawbacks, such as 

restricted spontaneous polarization, low carrier 

mobility, and a high defect density (such as 

oxygen vacancies and zinc interstitials) [14-16]. 

These elements considerably lower the 

mechanical-to-electrical energy conversion 

efficiency in ZnO-based PENGs. To address these 

challenges, metal-ion doping has been thoroughly 

investigated as a successful method to modify the 

structural, electrical, and piezoelectric 

characteristics of ZnO [17-19]. 

Aluminum (Al) doping has been shown to 

improve crystal quality, prevent defect 

development, and boost carrier concentration by 

replacing Zn²⁺ sites with Al³⁺ ions [20-22]. The 

electronic band structure is altered, and lattice 

distortion is introduced by cobalt (Co) doping, 

which can increase local polarization and 

piezoelectric strain [23]. Nevertheless, single-

doping methods frequently include built-in trade-



A.I. Tauvana et al. / Adv. J. Chem. A 2026, 9 (7), 1297-1308 

 

1299 

 

offs. While Co doping can increase strain, it may 

cause defect formation or structural instability at 

higher concentrations; Al doping mainly increases 

crystallinity but causes little lattice strain [24-26]. 

According to recent studies, Al–Co co-doping can 

produce a synergistic effect in which Co causes 

controlled lattice distortion that increases local 

polarization while Al stabilizes the ZnO lattice and 

enhances carrier mobility. Reports published 

between 2023 and 2025 indicate that dual-doped 
ZnO systems can enhance PENG output voltage by 

approximately 40–70% through improved 

crystallinity, reduced defect density, and 

optimized lattice strain [27-29]. However, despite 

the increasing interest in co-doping techniques, 

there are still relatively few systematic research 

on Al–Co co-doped ZnO nanofibers made by 

electrospinning [29-31]. Specifically, the 

connections between dopant distribution, 

crystallinity, crystallite size, fiber shape, fiber 

diameter, and dopant composition have not been 

fully explained. Electrospinning is a 

straightforward, scalable, and economical method 

that can produce continuous nanofibers with 

regulated diameters and good dopant uniformity, 

making it especially suitable for fabricating doped 

ceramic and metal oxide nanofibers [32-34]. 

Previous research has demonstrated that the 

morphology and diameter distribution of 

electrospun ZnO-derived nanofibers are 

significantly influenced by precursor chemistry, 

dopant concentration, and electrospinning 

parameters [35-37]. Consequently, 

electrospinning offers a perfect platform for 

methodically examining whether co-doping 

affects ZnO nanofiber microstructure. In this 

study, ZnO nanofibers with varying Al–Co co-

doping compositions were synthesized via 

electrospinning, followed by calcination, to 

systematically evaluate the effects of co-doping on 

fiber morphology, diameter, crystallinity, 

crystallite size, and microstructure. This work 

aims to establish a fundamental understanding of 

the structure–property relationships in Al–Co co-

doped ZnO nanofibers and to clarify the 

underlying mechanisms responsible for 

performance enhancement in ZnO-based 

piezoelectric nanogenerators [18]. 

Materials and Methods 

Materials 

Zinc acetate dihydrate (Zn(CH₃COO)₂·2H₂O, 

Merck), aluminum chloride hexahydrate 

(AlCl₃·6H₂O, Merck), cobalt acetate tetrahydrate 

(Co(CH₃COO)₂·4H₂O, Sigma-Aldrich), polyvinyl 

alcohol (PVA, Mw ≈ 72,000, Merck), and deionized 

water were used as received without further 
purification. These precursors were selected 

