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Editorial on Emerging Trends in Polymeric Materials Research and

Applications

Muhammad Imran Rashid

Chemical, Polymer and Composite Materials Engineering Department, University of Engineering and Technology,

Lahore (New Campus), 39021, Pakistan

Polymeric materials especially nanocomposites
(Graphene, MXene based) are widely used in food,
electronics, biomedical, batteries, energy storage,
fuel cells, wastewater treatment, and automotive .
Nanocomposites are stronger, lighter, and stiffer
and can improve properties such as mechanical
strength, electrical conductivity, thermal stability,
flame retardancy, surface appearance, optical clarity
and chemical resistance. Current research is focus-
ing on nanocomposites applications ', CO, cap-
turing polymers ¥, making polymers degradable "
especially developing bio-composites ¥ and green

®1% which are degradable, use of deep

composites
eutectic solvents for biomass pretreatment to man-
ufacture bio-composites or green composites and
polymeric composites as drilling fluids """ and

their use in developing ceramics and to construct

*CORRESPONDING AUTHOR:

sequence-controlled and complex topological struc-
tures through control of polymerization methodolo-
gies.

Current research is progressing towards tailor-
ing the properties of nanocomposites thus enabling
their use for multiple applications. Entropic effects
interplay with interparticle interactions can yield ef-
fective tailoring of nanocomposites '*. The relation
between thermodynamic interactions and macroscale
morphologies is important. Schiff base with nitro
groups *), dibutyltin (IV) complex, telmisartan or-
ganotin (IV) " and polyphosphates ' are currently
employed for carbon dioxide storage. Rice husk
treated with choline chloride and aqueous glycerol
was incorporated into LDPE to develop bio com-
posites with high hardness and elastic modulus and

lower creep rate "'\, Deep eutectic solvents result

Muhammad Imran Rashid, Chemical, Polymer and Composite Materials Engineering Department, University of Engineering and Technology,
Lahore (New Campus), 39021, Pakistan; Email: muhammadimran_rashid@yahoo.com

ARTICLE INFO

Received: 28 December 2022 | Revised: 29 December 2022 | Accepted: 30 December 2022 | Published Online: 11 January 2023

DOI: https://doi.org/10.30564/nmms.v5i1.5328
CITATION

Rashid, M.I., 2023. Editorial on Emerging Trends in Polymeric Materials Research and Applications. Non-Metallic Material Science. 5(1): 1-3.

DOI: https://doi.org/10.30564/nmms.v5i1.5328
COPYRIGHT

Copyright © 2023 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons Attribu-
tion-NonCommercial 4.0 International (CC BY-NC 4.0) License. (https://creativecommons.org/licenses/by-nc/4.0/).



Non-Metallic Material Science | Volume 05 | Issue 01 | April 2023

in polymer bio-composites with enhanced mechani-

"] and their use is

[19]

cal and fire safety characteristics
increasing in developing carbon composites ', sili-
ca composites “* and valorization of lignocellulosic
biomass '

Polymer composites have many applications in
the oil and gas sector where it is used as an additive
in the preparation of smart fluids. The smart fluids in
the oil and gas sector are used as drilling aids in the
drilling process of wellbore and enhanced oil recov-
ery process. Polymer composites prepared by a com-
bination of water-soluble polymer and carbon nano-
tubes will improve the rheology, filtration, and shale
inhibition properties of drilling fluids. Polymer na-
nocomposite synthesized by solution polymerization
technique in which functionalize carbon nanotubes
were dispersed in the solution and three different
monomers (2-Acrylamido-2-methylpropane sulfonic
acid, acrylamide, and maleic acid) reacted with each
other to produce polymer nanocomposite is utilized
as an additive for drilling fluid formulation. The
synthesized polymer nanocomposite improved the
thermal stability, rtheological properties, filtration

properties, and shale inhibition properties """\
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High Energy X-Ray Dosimetry Using (ZnO),,(TeO,),s Thin Film-
based Real-time X-Ray Sensor

M.M. Idris">*, I.O. Olarinoye’, M.T. Kolo', S.0. Ibrahim’, and J.K. Audu’
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ABSTRACT

This study reports the dosimetric response of a (ZnO),,(TeO,),; thin film sensor irradiated with high-energy X-ray
radiation at various doses. The spray pyrolysis method was used for the film deposition on soda-lime glass substrate
using zinc acetate dehydrate and tellurium dioxide powder as the starting precursors. The structural and morphological
properties of the film were determined. The I-V characteristics measurements were performed during irradiation with a 6
MYV X-ray beam from a Linac. The results revealed that the XRD pattern of the AS-deposited thin film is non-crystalline
(amorphous) in nature. The FESEM image shows the non-uniform shape of nanoparticles agglomerated separately, and
the EDX spectrum shows the presence of Te, Zn, and O in the film. The I-V characteristics measurements indicate that the
current density increases linearly with X-ray doses (0-250 cGy) for all applied voltages (1-6 V). The sensitivity of the thin
film sensor has been found to be in the range of 0.37-0.94 mA/cm®*/Gy. The current-voltage measurement test for fading
normalised in percentage to day 0 was found in the order of day 0 > day 15 > day 30 > day 1 > day 2. These results are
expected to be beneficial for fabricating cheap and practical X-ray sensors.

Keywords: Thin film; X- ray radiation; [-V characteristics; Dosimetry
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1. Introduction

The continuous expansion of ionising radiation
applications in many areas has necessitated the use
of dosimeters with special physical features, such as
small size !". The quest to design miniaturised do-
simeters with small active volumes has consequently
led to increasing research into materials in thin film
form for their dosimetric properties **. Numerous
techniques of deposition, both physical and chem-
ical, have been adopted for transparent conducting
oxide thin film preparation. The desired properties
of the prepared film are predetermined by the dep-
osition technique used. These can greatly affect the
functionality of the film device ™.

The widespread usage of transparent conducting
oxide (TCO) thin films in optoelectronic devices
such as touch screens, liquid crystal displays, solar
cells, and light-emitting diodes in recent years has
drawn substantial scientific interest ", Owing to its
strong electrical conductivity and excellent transpar-
ency to visible light, indium tin oxide (ITO) is the
most widely used TCO . The high price, limited
supply, and toxicity of indium, the main component
of ITO, have raised significant concerns about find-
ing viable substitutes ”'. In addition, ITO loses some
of its electrical and optical qualities when exposed to
a hydrogen plasma environment "%

Due to its excellent optical and electrical char-
acteristics as well as the low cost, non-toxicity, and
abundance of Zn, ZnO is a particularly alluring mate-
rial in this respect and a great substitute material for
ITO ", At ambient temperature, ZnO is an n-type
semiconductor material with a relatively broad band
gap energy of 3.37 eV and a significant exciton-bind-
ing energy (60 meV) ""*\. High thermal stability,
strong stability in hydrogen plasma, and high electro-
chemical stability are some of its additional advanta-
geous characteristics when compared to ITO """,

Tellurium oxide is a p-type semiconductor mate-
rial with a band gap of about 2.88 eV and interesting
non-linear optical properties !'*. It is characterised
by a high dielectric constant in both crystal and film
making it a potential candidate for future use in ultra-
high integrated electronic devices *. TeO, based ma-

terials have attracted considerable research interest in
recent years due to their high refractive index, good
non-linear optical properties and electrical semi-con-
ductivity appealing for various applications "\
Transparent conducting oxide has been reported
to be deposited on substrates using a variety of dep-
osition techniques, including pulse laser deposition
(PLD) "7, chemical vapour deposition (CVD) ¥,

[19]

radio frequency (RF) sputtering ', and the sol-gel
method “”. RF sputtering method and convoluted
deposition techniques, like MBE, showed good thin
film defect density, crystal structure consistency, and
high deposition speeds with little defect concentra-
tion "), The deposition technique, however, costs
more than conventional deposition techniques while
producing high deposition rates. The spray pyrolysis
method can produce high-quality thin films on sub-
strates at moderate temperatures with a low cost of
operation *'?!.

With regard to the lattice characteristics and ther-
mal mismatching between the substrate and the film
owing to the development of stress in the deposited
films, the choice of substrate material is crucial for the
formation of ZnO doped TeO, thin films **. Aside
from that, the type of substrate can also affect how
ZnO film nucleates and grows. Soda-lime glass **,
sapphire (AL,O;) *, Si (1 0 0) ¥, and GaAs " are
examples of substrates often employed for the dep-
osition of a most metal oxide including ZnO and
TeO, thin films. Among the substrate materials, so-
da-lime glass substrate has been proven suitable %,
In this study, we prepared a (ZnO),,(TeO,), thin
film sensor by spray pyrolysis with the aim of test-
ing the dosimetric response during irradiation with
high-energy x-rays.

Thin film sensor undergoes structural changes
when exposed to ionising radiation such as optical,
structural and electrical properties . Tonizing ra-
diation can cause changes in the properties of the
thin film which depend on the radiation dose, pa-
rameters associated with the films, and the radiation
type ***. Previous studies have investigated ma-
terials in thin film form as radiation sensors for con-

. . . 29-37
ceivable dosimeter designs **". For gamma sens-
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ing and dosimetry application, In,O, thin film was
recently deposited using the spray pyrolysis method
and optimised . It was discovered that the deposi-
tion conditions affected the film’s gamma-ray sensi-
tivity. The investigation came to the conclusion that
the thin films are suitable for use as photon dosim-
eters. However, the toxic nature of indium oxide **
could prevent the widespread manufacture of do-
simeters based on the substance. Another study "
discovered that polymer-encased CS,Pbl, thin films
were extremely sensitive to X-rays, reaching 256.20
cu cm ~ for 30 keV X-rays at a bias voltage of 10 V.
The materials were determined to be reliable, strong,
and reusable for radiation measurement. The effects
of gamma photon irradiation on the crystallinity,
microstructure, optical transmission, and photolumi-
nescence characteristics of Pbln thin films deposited
by the spin coating process were also reported by Al-
dawood et al. "', The examined film’s characteristics
were discovered to change with photon exposure and
may be calibrated for radiation monitoring and de-
tection. Other thin film materials, including ZTO B9
710, B, MoO, ¥, Zno ®, 1ITO ¥, TeO, ", and
others, have shown properties that make them highly
sensitive to radiation and, as a result, appropriate for
the fabrication of real-time dosimeters.

When subjected to photons, ZnO and TeO, have
each individually demonstrated changes in their op-
tical, structural, and electrical characteristics "'**"*".
These findings show that both materials are highly
photon sensitive due to their electrical and optical
characteristics. However, it could be possible to
maximise radiation sensitivity by combining both
materials in thin film form. As a result, for the first
time, this study will look at how the electrical char-
acteristics of (Zn0O),,(TeO,),, composite thin films
are altered for X-ray photon detection and dosimetry.
The fabrication of thin-film-based miniaturized do-
simeters that is extremely sensitive, stable, repeata-
ble, reusable, and capable of real-time readout in ra-
diation-related applications such as medicine was the
motivating factor behind this study. This study aims
to investigate and evaluate the effects of various
X-ray doses on the current-voltage (I-V) properties

of the (Zn0),,(TeO,), thin film sensor, as well as
the sensitivity and lowest detectable dosage at vari-
ous bias voltages.

2. Experimental procedure

2.1 Chemical synthesis

The zinc acetate dehydrate was slowly added
(drop-wise) into a beaker placed on an analytical
balance until 0.863 g was measured, then 2.0 mL of
acetyl acetone and 58.0 mL of methanol were added,
respectively. The mixture was stirred vigorously us-
ing a magnetic stirrer for about 15 minutes at room
temperature until the solute completely dissolved.
Also, 0.638 g of tellurium dioxide solute with a
molecular weight of 159.6 g/mol was measured and
then dissolved in 40 mL of HCI (43 mol% concen-
tration) and 20 mL of methanol, respectively. The
solution was vigorously mixed while being heated at
60 °C for about 15 minutes using a magnetic stirrer
hotplate, until the solute dissolved completely. The
addition of methanol to the tellurium dioxide solu-
tion was to prevent precipitation.

2.2 Thin film deposition

Spray pyrolysis was used to create the (ZnO),,(TeO,),
thin film sensors. Compressed air was employed as
a carrier gas to spray the atomized precursor solu-
tion of ZnO-doped TeO, onto a heated soda-lime
glass substrate using a desktop-style automated ul-
trasonic spray pyrolysis coating apparatus (U-spray
USP 1500). 10 mL of the precursor solution was
placed in the dispensing tank of the depositor, and
the substrate temperature was maintained at 300 °C
throughout the deposition procedure. The flow rates
of the solution, air, and the distance from the nozzle
to the substrate are 0.15 mL-min ', 0.2 kg~cm’2, and
3.0 cm, respectively. An innate solution tube and a
glass tube, through which carrier gases travel, make
up the spray nozzle. The solution is automatically
sucked in and then sprayed when pressure is applied
to the carrier gas, which creates a vacuum at the noz-
zle’s tip. A thin film of thickness 375 nm was created
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using 1.2 mL of the synthesised (ZnO),, (TeO,),
solution that had been atomized. On the thin film that
had been created, a thick film of interdigitated graph-
ite electrodes with an equal inter-electrode spacing of
0.3 mm was printed, together with two copper foils
positioned at the margins of the graphite electrodes
10 mm apart from one another. Figure 1 depicts the
schematics diagram of the (ZnO),,(Te0O,), thin film
sensor that has been constructed.

Copper foil

(Zn0),5(TeO,)os thin film  /

Graphite layer

Soda lime glass
substrate

—» 0.3 mm

—
— 25.40 mm
4
10.00 mm J

Figure 1. Schematic diagram of the prepared (ZnO),,(TeO,),

thin film sensor.

2.3 Characterisation

The film crystallinity and crystalline phase of
(Zn0O),,(TeO,), s thin film was analyzed by X-ray
diffraction measurement which was carried out at
room temperature by using PHILIPS (PW 3040/60
MPD X’PERT HIGH PRO PANALYTICAL) dif-
fractometer system (scan step of 0.05° (20), counting
time of 10.16 s per data point) operated at 40 kV and
30 mA. It is equipped with a Cu tube for generating
Cu-Ka radiation (k = 1.5406 A); as an incident beam
in the 2-theta mode over the range of 10°-80°. The
morphological analysis was performed by FEI (Nova
Nanosem 230) field emission scanning electron
microscope (FESEM). Energy-dispersive spectrum
(EDX) analysis of the film was performed during
FESEM measurements.

