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Abstract. The rapid growth of zinc-oxide (ZnO) nanostructures (NSs) on woven carbon fiber (WCF) is reported in this study
employing a microwave-aided chemical bath deposition process. The effects of different process parameters such as molar
concentration, microwave duration and microwave power on morphologies and growth rate of the ZnO on WCF were studied.
Furthermore, an attempt has been taken to study influence of different type of growth solutions on ZnO morphologies and
growth rates. The surface functionalization of WCF fabrics is achieved by successful growth of crystalline ZnO on fiber surface
in a very short duration through one-step microwave synthesis. The morphological, structural and compositional studies of ZnO-
modified WCF are evaluated using field-emission scanning electron microscopy, X-ray diffraction and energy dispersive X-ray
spectroscopy respectively. Good amount of zinc and oxygen has been seen in the surface of WCF. The presence of the wurtzite
phase of ZnO having crystallite size 30-40 nm calculated using the Debye Scherrer method enhances the surface characteristics
of WCF fabrics. The UV-VIS spectroscopy is used to investigate optical properties of ZnO-modified WCF samples by
absorbance, transmittance and reflectance spectra. The variation of different parameters such as dielectric constants, optical
conductivity, refractive index and extinction coefficient are examined that revealed the enhancement of optical characteristics of
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carbon fiber for wide applications in optoelectronic devices, carbon fiber composites and photonics.
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1. Introduction

In the developing era of advance materials, combination
of different metal oxide nanostructures along with different
base materials having specific properties are combine
altogether to fabricate hybrid/composite materials (Liu et al.
2022a, Jia et al. 2022a). The developed hybrid materials
possess tailored properties for diverse applications (Feng et
al. 2021, Liu et al. 2022b). Woven carbon fibers are one of
the prominent fibrous material which possesses high
strength and light weight required for extensive applications
in the field of fiber reinforced polymer composites
(Newcomb 2016). Woven carbon fibers are a primary
bracing media for polymer composites to enhance the
properties of the final composites but single bracing media
is not sufficient, thus the concept of secondary
reinforcement such as metal oxide nanostructures arises as
green field of research (Arani et al. 2021, Deka et al. 2017).
Since very limited work has been done on the growth of
nanostructures on woven carbon fiber surface therefore it is
required to investigate the advancement of ZnO nano-
structured woven carbon fiber materials for varied
applications. Out of several metal oxides, zinc oxide (ZnO)
is the prominent metal-oxide because of its significant and
varied features such as wide energy band of approx. ~3.3
eV at atmospheric condition, piezoelectric nature, optical
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nature, chemically stable and biocompatible (Mallakpour et
al. 2021). ZnO is abundantly available non-poisonous metal
oxide in nature, which is a cheap semiconductor and can be
utilized for a wide assortment of utilization going from
sensors, catalysts to solar cells (Ganesan et al. 2020). Many
ways for blending ZnO into 1-D nanostructures (NSs) with
various morphologies, such as nanowires, nanorods,
nanoflakes, nanoflowers, nanopallets, and many more
superstructures, have recently been published in the
literature (Cheng et al. 2021, Rai and Bajpai 2021a). The
unique properties of ZnO NSs created from synthetic
morphology would create undiscovered probabilities for
ZnO NSs to be used in a wide range of semiconducting and
functional devices, including LEDs, PV cells, solar cells,
sophisticated sensors, catalysts, piezoelectric and biological
devices (Cortes Herrera et al. 2017, Zhang and Xiong,
2015). ZnO nanostructures of can be orchestrated by
considerably acknowledged amalgamation techniques such
as solvothermal, chemical bath deposition, pyrolysis, sol-
gel technique, vapour deposition, microwave assisted
technique and others (Baruah and Dutta 2009, Kumar et al.
2020). They reveals that due to high amalgamation
temperature in most cases, agglomerated NSs formed on the
surface which had to be unnecessarily granulated, resulting
in little control over molecular shape and size dispersal
(Patino-Portela et al. 2021). Out of all the strategy for
synthesis of ZnO NSs, the aqueous strategy has a several
points of interest over other engineered techniques that
make chemical bath deposition synthesis as one of the
prominent routes for NSs development (Baizaee et al. 2018,
Kurtinaitiene et al. 2016). The chemical bath deposition
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approach is a single-step process that is carried out at low
temperature with minimal calcinations and milling,
resulting in less agglomeration and better particle
distribution (Ma et al. 2017, Wang et al. 2015). The
chemical bath deposition route enables superior purity and
phenomenal control over the morphology and size of NSs
(Marin-Flores et al. 2021, Singh and Azam, 2021).
Recently, another method for formation of NSs which is
tolerating an impressive proportion of interest of late is the
use of microwave warming rather than standard warming
which improve the development phenomena, microwave-
assisted warming is used for the synthesis of metal-oxide
NSs on diverse substrates (Chankaew et al. 2019). In this
case, the benefits of microwave warming can be used in
chemical bath deposition synthesis for annealing sample
and precursor solutions (Alshamarti and Omran Alkhayatt,
2020). Because of its various advantages, such as reaction
at atmospheric pressure, low response duration, fast
warming, low response temperature, uniform heating, and
phase immaculateness with better yield, microwave assisted
chemical bath deposition amalgamation has gained
widespread attention as a new heating route in the
development of NSs (Gusmao et al. 2021). A rapid
combination process called as microwave-aided aqueous
course is now being developed for nanostructure
production. This is a fast warming method based on
microwave dielectric warming of the precursor
arrangement, which results in volumetric warming of
chemical precursors and solutions. As a result, it is faster,
easier, and more energy efficient than traditional conduction
heating (Andrade Neto et al. 2019).

