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Electrospun ZnO-based nanofibre membranes doped with AlCl3 and CoAc were successfully fabricated for piezoelectric 
nanogenerator applications. The PVA precursor solution was prepared by dissolving PVA in distilled water and then processed 
using an electrospinning machine for 10 hours. Characterisation of the nanofibres was performed using scanning electron 
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and Fourier Transform Infrared 
Spectroscopy (FTIR) to examine the fibre and membrane properties. The SEM analysis revealed that the incorporation of Al 
and Co influenced the fibre morphology and size. The EDX confirmed the presence of Al and Co in the nanofibre membranes. 
The XRD results indicated that all the membranes exhibited an amorphous structure, while the FTIR analysis confirmed the 
complete evaporation of the solvent during the spinning process. The presence of a metal-oxygen phase plays a crucial role 
in analysing the crystal structure and piezoelectric characteristics of the material.

INTRODUCTION

	 The depletion of natural fossil energy reserves 
continues to accelerate due to the ongoing exploration 
to meet global energy demands. Renewable energy 
sources, including mechanical vibrations, noise, heat, 
wave motion, geothermal energy, wind, and solar power, 
still require further advancements [1]. Among these, me- 
chanical energy can be converted into electrical energy 
using piezoelectric materials. However, the vast avail- 
ability of mechanical energy in nature remains under-
utilised. In recent years, the development of piezoelectric 
nanogenerators (PENGs) has gained significant attention 
from researchers due to their potential as self-sustaining 
power sources for portable electronic devices, addressing 
the increasing demand for energy [1–3].
	 PENGs are made from piezoelectric materials with 
a non-centrosymmetric crystal structure, such as ZnO, 
PZT, and BaTiO₃ [4]. Zinc oxide (ZnO) is widely studied 
due to its excellent piezoelectric, pyroelectric, and optical 
properties [5]. Additionally, ZnO has a relatively wide 
band gap of 3.37 eV [6], is non-toxic [7], cost-effective, 
easily accessible [8], stable, and environmentally friendly 
[9]. However, ZnO-based PENGs typically suffer from 
low power output [10, 11] and limited stability [12]. One 
approach to enhancing the performance and stability of 
PENGs is utilising one-dimensional (1D) piezoelectric 

nanostructures, such as nanowires, nanorods, and nano- 
fibres [13 - 15]. Among these, nanofibre-based PENGs 
offer several advantages, including excellent piezoelectric 
properties, high flexibility, and the ability to be integrated 
onto flexible substrates [16]. Furthermore, nanofibres 
can absorb mechanical energy more effectively than 
spherical nanogenerators, as they allow for continuous 
mechanical force distribution from one fibre to another 
over an extended period [17, 18].
	 Previous studies on ZnO-based nanowires as nano-
generators have demonstrated the ability to generate vol-
tages of up to 25 mV [19]. Additionally, research on ZnO 
nanorods doped with aluminium (Al) has shown voltage 
outputs reaching 60  mV [20]. Further investigations 
have revealed that doping ZnO nanofibres with Al can 
enhance voltage generation up to 265.5  mV [21]. It 
has also been found that ZnO fibres can be modified 
with aluminium to form aluminium-doped zinc oxide 
(AZO) [22]. Moreover, nanofibre-based piezoelectric 
materials can be fabricated cost-effectively using the 
electrospinning method [23, 24].
	 A higher precursor discharge during the electrospin-
ning process can lead to larger fibre sizes, resulting in 
lower crystal material deformation. Consequently, lower 
deformation leads to reduced stress [25]. Additionally, 
previous research has shown that ZnO- and AZO-based 
nanogenerators (NGs) achieved maximum power den-
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sities of 12.9 and 38.8 nW/cm2, respectively. However, 
this power density remains low due to the brittle nature 
of zinc oxide [26], which prevents a voltage increase 
under high loads [27]. This study aims to enhance the 
performance of ZnO nanogenerators by incorporating 
additional dopants, specifically aluminium (Al) from 
AlCl3 and cobalt (Co) from Co3O4. 
	 Aluminium was selected because it can reduce ZnO 
fibres and has excellent electrical conductivity. Mean-
while, cobalt was chosen due to its modulus of elasticity, 
which is nearly three times higher than that of aluminium. 
This study focuses on doping ZnO with both aluminium 
and cobalt, aiming to enhance the performance of piezo- 
electric materials. Research on renewable energy, par-
ticularly in the development of advanced materials for 
energy harvesting, remains relatively limited compared 
to the broader scope of renewable energy studies. The 
primary objective of this research is to produce a piezo-
electric material that serves as a key component in na-
nogenerators, enabling the conversion of mechanical 
energy into electrical energy.