2.4 Irradiation and I-V characteristic deter-
mination

The (Zn0O),,(TeO,),s thin film sensor was
exposed to various doses (dose rate) of 50 cGy
(200 cGy), 100 cGy (250 cGy/min), 150 cGy
(300 ¢cGy/min), 200 cGy (350 cGy/min), and
250 ¢Gy (400 cGy) X-ray at an exposure time of

0.25, 0.4, 0.5, 0.57, 0.63 min, respectively, using a
6 MV photon beam linear accelerator (Elekta Syn-
ergy Platform). The thin film was positioned such
that it was parallel to the X-ray beam. Secondary
charged particle equilibrium was implemented using
an additional PMMA build-up layer in front of the
thin film sensor, as prescribed by ISO 4037-3 *,
The irradiation field size of the beam is 5 x 5 cm’.
After the setup, the researcher exits the Linacs bun-
ker, and in accordance with a radiation safety policy,
waits 60 seconds after the exposure before entering
the bunker again. CCTV footage of the bunker and
a monitor in the control room that shows the elec-
trometer readings are used to capture the induced
current. With regard to the applied voltages of 0, 1,
2,3,4,5, and 6 V, each measurement was done in-
dependently.

2.5 Test for dosimetric fading

The I-V characteristics of the thin film sensor

were tested for fading. These measurements were
performed for post-irradiation of the thin films to
high-energy X-rays. The I-V characteristics measure-
ment was carried out at an interval of 0, 1, 2, 15, and
30 days after irradiation respectively. At the end of
the I-V characteristics measurements, the values of
measured current were normalised to values of day 0
using Equation (1):
Normalisation = I]T\\ x 100% (1)
where /, is the measured current at a given day for x
voltage and [, is the measured current at day 0 for x
voltage. The normalised values are presented in per-
centages.

3. Results and discussion

The FESEM images of (ZnO),,(Te0,), thin film
are shown in Figure 2a. The FESESM was used
to image and identify the morphology of the film
taken at 50,000x magnification. As we know, ZnO
and TeO, have a hexagonal and tetragonal struc-
ture, respectively, and the FESEM image showed a
non-uniform distribution of clustered structures. As
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shown in Figure 2a, the TeO,-doped ZnO thin layers
are stacked together. As a result, the nanoparticles
within the film are seen agglomerated separately in
the FESEM image of the film. The nanoparticles are
non-uniform in shape, and the grains are non-crys-
talline and non-uniform. Similar non-uniform sur-
face morphology was reported by Dobri et al. ‘! for
TeO, thin films, Shirpay and Bagheri ** for MoTeO,
binary thin films, Urfa et al. "’ for ZnO nanopar-
ticles, and Park et al. * for TeO,-core/TiO,-shell
nanowires. Although the samples in the current and
previous studies have non-identical morphology and
the data differed due to differences in sample prepa-
ration, method of deposition, the thickness of the
film, chemical sample and post-deposition treatment
condition P>+,

The chemical composition of the film was carried
out with an energy-dispersive X-ray spectrometer
(EDX) during FESEM anaysis. Figure 2b shows
the EDX spectrum of the (ZnO),,(TeO,), thin film
nanostructure, revealing the existence of Te, Zn, and
O peaks. After the quasi-quantitative determination
of the EDX spectrum, the weight percentages of Te,
Zn, and O were 8.09, 5.66, and 28.54, respectively,
and the atomic percentages of Te (K), Zn (K), and O
were 2.04, 2.78, and 57.32, respectively. It is demon-
strated that the purity of the fabrication is high with-
out the other residues such as Si, Ca, and Na derived
from the soda-lime glass substrate and Pt buffer
layer coating for the FESEM analysis. Traces of Fe
in a negligible amount were seen, which might have
found their way into the film during Pt coating for
FESEM examination. The soda-lime glass substrate
residues are relatively high in the EDX spectrum,
not as constituents of the film but because of the thin
nature of the film (a thickness of 375 nm), which en-
ables the electron to interact with the glass substrate.
It is also supposed that the ratio of Zn/O and Te/O,
is less than 1, compared with the perfect chemical
stoichiometry of ZnO and TeO,. These results reveal
that there is some oxygen vacancy in the ZnO/TeO,
thin film. Similar observations have been reported by

1. ®I 1. B

Silambarasan et a and Shanmugam et a

Figure 2. (a) FESEM image of (Zn0O),,(TeO,), thin film (b)
EDX spectrum of (ZnO),,(TeO,), thin film.

The structural properties of the (ZnO),,(TeO,),
thin film were studied by XRD measurement shown
in Figure 3. The as-deposited thin film is non-crys-
talline (amorphous) in nature. The pattern shows a
highly concentrated weak diffraction peak present
at about 23.25° belonging to the diffraction pattern
of the a-phase TeO, (a-TeO,, JCPDS card 78-1713)
with preferred orientation along (110) direction. A
similar XRD diffraction spectrum was reported by
Jeong et al. ®' for the dual active layer of IGZO thin
film transistor, Khan et al. ®* for as-deposited mul-
tilayer ZnO/TiO, thin films and Carotenuto et al. >
for tellurium film. A weak intensive peak at 68.32° is
seen which may be due to the wurtzite structure of
ZnO (JCPDS card 043-0002) with preferred orien-
tation along (201) direction as reported by Shatnawi
et al. *. Both a-TeO, and wurtzite ZnO phases were
already present in the as-deposited (ZnO),,(TeO,),s
thin film.

(110)

Intensity (a.u)

(201)

20 30 40 50 60 70 80
20 (degree)

Figure 3. XRD pattern of (ZnO),,(TeO,), thin film.

Figure 4 shows typical current versus applied
voltage plots for the (ZnO),,(TeO,), thin film sen-
sor exposed to various X-ray doses. The dependence
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of the current density at different voltages applied to
the thin film structure is shown in Figure 5. Clearly,
the current density has been found to increase line-
arly with the X-ray dose over a range of 0-250 cGy
(Figure 4). The sensitivities of the (ZnO),,(TeO,),
thin film device were calculated using current densi-
ty versus dose plot and was found to be in the 0.37-
0.94 mA/cm’/Gy range.

1.2x10°
(ZnO),(TeO,), , Thin Film
1.0x10%- 11250 <Gy
/2200 Gy
8.0x10°
/150Gy
£ 4
£ 60x10°1 / 4100 cGy|
& v
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/"'/(/:?:/' 0ty
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2.0x10” A /*;i/él%.
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|2 T T T T T T

Applied Voltage (V)

Figure 4. Current versus Voltage (I-V) plot at different X-ray
Dose for (ZnO), ,(TeO,), s thin film device.
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Figure 5. Current versus High Energy X-ray Dose (I-D) plot at
different applied Voltages for (ZnO),,(TeO,), thin film device.

The current versus voltage (I-V) characteristics
of the prepared thin films show an enhancement in
the values of current under a forward-biassed condi-
tion. During the transmission of X-rays through thin
films, defects are induced, resulting in the disordered
structure of the film. This is attributed to the energy
transfer from the X-ray radiation dose to the elec-

trons that makes the electron move from the valence
band to the conduction band, creating electron-hole
pairs that increase the conductivity of the film "%,

The test for fading of the I-V characteristics of
the post-X-ray irradiation for days 0, 1, 2, 15, and 30
normalised to day 0 was analyzed. The mean relative
readings obtained are in the order of day 0 > day
15 > day 30 > day 1 > day 2. Firstly, there was a
decline in the induced current on days 1 (81.59%)
and 2 (89.5%). An abrupt increase was observed on
day 15 (99.20%) and a slight decrease on day 30
(93.30%). These abnormalities could be attributed to
the introduction of ZnO into the lattice of TeO, in a
small amount (20% ZnO). The semiconducting be-
haviour of the film indicates that the irradiation with
high-energy X-ray radiation affects the microstruc-
ture of the film P**,

The healing effect may also be responsible for the
rise in current density **'. There are usually some in-
trinsic flaws created during the film deposition. As a
result of the interaction between X-ray radiation and
the film, the film’s structure will become disorgan-
ised throughout transmission through the film. The
number of defects (induced plus residual intrinsic
defects) is less than the number of intrinsic defects
due to the recombination of defects, which lowers
the thin film’s resistivity and results in an increase
in current °°. At small doses, these thin films have a
fine homogeneous grain structure without any large
pores. The healing effect may also be used to under-
stand how the critical dosage depends on the film
thickness **. Therefore, compared to thinner films,
larger films require substantially greater radiation
doses for healing "',

Transparent conducting oxide thin layer conduc-
tivity control is still a difficult task ***). The optical
and electrical characteristics of semiconductor thin
film devices can be strongly impacted by even very
low concentrations of impurities (down to 10"* cm’
or 0.01 ppm) and native point defects *"*\. In order
to effectively manage the conductivity in a thin film
device, it is essential to comprehend the function of
native point defects (such as vacancies, interstitials,
and antisites), the integration of impurities, and
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the doping of two or more oxides. It has long been
confirmed that oxygen vacancies or interstitials are
what produce the unintended n-type conductivity in
ZnO ', Pure ZnO thin films are not resistant to cor-
rosive conditions; for instance, the adsorption of O,
reduces the film’s electrical conductivity and alters
the surface shape . In order to make the ZnO sys-
tem resistant to such changes, doping ZnO with TeO,
has been examined in this work, leading to the de-
velopment of an intriguing family of materials based
on doped ZnO.

4. Conclusions

This work involves the synthesis, doping, film
deposition, structural, morphological study, and the
current-voltage characteristics during high energy
X-ray exposure of a (ZnO),,(Te0,), thin film sensor
prepared by the spray pyrolysis method. The XRD
pattern revealed the non-crystalline (amorphous) na-
ture of the film. The FESEM image shows non-uni-
form shapes of nanoparticles that are agglomerated
separately. The current density has been found to
increase linearly with the X-ray dose over a range
of 0-250 cGy. The sensitivity of the film device was
estimated and found to be in the range of 0.37-0.94
mA/cm’/Gy. There is a slight decline in the film con-
ductivity over a period of 30 days after exposure to
high-energy X-rays. The semiconducting behaviour
of the film indicates that the irradiation with high-en-
ergy X-ray doses affects the microstructure of the
film. These results are expected to be beneficial for
fabricating cheap and practical X-ray detection ap-
plications.
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ABSTRACT

Global energy demand is rising, fossil fuel prices are rising, fossil fuel reserves are running out, and fossil fuel use
contributes to the greenhouse effect. As a clean alternative source of energy to fossil fuels, biomass is becoming more
and more essential. Carbon fiber (CF), often known as graphite fiber, is a thin, strong, and adaptable material utilized in
both structural (capacity) and non-structural applications (e.g., thermal insulation). Precursors are the raw materials used
to create carbon fiber, which is mostly derived from fossil fuels. Because of the high cost of precursors and manufacture,
carbon fiber has only found employment in a few numbers of high-performance structural materials (e.g., acrospace).
To reduce the price of CF and reliance on fossil fuels, numerous alternative precursors have been studied throughout the
years, including biomass-derived precursors such as rayon, lignin, glycerol, and lignocellulosic polysaccharides. This
study’s goal is to present a detailed study of biomass-derived CF precursors and their market potential. The authors look
into the viability of producing CF from these precursors, as well as the state of technology, potential applications, and
cost of production (when data are available). We go over their benefits and drawbacks. We also talk about the physical
characteristics of CF made from biomass and contrast them with CF made from polyacrylonitrile (PAN). Additionally, we
go into bio-based CF manufacturing and end-product concerns, logistics for biomass feedstock and plant sites, feedstock
competition, and risk-reduction techniques. This paper offers a comprehensive overview of the CF potential from all
biomass sources and can be used as a resource by both novice and seasoned professionals who are interested in producing
CF from non-traditional sources.
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1. Introduction

Carbon fibers are fibrous carbonaceous materials
having a diameter of 5-10 um. Carbon fibers are fil-
aments, lines, or reels that contain more than 92 per-
cent carbon and are normally in a nongraphite con-
dition, according to the International Union of Pure
and Applied Chemistry (IUPAC) . This means that
carbon is defined as a two-dimensional long-range
arrangement of carbon atoms in planar hexagonal
networks with no crystalline structure in the third di-
rection except for some parallel stacking /. Graphite
fiber, often known as carbon fiber (CF), is a strong,
lightweight material that can be used for both struc-
tural and non-structural applications (e.g., thermal
insulation). Most carbon materials demonstrate ex-
cellent stability and high power density when used as
supercapacitor electrodes; nevertheless, their specific
capacitance and energy density are relatively low,
which cannot meet the high energy requirements for
practical applications ). In this case, carbon mate-
rials with a high specific surface area, a reasonable
pore size distribution, and desired nanostructure are
critically demanded *. Carbon fiber, a newly devel-
oped synthetic material that is commonly utilized in
the production of advanced composites has a wide
range of applications in the automotive, aerospace,
and electronics industries . Carbon materials have
long been suitable materials in energy storage due to
their superior electrical conductivity, easy fabrica-
tion, physical and chemical sustainability, and high
surface area among several supercapacitor electrode
materials . Carbon fibers have great stiffness, high
durability, light weight, strong chemical stability,
high-temperature tolerance, and minimal thermal ex-
pansion as its key characteristics ”'. To make a com-
posite, carbon fibers are frequently mixed with other
materials. It generates carbon-fiber-reinforced pol-
ymer (commonly referred to as carbon fiber) when
penetrated with a plastic resin and baked. It has a
very high-grade ratio and is exceedingly rigid, but
slightly brittle. Carbon fibers can also be combined
with other materials like graphite to create reinforced
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carbon-carbon composites with a feverish tempera-
ture tolerance. However, when compared to similar
fibers such as glass fiber, basalt fibers, or plastic fib-
ers, they are quite pricey "*. To make a carbon fiber,
carbon atoms are bonded together in crystals that are
aligned parallel to the fiber’s long axis, resulting in
a fiber with a high strength-to-volume ratio (in other
words, it is strong for its size). Thousands of carbon
fibers are bundled together to create a tow that may
be used alone or woven into a fabric .

