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KEYWORDS Abstract In this research, we strived to utilize waste fish scale (labeo rohita) for synthesizing CuO
Copper (II) oxide; nano-particles (CuO NPs), which gained much attention due to its distinctive properties and versa-
Nanoparticle Synthesis; tile applications. Upon the heat treatment, the collagen content of the fish scale got transformed
Fish Scale; into gelatin which in turn converted the precursor material into CuO NPs. The X-Ray diffraction
Green Synthesis; (XRD) analysis confirmed the formation of CuO NPs and revealed the structure to be of mono-
Crystallite Size clinic lattice. The structural parameters i.e. crystallite size, lattice parameters, microstrain, disloca-
Determination tion density was evaluated for the synthesized CuO NPs using the XRD data. Scherrer’s Method

(SM), Scherrer Equation Average Method (SEAM), Linear Straight Line Method (LSLM),
Straight Line Passing the Origin Method (SLPOM), Monshi Scherrer Method (MSM),
Williamson-Hall Method (WHM), Size-Strain Plot Method (SSPM), Halder-Wagner Method
(HWM) was exploited for the estimation of crystallite size. According to the calculations, the crys-
tallite size was found to be 87 nm, 41 nm, 1980 nm, 62 nm, 66 nm, 28 nm, 13 nm, 13 nm respectively
and the dislocation density was found to be 1.32 x 104, 5.95 x 10'4, 0.002 x 10, 2.60 x 10'4,
2.29 x 107, 12.75 x 10, 59.17 x 10* and 59.17 x 10 respectively. UV—-Vis absorption analysis
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also confirmed the formation of CuO NPs based on the absorption peak at 262 nm (An,.x) and Tauc
Plot method was used to calculate the optical band gap which was 3.84 eV. Functional group, espe-
cially the Cu-O bonding was confirmed by the Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopy (ATR-FTIR) data. Field Emission Scanning Electron Microscopy (FESEM)
showed three different shapes of CuO NPs which was also confirmed by Transmission Electron
Microscopy (TEM). Particle size was determined based on FESEM and TEM image using imagelJ
software and also by the Dynamic Light Scattering (DLS) technique. Thermal analysis showed a
four stage weight loss in case of Thermogravimetric (TGA) analysis and three conversion steps
was observed in Differential Scanning Calorimetric (DSC) analysis. Such synthesis pathway is evi-
dently green and facile for synthesizing CuO NPs with potentiality of various applications and also
utilization of waste fish scale is a perquisite.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Disparate from bulk materials, the properties of nano-materials have
been under the scrutiny of researchers since the emergence of modern
science and technology which was accomplished by the aid of nan-
otechnology (Abboud et al., 2014; Berra et al., 2018). The research
and engineering that are done with materials at nano-scale level for
the evolution of newer technologies is defined as nanotechnology.
One example for the sublimity of nanotechnology is that, for a material
with the same composition, the melting point is lower for the nano-
sized material compared to the bulk material (Chavali and Nikolova,
2019). Nanotechnology is considered as the pivotal technological
aspects of 21st century since it has been the building block of techno-
logical advancement and also possesses immense potential to revolu-
tionize any industrial sector (Jeelani et al., 2020; Verma et al., 2019).
Among a myriad amount of nanoparticles, metal oxide nanoparticles
received considerable amount of interest as they exert some eccentric
optical, electronic and magnetic properties. The oxides of transition
metals are of great interest because of their applications in catalysis
(Sadri et al., 2014), electronics (Shen et al., 2009; Zhou et al., 2019),
magnetic storage media (Crowley et al., 2003), gas sensors (Miller
et al., 2014), solar energy transformations, etc. (Taghavi Fardood
and Ramazani, 2016). Likewise, CuO NPs also attained quite an inter-
est because of being the simplest member of the copper compounds
and also due to its applications in catalysis (Xu et al., 2009), as thermal
conductivity nano-fluids (Sone et al., 2020), sensors (Sundar et al.,
2018; Zhang et al., 2006; Zhu et al., 2012), in steam reforming
(Udani et al., 2009), lithium ion batteries (Yang et al., 2014), solar
energy conversion (Kaneshiro et al., 2010), CO oxidation of automo-
bile exhaust gases (Cao et al., 2008), as anti-microbial, anti-oxidant,
drug delivery agent in biomedicine (Yallappa et al., 2013), in photo-
catalysis (Vaidehi et al., 2018), (Mustafa et al., 2013) etc. A number
of synthesis methods of CuO have been exploited such as hydrother-
mal approach, chemical methods, sonochemical technique, thermal
oxidation, thermal decomposition, precipitation methods etc.
(Siddiqui et al., 2021). These techniques involve the use of toxic chem-
icals and energy consuming synthesis pathways which makes them
repugnant to environment and apathetic to industrial applications.
In addition to that, the increasing concern about energy crisis and con-
voluted challenges of physical and chemical approaches made the
researchers to strive for alternative facile routes (Cuong et al., 2021).
In order to eliminate aforementioned demerits, development of an
eco-friendly, non-toxic and bio-compatible route of synthesis is a pre-
requisite and ‘“‘green” chemistry is one of the resolutions where
environment-friendly cost effective reducing agents are utilized. In this
regard, labeo rohita fish scale, which is discarded daily from kitchen
and fish market as a waste material is used for synthesizing CuO
NPs. Fish scales contain a large amount of necessary compounds
including 40-55% of organic components such as collagen, fat,