Several studies have been published on the microwave-
assisted wet-chemical development of ZnO nanostructures.
However, only a few comprehensive studies on the effects
of growth variables on the characteristics of microwave-
generated ZnO nanostructures have been conducted. But in
case of woven carbon fiber as a substrate, there are very few
authors who worked on growth of ZnO on woven carbon
fiber however but there is no work related with growth of
ZnO nanostructures using microwave assisted chemical
bath deposition method on woven carbon fiber surfaces and
their optical characterization. Ahmed et al. (Ahmed et al.
2014), describe the effect of precursor molar ratio and
reaction duration on the shape and aspect ratio of ZnO
nanostructures created by microwave aided wet-chemical
technique. Radhakrishnan et al. (2021), found that changing
the microwave power per growth run can vary the
morphology of individual ZnO nanostructures from
hexagonal cones to faceted hexagonal nanorods to hollow
hexagonal nanorods. El-Nahas et al. (2021), effectively
synthesized ZnO NS with diverse morphologies using a
household microwave treatment at 200 Watt power for 15
minutes as well as a minimal amount of capping and
complexing agents. Fabrication and characterization of ZnO
nanorods upon woven Kevlar fibers by applying low
temperature chemical bath deposition process has been
achieved by Hazarika et al. (2015). Enhancement of energy
absorption properties of ZnO embedded WCF composite
and their energy transmission under impact loading were
discussed by Kong et al. (2013). It was found that the

grown ZnO nanorods combined with matrix in a
crosslinking manner causing high interface properties of
final composite. Rai and Bajpai (2021a), concluded that, the
nucleation, growth and morphology of ZnO nanostructures
on woven carbon fiber by chemical bath deposition route
mainly depends on synthesis parameters such as solvent,
growth time, precursor concentration, external agitation,
seed layer, and pH. Caglar et al. (2015), used a microwave-
assisted chemical bath deposition approach to study the
effects of varying the irradiation period and pH of the
precursor solution during the production of ZnO nano-
powder. Experiments revealed that the maximum crystal
size and crystallinity were attained after 20 minutes of
synthesis, and that damage to the crystal structure of ZnO
was discovered when the pH value of the growth solution
was decreased.

This paper investigates the rapid growth of ZnO
nanostructures on woven carbon fiber surface by combining
microwave heating with an aqueous process known as the
“microwave assisted chemical bath deposition approach”.
This method allows the generation of ZnO NSs with varied
morphologies such as nanowires, hexagonal nanorods,
nanoflakes, nanopallets, and nanoflowers by heating WCF
samples in different precursor solutions in a household
microwave. A probable development phenomenon of
various morphologies of ZnO NSs on WCF has been
described based on microwave compatibility with materials.
Furthermore, study of different process parameters such as
molar concentration, microwave duration, microwave
power and growth solution were investigated to achieve
optimum growth of ZnO NSs on WCF surface. In this study
different morphologies of ZnO on WCF strands were
grafted by tuning the microwave power, microwave
duration and type of precursor solution. The developed ZnO
on WCF was characterized to wunderstand their
morphologies, size variation, crystallinity and optical
behavior. These analyses will provide the basis to
implement ZnO embedded WCF to developed advanced
nanocomposite materials for optoelectronics and photonics
applications. The development of ZnO NSs on WCF surface
develops functional groups which may react with the other
bracing media and polymer matrix during fabrication of
hybrid composites. The current work can implement to
develop high performance nanocomposites for industrial
applications.

2. Materials and methodology
2.1 Materials

As a substrate material for the synthesis of ZnO NSs, T-
300 grade Unmaodified WCF with 3000 wires, 0.2mm fabric
thickness and 200 GSM size with filament diameter of 7um
was used. Some precursors of analytical-grade are
employed in the production of growth solutions and fiber
modifications as presented in Table 1. Without any refining,
all of the raw ingredients and chemicals were used.
Synthesis was carried out on a household microwave with
nine power levels and a power output of 1000W at a
frequency of 2.45 GHz.



One-step microwave synthesis of surface functionalized carbon fiber fabric by ZnO nanostructures 559

Table 1 List of chemicals used

S. No. Chemical precursor Formula Use
1. Zinc Acetate dihydrate (ZAD) Zn(CH3CO0)2.2H20 For making growth solution
2. Ethanol/Acetone C2HsOH/(CH3)2CO Cleanser to remove contaminants
3. Sodium hydroxide NaOH For making growth solution
4, Zinc nitrate hexahydrate (ZNH) Zn(NO3)2.6H20 For making growth solution
5. Hexamethyline tetramine (HMTA) CeH12N4 To prepare growth solution
6. De-ionized water (DIW) H.0 For making growth solution and rinsing the