2. Synthesis of carbon fiber

Organic polymers, which are long chains of mol-
ecules linked together by carbon atoms, are used
to make carbon fiber. The polyacrylonitrile (PAN)
method produces most of the carbon fibers (about
90%). A minor percentage (about 10%) is made
using rayon or the petroleum pitch method "”. The
effects, properties, and grades of carbon fiber are
created by the gases, liquids, and other components
employed in the manufacturing process. Carbon fiber
makers create materials using proprietary formulas
and combinations of raw components, and they treat
these compositions as trade secrets in general. Pitch,
obtained from petroleum or coal, and polyacryloni-
trile have been the most popular types of precursor
materials used to make carbon fiber commercially
since the 1960s. All the non-renewable materials are
discussed in the following sub-section.

2.1 PAN

PAN-based carbon fibers with poor mechanical
qualities were first manufactured in 1959 in Osaka,
Japan, boosting the carbon fiber industry’s develop-
ment. Despite facing numerous challenges in generat-
ing high-strength and high-modulus carbon fiber, the
Japanese business TORAY has reached world-lead-
ing levels of performance in this industry "'
PAN is petroleum-based linear polymer carbon fibers
made from PAN are primarily made in two process-
es. The first stage is to make polyacrylonitrile pre-

cursor, which consists mostly of monomer polymer-
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ization and the preparation of spinning liquid, which
is then spun further. This is an important first step in
the manufacture of carbon fiber since the quality of
the precursor dictates the carbon fiber’s performance.
The precursor is pre-oxidized and carbonized in the
second stage !'”. Carbon fiber made from PAN, on
the other hand, is expensive, thus its use is confined
to high-performance structural components '),
For example, due to their outstanding mechanical
properties and high production, CFs based on PAN
precursor are the most important in the market .
However, as fossil energy is rapidly exhausted, not
only will the cost of CFs based on non-renewable
energy rise, but environmental pollution from the
production of toxic gases (e.g. hydrogen cyanide)
using PAN as a precursor will also rise !'*. Most
carbon fibers used are made from polyacrylonitrile
(PAN) precursor fibers, which are the best precursors
for high-performance carbon fiber production "%,
Thermal stabilization and carbonization are the two
processes in the manufacture of carbon fiber from
PAN precursor fiber "', In an oxygen environment,
the stabilization procedure is usually carried out un-
der stress at temperatures ranging from 200 to 300
degrees Celsius !"*. Various exothermic chemical
events, such as cyclization, dehydrogenation, oxida-
tion, and cross-linking, cause PAN to undergo chem-
ical modifications that result in an increase in density
during this process. The cyclization process converts
a linear polymer into an infusible ladder polymer,
which gives the polymer thermal stability and pre-
vents melting during the subsequent carbonization
process (which takes place at temperatures between
700 and 1500 degrees Celsius in a nitrogen atmos-
phere) ", As a result, the stabilization process is the
most important factor in determining carbon fiber’s
mechanical properties *”. To date, most studies on
the PAN stabilization process have mostly focused
on thermal stability, with only a few researchers
actively investigating the effect of radiation on the
PAN precursor’s thermal stabilization. Furthermore,
when the PAN precursor fiber is stabilized by elec-
tron beam irradiation (EBI) and heat treatments, the
stabilization period (2-3 h) can be decreased because
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of pre-stabilization by EBI and thermal treatments ',

2.2 Pitch

Pitch is the common name for a tarry substance
with a high carbon content that is particularly vis-
cous at ambient temperature. It’s a complicated mix
of hundreds of aromatic hydrocarbons and hetero-
cyclic molecules with a molecular weight of 300-
400. It can be made from natural sources such as
petroleum and coal by destructive distillation, or
from synthetic sources such as polyaromatic chem-
icals and polymers by pyrolysis. Pitch composi-
tion varies greatly depending on the tar source and
processing circumstances. Pitch can contain more
than 80% carbon, and the quality of the result CF
improves as the aromaticity rises. The bottoms of
catalytic crackers, steam cracking of naphtha and
gas oils, and wastes from other refinery processes
can all be used to make petroleum pitch **. Before
being used in the CF sector, crude products normal-
ly go through several refining processes. Coal tar
is produced as a by-product of the coking of bitu-
minous coals to make cokes. Distillation and heat
treatment are used to extract coal-tar pitch from coal
tar. The pitch is the residue left over after the heavy
oil fractions have been removed. Coal-tar pitch has
a higher aromatic content than petroleum pitch **'.
It does, however, have a significant solid content,
which leads to filament breakage during extrusion
and heat treatment. As a result, petroleum pitch is
favoured for the manufacturing of CF. Isotropic and
mesophase pitch are the two primary forms of pitch
used in the pitch-based precursor business. The GP
grade of pitch CF is made with isotropic pitches **.
They are not graphitic, and their characteristics are
inferior to those of the HP grade. A unique treatment
technique is required to convert the pitch to meso-
phase grade in order to make HP grade. Mesophase
grade is graphitic in nature and optically anisotropic.
To make a product appropriate for melt spinning, the
isotropic pitch must be processed, filtered to elimi-
nate solid particles, and have low volatility **. The
low volatility components of the pitch are removed
using a wiping film evaporator, and the molten pitch
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is filtered to remove solid contaminants. Domains of
very parallel, platelike molecules develop and con-
solidate during the creation of the mesophase until
100 percent anisotropic material is formed. Several
strategies for the synthesis of mesophase pitch have
been researched over the years: (a) pyrolysis of
pitch, (b) solvent extraction, (c) hydrogenation, and
(d) catalytic modification. For the best control of the
processing parameters and pitch quality, the catalyt-
ic technique is preferred in pitch pre-treatment %,
It is claimed that a spinning pitch should contain
40%-90% mesophase with domain sizes greater than
200 m, resulting in a fiber with a highly orientated
structure. Domain sizes of less than 100 m have been
found to be unsuitable for spinning. Melt spinning
in an extruder produces pitch-based predecessors.
Because of the rheological qualities of molten pitch,
melt spinning is challenging, and very precise pro-
cessing conditions are necessary. The viscosity of the
mesophase is very temperature-dependent, and the
jet temperature should be precisely regulated, as a
change of 3.5 °C at the jet face causes a 15% change
in diameter ", Due to poor viscosity, too high a
temperature causes thermal deterioration of the pitch
or dripping. Melting the precursor, extrusion via a
spinneret capillary, and drawing the fibers as they
cool are the three phases in the melt-spinning pro-
cess. Solid pitch chips have been fed into the hopper
of a screw extruder with off-gassing apertures and
evenly heated, resulting in a uniform feed of molten
pitch to the filter and then spinneret at the extruder’s
outlet. To avoid interfilamentous fusing, pitch spin-
nerets have a 130 Fiber Technology for Fiber-Rein-
forced Composites multiplicity of holes, which must
be spaced roughly 1.1 mm apart. As the molten pitch
flows through the capillaries, some initial orientation
occurs. It is cooled by quenching air after coming
from the capillaries . The solid fiber is pulled be-
fore windup while it is still hot to produce a highly
oriented precursor fiber. Any subsequent carbonizing
procedure will not require a further drawing of this
precursor fiber. Due to the low strength of the as
spun mesophase pitch, fiber handling in the windup
is challenging (tensile strength around 0.04 GPa).
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Mesophase carbon fibers have a diameter of 10-15
m, whereas PAN carbon fibers have a diameter of
5-7 m. This is due to the preference for bigger diam-
eter mesophase precursor fibers for easier handling
and higher carbon yield, resulting in a lower size
decrease in the carbonization process. It is claimed
that a processing speed of up to 1000 m/min can be
achieved .

The microstructure of spun mesophase pitch
precursor fibers is made up of microdomains of
well-oriented polyaromatic molecules. Discotic ne-
matic liquid crystal microstructures are the name
given to these microstructures.

2.3 Carbon fiber from renewable biomass sources

Carbon fiber made from biomass could be less
expensive to produce and have more environmental
benefits than carbon fiber made from natural gas or
petroleum ®*\. Consequently, developing a process
for producing low-cost CFs based on renewable,
non-toxic, and sustainable resources is both essential
and realistic in the context of climate change mitiga-
tion and adaptation. Because of the advantages of re-
newable and low-cost properties, bio-mass resources
such as cellulose, lignin, Glycerol, Lignocellulosic
Sugars and wood are attractive precursors for the
preparation of CFs °!. Scientists and engineers are
motivated to create these novel materials because the
use of biomass resources for a variety of electrode
materials shows that a sizable portion of the intricate
functionality of living systems is founded on an in-
tricate hierarchical organization from the manometer
to the macroscopic scale. Because of their abundant
availability and added value gained from their re-
newable and biodegradable nature, biomass sources
are becoming increasingly essential. Various bio-re-
newable resources have been developed as alterna-
tive materials for CFs in recent years ">, All of these
are discussed in the following sub-sections.
Cellulose

The manufacture of cellulosic fibers is well
known; rayon, the first CF to hit the market in
the 1960s, is made from cellulose-based natu-
ral materials (such as wood pulp, cotton linters,
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leaves, and the inner pith of bamboo plants) that
are chemically processed to create semi-synthet-
ic fibers P’ All three of these rayon types—vis-
cose, modal, and lyocell—are made differently
and have different properties. Lyocell is frequently
marketed under the brand name TENCEL and is
produced by the Lenzing Group in Austria. PAN-
based CF has superseded rayon-based CF in most
applications due to its superior performance in
various areas, particularly tensile strength %,
Furthermore, although having a cheaper raw mate-
rial cost, rayon-based CF has a higher total cost due
to a low char yield (20%-25%) following carbon-
ization. These qualities can be improved by stress
graphitization at elevated temperatures, but this
raises the cost of the fiber even more, making it less
appealing. Despite not being used for structural pur-
poses, rayon-based CF is still used in the rocket and
missile industries for ablative purposes like re-entry
vehicle nose tips, heat shields, solid rocket motor
(SRM) nozzles, and exit cones **’. Rayon-based CF
can endure the elevated temperatures and corrosive
gases of SRM operation, as well as the feverish
temperatures created by missile re-entry systems’
aerodynamic heating. Due to low demand, com-
mercial manufacturing of rayon-based CF is limited
(approximately 1%-2% of overall CF production).
RUE-SPA-Khimvolokno in Belarus is the world’s
largest rayon-based CF producer. Precursor stabili-
zation (low-temperature oxidation), carbonization
(longitudinal orientation and crystalline ordering
development), and graphitization (optional for high
modulus) are the three basic steps in the production
of rayon-based CF °®, Natural fibers like cotton and
ramie have not been chosen for the production of CF
due to their complicated structure, discontinuous fila-
ment structure, low degree of orientation, and related
pollutants °”. Advanced processing technology and
a search for renewable sources, on the other hand,
may open new possibilities for natural fibers as CF
precursors in the future. Because of its tremendous
flexibility, cellulose (the most prevalent biological
macromolecule in nature) is an appealing alternative
material for electrospinning to manufacture submi-
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cron-diameter CFs. However, due to the low thermal
stability of cellulose, direct carbonization of bio-
mass-based CFs is problematic ®*. The typical vis-
cose process is likewise slow, arduous, and complex
in the cellulose-based CFs business. It also produces
CS,, H,S, and heavy metals, all of which are detri-
mental to the environment °”.. As a result, finding a
cost-effective and ecologically friendly technique
to create regenerated cellulose fibers is desirable.
CFs manufactured from regenerated cellulose fibers,
such as Lyocell fibers, have been attempted using the
CarbaCell method. The Lyocell process uses N-me-
thyl-morpholine-N-oxide (NMMO) as a cellulose
solvent, resulting in better fiber qualities such as
tenacity, crystallinity, and modulus. High-spinning
temperature and solvent recovery are two technical
issues with this method *”'. The CarbaCell technique
is an alternate approach for reducing hazardous com-
pounds. In this procedure, cellulose carbamates (CC)
are stable at room temperature and can be stored for
more than a year without losing quality "',
Lignin

Lignin, which has a high carbon content, ex-
ceptional thermal stability, and a huge number of
benzene ring structures, is another excellent bio-re-
newable resource . Furthermore, lignin is a cheap
and easily available coproduct of the pulp and paper-
making process. However, due to lignin’s nonlinear
chemical structure and limited flexibility, preparing
CFs by spinning independently remains a significant
difficulty. Physical blending with petroleum-based
polymer or bio-macromolecular as spinning auxilia-
ries has been used to manufacture lignin-based CFs
in a variety of ways *"!. However, during the carbon-
ization process (high-temperature heating under a
nitrogen atmosphere), cellulose and lignin molecules
containing a considerable amount of oxygen have
a high oxidation process weightlessness, resulting
in the morphological collapse of biomass-based
CFs. When these monolignols polymerize in natu-
ral biomass, they produce a racemic, cross-linked,
and highly heterogeneous aromatic macromolecule.
The proportions of syringyl (S), guaiacyl (G), and
p-hydroxyphenol (H) monomers, molecular weights,
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degree of branching, isolation methods, and purity
all influence the physical and chemical properties
of lignin separated from biomass Y. Most of the
lignin produced by the Kraft pulping process and
the biofuel business are currently used as low-cost
fuel. Future development of processes for biomass
utilization may involve a “biorefinery” concept in
which wood (biomass) is brought to a mill site and
further converted to pulp and paper or, alternatively,
to energy, biofuels, and chemicals through process-
es such as prehydrolysis-kraft, organosolv pulping,
steam explosion, autohydrolysis or acid hydrolysis.
The alternative techniques, unlike the classic kraft
pulping process, are not suited for creating pulp and
paper, but they can be developed for other purposes
such as cellulose, hemicelluloses, and lignin syn-
thesis. Chemical modification of the lignin might be
done during the process or afterward. Lignin will
most likely be widely available in vast amounts in
the future . Although lignin is a great biofuel, new
applications in higher-value-added products are ap-
pealing because lignin isolation and refining need
processing stages that can be combined with struc-
tural alterations such as membrane fractionation,
derivatization, and others. With more than 50 years
of research and significant investments, lignin is the
most studied biogenic CF precursor *°’. Lignin-based
CF has a potentially significant manufacturing cost
advantage over current technologies, with commer-
cial scale prices estimated to be around $4-$6 per
pound against $10 per pound for petroleum-based
CF (in 2010 dollars) “". PAN precursors cost $4-
$5 per pound, whereas lignin costs $0.25-$0.70 per
pound. Most possible production cost savings can be
attributed to this significant reduction in precursor
costs. However, possible cost-cutting opportunities
in other aspects of the process have been studied as
well. Due to performance difficulties and manufac-
turing limitations, the lignin-to-CF route is not com-
mercially viable **!. Various entities have been active
in lignin-based CF research, but the work undertaken
by the Oak Ridge National Laboratory (ORNL) and
Innventia, which both manufacture CF for testing
reasons, have gotten the most attention in the last
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ten years "\, In order to meet goals for finished fiber
strength and stiffness, these organizations strive to
address commercialization challenges associated
with lignin-based CF manufacturing, such as “melt
processability (especially for softwood lignins); long
heat treatment time (especially for hardwood lign-
ins); variability in the feedstock and unproven scale
of operation.” These difficulties arise from the heter-
ogeneous molecular weight, functionality, and ther-
mal characteristics of lignin, which vary depending
on the source and isolation procedure *.
Glycerol