EXPERIMENTAL MATERIALS AND METHODS

Material

	 The materials used in this study include zinc acetate 
dihydrate (Zn(CH3COO)2·2H2O, Merck), aluminium chlo- 
ride hexahydrate (AlCl3·6H2O, Merck), cobalt acetate 
tetrahydrate (Co(CH3COO)2·4H2O, Sigma Aldrich), poly- 
vinyl alcohol (PVA, (C2H4O)n, molecular weight 72 000, 
Merck), and distilled water (H₂O), all of which were 
used without further purification. The fabrication of ZnO 
nanofibre (NFs)-based piezoelectric nanogenerators 
(PENGs) co-doped with cobalt and aluminium involves 
three main stages:
●	Preparation of the precursor solution.
●	Production of environmentally friendly nanofibres 

using the electrospinning technique.
●	Characterisation of the synthesised PENG.

Sample preparation

	 The PVA solution was prepared by dissolving PVA 
in H₂O at a ratio of 1:10 (wt. %) and stirring at 70 °C 
for 4 hours, followed by an 8-hour rest period at room 
temperature. Meanwhile, the Zn:AlCl₃ and ZnAc:CoAc 
solutions with a 1:5 (wt. %) ratio were obtained by 
adding a mixture containing 10 % AlCl3 and CoAc, with 
a total variation of 11 % by weight. Specifically, 4 g of 
each component was dissolved in 20 g of H2O and stirred 
at 70 °C for 1 hour. Subsequently, the ZnAc:AlCl₃ and 
ZnAc:CoAc solutions were each combined with PVA in 
a 1:4 (wt. %) ratio, stirred at 70 °C for 8 hours, and then 
left at room temperature for 24 hours. The ZnAc–AlCl3 
and ZnAc–CoAc solutions were then mixed in varying 

ZnAc–AlCl3:ZnAc–CoAc ratios of 100:0, 75:25, 50:50, 
25:75, and 0:100 (wt. %) of the total Al–Co composition. 
This process resulted in five transparent ZnAc–AlCl3– 
–CoAc:PVA solutions, which were subsequently used 
in the electrospinning process to produce nanofibres, as 
illustrated in Figure 1.

Electrospinning process

	 The prepared precursor solution was loaded into 
a 5 mL syringe, which was then mounted on a syringe 
pump to regulate the flow rate of the dispensed solution. 
The syringe was connected to a stainless-steel needle 
with a 0.65 mm diameter via silicone tubing. The rotary 
drum collector was grounded, while the stainless-steel 
needle was linked to a high-voltage (HV) power source. 
The generated nanofibres were collected on a nonwoven 
fibre membrane covering the rotary drum collector. The 
electrospinning process was conducted under specific 

Figure 1.  Solution sample.

Figure 2.  Electrospinning machine.
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parameters: an applied voltage of 13  kV, a 13  cm 
distance [28] between the drum collector and the needle 
tip, a solution flow rate of 0.5  mL/hour, a collector 
rotation speed of 125 rpm, and a controlled humidity of 
approximately 58 %. The electrospinning machine set-
up is illustrated in Figure 2.[29]
	 The nanofibre membrane, produced using an elec-
trospinning machine with dimensions of 200 × 150 mm, 
is depicted in Figure 3.

Characterisation of nanofibre
membranes

	 The size and morphology of the nanofibre membra-
ne were examined using a scanning electron microscope 
(SEM, JEOL, JSM IT300) at magnifications of 5000 
and 50 000 times. The composition was analysed using 
an Energy-dispersive X-ray (EDX) detector. The X-ray 
diffraction (XRD) pattern of the nanofibre membrane was 
obtained with an X-ray diffractometer (Rigaku MiniFlex 
600), with the diffraction recorded at 2θ angles ranging 
from 10° to 90°. The Fourier transform infrared (FTIR) 
spectra of the ZnAc:AlCl₃:PVA and ZnAc:CoAc:PVA 

nanofibre membranes were acquired using an FTIR 
spectrometer (Thermo Fisher Scientific NICOLET 
IS10FTIR). FTIR measurements were conducted within 
the wavenumber range of 500-4000 cm−1.