lecithin, vitamins etc and 7-25% of inorganic components such as
hydroxyapatite, calcium phosphate, etc. (Chinh et al., 2019). The fish
scale extract of labeo rohita is affluent with type I collagen which gets
denatured at a certain temperature to form gelatin and this gelatin
helps in the effective formation of CuO NPs. The present work aims
for a green synthesis of CuO NPs which is eco-friendly, cost effective
and utilizes a waste material into a value added product.

2. Materials and methods

2.1. Materials

The precursor materials, copper sulfate pentahydrate (CuSOy4-
-5H,0) was procured from Sigma-Aldrich and sodium hydrox-
ide (NaOH) which was used in controlling the pH was
procured from Merck KGaA. All the reagents used were of
analytical grade and no further purification was done. Deion-
ized (DI) water was used in all sorts of experiments. Matured
fish scale of labeo rohita (locally known as Rui) was collected
from a local fish market at Jatrabari, Dhaka, Bangladesh.

2.2. Preparation of fish scale powder

Freshly separated (not more than one hour after separation)
fish scales were soaked for thirty minutes in water to loosen
the adherent skin and washed thoroughly three times with
tap water to remove dirt and water-soluble impurities. Then
they were sundried for 4 days, followed by oven drying at
70 °C until the scale became crisp and constant weight was
achieved. The dried fish scales were then ground in a stainless
steel grinder (Panasonic MX 900 M) and sieved at 200 mesh
size for several minutes to maintain the sizes below 74 pum.

2.3. Preparation of fish scale solution

Finely ground fish scale powder (5 g) was placed in a 500 ml
beaker in which 225 ml of DI water was added. The solution
was then placed in a hot plate where the temperature was set
to 60 °C for 30 min with constant stirring. After the heat treat-
ment, the solution was allowed to cool until room temperature
and then subjected to centrifugation (centurion CR4000) at
4000 rpm for 30 min. The supernatant was filtered out and
kept in a refrigerator below 8 °C and used it for CuO synthesis
within one week of preparation.
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2.4. Synthesis of CuO nano-particles

Synthesis of CuO nano-particles was initiated by taking 2 g of
copper sulfate (CuSO4-5H,0) and dissolving it in 40 ml of DI
water. 50 ml of 40% fish scale solution was added to CuSOy-
-5H,0 solution and pH ~ 9 was maintained with the addition
of NaOH solution. The mixture was then subjected to reflux at
100 °C, maintaining a constant stirring with the help of a mag-
netic stirrer. The temperature was kept constant until the color
of the solution changed from blue to dark brown. After achiev-
ing such, the solution was centrifuged and filtered. The residual
dark brown mass was washed few times with DI water, abso-
lute ethanol and acetone and then subjected to vacuum drying
at 40 °C for 1 h. The synthesis scheme of CuO NPs is given in
Fig. 1.