With regards to being used in food, cosmetics,
and pharmaceuticals, glycerol (also known as glyc-
erine or glycerin) also has the potential to be used
as a renewable chemical source. It is doable to be
utilized in the production of ACN, which may then
be polymerized and spun into PAN, which can then
be utilized in a variety of applications CF was con-
verted. The literature describes two glycerol-to-ACN
conversion processes: Direct synthesis in the gas or
liquid phase employing microwave heating in the
latter case and ammoxidation in the former ' Indi-
rect synthesis via acrolein—glycerol is dehydrated
to generate acrolein, which is then ammoxidized to
ACN—or allyl alcohol—glycerol can be converted
to allyl alcohol using iron oxide as a catalyst, fol-
lowed by ammoxidation of allyl alcohol to ACN as
intermediates "*. In the past, synthetic methods were
mostly used to produce glycerol from petroleum.
Yet, as a byproduct of numerous industrial processes,
such as the production of biodiesel, the hydrolysis of
fatty acids, and the production of soap, glycerol from
plant and animal sources became readily accessible.
Biodiesel production now accounts for most of the
glycerol production, accounting for around 63 per-
cent of the market in 2013. In 2013, global glycerol
consumption was 2.2 million tonnes, with 3.5 mil-
lion tonnes projected by 2020 ¥, Given the better
lifestyle in emerging nations, which leads to higher
consumption of processed and packaged goods, this
demand is predominantly driven by the food and
beverage industry. As a result, rather than producing
surplus steam in the mill, removing a portion of the
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dissolved wood polymers should be a realistic option
that also opens new product areas. Glycerol (also
known as glycerine or glycerin) is utilized in cos-
metics, pharmaceuticals, and food items, but it also
has the potential to be used as a renewable chemical
source. It can be used to make ACN, which can be
polymerized and spun into PAN, which can then be
turned into CF ©Y.
Lignocellulosic sugars

The use of biomass-derived sugars (e.g., glucose,
fructose, and xylose) generated from the cellulose
and hemicellulose portions of biomass is anoth-
er mechanism for producing ACN ! Laboratory
testing has revealed that this route may be used to
directly replace conventional ACN with mechanical
qualities that are comparable. Recognizing this pros-
pect, the US Department of Energy approved two
projects in 2014 to improve the production of low-
cost, high-performance CF using sustainable, non-
food-based biomass feedstocks °”. For the conver-
sion of sugars from non-food biomass to ACN, the
Southern Research Institute (SRI) in Birmingham,
Alabama, will use a multi-step catalytic process.
Multiple metabolic pathways to ACN will be inves-
tigated and optimized at the National Renewable En-
ergy Laboratory (NREL) in Golden, Colorado.

Biomass-based goods made from natural resourc-
es have recently gotten a lot of interest in academics
and industry "%, Biomass materials, as a vast re-
source pool, have become a popular area of research,
with biomass resources such as agricultural wastes
and other renewable resources being used to create
biomass-based porous carbon compounds . Porous
carbon materials such as rice, fiber, wood, prolifera,
cattle bone, coconut shells, silk, egg whites, and cig-
arettes have all been employed in supercapacitors,
lithium batteries, and fuel cells. There are few inves-
tigations on activated carbon fibers employing natu-
ral plant fibers as raw materials in current research,
and industrial production has yet to be established .
As a result, using biomass as a raw material to make
activated carbon fibers and using them in superca-
pacitors has more practical value and significance *”.
This is owing to benefits such as sustainability, recy-

20

clability, cost, efficacy, environmental friendliness,
and so on "’ Although the fibers are not discontin-
uous, limited in fiber length, and have relatively low
mechanical properties in comparison to conventional
rayon-based and PAN-based carbon fibers, it would
be desirable and useful if carbon fibers or activated
carbon fibers could be made from biomass-based
natural fibers, which are abundant in nature and less

- 61
expansive ",

3. Carbon fiber from other biogenic
sources

Glutamic acid, which may be produced from a
variety of waste streams including dry distiller’s
grains and solubles from the manufacturing of etha-
nol from corn and wheat, is another biogenic source
that has been investigated for the creation of ACN. A
palladium catalyst is used in a two-step process that
starts with an oxidative decarboxylation of 3-cyano-
propanoic acid in water and ends with a decarbonyl-
ation-elimination reaction. Another method for pro-
ducing CF has been suggested: Genetic manipulation
of biomass. This route comprises (1) employing
CO, or carbon nanotubes via yet-to-be-developed
technologies and (2) engineering plants to generate
lignin or other natural polymers that could be trans-
formed into PAN-like compounds. Additionally, the
University of Delaware researchers have looked into
the use of chicken feathers as a raw material for the
synthesis of CF. They created chicken feather fibers
with low modulus and low to medium strength; they
want to raise these parameters, but recent years have
seen a decline in their research in this area.

4. Advantages of increased sustainability

Utilizing CF made from biomass could give some
companies a competitive edge. For instance, many
current athletic goods incorporate CF to lighten and
strengthen their construction. Many of these pro-
ducers also emphasize the environmentally friendly
qualities of the goods they produce. Some snow-
boards have certified sustainably obtained wood
cores that have a minimal environmental impact.
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A common component of snowboards is CF, which
enhances performance. For some businesses, being
able to sell sustainable CF generated from biomass
rather than fossil fuels could have a positive compet-
itive advantage and be a differentiation, potentially
making the risk associated with switching materials
worth it. Many merchants and producers are mak-
ing efforts to lessen the environmental impact of
the goods they produce or sell. For instance, many
merchants put pressure on their suppliers to save
costs and environmental impact. Switching materials
might be encouraged if CF made from biomass could
save costs and have positive environmental effects
for a product like a tennis racket. Additionally, many
businesses, particularly those in Europe, are facing
greater pressure to lessen the environmental impact
of the goods they produce. Sustainability profession-
als, activists, or shareholders may encourage the use
of low-impact materials like biomass-based CF.

4.1 Recyclability

The recyclability of CF at the end of its useful life
has been identified as a known concern by numerous
ongoing research efforts, although few current work-
able solutions have been offered. Beginning in 2015,
each car must include 85% recyclable elements by
weight in accordance with the End-of-Life Vehicle
(ELV) Directive 5 of the European Union (Gardiner
2014). Metals and other plastics used in automobiles
are recyclable, but CF is currently not. CF must be
recyclable if it is to become a key automotive com-
ponent in Europe. Similar problems are faced by the
European aircraft sector, and Airbus has set a goal
to recycle 95% of its CF-reinforced plastic by the
years 2020-2025. Biomass-based CF might become
more popular if it offered a better route to recycling.
This would provide it with a significant supply chain
advantage. However, if CF made from biomass were
chemically equivalent to CF made from petroleum,
it would have the same problems with recycling and
probably not be more advantageous. For a better
understanding of the process and possibilities for
recycling, more research is needed to examine the
recyclability of biomass-based CF.
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4.2 Biomass feedstock competition

There are additional existing or potential uses
and applications for biomass resources that might be
used to make CF. These include the production of
heat and electricity, as well as chemicals and other
materials from lignocellulosic material. Glycerol is
currently primarily used in personal care and phar-
maceutical products, as was already mentioned.
However, between now and 2020, food and bever-
age are expected to see the fastest growth in terms
of application. This is due to improving lifestyles in
emerging economies, which have led to an increase
in the consumption of processed and packaged
foods. There is ongoing research into the synthesis
of liquid fuels, aromatic compounds, and polymers
as well as other value-added commodities from
lignin. The capacity to secure a supply of raw ma-
terials at a reasonable price will be a critical factor
for the industry’s long-term success. The potential
risk to feedstock supply is increased by competition
from other sectors for biomass. For instance, CF is
just one of 43 possible lignin-derived compounds
listed in a paper from the Pacific Northwest National
Laboratory. CF is a high-value product and would
probably compete advantageously for lignin with
many other commodities, but price increases due to
the competition may lessen the cost savings from CF
made from biomass.

4.3 Plant siting and feedstock logistics

The location of CF manufacturing facilities has
been determined by a few variables, such as close-
ness to customers or affordable energy. Since most of
these current facilities are close to biomass sources,
there may be a chance to incorporate these alterna-
tive sources into the production of CF. With only one
or two exceptions, solid biomass resources and pulp
and paper mills, which serve as a stand-in for lignin
production, are located close to the CF manufactur-
ing factories (e.g., crop residues, forest residues, or
both). The economic analysis of biomass-based CF
must appropriately account for and take into consid-
eration the logistics of packing and delivering these
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raw materials. The bulk of CF manufacturing facil-
ities in the United States already imports raw mate-
rials for CF production, such as PAN or ACN, from
other nations. These facilities might perhaps switch
to importing biomass or precursors generated from
biomass, such as ACN or PAN. Some biomass re-
sources can cost up to $100 per dry ton, and in some
situations even more, to purchase (for example,
lignocellulosic biomass, which includes crop left-
overs). In comparison to the current price of ACN,
which is about a dollar per pound, even at the high
end of expenses, this is only a few cents per pound.

5. Conclusions

As of right now, no biomass-based CF has been
created that possesses the structural qualities need-
ed for use in the main CF applications (such as
aerospace, wind, and automotive). The appropriate
application or exploitation of the many forms of CF
that can be produced from biomass sources depends
on the physical qualities (mainly tensile strength, as
well as other factors). The market share of CF made
from rayon is modest. Since the strength of this form
of CF is less than that needed for structural purposes,
it is generally employed in insulating and ablative
applications. CF made from lignin is still in the
research and development (R & D) stage. Current
research is concentrated on non-structural uses like
insulation because based on current experimental
efforts, the modulus and strength of lignin-based
CF are too low to meet the criteria of structural ap-
plications. Although glycerol is cheap and widely
available, straight ammoxidation from this resource
to produce acrylonitrile (ACN) has been shown to be
uneconomical at the current moment; it costs around
67% more than ammoxidation based on propane.
Although other conversion routes have been looked
into, it is still unclear whether they are cost-effec-
tive. In addition to its techno-economic viability,
biomass-based CF will have other ramifications and

difficulties that must be taken into account for man-
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ufacturing, feedstock supply, and end products. They
include raw material availability, plant locations, raw
material certification, product warranties, product

competitiveness, and raw material availability.
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ABSTRACT

Synthetic plastics are often considered to be materials that cannot be broken down by natural processes. One such
plastic, polyethylene terephthalate (PET), is commonly used in everyday items but when these products are discarded,
they can cause serious harm to the environment and human health. In this study, PET plastic waste was used to create
activated carbon using a physical activation process that involved using CO, gas. The researchers investigated the
effects of different temperatures, carbonization, and activation times on the resulting activated carbon’s surface area.
The activated carbon was then analyzed using scanning electron microscopy (SEM), X-ray diffraction (XRD), FTIR,
and BET. The activated carbon created from PET plastic waste showed excellent absorption properties for methylene
blue in aqueous solutions across a wide range of pH levels. By creating activated carbon from plastic waste, not only are
environmental issues addressed, but high-value activated carbon is produced for environmental remediation purposes.
Keywords: Plastic waste; Environmental treatment; Activated carbon; Waste utilization; Polyethylene terephthalate
(PET)

. tronics, and other applications. In 2017, over 348
1. Introduction PP

million tons of plastic were produced worldwide,
Plastic is widely used in all aspects of daily life  and it is predicted to quadruple by 2050 " Since
and production, such as packaging, household items, its introduction into civilian production and appli-

construction, transportation, electrical industry, elec-  cation in the 1950s, approximately 6.3 billion tons
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of plastic have been discarded, of which about 79%
were buried and disposed of in the environment ',
Plastic waste is very difficult to decompose in the
natural environment. Each type of plastic has a dif-
ferent number of years to decompose, with a very
long time, hundreds of years, and sometimes even
thousands of years. Plastic waste has caused many
negative impacts on the ecological environment and
human health, therefore finding a solution to plastic
waste disposal is one of the most urgent issues.
Currently, most commercial plastic recycling
plants mainly use mechanical processing and recy-
cling methods. In Europe, over 5 million tons of plas-
tic waste are recycled by mechanical methods, while
only about 50,000 tons are processed and recycled by
chemical methods . Mechanical processing meth-
ods are often complex and require separate waste
collection lines, leading to relatively high costs. In
addition, chemical recycling and processing tech-
nologies are considered to be economically viable
and capable of achieving complete recycling. Many
scientists around the world have recently focused
on developing technology to recycle plastic waste
into carbon-based materials such as graphene, car-
bon nanotubes, and especially activated carbon *”,
Physical activation is a widely used technology for
recycling plastic waste into activated carbon """,
Qiao’s group used hot steam to activate PVC in
the production of activated carbon ). PET plastic
waste is also commonly used as raw material for the
production of activated carbon "'*'7, First, PET is
carbonized at a temperature of 700 °C in a nitrogen
gas environment with a carbon yield of about 20% .
The physical activation method also uses CO, to ac-
tivate carbon from PET plastic. Almazan-Almazan
and colleagues have successfully changed the struc-
ture of activated carbon by controlling some process
conditions to obtain activated carbon with high
surface area, porous structure, and high adsorption
volume . However, it can be seen that when imple-
menting the physical activation method, the produc-
tion conditions such as long time, high carbonization
and activation temperatures are difficult and ener-

gy-consuming "',

28

This article presents a study on the production of
activated carbon from PET waste using physical acti-
vation method with CO, gas to find the optimal time
and temperature. At the same time, it presents some
results of the application of the obtained activated
carbon in the adsorption and treatment of methylene
blue dye in water.