samples after growth treatment

2.2 Preparation of growth solutions

Microwave aided chemical bath deposition methods
were used to produce various morphologies of ZnO NSs.
Growth solutions of different molar concentrations were
prepared using equimolar (1:1 ratio) solution of ZNH and
HMTA in DIW. To prepare 10 mM of growth solution, 2.97
g of ZNH is mixed in 650 ml of DIW using magnetic stirrer
operated at 400 rpm and ambient temperature for 45
minutes. Then 1.4 g of HMTA is now added in the prepared
solution and stirred for 45 minutes. The resulting solution is
now allowed to cool at room temperature and maintained
pH of 10-12. Similarly the other concentrations of growth
solutions such as 30 mM, 50 mM and 70 mM were
prepared. These prepared growth solutions were used for
synthesis of ZnO NSs on WCF surface and to study the
effect of molar concentrations, microwave duration and
microwave power. Furthermore to study the effect of
different type of growth solutions on the synthesis of ZnO
NSs on WCF, four separate kinds of growth solutions
having 30 mM concentration were synthesized and named
as A, B, C, and D. To prepare these solutions different set of
chemical precursors were mixed in de-ionized water.
Solution A was prepared using 2.5 g of ZAD mixed with
500 ml of DIW in a beaker. A magnetic stirrer was used to
mix the solution for 45 minutes at 400 rpm at a constant
temperature of 50 °C. Similarly, another solution was
prepared using 8 gram of sodium hydroxide into 100 ml of
DIW. Now gently pour the NaOH solution into the first
beaker and vigorously mix for 30 minutes at 400 rpm.
Growth solution ‘A’ is the resultant solution. At a regulated
pH of 10-12, the resulting growth solution was allowed to
cool to ambient temperature. The precursor mixture
(Solution-B) consisted of an equimolar mixture of ZNH and
HMTA. Mix 30 mM HMTA in 600 ml DIW for 30 minutes
at 300 rpm to make the ZnO precursor mixture (30 mM).
The ZNH arrangement was added to the HMTA
arrangement, and the resulting mixture was mixed for 30
minutes at atmospheric condition with a pH of 6-8.
Similarly, 600 ml of solution-C was made by combining 4.5
gram ZNH, 1.35 gram NaOH, and 13.3 gram HMTA. 2.5
gram of ZAD, 1.35 gram of NaOH, and 13.3 gram of
HMTA were mixed in 600 ml of DIW to make solution D.
For optimal growth of ZnO NSs onto WCF, all of the
resultant solutions should be cooled to room temperature
and kept at a pH of 10-13.

2.3 Surface functionalization of WCF

Surface functionalization is a type of fiber modification
that comes before the creation of nanostructures on any
substrate and is a crucial step. An unaltered form of woven
carbon fabric was cut into a square-section of 100 mm x
100 mm dimension to create the sample, and then all of the
pieces were cleaned with an acetone-ethanol solution to
eliminate dust, dirt, and other impurities that may cling to
fiber during manufacture. After dipping the samples in an
ethanol-acetone solution for 10 minutes, they were dried in
a hot air oven at 90°C for 20 minutes. DIW cleaned the
treated WCF many times before drying it in the oven at
90°C for 30 minutes. This phase of surface modification
improves the quality of substrate by eliminating foreign
impurities and oxides that may be present on the surface
and inhibit nanostructure formation (Rai and Bajpai,
2021a). Microwave assisted chemical bath deposition
growth technique was employed to produce ZnO NSs from
functionalized WCF samples.

2.4 ZnO NSs synthesis on WCF

The prepared growth solution was poured into an oil
bath tub in which the dried surface treated WCF samples
were dipped then the oil bath tub was placed into a
domestic microwave (Samsung-QW71X, 1000 W, 2.45
GHz) for 10 minutes to irradiate the precursor solution and
WCF sample. Microwaves travel at the speed of light and
consist of two mutually perpendicular electric and magnetic
fields which cause linear temperature variation of WCF
samples dipped in precursor solution. Since microwave
photon energy is moderately low (0.03-0.00003 kcal/mol)
and only influences kinetic molecular excitation therefore
tetra ammonium zinc complex [Zn(NH3)4]?* and OH-
present in the precursor solution started generating ZnO
NSs on WCF samples dipped into growth solution,
microwave irradiation causes the growth of NSs. After
microwave irradiation, the WCF samples were left in the
growth solution for 10-15 minutes before being withdrawn
and allowed to cool naturally to ambient temperatures. Then
DIW is used to rinse the treated WCF and dried the samples
in a 70°C oven for 6 hours before storing them at room
temperature for 24 hours. The characterization was carried
out on the ZnO nanostructured WCF samples that resulted
for further study of grown nanostructures. Similarly, ZnO
NSs were synthesized under the varying set of experiments
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Fig. 1 Stepwise procedure to fabricate ZnO NSs on WCF using microwave-assisted chemical bath deposition

to study the effect of different process parameters such as
varying molar concentration (10 mM, 30 mM, 50 mM and
70 mM), microwave duration (5 minutes, 10 minutes, 15
minutes and 20 minutes) and microwave power (250 W, 500
W, 750 W and 1000 W).

The outcomes of these experiments were analyzed and it
was found that the optimum growth condition can be
developed by varying the type of growth solutions such as
solution-A, solution-B, solution-C and solution-D).
Furthermore, another set of experiments were performed on
varying growth solutions of 30 mM concentration such as
A, B, C, and D for the production of ZnO NSs on WCF
under microwave irradiation for 10 minutes operated at
1000 W microwave power. The flow chart of synthesis of
ZnO NSs on WCF using microwave-aided chemical bath
deposition is illustrated in the Fig. 1. Microwave irradiation
of the WCF surface produced various distinct morphologies
of ZnO under different set of process parameters. According
to FESEM data, the sizes of generated ZnO NSs were
around 300-2300 nm in longitudinal direction and 200-1100
nm in lateral direction. Following chemical reactions
happened during the synthesis of ZnO NSs on WCF using
different growth solutions:

Zn** + 40H- o Zn(OH)%~ 1)
[Zn(OH),]?>~ & Zn0% + 2H,0 )
Zn03~ + H,0 & ZnO + 20H~ 3)

Zn0 + OH™ & ZnOOH~™ 4)
CoHyoN, + 6H,0 & 6HCHO + 4NH; (5)

NHs; + H,0 & NHj + OH™ (6)

20H™ + Zn** & ZnO + H,0 )

2.5 Characterizations

FESEM model-Supra 55 (make-Carl Zeiss, Germany)
was used to characterize the generated morphologies and
growth structure of ZnO NSs on WCF at various
magnifications. FESEM results were also used to examine
the size and morphology of the growing NSs. The presence
of ZnO on WCF strands was investigated using EDS
technique combined with FESEM. The absorption graphs of
as generated ZnO NSs on WCF were investigated using
UV-vis spectroscopy (model-Agilent Cary 5000) with
attachments of an integrating sphere, and study of their
optical nature at room temperature were assessed using
tauc's plot method. Using wide-angle XRD automated with
guidance software (SmartLab Studio 1) of Rigaku Smartlab
using Cu-K, radiation imaging, the crystalline structure of
the grown morphologies of ZnO on WCF was examined.