The probable mechanism for the formation of CuO NPs is
depicted in the following equations (Akintelu et al., 2020):

Cu?>* (From CuSOy4-5H,0) + Collagen

(FromFishScaleExtract) — [Cu — collagen)**

24 pH~9
[Cu — collagen] oy [Cu(OH), — Collagen]

[Cu(OH), — Collagen] Reflx [CuO] — GelatinComplex

VacuumHeating

— CuONPs
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solution
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i
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Fig. 1

3. Characterization of CuO NPs

The crystalline nature of the synthesized CuO NPs was inves-
tigated by using a X-ray powder diffractometer. The XRD pat-
tern was recorded by PANalyticalX’pert PRO XRD (PW
3040) CuKa radiation (A = 1.54178 A), from a broad focus
Cu tube operated at 40 kV and 30 mA, was applied to the sam-
ples for measurement. The XRD pattern of the sample was
measured in the continuous scanning mode with a speed of
2.5°/min and in the scan range of 30° to 75°. Bragg’s law
was used to compute the basal spacing of the crystalline
samples.

Transmission Electron Microscopic (TEM) analysis was
carried out using Talos F200X (ThermoFisher Scientific,
USA) at an accelerated voltage of 200 kV. The morphological
and elemental study was carried out by Field Emission Scan-
ning Electron Microscopic (FESEM) technique using JEOL
(JSM-7610F) coupled with Energy Dispersive X-ray (EDX)
at an accelerating voltage of 15 kv. Prior to the FESEM anal-
ysis, the sample was coated with platinum using a sputter
coater.

The particle size and zeta potential analysis was carried out
by a DLS particle size analyzer (Malvern Panalytical Zetasizer
Ultra) equipped with a laser (10 mW) of 632.8 nm wavelength;
particle size was calculated based on Multi Angle Dynamic
Light Scattering (MADLS) technology. Prior to measure-
ments, the powdered samples were dispersed in water and then
sonicated for 30 min to reduce the formation of agglomerates.

Reflux

S / condenser

CuO NPs

O

Synthesis scheme of CuO NPs from /abeo rohita fish scale.

Filtration &
] Washing

Vacuum drying
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The Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopic (ATR-FTIR) data of the synthesized
CuO nanoparticles was collected using MIRacle-10 Single
Reflection ATR accessory mounted IR Prestige-21 (Shimadzu
Corporation, Japan) in the wavenumber ranging from 400 to
4000 cm~! with resolution of 4 cm and number of scans were
30. Absorption spectral measurement was carried out by dis-
persing the CuO NPs into DI water & then taking measure-
ments using Hitachi U-2910 UV-Vis spectrophotometer.

The thermal stability of the synthesized CuO NPs was
investigated in terms of thermogravimetric analysis (TGA)
and differential scanning calorimetric (DSC) analysis by the
aid of a simultaneous thermal analyzer (NETZSCH STA
449F5). The analysis was done at a heating rate of 20°/min
over a temperature range of 30 °C to 1000 °C under nitrogen
atmosphere.

4. Results and discussion

4.1. X-ray powder diffraction study

The phase composition and crystallite structure of the synthe-
sized CuO NPs were determined with the aid of x-ray powder
diffraction analysis. Fig. 2. shows the xrd pattern of synthe-
sized CuO NPs for the 20 values in the range of 30° to 75°.
The largest peaks are observed at the 20 values of 35.55°,
35.57°, 38.41° and 38.73° which correspond to the crystal
planes of (002), (—111), (111) and (200) respectively. The
other significant Bragg’s reflection peaks corresponds to the
crystal planes (110), (—=112), (=202), (020), (202), (—=113),
(022), (=311), (113), (220) and (311). These crystal planes
and the 20 values were in very close agreement with the JCPDS
card no 00-041-0254. The xrd pattern revealed that the synthe-
sized CuO NPs were polycrystalline in nature and depicted to
be the monoclinic tenorite phase of CuO structure (Kamble
and Mote, 2019; Munawar et al., 2020; Nicolaescu et al.,
2021; Perkas et al., 2014; Philip et al., 2021; Shinde et al.,
2016). In addition to the crystal planes and diffraction angles,

600
500 - T
400
LY
]
c
=
o
(6]
JCPDS Card No. 00-041-0254
| . R T
T T T T T
50 60 70
2 Theta (Degree)
Fig. 2 XRD powder diffraction pattern of synthesized CuO
NPs.

the selected values of full width half maximum (FWHM, p)
and related other conversions are presented in Table 1.