2. Experimental section

2.1 Materials

Waste PET plastic is collected in the form of plas-
tic bottles. The plastic bottles are then cut into small
pieces of 1-3 mm, washed and dried. Crystalline io-
dine, Na,S,0,-5H,0, starch, CO, gas, and methylene
blue were purchased from Xilong Company, China.

2.2 Activated carbon fabrication

Carbonization: Weigh the appropriate amount of
PET plastic and put it into a ceramic boat, then place
the ceramic boat into the tube furnace. Throughout
the heating process, the environment inside the tube
furnace is a continuously blowing CO, gas environ-
ment. The carbonization phase is carried out within a
certain period of time and at a specific temperature.
After the heating process is complete, the resulting
carbonized product is cooled down "),
Yield of carbonization process:

Mcarbon

H= x 100%

mplasti,c

Carbon activating process: The activated carbon
product is baked in a tube furnace (with a CO, gas en-
vironment) for a specified time and temperature ',
After the activation time, the product is cooled.
Then, the activated carbon is further crushed into
a fine powder. The activated carbon samples in the
form of a fine powder are tested for their iodine
number, and the optimized sample is selected for
structural analysis and surface area measurement.

Yield of activating process:

Mgctivated carbon

H= % 100%

Mcearbon
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The physical activation process is carried out by
using CO, gas, which will act as an activating gas.
CO, will react with the carbon in the material to cre-
ate pores that increase the specific surface area and
also prevent the infiltration of oxygen gas (O,) ""°.

C+CO,—2CO AH = +159 kJ/mol

2.3 Materials characterizations

The morphological surface structure character-
istics of the activated carbon were observed using a
scanning electron microscope (SEM) from HITACHI
S-4800 (Japan). The functional groups on the surface
of the activated carbon were investigated using Fou-
rier-transform infrared spectroscopy (FTIR) from
Perkin Elmer, model Spectrum Two (UK). X-ray dif-
fraction (XRD) measurements were carried out using
a machine from X’Pert PRO Panalytical PW3040/60
(Netherlands) with Cu-Ka 0.15405 nm radiation
source to study the crystallinity of the samples. The
physisorption-desorption method of nitrogen was
used with a Tristar 3000-Micromeritics machine to
determine the BET surface area of the activated car-
bon samples.

2.4 Methylene blue (MB) adsorption behav-
iour of prepared activated carbon

Influence of solution pH: 10 mg of activated
carbon was added to 10 mL of 10 ppm MB solution
with varying pH values, and the adsorption time was
20 minutes.

Influence of activated carbon dosage: 10 mg,
20 mg, 30 mg, 40 mg, and 50 mg of activated carbon
were added to 10 mL of 10 ppm MB solution at pH 7,
and the adsorption time was 20 minutes.

Influence of adsorption time: 10 mg of activated
carbon was added to 10 mL of 10 ppm MB solution
at pH 7 for different periods of time: 15 minutes, 20
minutes, 25 minutes, 30 minutes, 35 minutes, and 40
minutes.

Influence of MB solution concentration: 10 mg
of activated carbon was added to MB solution with
varying concentrations at pH 7 for 35 minutes.

The adsorption samples were stirred on a stirrer.

29

After stirring, the solid was filtered out, and the re-
sulting solution was measured for absorbance using
a UV-VIS machine.

From these results, the adsorption efficiency of
the activated carbon was calculated using the formu-
la:

Ca -

C
H= % 100%

o

where: Co, C are the initial and after-adsorption con-
centrations of MB (ppm); H: Yield (%).

3. Results and discussion

The effect of temperature and time on the carboni-
zation stage

Table 1 is the results of the effect of temperature
and time on the carbonization stage. The investigation
of the heating temperature from 400 °C to 600 °C
for a duration of 15 minutes shows a gradual de-
crease in efficiency, and a sudden drop in efficiency
is observed at 600 °C. This can be explained by the
fact that before 600 °C, volatile substances and water
vapor were easily released from the material, and at
600 °C, the formation of pores began to develop the
porous structure of the activated carbon, resulting in
a significant change in mass. Therefore, the tempera-
ture of 550 °C was chosen as the temperature for the

carbonization process.
Table 1. Effect of temperature on the carbonization yield.

Temperature Time

Samples CC) (minutes) yield (%)
4015 400 15 13.98
4515 450 15 13.67
5015 500 15 13.69
5515 550 15 13.45
6015 600 15 12.5

The effect of carbonization time on the conver-
sion yield was also studied and the result is shown in
Table 2. A study of the carbonization time at 550 °C
from 15 to 30 minutes showed that as the time in-
creased, the carbonization efficiency decreased
gradually. This can be explained by the fact that as
the time increases, the decomposition of the struc-
ture and the volatilization of the substances become
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greater. However, at 550 °C, the efficiency of the
process did not change significantly, so the choice of

the carbonization time period is 15 minutes.
Table 2. Effect of carbonization time on the conversion yield.

Samples ;l;eCI;lperature ;l;:;leu tes) Yield (%)
5515 550 15 13.45
5520 550 20 13.28
5525 550 25 13.1

5530 550 30 12.97

The effect of temperature and time on the activat-
ing stage

From Table 3 and Figure 1, it can be seen that
from the temperature range of 600 °C to 800 °C,
both the efficiency and iodine number do not change
significantly. However, when the temperature reach-
es 850 °C, the iodine number increases significantly.
This can be explained by the fact that at 850 °C, the

pore structure is completed and the ability to adsorb
iodine reaches the highest efficiency. At 900 °C, the
efficiency and iodine number decrease abruptly, indi-
cating that the process has entered the carbonization
stage, and the pore structure is destroyed, directly af-
fecting the quality of the resulting activated carbon.
Therefore, 850 °C is chosen as the suitable tempera-
ture for the activation process.

Based on the results obtained in Table 4 and
Figure 2, it can be seen that there is no significant
change in performance during the 25-minute activa-
tion time compared to the 20-minute time, and the
iodine number reaches its highest value. The iodine
number and performance decrease at 30 minutes,
indicating that the formed pore system has been car-
bonized, resulting in a decrease in specific surface
area. Therefore, 25 minutes is the appropriate activa-
tion time.

Table 3. Effect of temperature on the activating stage.

Carbonization temperature

Activating time

. . 0 1 0,

Samples (°C)/ time (minutes) Activating temperature (°C) (minutes) Yield (%)
AC6020 550/15 600 20 11.31
AC6520 550/15 650 20 11.30
AC7020 550/15 700 20 11.21
AC7520 550/15 750 20 9.79
AC8020 550/15 800 20 9.5
AC8520 550/15 850 20 8.69
AC9020 550/15 900 20 8.09
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Figure 1. Effect of the activating temperature on the iodine adsorption.

30



Non-Metallic Material Science | Volume 05 | Issue 01 | April 2023

Table 4. Effect of time on the activating stage.

Sample Temperature ("C) Time (minutes) Yield (%) Iodine index (mg/g)
AC8520 850 20 8.69 927.1
AC8525 850 25 8.57 1003.3
AC8535 850 30 8.02 749.3
— 1200
E 1000
~— 80D
L
- 600
i=
@ 400
= 200
= 0
15 20 25 30 35
Time [minutes)

Figure 2. Effect of the activating temperature on the iodine adsorption.

3.1 Characterizations of the activated carbon
fabricated using optimized conditions

From Figure 3, it can be seen that the X-ray
diffraction pattern of the prepared activated carbon
sample. The increase in peak intensity in the range
of 10-30 degrees is due to the presence of continuous
pore voids that scatter X-ray radiation "', Subse-
quently, the XRD peaks weaken, indicating that the
activated carbon is in the form of graphite and has
many defects on the surface, resulting in a decrease
in graphitic crystallization of the activated carbon
(JCPSD no. 00-056-0160). Therefore, in the activa-
tion process, it is desirable to create more defects on
the surface of the carbon to increase the surface area
of the activated carbon.

The surface chemical characteristics of the ac-
tivated carbon are demonstrated through the FTIR
spectrum as shown in Figure 4. A series of character-
istic peaks shown in the graph indicate the presence
of various chemical functional groups. The peak at
3447.77 cm' indicates the -OH group on the surface
structure of the activated carbon !"*. The peaks at
around 2923.56 and 2871.39 cm ' indicate the ap-
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pearance of C-H bonds in the benzene and alkane
rings. The peak at around 1600 cm™' is characteristic
of C-C bonds, while the peak at around 1300 cm
is characteristic of C-O bonds. The presence of -OH
groups may be due to the adsorption of moisture on
the activated carbon surface under normal storage
conditions, while the presence of C-O groups is like-
ly due to the reaction between C and CO,, creating a
porous structure with the appearance of C-O bonds.
The results indicate that the activated carbon ob-
tained is suitable for adsorbing organic compounds,
including organic dyes.

The surface morphology of the activated carbon
made from PET waste plastic is shown in the SEM
image (Figure 5). It can be seen that the surface of the
activated carbon is relatively smooth, with no clear
presence of pores, voids, or channels on the surface.

The surface area is one of the important factors
directly affecting the adsorption capacity of activated
carbon. The principle is the equal heat of adsorp-
tion of nitrogen used to determine the volume of a
monolayer. Knowing the covering area of N, in the
adsorbed state, the specific surface area of the adsor-
bent can be calculated "”'. Figure 6 shows the nitro-
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gen adsorption isotherm of activated carbon derived activated carbon sample carbonized at 550 °C for 15
from PET waste was measured at 77.3 K. The BET  minutes and activated at 850 °C for 25 minutes had a
surface area measurement results showed that the  specific surface area of 703.4 m’/g.

Experimental pattern: ACBSLS
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Figure 3. XRD pattern of the activated carbon fabricated from PET plastic using physical activation route at temperature 850 °C for 20
minutes.
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Figure 3. XRD pattern of the activated carbon fabricated from PET plastic using physical activation route at temperature 850 °C for 20
minutes.
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Figure 4. FTIR spectrum of the activated carbon fabricated from PET plastic using physical activation route at temperature 850 °C
for 20 minutes.

Figure 5. SEM images of the activated carbon fabricated from PET plastic using physical activation route at temperature 850 °C for
20 minutes.
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Figure 6. The nitrogen adsorption isotherm of activated carbon derived from PET waste was measured at 77.3 K.

3.2 MB adsorption behaviour of prepared ac-
tivated carbon

Effect of pH on the MB adsorption efficiency

From Figure 7, it can be seen that when pH < 7
(acidic environment), the MB adsorption efficiency
of the activated carbon is only below 50%, but when
pH > 7, the adsorption efficiency reaches over 80%.
The investigation shows that the activated carbon
adsorbs well in a pH > 7 environment. Therefore, the
next processes will be carried out in a neutral envi-
ronment, which is suitable for practical conditions in

dyeing wastewater treatment.
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Figure 7. Effect of pH on the MB adsorption efficiency.
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Effect of amount of activated carbon on the MB
adsorption efficiency

From the survey results, we can see that the
higher the mass of activated carbon, the higher the
adsorption efficiency. Figure 8 reveals the effect of
the amount of activated carbon on the MB adsorp-
tion efficiency. Specifically, with a mass of 0.01 g of
carbon, the adsorption efficiency is only 83.212%,
while increasing the mass of carbon to 0.02 g re-
sults in an efficiency of 94% and there is not much
change when increasing the mass of carbon further.
Therefore, a mass of 0.02 g of carbon is a suitable
condition for weighing and investigating further ad-
sorption processes.
Effect of time on the MB adsorption efficiency

The effect of time on the MB adsorption effi-
ciency was also studied as shown in Figure 9. From
the obtained results, we can see that the adsorption
efficiency is proportional to the adsorption time. The
longer the adsorption time, the higher the efficiency
and it gradually stabilizes. Specifically, during the
adsorption time from 15 to 35 minutes, the efficiency
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gradually increases from 87.115% to 95.033%, and
at 40 minutes, the adsorption efficiency stabilizes at
95.033%. Therefore, at the time of 35 minutes, the
adsorption process reaches equilibrium.

g
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75
70
65
60
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50

—

»

ME removal percentage (%

0.01 0.02 0.03

Weight (g)

0.04 0.05 0.06

Figure 8. Effect of amount of activated carbon on the MB ad-
sorption efficiency.
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Figure 9. Effect of time on the MB adsorption efficiency.

Effect of MB concentration on the MB adsorption
efficiency

[lustrated in Figure 10 is the effect of MB con-
centration on the MB adsorption efficiency. The
experimental results show that under the same con-
ditions, the adsorption capacity decreases as the MB
concentration increases. When increasing the con-
centration of the solution from 10 ppm to 20 ppm,
the efficiency decreases insignificantly (about 4%).
However, when the concentration reaches 30%, the
color adsorption efficiency drops to 81.34%, and
when the concentration reaches 40%, the adsorption
efficiency is only 61.18%.

100
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35

Figure 10. Effect of MB concentration on the MB adsorption
efficiency.