3. Results and discussion

3.1 Morphological characterization of as grown ZnO
NSs on WCF

3.1.1 Influence of varying molar concentration

The surface morphology of all of the ZnO nano-
structures grown on the woven carbon fiber fabrics was
directly observed by FESEM. To investigate the influence
of the molar concentrations of precursor chemical such as
ZNH and HMTA on the growth and morphology of the ZnO
nanostructures, a set of experiments was performed. The
attachment of ZnO nanostructures may be seen on the
surface of the woven carbon fibers as shown in Fig. 2. It
was found that the concentrations of zinc nitrate
hexahydrate and HMTA had a great influence on the size
and structure of the grown nanostructures. At low zinc
nitrate hexahydrate and HMTA concentration of 10 mM
(Fig. 2a), small ZnO nanorods were found on the surface of
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Fig. 3 FESEM results of as grown ZnO NSs on WCF by microwave heating under different microwave duration (a) 5
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the carbon fiber, but the quantity of nanorods coated on the
carbon fiber surface is very less. Furthermore, there are
some tiny ZnO crystals were sparsely coated upon large
nanorods and fiber surface. A non-uniform and
discontinuous layer of grown ZnO nanorods can be seen on
all of the samples synthesized at different molar
concentrations using the microwave-aided chemical bath
deposition except for the sample with a concentration of 50
mM (Fig. 2c).

It is clear that the molar concentration of the growth
solution plays a vital role in developing different shape and
size of the ZnO nanostructures (Cheng et al. 2019). However
the variations of molar concentration for growth of ZnO
nanostructures on WCF using microwave heating do not
developed well distributed nanostructures bonded with
carbon fiber surface. Although the ZnO nanorods were
grown at a higher concentration (i.e., 30 mM, 50 mM, 70
mM), thicker nanorods were obtained compared to the
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lower concentrations. The higher concentration led to the
supersaturation and formation of many small nuclei, which
results in fast nucleation and a slow growth rate.
Consequently, this will retard the growth rate of the (0001)
plane and will make the ZnO nanorods thicker and twinned
(Fig. 2d) (Edalati et al. 2016).

3.1.2 Influence of microwave heating duration

Fig. 3 illustrates the FESEM micrographs of the as-
prepared nanorods grown on the ZnO seeded woven carbon
fibers after solution based microwave irradiation reaction at
different reaction times. It can be clearly seen that the
carbon fibers are partially covered with non-uniform ZnO
nanorods at lower microwave duration. However the
uniformity and density of grown ZnO nanorods are
increases as the microwave duration increases and carbon
fiber fabric completely covered with a uniform and dense
film of ZnO nanorods. The as-prepared ZnO nanostructures
were non-uniform hexagonal nanorods with an axial length
of 1000-1500 nm and a diameter of 300-500 nm under
varying microwave duration (Fig. 3). As the microwave
treatment time varies, the shape of nanorods started
changing due to twinning of nanorods into flower shape
structure. However, the well distributed nanoflower
structures were developed at 10 minutes of treatment due to
twinning of nanorods into a bunch a flower (Fig. 3b). The
length and diameter of developed nanostructures increased
with an increase in the reaction time. For instance, the
length and diameter increased from 1000 to 1500 nm and
300 nm to 500 nm, respectively, when the reaction time
increased from 5 to 20 minutes. Therefore, the reaction time
is also an important factor for controlling the size of the
nanorods (Rai and Bajpai 20213).

3.1.3 Influence of microwave power

The effects of microwave power on the growth rate of
the ZnO nanostructures were also studied. The microwave
power was found to have a great influence on both the axial
and lateral growth rates of the nanorods. The microwave
power level was found to be proportional to the growth rate
of the nanorods, mainly due to the rapid heating of the
precursors to its crystallization temperature and quick
dissolution of the precipitated hydroxides (Kim et al. 2011).
It was observed that longer and thicker nanorods may be
obtained at higher microwave power levels. Figure 4 shows
the FESEM images of as-grown nanorods at different
microwave power levels (250 W, 500 W, 750W and 1000
W) for 10 min. A homogenous and continuous film of ZnO
nanorods may be seen on the WCF. The hexagonal ZnO
nanorods grown at a high microwave power (1000 W) had a
greater diameter (300 nm) and length (600 nm) than
nanorods grown at 250 W, 500 W and 750 W (Fig. 4a-c).
An increase in the microwave power causes the rapid
heating of the solution, which enhances the nucleation and
growth of the ZnO crystals (Ul Hassan Sarwar Rana et al.
2016). The well distributed nanorods of hexagonal cross-
section were developed at microwave power of 1000 W for
10 minutes of treatment in 30 mM of reaction mixture as
illustrated in Fig. 4d. Therefore, rapid growth of longer and
thicker nanorods may be achieved by increasing the

microwave power. It may be concluded that the microwave
power has a great influence on enhancing the dimensions of
the nanorods. The above discussion indicated that a ZnO
nanorod film may be successfully prepared on the WCFs.