RESULTS AND DISCUSSION

Scanning electron microscope
(SEM) characterisation

	 The SEM analysis revealed the formation of nano-
fibres, with the results for samples (a) through (e) shown 
in Figure 4.
	 A SEM analysis was conducted at a magnification 
of 10  000× for the AlCl₃, CoAc, and Co-doped ZnO 
materials. The SEM images of ZnO doped with AlCl₃, 
shown in Figure 4, demonstrate that as the Al doping 
concentration increases, the resulting nanofibres beco-
me smaller. In contrast, ZnO doped with CoAc showed 
only a minor reduction in fibre size. Table 1 and Figure 
4 display the fibre size distribution and SEM images of 
ZnO nanofibres co-doped with AlCl₃:CoAc, respectively. 
In the case of co-doping, the fibres produced are lar-

Figure 4.  SEM morphological analysis of: a) 100 % AlCl3, 0 % CoAc; b) 75 % AlCl3, 25 % CoAc; c) 50 % AlCl3, 50 % CoAc; d) 
25 % AlCl3, 75 % CoAc; e) 0 % AlCl3, 1000 % CoAc.

Figure 3.  Electrospinning nanofibre membrane: a) 100 % AlCl3, 0 % CoAc; b) 75 % AlCl3, 25 % CoAc; c) 50 % AlCl3, 50 % 
CoAc; d) 25 % AlCl3, 75 % CoAc; e) 0 % AlCl3, 1000 % CoAc.

a)

a)

d)

d)

b)

b)

e)

e)

c)

c)

Table 1.  Diameter of ZnO nanofibres with the Al–Co addition.

	                   	Fibre diameter size variations in Co-doping aluminium and cobalt
Fibre diameter size	 100 % AlCl3	 75 % AlCl3	 50 % AlCl3	 25 % AlCl3	 0 % AlCl3

	 0 % CoAc	 25 % CoAc	 50 % CoAc	 75 % CoAc	 100 % CoAc
Maximum (nm)	 424	 442	 451	 411	 458
Minimum (nm)	 138	 210	 269	 257	 275
Average (nm)	 341	 344	 363	 365	 361
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ger compared to those doped with the individual com-
ponents. When co-doping with 75 % AlCl3:25 % CoAc 
and 25  % AlCl3:75  % CoAc, some of the fibres tend 
to fuse together. However, when doped with 50  % 
AlCl3:50 % CoAc, almost all the fibres remain separated 
from one another.

Energy dispersive X-ray spectroscopy
	 An EDX analysis was carried out to determine 
the elemental composition in ZnAc:AlCl₃:PVA and 
ZnAc:CoAc:PVA, as shown in Figure 5. Based on the 
analysis results, the element carbon (C) has a higher 
percentage than other elements, with a value of 52  % 
(atomic  %). The carbon is thought to come from the 
solvents or the other organic materials used in the syn-
thesis process. The presence of oxygen in the sample 
indicates the presence of oxide, which is possibly ZnO 
or Al–O and Co–O based compounds, with a percentage 
of 25 % (atomic %). [30, 31]
	 Figure 6 shows the Energy Dispersive X-Ray Spect- 
roscopy (EDX) analysis of ZnAc–AlCl3–CoAc: PVA, 
including an elemental mapping that illustrates the dis-
tribution of elements in AlCl₃ and CoAc. The mapping 
results reveal that the carbon (C) element, shown 
in red, is present in greater amounts than the oxy- 
gen (O) element, which appears in yellowish-green. This 
suggests that the synthesis process was successful. In 
contrast, the EDX analysis of the control ZnO shows the 
following elemental composition: C (52 %), O (25 %), 
Al (4 %), Si (5 %), Cl (6 %), and Zn (8 %).

Characterisation – X-ray diffraction (XRD)

	 The analysis was conducted using a 10 × 10  mm 
beam and a Cu/Kα X-ray source with a wavelength of 
λ = 1.54060  Å. The equipment operated at 40  kV and 
25 mA, with a 2θ angle range of 5° to 90° and increments 
of 0.02°. During the analysis, the humidity was kept at 
53 % and the temperature was maintained at 20.6°C. The 
X-ray diffraction patterns of ZnO material co-doped with 
AlCl₃ and CoAc are shown in Figure 7. The diffraction 
patterns obtained are similar, with the highest peaks 
observed around 2θ = 5.3°, 8.2°–8.4°, 12.1°, 19.4°–19.5°, 
and 20.0°. These peaks are characteristic of ZnO crys- 
tals with a P6₃mc (186) space group structure, according 
to JCPDS reference No. 36-1451, particularly in the 
(101) crystal plane. Each sample exhibited a distinct 
diffraction pattern based on the composition of AlCl₃ and 
CoAc. Samples with a higher CoAc content (0 % AlCl₃) 
showed broader peaks and lower intensity, suggesting 

e) Si (5 %)

a) element overlay

f) Cl (6 %)

b) O (25 %) d) C (52 %)

g) Zn (8 %)

c) Al (4 %)

Figure 5.  EDX mapping on the nanofibre membranes.