4. Conclusions

The successful synthesis of activated carbon ma-
terials from PET waste using a physical activation
method provides an eco-friendly solution to manage
PET waste while producing valuable material for
various applications. The specific surface area of
703.4 m’/g suggests that the activated carbon has a
high adsorption capacity for various pollutants. The
good adsorption capacity of the PET waste-derived
activated carbon for MB in a pH > 7 environment
indicates its potential as an adsorbent for wastewater
treatment. The Langmuir isotherm model provides
a good fit for the MB adsorption process, and the
maximum adsorption capacity of 18.284 mg/g sug-
gests that the PET waste-derived activated carbon is
an efficient adsorbent for MB removal. Overall, this
study demonstrates the potential of PET waste-de-
rived activated carbon as a sustainable and effective
adsorbent for environmental applications.
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ABSTRACT

In studies of microwave absorption in the current literature, theories such as reflection loss, impedance matching, the

delta function, and the quarter-wavelength model have been inappropriately applied. As shown in this case study, these

problems need to be corrected as they are representative of similar work in the literature.

Keywords: Microwave absorption; Reflection loss; Impedance matching; Input impedance

1. Introduction

Analyses of experimental data which are based on
flawed theories should always be corrected "'~ Here
we highlight inadequacies in the theory that has been
applied to experimental data concerned with micro-
wave absorption in some recent papers **' and provide
detailed corrections that can be used to correctly un-
derstand such experimental data. While some authors
are aware of our comments, they continued to use the
current theory *'* despite our views being available
in publications "***. The problems addressed here are

[25-28]

common in publications and thus deserve serious

attention. A theory can survive for several years after

*CORRESPONDING AUTHOR:

it has been proved wrong *”. The purpose of this work
is to draw attention to the subject and to shorten the
period for the practice of the wrong theory. Neverthe-
less, journals are places where different ideas confront
each other to push science forward.

2. Reflection loss should not be used
to characterize material

The purpose of the paper by Du et al. ¥ was to
establish the amount of Mo,C that would provide
the best microwave absorption material based on
Mo,C/Co/C composite. However, this was done by
using reflection loss RL, a parameter for film rather
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than for material ">'******") thus following the com-
mon practice in modern research to characterize
material [5,6,8—14,31-41].

The property of material should be characterized
quantitatively using parameters such as permittivity
or permeability while a portion of material can be
characterized by extensive variables such as RL/dB.
Layered material is an assembly of material and two
parallel interfaces thus it behaves more like a film
than a material ****,

RL is the scattering parameter s,, for met-
al-backed film defined in transmission-line theory
and therefore, it is a parameter to characterize devic-
es other than material ">'"**). Thus, using RL to char-
acterize material is inappropriate and the conclusions
obtained are misleading. For example, the MCC-50
sample was judged by RL/dB and impedance match-
ing (im) theory to be the best microwave absorption
composite ). MCC-50 and MCC-75 are materials
for which RL is not applicable. However, it is clear
from the data presented in the paper that when cor-
rectly interpreted from the properties of the relevant
materials, the best microwave absorption composite
is in fact MCC-75, a result that can be readily ob-
tained from the innate properties of the materials .
Here parameters such as the imaginary part of the
permittivity of the material should be used rather
than RL/dB to characterize dielectric loss material "
of the Mo,C which dominated the functionality of
the composites. Clearly, judging from the suitable
parameters, MCC-50 can be the most suitable com-
posite for microwave absorption film in order to ob-
tain a result for specific applications at some specific
frequency and film thickness d, but in general, it can-
not be considered to be the best absorbing material.

In this context, the absorption mechanism for the
device and material must be differentiated . The
film of the ternary Mo,C/Co/C composite is a simple
device. The material should be characterized by its
innate properties such as permittivity e, and perme-
ability x, °”. But as the value of RL varies with film
thickness d while keeping the material of the film

[15,30]

unchanged , it cannot be used to characterize

material. This is true since RL of film is correlated

39
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for reflection coefficient of interface. Indeed, the ¢,

to R,, of interface is used in Equation (1)
and u, values of a material can be obtained from s,
and s,, of the film **. But using s,, and s,, to obtain
e, and u, and to characterize material are not the
same. For example, the equilibrium constant K is
the innate property of the chemical equilibrium sys-
tem. Although the equilibrium concentration C; for
species 1 in a particular equilibrium system can be
calculated by using X, it cannot be used to character-
ize thermodynamic equilibrium since it varies when
equilibrium is shifted. Similarly, e, and y, are con-
stants for material but RL is not. When the thickness
of the film d is changed, the values of RL change but
those of ¢, and u, do not. The absorption mechanism
of film is related to angular and amplitude effects
unique to film **'. Interestedly, it was proved theoret-

ically ** that ¢, is a function of d and this result was

[42]

even established using experimental data ", a result

which seems inconsistent and shows that the theoret-
ical proof presented in that paper was wrong **,
Many experimentalists do not pay sufficient at-
tention to theoretical results, so this work, which
resolves problems easily overlooked from exper-
imental data, based on theory from mathematical

methods 'Y

is particularly pertinent. Using the
wave cancellation method for microwave absorption
film "**?, the experimental data from voltage meas-
urements for a whole frequency range can be repro-
duced from transmission-line theory using only con-
stants appropriate to material '>'******) This shows
that the theoretical method of characterization of
microwave absorption of film by RL/dB from ¢, and
u, is feasible, i.e., RL/dB is obtained from voltage
measurement experimentally with Equation (2) ',
but its values can also be obtained from d, ¢, and u,
theoretically as shown by Equation (5) below ",
The experimental results obtained from a linear de-
vice using different amount of incident microwaves
can be accurately predicted by a theoretical model
using a matrix of scattering s parameters arising
from the innate properties of the device, and the the-
oretical results can be verified by experimental meas-

urements !'"'**). These facts show that experimental
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results of film can be well assimilated by universally
valid theory.

The results ¥ are unexpected, as normally, the real
part of permeability u,” should have lower values at
low frequency and higher values at high frequency "'
rather than the contrary and in particular the values
shown at high frequency range do not conform to the
fact that Co is the main magnetic component. It is ar-
gued that energy can be generated by making the imag-
inary part of permeability x,"” negative. (“This induced
electric field can generate an internal magnetic field and
radiate some magnetic energy in turn. The radiation of
magnetic energy will result in negative u,” values. ...
Herein, these ternary composites have larger conductiv-
ities and smaller magnetic loss capabilities than binary
Co/C composite, so that their inherent magnetic loss
cannot offset the radiation of magnetic energy com-
pletely in high frequency range. ” ) This explanation
is unlikely to be true since it would be an effect symp-
tomatic of a perpetual machine. In fact, the magnetic
loss is determined by the absolute value of u,” "+,
Thus, the absolute values should be used in that paper ¥
for u,"" and the magnetic loss tangent, respectively.
Contrary to the authors’ conclusions ), MCC-75 is the
most efficient magnetic loss composite at high frequen-
cy. The material consumes energy if x,” > 0 while no
energy will be consumed if " = 0. Thus, the authors
assume that the composites generate energy when
1" <0 and as a consequence it was concluded that
MCC-75 is the least microwave consumption com-
posite on the grounds that the most energy generating
material is the one with the least energy consumption.
Thus, the material can output useful work at high fre-
quency without absorbing energy by making u," neg-
ative. Then switching to low frequency to restore the
value of u," to 0 will not require any energy. In those
circumstances, a perpetual machine against the laws of
thermodynamics would be possible by a circulation of
switching frequencies.

2.1 Input and the characteristic impedances

Z, was defined as the impedance of free spa-
ce P** However, free space acts as part of the
transmission line and the definition does not distin-
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guish between input and characteristic impedances.
Confusion between these two types has led to the
imperfect theory of im for interface and for film """
as with the statements: (a) “Ma et al. ever proposed
a delta function to evaluate the matching degree
of characteristic impedance between free space
and transmission medium... When EM waves in
space reach the front surface of the ring, the good
impedance matching of MCC-50 will allow the
transmission of EM waves in its interior rather than
induce strong reflection at the interface” “*, (b)
“If the characteristic impedance is poorly matched,
there will be a strong reflection of incident EM
waves at free space/MAMs interface... To achieve
the condition of zero reflection, MAMs should have
characteristic impedance as close as possible to free
space. In recent works, a delta-function method was
widely utilized to describe the matching degree of
characteristic impedance between MAMs and free

59 [5]

space” ', and (c) “Recently, a A function has been

proposed to feature the matching degree of imped-
ance of MA materials with that of free space.” '°.
Many of the confusing statements cited above are

discussed below.

2.2 Impedance matching for interface and for
film

Differentiating input from characteristic imped-
ance is of crucial importance for the concept of perfect
impedance matching (pim). Ignoring the difference
between these two in the derivation of the A function "
led to the development of the inaccurate theory of im
for interface and for film. Equations (1) and (2) define
reflection coefficient R,, for interface and reflection loss
RL for film at position x, (Figure 1) in units of dB, re-
spectively. All the incident beam i penetrates from free
space into film without beam r when Z,, = Z,, as shown
by Equation (1), while beams r and t still exist although
they cancel each other out when Z,(x,) = Z,, as shown
by Equation (2) !'”

[4-34]

, a fact often overlooked in publica-

tions
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Figure 1. Metal-backed film of thickness d. Microwaves are
reflected back and forth in the film. f is the total forward beam
and b is the total backward beam in the film. i, r, and t represent
incident, reflected, and the total transmitted beams, respectively.
Zy, Z\;, and Z,,,,, are characteristic impedances of free space,
material of the film, and metal, respectively. Superscripts — and +

indicate immediately before and after a position, respectively.

Vb(xf)0‘|
V() +V(x)

L V(x,+d*)0‘|

Z
V4

-Z

0

+Z

)
V()

M

R, (x,)=20log,,

=20log,,

(M

M 0

RL(x;)=20log,,

V()

@
Z,(x )2,

=20lo
802, 60)+ 2,

Vi(x) is the maximum amplitude of voltage at x
for beam k in Figure 1. k can be i, r, or t.

It should be noted from Equations (1) and (2) that
im for the interface cannot be achieved by adjusting Z,,
or by changing the film thickness d. Thus, absorption
might be related to |Z,, — Z,| in Equation (2), but pene-
tration cannot be defined by it.

Nevertheless, penetration has been defined by
|Z\— Z,| from Equation (1) as in the claims: “In the-
ory, the characteristic impedance of MAMs should
be equal/close to that of the free space (377 Q) to
achieve zero-reflection at the front surface of the
materials.” ", “Generally speaking, the closer the
values of 7,, are close to 377 Q (wave impedance of
free space), the better impedance matching is creat-
ed.” ™, and “In theory, the closer the #,, value is to
377 Q (wave impedance of free space), and the bet-
ter impedance is created, and the less incident EM
wave will be reflected off at the boundary of MAMs,
which means that more EM energy is possible to
be consumed by the intrinsic attenuation ability of

MAMs” P In these quotes, #,, is Z,, for character-
istic impedance. However, these claims led to the
results that film can absorb more microwaves than
the amount penetrated and that the energy reflected
from the front interface can be drawn into the film
by back-and-forth reflections in the film, illogical
conclusions which show that im theory is flawed. It
should be noted that wave cancellation theory ****!
does not lead to these conclusions. The problem of
im theory is that interface in film and in its isolated
state are confused. Although the amplitude of the
penetrated beam for film can be defined from Equa-
tion (1) "7*!, the penetrated energy for film cannot
be defined.

2.3 The delta function

It follows that the widely used delta function ***"**

cannot be correct since it is based on im theory, even if
the function can be fitted into experimental data from
statistics, because it is applied improperly at Z,(x,) #
Z,, while being based on pim where Z,(x,) = Z, "
The peak of RL at pim is a strong narrow peak '
which is rarely observed since the two conditions,
|Z,(x))| = |Z,| and that the phase of Z,
the phase of Z,, must be met simultaneously, which

.(x)) is equal to
is difficult to achieve. Even if the pim peak exists,
it is likely to remain unobserved since the step A f,,
in the measurement is usually much larger than its
width. £, is frequency. All the reported RL/dB peaks
are wide even for those where |Z,,(x,)| nearly equals
to |Z,| ™. For the majority of RL/dB peaks, |Z,(x,)| #
|Z,|. All the reported peaks occur where Z,(x,) # Z,
and therefore the im theory is seriously flawed since
(x,)| de-
viates far from |Z,| ®*. Impedance matching theory

the minima of RL/dB can occur when |Z,
predicts only one sharp absorption peak at |Z,(x,) =
Z,| which is not consistent with experimental data,
while by contrast wave cancellation theory predicts
a set of broad peaks whether Z,(x,) and Z, are equal
or not, a result which conforms to all the published
experimental data.

The value of |RL| is not necessarily smaller if ¢ =
|Z.(x)| - |Z,| is smaller. In addition, the smaller
of the two |RL| peaks does not necessarily have a
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smaller value of J **. An |RL| peak can occur at a
position with larger § value, while there may be not
a peak at all at a position with smaller value of § .
These facts cannot be explained by using the delta
function. In fact, im peaks are wide and they are
caused by the fact that beams r and t in Figure 1 are
out of phase by  ****,

As in the following quote, it is believed that in
order to establish RL/dB as the peak position, ¢, and
u," must be large and that more incident microwave
should have penetrated into the material. (“However,
one should also notice that MCC-75 with the largest
a values fails to produce the best EM absorption per-
formance. This is because EM absorption efficiency
is not only dependent on the overall loss capacity,
but also on the impedance matching between free
space and transmission medium. An imperfect im-
pedance matching can account for strong reflection
of incident EM waves at the front surface, which
may invalidate the intrinsic loss capacity of the
transmission medium.” *) But this theoretical basis
for RL/dB to decrease is only valid when €,”, ",
or d is very large. Usually, these three parameters
are small and as a result, the microwaves in the film
are reflected back and forth many times. The strong
peak for the film of MCC-50 is not caused by large

" and the attenuation constants a,

values of €,", u,
nor is it a result of im *”. Rather, it is determined by
how close are the two amplitudes of beam r reflect-
ed from the interface at x;, and of beam t reflected
from the interface at x, + d in Figure 1 when the two
beams are out of phase by n, which is determined by
the property of the film. The amplitude of beam r in
Figure 1 is determined by the reflection coefficient
R,, for the interface at x,. The amplitude of beam t
is determined by R,,, d, and ¢, and u,, and reaches
its maxima when RL/dB reaches its minima, a re-
sult that can be established from angular effects of
film by energy conservation requirement *"**/. On
the other hand, the value of RL/dB changes when d
increases, however, the microwave penetration char-
acterized by Equation (1) and the attenuation power
of the material characterized by ¢, and " do not
change.
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It can be revealed from the inconsistencies ' that
im theory is wrong. The im is designed to find the
minimum values of RL/dB. It is claimed that “the de-
sirable delta value for good matching degree is less
than 0.4” . But there was no corresponding value
for the first valley of RL “!, neither was for the second
valley . It is also noteworthy that the highest val-
ues of RL/dB do not have the highest delta values .
In addition, the region with A < 0.4 includes values
of RL/dB near 0 dB ¥, which are the maximum in-
stead of the minimum peak values of RL/dB. This is
an example where evidence can be overlooked if not
be equipped with suitable theory.