The size and morphology of the as-prepared nanorods
may be controlled by changing the salt concentrations,
reaction time and microwave power levels. Therefore, we
may conclude that an increase in the concentration of zinc
nitrate hexahydrate/HMTA induces changes in the kinetics
of nucleation and growth, which may result in a change in
the size and density of the ZnO nanorods on the fiber
surfaces. Similarly, the reaction time and microwave power
also had a great effect on the size and density of the ZnO
nanorods. In particular, these parameters influenced the
growth rate of the nanorods along different planes resulting
in varying sizes of ZnO nanorods. Finally, a controlled and
uniform film of ZnO nanorods of the desired shape and size
may be developed under optimized parameters. The
developed nanostructures under varying experimental
conditions such as solution concentration, microwave
duration and microwave power are discussed in this work.
The development of ZnO nanostructures on the carbon fiber
fabric in one-step solution based synthesis is a challenging
task because it requires seeding of WCF in a seed solution
which produces ZnO nucleation (Hazarika et al. 2015).
Since some of the developed nanostructures are not well
distributed and non-uniform in shape and size, therefore an
attempt has been taken to study the effect of different type
of growth solution for the development of well distributed
ZnO nanostructures on woven carbon fiber fabric. Four
different kind of growth solution named as A, B, C and D
having 30 mM concentration were prepared using different
precursor chemicals in deionized water. These solutions
were used to synthesize ZnO nanostructures on carbon fiber
fabric.

3.1.4 Influence of variety of growth solution

In the current work the effects of different process
parameters such as molar concentration, microwave
duration and microwave power on the growth rate of the
ZnO nanostructures on carbon fiber fabric were studied.
These process parameters were found to have a great
influence on morphologies and growth rates of the ZnO
nanorods. Furthermore, it is required to study the impact of
different kind of growth solutions on morphologies and
growth rates of the ZnO nanorods. Four different kind of
growth solutions such as A, B, C and D having 30 mM
concentration were prepared using precursor chemicals such
as ZAD, ZNH, HMTA and NaOH in deionized water. The
prepared growth solutions of 30 mM concentration were
used to synthesize ZnO nanorods on carbon fiber fabric
using solution based microwave irradiation reaction at
microwave power of 1000 W for 10 minutes. The grown
morphologies and their growth structure of ZnO NSs on
WCF by microwave aided chemical bath deposition method
under four distinct growth solutions prepared with different
set of precursor chemicals are represented by FESEM
micrographs. As shown in Fig. 5, different solutions exhibit
varied morphologies of ZnO NSs on the strands of carbon
fibers, such as nanopetals, nanospheres, nanoflowers, and
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nanoflakes. The grown nanostructures have an uneven
shape, which could be due to post heating at 70 °C for 6
hours in a hot air oven (Kumar and Kanjilal 2018).

The impact of microwave treatment on the precursor
chemicals and polar groups present on the WCF surface is
the growth mechanism of ZnO NSs on WCF via microwave
based chemical bath deposition process. Due to exposure of
WCF samples to the electric field during microwave
irradiation, precursor chemicals such as ZAD and ZNH in
the solution began breaking down into ZnO nuclei, which

started acting like dipoles in the precursor solution. After
that, under the influence of microwave power of 1000 W,
the generated nuclei began polarizing and aggregating to
produce ZnO nanostructures on the WCF surface for the
duration determined for each sample. ZnO NSs with
different morphologies and different dimensions with
smooth surfaces were produced because of post heating of
samples at 70 °C for 6 hours in a hot air oven. The blossom
shaped ZnO NSs were developed on WCF when the
microwave power is exposed to the samples for 10 minutes
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Fig. 7 (i) XRD spectra and (ii) Williamson Hall graph of as grown ZnO NSs on WCF sample

in solution C. The amalgamation of ZNH and HMTA with
NaOH caused the flower shape to grow with nine petals as
depicted in the inset of Fig. 5(c). While processing WCF in
solution D, where the presence of ZAD generates ZnO
nuclei, ZnO nanoflakes were generated. Some of the
nanoflakes were destroyed due to 10 minutes of microwave
irradiation and subsequent heating during post-annealing
process. FESEM micrographs were used to calculate the
dimensions of the produced ZnO NSs. Different
morphologies have different sizes of the NSs mainly in
longitudinal and lateral direction as shown in Fig. 6 (ii).
Nanopetals and nanoflakes have large longitudinal and
lateral sizes, but the overall surface area of nanoflowers and
twinned nanoshpheres is substantial, which will improve the
surface properties of the final ZnO/WCF samples. The
FESEM images confirmed that the ZnO grown on WCF has
a variety of morphologies and emerges from the distinct
cross-sections of the NSs. EDS spectra indicated the growth
of ZnO NSs on WCF surface with weight percentages of Zn
and O as shown in Fig. 6(i). It was found that the growth of
NSs on WCF is in good quantity with a weight percentage
range of 45-62 % of Zn and 12-30% of O. XRD and UV-
VIS spectra analysis were used to further investigate the
produced ZnO. The EDS spectra analysis demonstrated that
the produced ZnO NSs have excellent purity and contain no
impurities.