based on their high solubility in aqueous media, 

chemical stability, and compatibility with 

polymer-assisted electrospinning processes, 

making them suitable for the fabrication of ZnO-

based nanofibers 

Preparation of nanofiber precursor solutions 

A 10 wt% PVA solution was prepared by 

dissolving PVA powder in deionized water at 70 

°C under continuous stirring for 4 h. The solution 

was subsequently aged at room temperature for 8 

h to ensure complete dissolution and 

homogenization. For the synthesis of doped ZnO 

systems, 3.6 g of ZnO was dispersed in 20 mL of 

deionized water under constant stirring, followed 

by the gradual addition of 0.4 g of aluminum or 

cobalt precursor to obtain Al-doped ZnO or Co-

doped ZnO, respectively. The reaction mixture 

was maintained under heating and continuous 

stirring to ensure homogeneous dispersion, while 

the reaction vessel was sealed to minimize solvent 

evaporation and contamination. Subsequently, 

the Zn-based precursor solution was mixed with 

the PVA solution at a ratio corresponding to 

approximately 4 wt% PVA relative to the 

inorganic phase. To investigate the effect of co-

doping composition, two precursor solutions, 

namely ZnO–Al and ZnO–Co, were separately 

prepared at a fixed dopant concentration and 

subsequently mixed at Al:Co weight ratios were 

detailed in Table 1. These ratios represent the 

mixing proportions of the respective precursor 

solutions rather than the direct addition of 
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metallic dopants, thereby maintaining a constant 

total dopant content while systematically varying 

the relative contribution of Al³⁺ and Co²⁺ ions. The 

resulting mixtures were stirred at elevated 

temperatures until a uniform and stable ZnO–PVA 

composite suspension was obtained, and 

subsequently used as the base solutions for the 

electrospinning process. 

Electrospinning process 

Electrospinning was conducted using a 5 mL 
plastic syringe mounted on a syringe pump and 

fitted by a stainless-steel needle with an inner 

diameter of 0.65 mm. A high-voltage power 

supply was connected to the needle tip, while 

nanofibers were collected on a nonwoven 

membrane attached to a rotating drum collector. 

The electrospinning parameters were fixed at an 

applied voltage of 13 kV, a tip-to-collector 

distance of 13 cm, a solution flow rate of 0.5 mL 

h⁻¹, and a drum rotation speed of 125 rpm. The 

relative humidity during electrospinning was 

maintained at approximately 58%. These 

parameters were selected to obtain uniform and 

bead-free nanofibers. 

Calcination process 

The electrospun nanofiber membranes were 

calcined in a muffle furnace at 500 °C for 3 h with 

a heating rate of 2 °C min⁻¹. This thermal 

treatment was conducted to ensure complete 

decomposition of the PVA matrix and conversion 

of the precursor into crystalline ZnO nanofibers. 

The selected calcination temperature has been 

reported to effectively promote crystallization 

while preserving the fibrous morphology of 

electrospun ZnO nanofibers. 

Characterization of nanofiber membranes 

Crystallographic analysis was carried out using 

X-ray diffraction (XRD) to identify phase 

formation, evaluate crystallinality, and estimate 

crystallite size using the Scherrer equation, which 

is widely applied to doped ZnO nanostructures. 

Fourier transform infrared (FTIR) spectroscopy 

was employed to investigate chemical bonding 
and dopant–lattice interactions by analyzing 

shifts in Zn–O vibrational modes and the 

appearance of dopant-related absorption bands 

[25]. The morphology, fiber uniformity, and 

diameter distribution of the nanofiber 

membranes were subsequently examined using 

scanning electron microscopy (SEM), while the 

elemental composition and dopant distribution 

were analyzed by energy-dispersive X-ray 

spectroscopy (EDX). 

Results and Discussion 

Structural and functional group analysis 

The XRD patterns of all samples, depicted in 

Figure 1, exhibit diffraction peaks characteristic of 

the hexagonal wurtzite ZnO structure, with the 

dominant reflections corresponding to the (100), 

(002), and (103) planes located at 2θ ≈ 31–33°, 

34–36°, and 47–49°, respectively, in good 

agreement with the JCPDS card No. 36-145 [38]. 

No secondary phases related to Al- or Co-based 

oxides were detected, indicating successful 

dopant incorporation into the ZnO lattice within 

the detection limit of XRD. 

Table 1. Zn-based precursor solution variation 

Sample ZnO-Al solution ZnO-Co solution 

A 100 0 

B 75 25 

C 50 50 

D 25 75 

E 0 100 



A.I. Tauvana et al. / Adv. J. Chem. A 2026, 9 (7), 1297-1308 

 

1301 

 