4.2. Crystallite size calculation using various methods

4.2.1. Scherrer’s method (SM)

Generally, the coherent volume in a material for the respective
diffraction peak is referred as the crystallite size. For a pow-
dered sample, it also corresponds to the grain size and for
polycrystalline thin films, it corresponds to the thickness
(Bishnoi et al., 2017). The most famous method for calculating
the crystallite size of a crystalline material is the exploitation of
Scherrer equation (equation (1)) (Monshi et al., 2012; Scherrer,
1912),

kA

- pcosl (1)

Here, D is the crystallite size, 4 is the wavelength of x-ray
(2 = 0.15405 nm for Cu Ka), f is the full width half maxima
(FWHM) in radians, K is a constant, named shape factor
which is related to the crystallite shape and normally taken
as 0.9 and 0 is the diffraction angle in degree. Many research-
ers calculate the crystallite size by taking the FWHM () of the
sharpest peak. Herein, by doing so, the crystallite size of the
synthesized CuO NPs was found to be 87 nm (listed in
Table 4).

4.2.2. Scherrer equation average method (SEAM )

This model considers all of the selected values of FWHM ()
found in the X-ray diffraction pattern (Fig. 2) and employs
them to calculate the crystallite size using scherrer equation.
The final result is the average of all the values of crystallite size
found for each f. The values of crystal size found through
Scherrer equation and their average is presented in Table 2.

While considering FWHM (f3) for all or the selected peaks,
the average crystallite size based on Scherrer equation was
found to be around 41 nm (listed in Table 4) and was less than
half the crystallite size found by considering FWHM () of the
sharpest peak.

4.2.3. Linear straight line method (LSLM )

The Linear Straight Line Method (LSLM) of Scherrer’s equa-
tion was introduced to calculate the crystallite size of the syn-
thesized CuO NPs considering all the selected peaks. This
method was formulated by rearranging the existing Scherrer
equation (equation (1)) and comparing it with a linear straight
line equation (y = mx + c¢) as (Rabiei et al., 2020),
ki 1

cosl = DF (2)

Plotting the values of cos0 in y-axis and 1/f in x-axis pro-
duced a graph of straight line from which the value of the slope
can be calculated. The graph is shown in the Fig. 3.

According to equation (2), the slope of the plot is equal to %
which has found to be 0.00007 from Fig. 3. After calculation,
the value reveals a crystallite size of 1980 nm (listed in Table 4)
which is invalid since the value of crystallite size of a nanocrys-
tal should be under 100 nm (Rabiei et al., 2020). Rabiei et al.
opined that when the least squares method is exploited to fit
the data according to the LSLM (equation (2)) then, certainly
the y-intercept does not carry any physical meaning. To rectify
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Table 1 Crystallographic parameters of the synthesized CuO NPs based on the X-Ray diffraction pattern.
26 B = FWHM 6 Cos6 1/CosO Ln (1/Cos®) B = FWHM LnB 4Sin6 B (Radian). d-
(degree) (Degree) (Degree) (Degree) (Degree) (Degree) (Radian) (Radian) (Degree) Cosf (Degree) sgacing
(A)
33.33 0.384 16.66 0.9579 1.0438 0.0429 0.0067 —5.0053 1.1473 0.0064 2.68
35.57 0.096 17.78 0.9521 1.0502 0.0489 0.0016 —6.3916 1.2219 0.0015 2.52
38.41 0.576 19.20 0.9443 1.0589 0.0572 0.0100 —4.5998  1.3158 0.0094 2.34
40.41 0.096 20.20 0.9384 1.0655 0.0635 0.0016 —6.3916 1.3815 0.0015 2.23
41.17 0.288 20.58 0.9361 1.0682 0.0660 0.0050 —5.2930 1.4066 0.0047 2.19
52.48 0.384 26.24 0.8969 1.1148 0.1087 0.0067 —5.0053 1.7685 0.0060 1.74
53.80 0.144 26.90 0.8917 1.1213 0.1145 0.0025 —5.9861 1.8098 0.0022 1.70
54.11 0.144 27.05 0.8905 1.1229 0.1159 0.0025 —5.9861 1.8195 0.0022 1.69
57.76 0.576 28.88 0.8755 1.1420 0.1328 0.0100 —4.5998  1.9321 0.0088 1.59
66.20 1.152 33.10 0.8376 1.1937 0.1771 0.0201 —3.9067 2.1845 0.0168 1.41

Table 2 Average crystallite size calculation using Scherrer
equation.