The formula for RL is simple and provides a clear
picture from the wave superposition theory of Gen-
eral Physics while the formulae for the delta function
are much more complex and as a result, their signif-
icance is vague. The delta function originated from
statistical fitting and it does not lead to the correct
solution of wave cancellation and therefore is not a
suitable parameter to characterize RL/dB.

3. The quarter-wavelength model
cannot be universally applied

The two interfaces introduced into material to
form a film is responsible for the differences be-
tween film and material. However, the phase effects
of the two interfaces have been neglected in the
quarter-wavelength model "'*****. What is more, the
wavelength 4,, in film was calculated from frequency
/. and the velocity of light ¢ in vacuum by Equation
(3) 4

n

1 =
4" ar Jlew)

Equation (3) is wrong " though often applied in the
| 43444654631

nc

(n=13,5...) 3)

field of microwave absorption materia
correct formula that should be used is shown in Equa-
tion (4) ",

C

A”ﬂ
1 [Re(Je,1,)

The quarter-wavelength (A/4) model claimed
t e

@

in the statemen . which suggests that the

attenuation of incident EM waves may be based
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on a quarter-wavelength (A/4) matching model.
In that case, if the phase difference at the air-me-
dium interface between incident EM waves and
reflected waves from a metal-backed layer is
180°, there will be intensive consumption of EM
energy due to interference cancellation...” can-

g 11719202364

not be universally applie , even though

it is widely accepted in publications **"*,
The minima of RL/dB occur when the phase differ-
ence of beams r and t in Figure 1 is 180° contrary
to the claim ** that the phase difference of beams
r and i is 180° as “the phase difference between
the incident wave and the reflective wave is 180°”
B4 In fact, as indicated by Equation (2), RL/dB is
only related to the power ratio of the resultant beam
(r + t) to the incident beam i. The power ratio is only
related to the maximum amplitude of voltages but
has nothing to do with the phase difference between
beams (r + t) and i. However, the maximum ampli-
tude of voltage for beam (r + t) is related to the phase
difference between beams r and t """,

It is stated that “It is very interesting that with
the increase of coating thickness, the minimum RL
peaks of all these composites gradually shift towards
low-frequency region which suggests that the attenu-
ation of incident EM waves may be based on a quar-
ter-wavelength (A/4) matching model” ¥, But this is
neither interesting nor indeed true.

R () sz,,,‘/f?"d ijﬂf',,,iviﬂ"d

o Ry(x)e -

RL(x)= oy o %)
¢ ¢ —Ry(x)e

As can be seen from Equation (5), if |[RL(x,)|
achieves a minima at f,, and d, it will retain the same
peak value when the frequency decreases to f,/2 and
the film thickness increases to 2d if both ¢, and y, are
constants. In other words, the peak values will be
found on the inverse curve of f,, and d if €, and p, are

. .. 23
insensitive to frequency ',

4. Conclusions

The criticisms included here are not just con-
cerned with the work of Du et al. " as they can be
applied to many other published works in this field.
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It is a general comment on the prevailing theories
applied to microwave absorption including the appli-
cation of RL to characterize material, the im theory,
the delta function, and the quarter-wavelength mod-
el. Judged by the value of RL/dB, except in extreme
cases, it 1s found that the material most suitable for
microwave absorption film is not usually the one
with the highest values of ¢,”, 1,", and the attenuation
constants a of the material, nor the one which allows
most of the incident microwaves to penetrate the film
as supposed by the im theory. In fact, the most suit-
able material has the most balanced amplitudes at x;
for the two beams reflected from the two interfaces
in the film when the two beams at x, in Figure 1 are
out of phase by m. This work shows that the claim:
“the most highly utilized method for determining
material response to incident electromagnetic radia-
tion in the microwave region” “
demonstrated experimentally

appears to have been

» 197 s unjustified.
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ABSTRACT

The calcium-doped ZnO nanoparticles, Zn, ,Ca,O (x =0, 0.025, 0.05, 0.075) were prepared by the solution combustion meth-
od. The synthesized nanoparticles were characterized by various techniques such as XRD, FTIR, Raman, FESEM-EDX, PL,
Impedance, and UV-Vis. The Rietveld refinement of the X-ray diffractogram yields the crystalline structure and lattice parameters.
Also, the XRD analysis shows that the substitution of Ca into ZnO does not alter the Wurtzite structure of ZnO. The crystallite size
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tained by Tauc’s plot was decreased with the increase in Ca doping. Impedance analysis shows that the grain conductivity increased
with the increase in dopant concentration. Contrarily, the total conductivity decreased with the increasing doping concentration due
to increased grain boundary resistance. The proposed work demonstrates the changes in microstructure, electrical conductivity, and
optical bandgap energy with Ca-doping. These synthesized Ca-doped ZnO nanoparticles could be promising materials for photo-
catalytic applications.
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1. Introduction

As the most studied zinc oxide (ZnO), it offers
some attractive properties due to its size-dependent
optoelectronic properties. In recent days, ZnO has
revolutionized the optoelectronics industry due to its
interesting semiconducting, pyroelectric, and piezoe-
lectric properties. ZnO has diverse applications such
as gas/chemical sensors '™
diodes ™', piezo electronics

, optoelectronics 4 laser
6.1 photo-catalysis &1
food packaging ', biomedical """, personal care

1 and field emission devices ",

and cosmetics
Basically, ZnO (group II-VI) is a wide-bandgap sem-
iconductor with unique physical properties. It has a
direct band gap energy of 3.37 eV with a free exciton
binding energy of 60 meV. Therefore, it has a pro-
nounced effect on optical and electrical properties "'
It is well established that particle size and morphol-
ogy, reaction temperature, solution pH, dopants,
and dopant concentrations alter the physical, chem-
ical, electrical, and optical properties of ZnO ">,

ZnO nanoparticles can be obtained by various

[22,23]
b

synthesis methods such as co-precipitation

B4 sol-gel **° hydrothermal *", etc.

combustion
Many researchers have synthesized Ca-doped ZnO,
and the observed properties have been used in many
applications. For example, Davalasab Ilager et al.
modified a carbon-based electrochemical sensor with
Ca-doped ZnO nanoparticles for an anti-viral drug,
and acyclovir ***’. S. Jaballah et al. fabricated a Ca-
doped zinc oxide gas sensor that exhibits good for-
maldehyde detection properties °”. Here, the authors
made an attempt to prepare the Ca-doped ZnO by
solution combustion synthesis technique. This tech-
nique is preferred over other synthesis approaches on
account of the major advantage that allows homo-
geneous phase formation at lower temperatures or
at shorter reaction times than conventional methods
such as solid-state and mechano-synthesis routes "',
No extensive literature on the combination of electrical
and optical properties and the nanocrystalline phase of
this material. An idea about the charge carriers, band-
gap energy, and electrical conductivity of this material
is essential. The details of structural modifications with
Ca doping on ZnO material have been obtained using
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Rietveld refinement from the XRD data. The princi-
ple objective of the current work is to investigate and
discuss the influence of Ca doping on the structural,
morphological, optical, and electrical properties of syn-
thesized ZnO nanoparticles.

2. Experimental

2.1 Solution combustion synthesis

In a typical solution combustion synthesis, the
metal nitrates act as oxidizing agents, and the or-
ganic fuels as the reducing agents “***. To prepare
Zn, Ca O (x =0, 0.025, 0.05, 0.075), Zinc Nitrate
Hexahydrate [Zn(NO;), 6H,0] (99%), Calcium Ni-
trate Tetra hydrate [Ca(NO,),"4H,0] (99.9%) were
used as the precursor (oxidizing agent) and citric
acid [C4HgO4] (99%) as the fuel. All the chemicals
used for the preparation are AR grade. The fuel and
oxidant ratio was maintained at one during the prepa-
ration. 1 = O/(-n)F, where n is the fuel mole fraction,
O is the oxidation valence, and F is the reduction
valence ™*!. The fuel mole fraction was calculated
based on the valences of the oxidizing and reducing
elements. Valences of elements like +1 for H, +4
for C, =2 for O, and 0 for N. Valences for metal el-
ements like +2 for Zn and +2 for Ca. The oxidizing
valence of Zn(NO,),-6H,0 is —10, Ca(NO;),.4H,0 is
—10, and the reducing valence of citric acid is +18.
The amount of citric acid (fuel) calculated for the re-
action is n = 0.56M.

Stoichiometric amounts of Zn(NO;),"6H,0 and
Ca(NO,),"4H,0 and C;H;O, were dissolved in sep-
arate beakers with double distilled water. A clear
solution of metal nitrates was intimately mixed in a
beaker equipped with a magnetic stirrer until a clear
solution was formed. Citric acid fuel was also dis-
solved in distilled water in a separate beaker with a
magnetic stirrer until a clear solution was obtained.
The above solutions were mixed then the resulting
aqueous solution was thoroughly stirred with a mag-
netic stirrer at room temperature for about 30 minutes
until a clear solution was formed. At low pH, nitrates
reduce the enthalpy of the exothermic reaction under
this condition and the particles agglomerate **. The
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pH of the solution is maintained at 7 by adding am-
monium hydroxide. By heating this mixture at 80 °C
under constant stirring for 8 h, the excess water and
nitrate gas were removed to form a transparent and
viscous gel. Excess water and nitric acid gas were
removed to form a clear, viscous gel. Further heat-
ing of the gel at 150 °C causes it to ignite and burn
completely, forming a carbonaceous powder. The
obtained powder material was allowed to cool and
ground in an agate mortar to get a fine powder, then
annealed at 800 °C for 6 hours to obtain phase pure
calcium-doped zinc oxide nanoparticles.

2.2 Characterization

X-ray diffractogram (XRD) patterns were record-
ed using the X-ray Diffractometer (Bruker AXS D8
Advance) fitted with Cu-Ka radiation (A = 1.5406
A) to get structural information of the prepared na-
noparticles. The vibrational modes of the samples
were characterized using an FTIR spectrometer (Per-
kin Elmer Spectruml) and a Raman spectrometer
(LabRAM HR 800, HORIBA, excitation laser 532
nm). The surface morphology and elemental analy-
sis of the samples were investigated by FESEM and
EDAX (XIGMAZEISS FESEM). Optical absorption
spectra were recorded over the wavelength range
of 350-800 nm using an ultraviolet-visible-near-in-
frared (UV-VIS-NIR) spectrophotometer (Perkin
Elmer UV Lambda 900). Photoluminescence (PL)
was measured using HORIBA with a laser light
excitation wavelength of 355 nm. Electrical imped-
ance measurements were made at room temperature
from 100 Hz to 1 MHz using a Wayne Kerr 6500B
Precision Impedance Analyzer. The silver paste was
applied evenly on both sides of the pellet to ensure
good electrical contact.

3. Results and discussion

3.1 Structural analysis

Figure 1 shows the powder XRD patterns of
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samples prepared with Zn, ,Ca,O (x = 0, 0.025,
0.05, 0.075) calcined at 800 °C. A hexago-
nal wurtzite structure with space group P6,mc
(JCPDS01-075-0576) is evident from the XRD pat-
tern. Ca”* doping does not show any additional peaks
in the diffractograms, confirming that Ca is perfectly
incorporated into the ZnO matrix without altering
the wurtzite structure. A negligible shift in peak po-
sitions towards lower 20 values was observed with
Ca doping. The shift to smaller angles was caused by
the larger radius of the Ca’" ion (0.99 A) ). XRD
diffractograms were examined with the Rietveld fit-
ting using FullProf software. Figure 2 shows the Ri-
etveld refinement (Fullprof) of XRD pattern for ZnO
(CA00), Zny475Cay,0050 (CA25), Zny55Ca0s0 (CAS50)
and Zn,,sCa, ,;;0 (CA75) nanoparticles. Table 1
illustrates the lattice and the Rietveld parameters y°
(reduced chi-square) obtained by the Rietveld fit.
The 5’ values of the samples vary between 1.42 and
3.42, which justifies the goodness of refinement. All
samples converge to a hexagonal wurtzite structure
of space group P6,mc. In the Wurtzite structure, Zn>*
is bonded to four equivalent O°" atoms to form a cor-
ner-sharing ZnO, tetrahedra. Although Ca ions oc-
cupy regular lattice sites in ZnO, variations in lattice
parameter values produce crystal defects around the
dopants, and it has been suggested that these defects
change the stoichiometry of the material.
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Figure 1. XRD pattern of ZnO (CA00), Zn, ¢;5sCay ,s0 (CA25),
Zn,,4sCa, ;O (CAS0), and Zn, 4,sCa, 1,50 (CA75) nanoparticles
calcined at 800 °C.
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The average crystallite size (D) is estimated using

[35]

Debye-Scherrer’s equation ' as follows:

KA
pPcosf

@D

where D is the average crystallite size, K is a con-
stant (0.9), A is the wavelength of X-rays, [ is the
full width at half maxima (FWHM) of a (101) reflec-
tion peak, and 0 is the Bragg’s diffraction angle.