Variations in peak intensity and peak width are 

observed with changes in the AlCl₃/CoAc ratio, 

suggesting modifications in crystallinity and 

lattice strain. The sample with 100% AlCl₃ (Al-

doped ZnO) shows the highest intensity of the 

(002) reflection, indicating a pronounced 

preferential orientation along the c-axis and 

relatively high crystallinity. This behavior is 

consistent with previous reports that Al³⁺ 

substitution for Zn²⁺ can promote c-axis texture 
due to its smaller ionic radius and stronger ionic 

bonding, which enhances lattice packing. With 

increasing Co content, a gradual decrease in peak 

intensity accompanied by slight peak broadening 

is observed, particularly for samples with Al–Co 

ratios of 50:50 and higher Co fractions. This trend 

indicates increased lattice distortion and 

microstrain, attributed to the difference in ionic 

radius between Co²⁺ and Zn²⁺ and the resulting 

local structural disorder. Nevertheless, the 

persistence of the wurtzite ZnO peaks across all 

compositions confirms that the overall crystal 

structure remains stable despite dopant-induced 

lattice perturbations. The crystallite size and 

crystallinity values listed in Table 2 show a clear 

nonlinear trend across Samples A–E. Sample A 

exhibits the largest crystallite size of 93.09 nm 

with a crystallinity of 78.78%, indicating highly 

developed crystal domains. A substantial 

decrease of approximately 36% in crystallite size 

is observed for Sample B (59.52 nm), 

accompanied by a comparable crystallinity level 

(78.99%), suggesting that initial dopant 
incorporation significantly suppresses crystallite 

growth without severely disrupting long-range 

order. From Sample B to Sample D, the crystallite 

size increases progressively from 59.52 nm to 

85.05 nm, corresponding to an increase of about 

43%, while crystallinity remains within a narrow 

range (74.16–78.99%). This trend indicates 

partial lattice relaxation and dopant-assisted 

recrystallization within the wurtzite structure. 

Sample E exhibits a moderate crystallite size of 

79.81 nm with a crystallinity of 77.75%, reflecting 

a balance between lattice distortion and 

structural stability. 

 

Figure 1. XRD analysis of Al–Co co-doped ZnO nanofibers after calcination 

Table 2. Crystallite size and degree of crystallinity of the samples 

Sample Crystallite size (nm) Crystallinity (%) 

A 93.09 78.78 

B 59.52 78.99 

C 79.56 74.16 

D 85.05 74.43 

E 79.81 77.75 
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Overall, the quantitative evolution of crystallite 

size and crystallinity across Samples A–E 

demonstrates a competition between crystallite 

growth inhibition at lower compositional stability 

and structural recovery at intermediate to higher 

compositions, highlighting the role of dopant 

interactions in modulating crystal domain 

evolution within electrospun ZnO nanofibers. 

Three-dimensional structural modeling using 

VESTA software, constructed from XRD data, 
confirms that all doped ZnO nanofibers retain the 

characteristic hexagonal wurtzite structure with 

space group P6₃mc. In the model, Zn atoms are 

tetrahedrally coordinated by oxygen atoms within 

a dense hexagonal lattice, while Al and Co atoms 

substitute Zn sites due to their comparable ionic 

radii as depicted in Figure 2. Although the global 

crystal symmetry remains intact, dopant 

incorporation induces localized lattice strain, 

which is consistent with the observed peak 

broadening and crystallite size variations. 

Overall, the XRD analysis demonstrates that Al–

Co co-doping effectively modulates the 

crystallographic characteristics of ZnO nanofibers 

through a synergistic interplay between crystal 

growth promotion (Al³⁺) and lattice distortion 

(Co²⁺). This controlled tuning of crystallinity and 

lattice strain is expected to influence the 

electronic structure, carrier mobility, and 

piezoelectric response, thereby reinforcing the 

suitability of Al–Co co-doped ZnO nanofibers for 

piezoelectric nanogenerator applications. 

FTIR analysis was employed to investigate the 

bonding characteristics and defect-related 

features of Al–Co co-doped ZnO nanofibers after 

calcination. All samples exhibit a dominant 

absorption band in the range of 450 to 520 cm⁻¹, 

which is assigned to the Zn–O stretching vibration 

of the hexagonal wurtzite ZnO lattice, confirming 

the successful formation of crystalline ZnO [39]. 

As shown in Figure 3, samples with higher Al 

content display a relatively sharper and more 
intense Zn–O band, indicating stronger metal–

oxygen bonding and improved lattice regularity. 

In contrast, increasing Co content leads to slight 

band broadening and reduced intensity, 

suggesting enhanced lattice distortion and local 

strain induced by the substitution of Co²⁺ ions 

with a larger ionic radius into the ZnO matrix. 