3.2 Structural characterization of grown ZnO NSs

Fig. 7 (i) shows the XRD spectra of as-grown ZnO NSs
on WCF fibers, such as nanopetals, twinned nanospheres,
nanoflowers, and nanoflakes. The results of XRD peak
analysis confirmed that the developed ZnO NSs have a high
purity wurtzite phase of ZnO and possess hexagonal crystal
system having space group “P 63 m c”, space group
number-186, a=b=3.2530 A°, a = = 90°, y = 120°, cell
volume- 47.72 x 10° pm®and density = 5.66 g/cm?, JCPDS
card no. 96-900-4180). Crystallite sizes of the ZnO NSs
were deduced from the XRD peaks using the FWHM of
high intensity peak using the Debye Scherrer relation. In
this method, the effects of peak broadening of the XRD
spectra due to instrumental errors and inhomogeneous strain
were not considered. In order to calculate crystallite size
(D) and strain (g) of the synthesized ZnO NSs on WCF,
Williamson-Hall (W-H plot) technique was applied by
calculating FWHM.

The overall broadening of XRD peaks is the sum of
broadening due to crystallite size and broadening due to
strain (Caglar et al. 2009, Zhao et al. 2022). That is,

Be = Bp + B

And the Scherrer formula is,

(8)
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Table 2 Growth conditions and properties of as grown ZnO NSs on WCF
. Developed Microwave duration  Crystallite size Energy level
ZnO/WCF samples  Growth solution morphology (minutes) Diox (nm) (Eg~eV)
A A Nanopetals 10 ~38 ~3.358
B B Twinned- 10 ~40 ~3.29
nanospheres
C C Nanoflowers 10 ~43 ~3.18
D D Nanoflakes 10 ~32 ~3.32
Table 3 Details of texture coefficient of ZnO/WCF samples
Sample Morphology of ZnO NSs Tcaozy Teaooy Tewozy Teaony Teaizy Teorzy Teaio)
A Nanopetals 1.21 1.06 1.054 2.35 0.78 1.02 1.24
B Twinned- nanospheres 1.14 0.97 1.18 242 0.92 0.91 0.97
C Nanoflowers 12 1.18 123 2.78 0.98 1.06 113
D Nanoflakes 1.01 0.96 1.04 2.26 0.88 0.91 0.96
K1 The texture coefficients (Tcn ki) of the as grown ZnO NSs
= 9) on WCEF are tabulated in the Table 3. If the value of T¢nky
Bpcosé is more than one then there is affluence of grain in the

where, K is the shape factor which is equal to 0.9, is the
wavelength of X-ray source which is equal to 0.15406 nm,
0 (in radian) is the location of peaks and D is the size of
grown crystals. The overall broadening of XRD peak may
be written as:

= 4 10
B Deosd + 4 ¢ tand (10)
Eq. (3) can be written as,
KA
pi:cosf = & (4 sinf) + o (11)

This statement is equivalent to a straight line equation,
therefore the W-H graph is essentially a straight line drawn
with (4 sinf) on the x-axis and (B: cosf) on the y-axis, as
seen in Fig. 7 (ii). The slope of the line will give the amount
of strain “¢” and the y-intercept will give the value of
crystal size. The computed value of the strain is 5.03698 x
104 and the crystallite size is 42.53 nm. The observed
value of the crystallite size using Scherrer formula for all
XRD peaks of ZnO NSs is found to be in the range of 30-40
nm and the analogous value of D corresponding to the high
intensity peak (101) of all the samples was observed to be
in the range of 32-43 nm as illustrated in the Table 2.

The expression to calculate the texture coefficient Ty
which will provide the basis to deduce the preferred
orientation of crystal growth and their orientation in the (h k
1) plane is defined as (Kothari and Chaudhuri 2011):

Ithk

1
Tc(hkl)= O(hkl)AlZ I(hkl)]

n"=" Ioh k1)

(12)

where, I,y Is the calculated XRD intensity corresponding
to (h k 1) plane derived from the XRD data, Iy xy) iS

reference data of XRD peak intensities from (JCPDS card
no. 96-900-4180) and n is the total number of XRD peaks.

corresponding plane but if the value equal to one then it
shows random orientation of crystals. It can be observed
that the largest value of T¢nk iy lies in the plane (101) for
each sample but sample C (nanoflowers morphology) has
the highest value of texture coefficient because of the larger
surface area of nanoflowers as mentioned in Table 3.
Finally it can be concluded that the preferred orientation for
the crystal growth of ZnO NSs is along the (1 0 1) plane
which is largest for sample-C.

3.3 Optical characterization of ZnO NSs grown on
WCF

The optical properties of produced ZnO NSs on WCF
were investigated using a UV-vis spectrophotometer with a
wavelength range of 200-800 nm (visible range). UV-vis
analysis of samples was analyzed by optical absorbance,
optical transmittance and optical reflectance spectrum in the
visible range as illustrated in Fig. 8, Fig. 9 and Fig. 10
respectively. At a particular wavelength sample illuminates
due to the absorption of that radiation and at the remaining
wavelength no absorption will occur. In the same way
transmittance and reflectance will be seen while
transmitting and reflecting that radiation at a particular
wavelength. ZnO include a large direct energy band and
large exciton energy at atmospheric conditions (60 meV).
From Fig. 8, the strong absorption occurred near ~353 nm
wavelength for all the samples that exhibit presence of ZnO
because pure ZnO has band gap (Eg=3.37eV) in the
wavelength range of ~ 360nm. In Fig. 8(a), the graph shows
that the absorbance varies nonlinearly, however there is a
sharp decline in absorbance at wavelengths near ~350-355
nm, which is due to optical conversions occurring at the
energy level of the ZnO nanopetal morphology. In Fig. 8(b
and d) there is a decrement in the absorption value just after
the wavelength of ~ 350-355 nm and small variation near
the wavelength of 650 nm which may be due to oxygen
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vacancies. However in the case of Fig. 8(c), the graph
indicates a dramatic drop in absorption value, followed by
an increase, shortly after the 353 nm, which could be owing
to the nanoflower shaped ZnO formed on WCF. As shown
in Fig.9 and Fig.10, the transmittance and reflectance
graphs of the grown ZnO NSs on WCF show irregular
change of transmitted and reflected radiation near 350 nm.
Due to morphological diversity of produced ZnO NSs on
WCF, it can be assumed that the developed ZnO NSs have
optical absorbance, optical transmittance, and optical
reflectance up to a certain level in the visible range. The
reflectance values of sample A, B, D are a combination of
positive and negative value but sample C has positive

values thus it can be concluded that only nanoflower shaped
ZnO NSs have positive value of all three spectrums of UV-
VIS spectroscopy.