Figure 6.  Energy Dispersive X-ray Spectroscopy (EDX) ana-
lysis of the ZnAc-AlCl₃- CoAc: PVA.
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a smaller crystallite size or greater amorphous nature. 
Conversely, the samples with a higher AlCl₃ content 
(100  % AlCl₃) exhibited sharper peaks, indicating in-
creased crystallinity. Diffraction peaks at 2θ = 5.3°, 8.2°– 
–8.4°, and 12.1° may suggest the presence of aluminium 
or cobalt-based complex compounds, while the main 
peak at 2θ = 19.4°–19.5° is generally associated with the 
ZnO structure or other phases resulting from doping.

Fourier Transform Infrared Spectroscopy 
(FTIR) characterisation

	 Figure 8 shows FTIR characterisation of ZnAc: 
:AlCl3:PVA and ZnAc:CoAc:PVA.
	 The Fourier Transform Infrared Spectroscopy 
(FTIR) analysis was performed to identify the functional 
groups in ZnO doped with AlCl₃ and CoAc within the 
wavenumber range of 500-4000 cm-1. The FTIR spectra 
showed variations in absorption bands based on the 
dopant composition. The key absorption bands observed 

include: 2656-2665  cm-1 (present in the samples with 
high CoAc), associated with O–H/C–H vibrations from 
the residual solvent or precursors; 2160 cm-1 (only in the 
50 % AlCl3 - 50 % CoAc sample), corresponding to C≡N 
or C≡C groups in complex compounds; 1765 cm-1 (only 
in the 100 % AlCl₃ - 0 % CoAc sample), related to C=O 
vibrations in the carbonyl group; 667-695  cm⁻¹ (found 
in all the samples), attributed to M–O (Zn–O, Al–O, 
or Co–O) vibrations; and 430-427 cm-1 (appears in 75 % 
AlCl3 – 25  % CoAc and 50  % AlCl3 – 50  % CoAc), 
related to the Al-O or Co-O intermetallic interactions. 
As the CoAc content increases, a new vibration at 
2656 cm-1 appeared, and the band at 667 cm-1 broadens, 
indicating changes in the crystallinity or molecular 
interactions. On the other hand, increasing the AlCl3 
content results in characteristic vibrations at 1765 cm-1, 
suggesting different phases or bonding types in the 
material. The 667  cm-1 band is a crucial marker for 
the presence of a metal-oxygen-based phase, which 
is important for analysing the crystal structure and 
piezoelectric properties of the material. [32, 33]

CONCLUSION

	 ZnO-based electrospun nanofibre membranes do-
ped with AlCl₃ and CoAc for piezoelectric nanogenerator 
applications were successfully fabricated. The PVA 
precursor solution was prepared by dissolving PVA in 
distilled water and processed through an electrospinning 
machine for 10 hours under the following conditions: 
13 kV voltage, a 13 cm distance between the drum col-
lector and stainless-steel needle tip, a solution flow rate 
of 0.5 mL/hour, a collector rotation speed of 125  rpm, 
and humidity of around 58  %. Nanofibre characterisa-
tion using scanning electron microscopy (SEM) showed 
fibre diameters of 341, 344, 363, 365, and 361 nm. The 
energy-dispersive X-ray (EDS) analysis confirmed the 
elemental composition of the membrane: C (52  %), O 
(25  %), Al (4  %), Si (5 %), Cl (6  %), and Zn (8  %). 
The X-ray diffraction (XRD) revealed diffraction peaks 
at approximately 2θ = 5.3°, 8.2°–8.4°, and 12.1°, sugges-
ting the presence of aluminium or cobalt-based comp-
lex compounds. The main peak at 2θ = 19.4°–19.5° is 
associated with the ZnO structure or potential additional 
phases due to doping. The Fourier Transform Infrared 
Spectroscopy (FTIR) analysis indicated that increasing 
the CoAc content resulted in new vibrations at 2656 cm-1 
and the broadening of the band at 667 cm-1, signalling 
changes in the crystallinity or molecular interactions. 
On the other hand, increasing the AlCl₃ content led to 
characteristic vibrations at 1765  cm-1, suggesting va-
riations in the material’s phases or bonding. The pre-
sence of a metal-oxygen-based phase plays a crucial role 
in understanding the crystal structure and piezoelectric 
properties of the material.

Figure 7.  X-ray diffraction patterns of the AlCl3 and CoAc 
materials.

Figure 8.  FTIR spectrum of the AlCl3 and CoAc materials.
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