Additional weak absorption bands observed at 

approximately 1,380–1,450 cm⁻¹ are attributed to 

C–O stretching vibrations, while the band near 

~1,630 cm⁻¹ corresponds to O–H bending modes. 

Furthermore, a broad absorption region in the 

range of 3,200–3,600 cm⁻¹ is associated with O–H 

stretching vibrations originating from surface 

hydroxyl groups and adsorbed moisture [40]. The 

relative intensity of these defect-related bands 

increases progressively with increasing Co 

content, indicating a higher density of surface 

adsorption sites and defect states. This trend is 

consistent with the XRD results, which reveal 

reduced crystallinity and increased microstrain 

for Co-rich compositions. 

 

Figure 2. Structural model of ZnO doped with Co and Al, demonstrating lattice modification induced by dopant 

incorporation 
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Figure 3. FTIR analysis of Al–Co co-doped ZnO nanofibers after calcination 

From a functional perspective, a moderate 

presence of surface hydroxyl groups and lattice 

defects can enhance surface polarization and 

facilitate dipole reorientation under mechanical 

deformation, contributing positively to 

piezoelectric energy harvesting. However, 

excessive defect concentration, as suggested by 

the stronger O–H- and C–O-related absorption 

features at higher Co compositions may disrupt 

long-range lattice coherence and reduce effective 

polarization. Therefore, samples exhibiting an 

optimal balance between Zn–O bond integrity and 

controlled defect density are expected to 

demonstrate superior piezoelectric performance. 

Overall, the FTIR results corroborate the 

structural trends observed in XRD analysis and 

confirm that Al–Co co-doping effectively 

modulates bond structure, defect chemistry, and 

functional properties of electrospun ZnO 

nanofibers. SEM micrographs of electrospun ZnO 

nanofibers co-doped with AlCl₃ and CoAc at AlCl₃ 

compositions of 100, 75, 50, 25, and 0%, after 

calcination at 500 °C for 3 h, are presented in 

Figure 4. The calcination process induces 

significant fiber shrinkage and polymer 

decomposition, leading to the formation of 

crystalline ZnO nanofibers with distinct 

morphological features that strongly depend on 

the Al–Co dopant ratio [41]. This morphological 

evolution is consistent with the measured 

nanofiber diameter distribution, indicating a close 

relationship between dopant composition, 

thermal stability, and fiber densification behavior. 

The Al-rich nanofibers exhibit smooth, 

continuous, and relatively homogeneous 

morphologies, with well-defined fibrous 

networks and minimal surface irregularities. 

These samples show the most stable average 

diameters and narrower minimum–maximum 

diameter ranges, suggesting that Al³⁺ ions 

effectively stabilize the ZnO lattice during high-

temperature calcination. The substitution of Zn²⁺ 

by Al³⁺ is known to suppress excessive lattice 

distortion and defect formation, thereby 

promoting uniform shrinkage and preserving 

fiber integrity. As a result, Al-dominated 

compositions display superior morphological 

uniformity and structural stability after 

calcination. With increasing Co content, a gradual 

transition toward rougher and more irregular 

fiber morphologies is observed. At intermediate 

Al–Co ratios, the nanofibers begin to exhibit 

surface wrinkling and noticeable diameter 

variations along the fiber length, indicating 

uneven shrinkage during thermal treatment. This 

behavior can be attributed to Co²⁺ incorporation, 

which introduces lattice strain due to differences 

in ionic radius and bonding characteristics 

relative to Zn²⁺. The presence of Co-induced 

lattice distortion reduces thermal stability, 
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leading to non-uniform densification and 

increased morphological heterogeneity. At high 

Co concentrations, the nanofibers display 

pronounced surface roughness, irregular 

thickness, and local fiber fusion at junction points, 

accompanied by a broader diameter distribution. 

These features indicate excessive lattice strain 

and reduced resistance to thermal stress during 

calcination, resulting in uneven crystallite growth 

and morphological degradation. The fully Co-
doped sample exhibits the highest degree of 

structural irregularity, confirming that excessive 

Co incorporation negatively impacts fiber 

uniformity and post-calcination stability. Overall, 

the SEM analysis clearly demonstrates that the Al–

Co co-doping ratio plays a critical role in 

governing the morphological evolution of 

electrospun ZnO nanofibers. Increasing Co 

content leads to greater fiber shrinkage 

variability, surface wrinkling, and morphological 

inconsistency, whereas Al-rich compositions 

promote smoother surfaces, narrower diameter, 

distributions, enhancing structural stability. 