3.3.1 Determination of the band gap value and
Urbach energy

The energy band values (Eg) of the fabricated ZnO NSs
on WCF samples were determined using following equation

and Tauc’s plot method (Al-Gaashani et al. 2013):
(ahv)™ = B(hv — E,) (13)

where, o represents coefficient of absorption hv represents
photon energy, n represents the exponent of the band gap
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which is % for indirect band and 2 for direct band. B is the
constant depending upon material used. The value of a can
be calculated by subsequent relation:

o~ 2.30?1, XA (14)
where, A is absorbance value from UV-VIS spectra and L is
the thickness of the film (in this case it is 4 pm). Tauc’s plot
is a plot between (ahv)? and photon energy (hv) as
illustrated in the Fig. 11(i). As shown in Fig. 11(ii), the
value of energy band gap for each sample can be determined
by linear fitting analysis of their Tauc’s plot. Table 2
displays the band gap values of various morphologies of
ZnO on WCF. The computed energy gap is concordance
with the energy gap of bulk ZnO (E¢=3.37 eV). Differing
ZnO NSs morphologies exhibit different computed optical
band gap values, in which ZnO nanopetals (sample-A) have
higher value of band gap while ZnO nanoflowers (sample-
C) possesses low band gap.

At the principal absorption line, the coefficient of
absorption depends in exponential manner with the incident
photon energy and compiles an empirical formula which is
called Urbach’s expression. Thus expression to calculate
Urbach energy may be defined as (Caglar et al. 2009),

hv — El] (15)

a = ay exp [
Ey

where, E; and ao represent constants and E, represent
Urbach energy which is equal to the width of the
exponential absorption edge.

The Urbach energy E, is a vital boundary to portray the
problem of a material. It has to do with transitions between
enlarged valence band circumstances and constrained
conduction band ones. The width of the band's restricted
states in the band gap is defined as the urbach energy, ‘E.’.
It is possible to deduce the problem in the compound from
the variation of the retention coefficient. The urbach energy
‘Ey’ represents the concept of material disorderliness and
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has been proven to be a crucial aspect in understanding
material irregularity (Piccardo et al. 2017). It relates
between expanded conditions of the valence band and
confined condition of the conduction band. The urbach
energy, ‘Ey’ is defined as the width of the confined state of
the band gap. The change in the coefficient of absorption
can be used to express disorder in a material. The plot
against In(a) and hv of grown ZnO NSs on WCF reveals the
amount of the urbach energy as illustrated in the Fig. 12.
Samples A and D have growing urbach energies, whereas
sample B has a stable value after ~3.6 eV photon energy,
but sample C (nanoflowers) has started to decrease. This
variation demonstrates the material's disorderliness, namely
microstructural lattice disorder. The dependence of the
optical coefficient of absorption with ‘hv’ may appear from
ambush levels at grain borders.

3.3.2 Study of refractive index and dielectric constants
of grown ZnO NSs on WCF

The complicated behavior of refractive index and
dielectric constants can also be used to define the optical
properties of solid materials. Because dispersion is a vital
parameter in optical communication and producing spectra
dispersion appliances, dispersion plays an important role in
the analysis of optical materials (Jia et al. 2022b). The
optical performance of developed ZnO NSs in the UV-
visible region was studied using absorbance, transmittance,
and reflectance spectra. The refractive index is a function of
wavelength n(A) and can be derived from Fresnel’s
expression of reflectance as (Moss et al. 1974):

_(n—1)? +K?

e Y 19
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where, n and k represent factor of real and the imaginary
portion of complex refractive index n*, and the factor k =

~ is named as extinction coefficient. The expression of
refractive index can be rewrite as (Moss et al. 1974):

n= <1i§)+ ’(1?{1!2)2_11‘2

The behavior of the observed refractive index with the
function of wavelength is illustrated in Fig. 13(i). The graph
reveals the non-monotonic variation of refractive index with
respect to wavelength in the region of (200-360 nm) which
is called “anomalous dispersion”. The fluctuation then
follows a normal dispersion pattern for the wavelength
range (360-800 nm). The anomalous dispersion could be
caused by a resonance between electromagnetic radiation
and electron polarization, which causes electrons in ZnO
NSs to pair with the oscillating electric field. Because of the
growth of diverse morphologies of ZnO NSs on WCF
surface, the refractive index of as grown ZnO NSs exhibit
nonlinear and irregular variations for each sample, however
there is a sudden change in the value of refractive index
near the wavelength range of 350-360 nm. The variation of

parameter k:% (extinction coefficient) with the

prescribed wavelength range in the visible region is
illustrated in Fig. 13 (ii). Because of the nanoflowers shape
of the ZnO, the values of ‘k' for developed ZnO NSs
decrease up to a particular wavelength range and
subsequently increase for all samples except sample-C. The
variation of ‘k’ for all samples is nonlinear and irregular and
there is dramatic variation in the value near ~350-360 nm
wavelengths due to different morphology of ZnO NSs. The
frequency dependability of the complex dielectric function
is used to characterize the principal electron excitation peak
of ZnO NSs. It should also be mentioned that polarizability
of solid is determined by their dielectric function, which is
linked to the density of states in the forbidden band. As a
result, understanding the nature of the real and imaginary
parts of the dielectric function in terms of photon energy is

a7

critical. The complex dielectric function is expressed as
(Liu et al. 2020),

(18)

where, &, and g; represents the real part and imaginary
part of the dielectric function respectively. Also, &, and ¢;
are depending on the n and k value in the subsequent
manner:

. ,
=g +ig

€, =n?>—k? and ¢ = 2nk (19)

The variation of & and g as a function of photon energy
for the grown ZnO NSs on WCEF is illustrated in Fig. 14(i)
and Fig. 14(ii) respectively. The variation of dielectric
constant of fabricated ZnO on WCF is nonlinear in the
whole range of wavelengths but there is dramatic change in
value near ~350-360 nm. It is caused because of the low
estimation of the coefficient of extinction which is credited
to the profound coefficient of absorption. Furthermore, the
plot reveals that both & and & have non-monotonic changes,
with g being more articulated than e;. This pattern can be
explained by the fact that in this energy range, specific
collaborations between photons and electrons within the
sample occur. The & and & of the dielectric function
demonstrate almost similar model.

3.3.3 Optical conductivity

This is an important material feature that connects the
current density to the electric field at normal frequencies.
Optical conductivity is a modified kind of high-frequency
electrical transfer. It is a contactless, quantitative test that's
prone to charged outputs. The Optical conductivity of the
material is computed from the following expression (Caglar
et al. 2009):

anc
4m
where a, n and ¢ represent absorption coefficient, refractive
index and speed of light (in vacuum) respectively. Fig. 15

illustrates the variation of optical conductivity of the
synthesized ZnO NSs on WCF having different precursor

Uopt. = (20)
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solution treatment under microwave with in visible range.
The plots of four different morphologies of ZnO reveal their
particular conductivity nature. Because of the activation of
electrons in interactions with photons, the behavior of
optical conductivity (c) with photon energy is nonlinear, as
shown in the graph. The optical conductivity of
nanoflowers (sample-C) displays a positive variation in
conductivity value before ~353 nm wavelength, but then
drops abruptly under the band gap region before increasing
nonlinearly.

4. Future scope of ZnO NSs grown on WCF

Diverse utilities depending upon ZnO hierarchical
structures are photocatalysis, active medium, field emission,
sensors, water treatment, biomedical applications and
electrodes (Ozdemira and Soyer 2021, Rai and Bajpai
2021b, Sahin and Kaya 2021). There are currently studies
underway to incorporate the unique features of ZnO NSs
into the field of high-performance composite materials. Due
to increased mechanical qualities, particularly impact
strength, some of the most prominent applications of such
composites are in the aviation industry. Materials applications
in robotics and artificial intelligence, sensors and
biomaterials, microelectronics and photonics, and defense
and artillery will all benefit from continuous advances in
such materials. In comparison to natural carbon fibers,
recent developments in the production of ZnO NSs on
carbon fibers have led to a wide range of uses. Due to
recent advancements in polymer-based nanocomposites, the
use of nanocomposites in comparison to metals and
ceramics is increasing due to their superior performance and
characteristics (Deka et al. 2016, Forsat et al. 2021). As it
can be clearly discovered, the prominent usages of
nanocomposites are huge, consisting of evolution of
advanced materials and the quality advancement of

regarded components like sensors, cells and depositions
(Bhammar et al. 2021, Shah and Rather, 2021). Still there is
less application of nanocomposites in industries but
advancements of these materials from research to industry
is growing and in the coming few years it is expected to be
extensive.

5. Conclusions

One step rapid growth of ZnO nanostructures on carbon
fiber fabric using microwave-assisted chemical bath
deposition technique has been advanced which is quicker
than the chemical bath deposition process. Rapid heating of
growth solution of [Zn(NH3)s]?* under microwave
irradiation causes production of ZnO nanostructures by
forced hydrolysis. The impact of different microwave
synthesis parameters such as salt concentration, microwave
duration and microwave power have great influence on
morphologies and growth rates of the ZnO nanorods. The
distributions and orientations of nanostructures can be
optimized by tuning these process parameters and their
reaction with growth solution. The impact of different kind
of growth solution for the well distributed and uniform
growth of ZnO nanostructures on carbon fiber fabric
provides a basis to effective functionalization of fabrics.
The FESEM result shows that nanostructures are irregular
in shape and size but have smooth surface. The sizes of
generated ZnO NSs were around 300-2300 nm in
longitudinal direction and 200-1100 nm in lateral direction
based on FESEM findings. The preferred orientation of
ZnO growth is in the [1 0 1] direction, which is highest for
nanoflowers, according to XRD and texture coefficient
results. The optical characteristics of the samples reveal that
nanopetals have a big band gap and nanoflowers have a
small band gap which indicates greater size crystals possess
smaller band gaps. The refractive index, extinction
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coefficient, dielectric constant, Urbach energy, and optical
conductivity of growing morphologies of ZnO on WCF
surface are also investigated and depicted in graphs. The
findings of all the analyses of grown ZnO NSs on WCF are
in convergence with the already published experimental
results and other available literatures. As formed ZnO NSs
on WCF have these features, indicating that they have the
potential to be employed in high performance nano-
composites for optoelectronics and photonics applications
such as sensors, emitters, catalysts, active medium, and
electrodes. Its potential may be expanded in energy
harvesting devices, bio-sensing, medicinal implementations,
and environmental pollution sectors due to its outstanding
morphological structure and enhanced surface to volume
ratio.
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