The calculated crystallite size values are shown
in Table 1. The average crystallite size was found to
be the smallest (42 nm) for CA25 and the largest (92
nm) for CA75. This indicates that the average crys-
tallite size increases with increasing dopant concen-
tration. The bond length (L) of Zn-O was calculated

from the relation %

2 2
L= %+ l—u e
3 2

where a and ¢ are lattice constants and u is a posi-

@

tional parameter. The parameter # can be calculated
by using the formula: u=(a’/3¢’)+0.25. The calcu-
lated positional parameters and bond lengths are
also shown in Table 1. It was observed that the bond
length increased slightly with increasing Ca concen-
tration.

3.2 Fourier Transform Infra-Red (FTIR)
spectra analysis

The characteristics vibrational frequencies of
Zn,,Ca,O nanoparticles with wurtzite structure were
identified using FTIR spectra. Figure 3 shows the
FTIR spectra of the prepared samples. Infrared ac-
tive optical phonon modes in ZnO were observed in
the spectral range from 300 to 600 cm ™' ***. The
absorption peaks observed between 401-412 cm'
can be assigned to the E, (TO) mode of pure and Ca-
doped ZnO. The band 484 cm™' can be assigned to
the surface phonon mode A,(TO). Two additional
bands, 912 cm ™' and 1010 cm™' were assigned to
the vibrational frequencies due to the changes in the
microstructural features by adding Ca into the ZnO

lattice 7%,
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Table 1. XRD analysis results of ZnO and Ca-doped ZnO nanoparticles.

Atomic Average Bond Position
a=b C . Volume o 2 length
Sample packing 3 crystallite size |y parameters
@A) @) factor (c/a) @A) D (nm) Zn-0 u
L(A)
CA00 3.2482 5.2036 1.602 47.54 52 3.32 1.976 0.379
CA25 3.2479 5.2032 1.602 47.54 46 3.42 1.976 0.379
CA50 3.2505 5.2051 1.601 47.63 50 1.95 1.977 0.379
CA75 3.2504 5.2049 1.601 47.62 92 1.42 1.977 0.380
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Figure 3. FTIR absorption spectra of pure ZnO and Ca-doped

ZnO nanoparticles.

3.3 Raman analysis

The lattice vibrational properties of the prepared
samples were studied by Raman spectroscopy. The
prepared sample Zn, ,Ca, O (x = 0. 0.025, 0.05, 0.075)
crystallizes into a wurtzite structure with symmetry
P6;mc. Since there are four atoms per unit cell in the
wurtzite structure, there are 12 phonon modes. Among
12 modes, three longitudinal-optical (LO), six trans-
verse optical (TO) branches, one longitudinal-acoustic
(LA), and two transverse-acoustic (TA). The irreducible
representation for the zone-centre optical phonons is
G, = A, + E, + 2E, + 2B, .. The B, mode is silent,
the 4, and £, modes are both Raman and infrared ac-
tive, while the £, mode is non-polar and Raman-only

active. Raman spectra were obtained at an excitation
wavelength of 512 nm, as shown in Figure 4. The ab-
sorption peaks in Table 2 are attributed to the 1st and
2nd-order Raman active modes of ZnO and Ca-doped
Zn0. The two most intense peaks were associated

low

with the nonpolar mode E,. The E,” vibrational mode

around 100 cm™' corresponds to the vibrations of the
zinc sublattice. Another intense vibrational mode E,"®"
near 438 cm' corresponds to oxygen migration and
is characteristic of the hexagonal wurtzite phase of
ZnO "**. The peaks at 334 cm ™' and 391 cm™' cor-
respond to the second-order Raman modes (multiple
phonon processes) E,""-E," and 4, (TO) ", respec-
tively. The peak at 582 cm' is attributed to the E, (LO)
vibrational mode. This mode implies the presence of
structural defects due to oxygen vacancies, Zn intersti-
tial atoms, and impurities "’ The combined acoustic
and optical vibrational modes A, (TA) and A, (LO) also
occur between 651 cm ' and 665 cm .

The E, (TO) mode of Zn-O at 410 cm ' *”' is not
seen in the current Raman spectrum, but this mode
can be seen in the FTIR spectrum. The A,(LO) mode
at 574 cm ' was also missing, as reported by Calleja
and Cardona, and this mode could not be detected
at excitation wavelengths longer than 406.7 nm ..
Additional features emerge in the Ca-doped ZnO Ra-
man spectra. The peak at 279 cm ™' has been assigned
to B,"¢"-B,"" mode, and the peak at 1090 cm™'
can be assigned to the combination of the A, (LO)
and A (TO) modes. A broad asymmetric mode at
1157 cm™" depicts the contributions of 2A,(LO) and
2E,(LO) modes. Additional modes at 279 cm ™' were
also ascribed to the host lattice defects. Dopant-relat-
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ed defects can disrupt the selection rule and activate

the silent mode **',

3.4 Morphological and elemental analysis

Figure 5 shows the FESEM images of the Ca-
doped ZnO nanoparticles annealed at 800 °C for 6
hours. Micrographs of all samples show dispersed
crystallites and also reveal polycrystalline nature.

FESEM shows that all grains are more or less spheri-
cal, and the grain boundaries are well separated. The
EDAX pattern in Figure 6 illustrates the presence
of prime elements zinc, calcium, and oxygen along
with carbon trace as contamination. This carbon
trace element was detected through the use of carbon
tape as the base on the sample holder. The elemental
proportion corresponding to Zn, Ca, and O is in good
agreement with permissible error.
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Figure 4. Raman spectra of pure ZnO and Ca-doped ZnO nanoparticles.

Table 2. Raman vibrational modes of ZnO and Ca-doped ZnO.

Sample Wavenumber (cm™") PROCESS
ZnO CA25 CA50 CA75 REFERENCE

100 102 100 100 99 [ E,”"

- 279 279 279 284 1% B, "B,V
334 333 333 331 333 %% E,""-E,""
391 387 387 391 384 #1 A,(TO)
438 439 439 439 438 B% E,"e

478 478 482 482 483 0% 2LA

582 584 586 584 586 1 E,(LO)
665 661 651 651 660 ™ TA +LO
1012 1016 1010 1016 980 ™ 2TO

- 1090 1091 1089 1080 19 TO + LO
1157 1149 1156 1155 1158 B 2A,(LO), 2E,(LO)
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3.5 UV-Vis spectroscopy

Figure 7 shows the UV-Vis spectra of the ZnO
and the calcium-doped ZnO samples. The absorption
spectrum of pure and Ca-doped ZnO exhibits a strong
absorption band at 369 nm due to its wide-bandgap
energy. This indicates that the prepared samples
were activated only under UV light irradiation. A
characteristic absorption peak at about 369 nm can
be assigned to the intrinsic bandgap absorption of
ZnO due to the electronic transition from the va-
lence band to the conduction band (O,,—Zn;,) ),
With increasing Ca concentration at the Zn sites, the
samples exhibited a red shift of the absorption band
and increased photoactivity. The Bandgap energy
of the synthesized samples was determined using
Tauc’s relation:
ahv = A(hv — Eg)"" 3)
where A is the constant of proportionality, 4 is
Planck’s constant, a is the absorption coefficient, v
is the optical frequency, and Eg is the energy band-
gap. For direct bandgap semiconductors, n = 2. The
bandgap energy was determined by plotting (ahv)’
versus photon energy Av. The undoped ZnO band
gap energy is wider than the band gap energy (3.11
eV, FER = 1) in the work written by H. V. Vasei,
et al. ", which may be due to the use of different fu-
els during preparation. Table 3 shows the band gap
energy of the prepared samples. The band gap energy
value from the Tauc plot (Figure 8) decreases from
3.24 eV to 3.22 eV with increasing Ca doping con-
centration. Morphology, size, and synthesis methods
of ZnO nanoparticles are believed to influence the

[47]
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Figure 7. UV-vis absorption spectra of Pure and Ca-doped ZnO
nanoparticles.
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Table 3. Bandgap energy of ZnO and Ca-doped ZnO.

Sample ZnO |CA25 |[CAS5 |CATS5

Band gap energy (e}) 3.242 |3.238 |[3.231 3.227

3.6 Photoluminescence (PL) analysis

Figure 9 shows the photoluminescence spectra
of pure ZnO and Ca-doped ZnO recorded at an ex-
citation wavelength of 355 nm to determine excited
states and defects. Table 4 shows the emission bands
of the prepared samples. The prepared nanoparticles
exhibit four emission bands at 395 nm (band edge
emission), 430 nm (violet emission), 490 nm (blue
emission), and 515 nm, 580 nm (green emission).
The UV emission near 395 nm, is attributed to direct
exciton recombination resulting from near-band edge
transitions in ZnO via an exciton-exciton process **\.
The emission of different visible colours represents
the several intrinsic defects Vis Zn vacancies (Vy,),
O vacancies (V,), Zn interstitials (Zn,), O interstitials
(O)), and O anti-sites (O,,). The violet emission cor-
responds to the electron transitions from the shallow
donor level of neutral Zni to the top of the valence
band """, The blue emission is due to electron
transfer from shallow donor levels of Zn interstitial
atoms (Zn,) to an acceptor level of neutral Zn vacan-
cies (V) 7. Green emission represents the radial
recombination of photogenerated holes with elec-
trons from the single-ionized oxygen (O) vacancies
in the ZnO lattice surface. Furthermore, this is also
due to radiative transitions between shallow donors
(associated with O vacancies) and deep acceptors (Zn
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Figure 9. Photoluminescence emission spectra of pure and Ca-
doped nanoparticles.

Table 4. Photoluminescence emission bands of ZnO and Ca-
doped ZnO.

Sample Name | Emission (nm)

ZnO 395 430 490 515 580

7Zn,9,5Cag00s0 | 395 430 490 515 580

ZnyysCayosO | 395 430 495 515 585

Zn0,sCaye7s0 | 390 430 485 515 580
uv Violet Blue Green | Green

3.7 Impedance analysis

Impedance spectroscopy consists measurement of
impedance Z as a function of frequency (v). Sintered
pellets coated with silver paint on both sides were
used for impedance measurements. The impedance
analyzer record the magnitude of the impedance |Z|
and phase angle 6 at various frequencies. Real (Z")
and imaginary (Z") parts of the complex impedance
(Z* = Z' + j Z") were calculated using Z' = |Z| cosf
and Z" = |Z| sin®.

Figure 10 shows impedance spectra or Cole-Cole
plots consisting of the real parts (Z') and imaginary
(Z") parts of the complex impedance of the prepared
samples. The Cole-Cole plots provide information
on the resistance offered by the grain interior (G),
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grain boundary (GB), and electrode-material inter-
faces to the conduction of the charge carriers. The
impedance spectrum consists of two semicircles,
one at a high-frequency region and another at mid
or low frequencies. The high-frequency semicir-
cle ascribed to grain (G), and the semicircle at
low frequency represents the grain boundary (GB)
contribution. Grain resistance (R,) and resistance

due to grain boundary (R,) were obtained by fit-

gb
ting R-CPE equivalent circuits using Zview2. The
general expression for the impedance of a constant
phase element (CPE) is Zqp; = 1/0(jo)", where Q is
the constant phase element (CPE), j=+/-1 and o is
the angular frequency(w = 2mv, v-frequency). When
n =1, Q acts as ideal capacitance C. The solid line
represents the fit to the experimental data based on
the equivalent circuit (Ry|Q,) (Ry[|Qg) by Zview2.
The total resistance (R,) to the ion conduction is
R,= R, + Ry, The total conductivity of the samples
was calculated using o, = #/R,A. Where ¢ is the pel-
let thickness, A4 is the pellet area, and R, is the total
resistance. Table 5 consists of the fitted resistance
values, the calculated grain conductivity (6, = /R A),
grain boundary conductivity (c,, = #/R,,4), and total
conductivity. Capacitors or CPEs in the pF range
reflect grain interiors, and the nF range reflects
grain boundaries. The grain resistance decreases
with increasing the Ca doping concentration, similar
to the results obtained by Irshad Ahmad et al. **),
whereas the grain boundary resistance increases with
increasing Ca doping. Figure 11 shows the variation
of conductivity with dopant (Ca) concentration. It
observed that there is an increase in grain conduc-
tivity with increasing doping because there is an in-
crease of the charge carriers with increasing calcium
doping ®®. On the other hand, the grain boundary
conductivity decrease with increasing Ca doping.
This is due to the precipitation of calcium at the ZnO
grain boundaries, which calcifies the grain bounda-

[57]

ries ©" and reduces the overall conductivity.
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Table 5. Impedance analysis results: Grain resistance (R,), grain boundary resistance (R,), total resistance (R,) and the calculated
grain conductivity (o,), grain boundary conductivity (c,,) and total conductivity (o).

Sample R, (ohm) R, (ohm) R, (ohm) G, (S/cm) Gy (S/cm) o, (S/cm)

Zn0O 961430 341830 1303260 9.56x10° 2.69 x 107 7.05x10°
CA25 746390 5629800 6376190 1.41x 107 1.87x 10" 1.65x 10°°
CA50 194240 4278300 4472540 571 %107 2.59x 10" 248 x10°
CA75 31659 2722400 2754060 2.00x 10° 2.33x 10" 230x10°

4. Conclusions

The pure and Ca-doped ZnO nanoparticles were
successfully prepared by the solution combustion
technique. XRD investigations confirmed that the
prepared samples had a hexagonal wurtzite structure
without heterogeneous phases. XRD analysis also
shows structural changes with Ca concentration,
both in terms of lattice parameter and crystallite size.
FESEM images show that the particles are nearly
spherical and have few aggregates. EDX analysis
identified the chemical composition of the prepared
samples. The Raman spectrum depicts the hexagonal
wurtzite structure of the ZnO, indicating the first and
second-order active modes of the ZnO. The presence
of wurtzite structural defects in the prepared samples
was identified using PL spectroscopy. The decrease
in optical bandgap is due to the increase in carrier
concentration in Ca-doped ZnO nanoparticles, which
increases the grain conductivity of the Ca-doped
samples. The red shift of the energy bandgap and in-
crease in grain conductivity suggests that Ca-doped
ZnQ is a potential candidate for photocatalytic appli-
cations.
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