These findings highlight the complementary roles 

of Al and Co dopants, where Al acts as a lattice 

stabilizer and Co induces controlled lattice 

distortion, and are in good agreement with 

previous studies on doped electrospun ZnO 

nanofibers [26,27]. The observed morphology–

composition relationship provides an important 

foundation for understanding the subsequent 

crystallographic and functional properties of Al–

Co co-doped ZnO nanofibers. The statistical 

analysis of fiber diameter, as presented in Figure 

4, reveals clear variations in the average fiber 

diameter among all samples. Sample A exhibits 

the smallest average fiber diameter of 0.07744 µm 

(~77 nm), indicating effective jet stretching and 

fine fiber formation. Sample C and sample D show 

comparable average diameters of 0.10352 µm 

(~104 nm) and 0.1092 µm (~109 nm), 

respectively, suggesting relatively stable 

electrospinning conditions with moderate fiber 

thickening.  In contrast, samples B and E display 

significantly larger average fiber diameters, 

reaching 0.1978 µm (~198 nm) for sample B and 

0.21856 µm (~219 nm) for sample E. These larger 

diameters are accompanied by broader diameter 

distributions, as observed in the corresponding 

histograms, indicating increased jet instability, 

fiber merging, or reduced elongational forces 

during electrospinning. This behaviour is 

consistent with the SEM images, where samples B 

and E show thicker fibers and more irregular 

fibrous networks. Among all samples, sample C 

demonstrates the most balanced fiber 
characteristics, combining a moderate average 

diameter with a relatively narrow and symmetric 

diameter distribution. This confirms that the 

optimized AlCl₃/CoAc ratio promotes stable 

electrospinning conditions. Such diameter 

uniformity is particularly crucial for piezoelectric 

nanofibers, as it enables consistent mechanical 

deformation and contributes to a more reliable 

electrical response under applied mechanical 

stress. The elemental compositions of samples A–

E obtained from EDX analysis are presented in 

Table 3. The results indicate a clear compositional 

trend as a function of AlCl₃/CoAc ratio. As the Al 

content increases from sample A to E, the Zn 

content decreases significantly, suggesting partial 

substitution of Zn²⁺ ions by Al³⁺ within the ZnO 

lattice or competitive incorporation during fiber 

formation. Despite the variation in precursor 

composition, the Co content remains relatively 

low and stable across all samples (0.47–1.84 

wt%), indicating that Co acts primarily as a 

secondary dopant without significantly altering 

the overall lattice stoichiometry. This low and 

controlled Co incorporation is beneficial, as 

excessive Co content could induce secondary 

phases or structural instability. Among all 

compositions, sample C exhibits the most 

balanced Al–Zn ratio, with moderate Al content 

(51.63 wt%) and the highest Co incorporation 

(1.84 wt%) that remains within a stable range. 

This compositional balance is expected to 

promote lattice distortion without severe 

structural degradation, which is advantageous for 

enhancing polarization mechanisms in ZnO-based 

piezoelectric materials. 
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Table 3. The elemental composition of samples from EDX analysis 

Element Sample 

Weight % A B C D E 

O K 11.37 7.13 9.86 8.11 4.75 

Al K 56.58 67.78 51.63 64.64 80.32 

Co K 0.47 0.68 1.84 1.03 1.35 

Zn K 31.59 24.4 36.66 26.22 13.58 

 

Figure 4. SEM analysis and particle size distribution of Al–Co co-doped ZnO nanofibers after calcination 
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Conclusion 

Variations in the Al–Co doping ratio distinctly 

regulate the structural evolution of electrospun 

ZnO nanofibres, where XRD reveals Al-driven 

crystallite growth, Co-induced lattice strain, and 

co-stabilization at intermediate compositions. 

FTIR confirms corresponding modifications in 

Zn–O bonding and defect-related vibrational 

features, and SEM demonstrates a transition from 

smooth, uniform fibres to increased roughness 
and diameter variation with higher Co content. 

This indicates that intermediate Al–Co 

compositions offer the most favorable balance of 

crystallinity, lattice stability, and morphology for 

enhanced piezoelectric nanogenerator 

performance. 
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