Values of FWHM (),

Crystallite Size, Average Crystallite

(radians) ﬁ (nm) Size (nm)
0.0067 21.59 41.15
0.0016 86.90

0.0100 14.60

0.0016 88.17

0.0050 29.46

0.0067 23.06

0.0025 61.85

0.0025 61.94

0.0100 15.75

0.0201 8.23

the emerged consequence, it is recommended to enforce the lin-
ear plot and make it pass through the origin.

4.2.4. Straight line passing the origin method (SLPOM )

This method has been developed by Rabiei et al. (Rabiei et al.,
2020) where the linear plot is forced to pass through the origin
and the outcome is a reasonable slope for calculation. This
SLPOM extracted all the points from Fig. 3 as the plot of y
versus x points (Table 3) and introduced into the following
equation (3),

xlyl -|— ny2+ x3y3+ ......... + xnyy,
x%+ x%+ x%+ ......... + X£

Slope = (3)

After putting the values of x and y, the slope was found to
be 0.0022222336 which is equal to % and hence the calculated
crystallite size was 62 nm (listed in Table 4). This modification
considered all the selected peaks of XRD pattern and the resul-
tant crystallite size is somewhere in between the values
obtained through SM and SEAM.

4.2.5. Monshi scherrer method (MSM)

Monshi Scherrer method or the modified Scherrer method was
introduced by Monshi et al. (Monshi et al., 2012) in 2012 by
bringing some modifications to the existing Scherrer equation
in order to calculate the crystallite size with more precision.
This method was also employed for calculating the crystallite

size of CuO NPs. The Scherrer equation (equation (1) can be
written as follows,

kA 1
=—X — 4
b D x cosf “)
Taking logarithm on both sides, equation (4) becomes,
k2 1

()

For the estimation of crystallite size by Monshi Scherrer
method (MSM), plot of Inf (in y-axis) versus lncolsﬁ (in x-
axis) has been plotted. Linear fitting of this plot can be com-
pared with straight line equation (y = mx + c) which resulted

in the following equations,

Ing=In==+1
np nD_'—ncosﬁ

Py

lng = Intercept (6)
kA ——

Or7 3 — e(mteuepl) (7)

The plot (Fig. 4) has the slope of 9.26194, R? value of
0.13391 and the intercept of negative 6.17597 which is equal
to ln% according to equation (6) and (7). Thus, the average
crystallite size was calculated to be 66 nm (listed in Table 4)
which is not far from the value obtained through the straight
line passing the origin method (SLPOM).

4.2.6. Williamson-Hall method (WHM )

Williamson-Hall (W-H) method was also exploited to calculate
the crystallite size of the synthesized CuO NPs. Unlike Scher-
rer method, the W-H method does not only confine to the
effect of crystallite size in XRD peak broadening, rather it con-
siders the effect of strain-induced xrd peak broadening. More-
over, this W-H model provides a calculative pathway of
crystallite size as well as intrinsic strain (Nath et al., 2020;
Warren and Averbach, 1952). The W-H model excluded the 1/-
cosO dependency by introducing the variation with tan0 in
strain considerations (Zak et al., 2011). Strain is caused by
the imperfections and distortions in the crystals of a powdered
sample. Keeping this in mind, the W-H method expresses the
total physical line broadening (FWHM) of x-ray diffraction
peak as a combination of effect of size and strain (Mote
et al., 2012; Rabiei et al., 2020),

FWHM 1 = FWHM ;.o + FWHM 1140 (8)
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Fig. 3 Linear fit plot of linear straight line method (LSLM) of Scherrer’s equation for calculating crystallite size of synthesized CuO

NPs.

Table 3 The extracted values of (x, y) from Fig. 3.

Values of x 149.20 596.83 99.47 596.83

198.94

149.20 397.88 397.88 99.47 49.73

Values of y 0.9579 0.9521 0.9443 0.9384

0.9361

0.8969 0.8917 0.8905 0.8755 0.8376

Table 4 The calculated crystallite size of synthesized CuO NPs using various methods.

S1. No. Name of the Method Acronym Crystallite Size, nm Remarks
0l1. Scherrer’s method SM 87 Valid
02. Scherrer equation average method SEAM 41 Valid
03. Linear Straight Line Method LSLM 1980 Not valid
04. Straight Line Passing the Origin Method SLPOM 62 Valid
05. Monshi Scherrer Method MSM 66 Valid
06. Williamson-Hall method WHM 28 Valid
07. Size-strain plot method SSPM 13 Valid
08. Halder-Wagner Method HWM 13 Valid
The. crysFal imperfections and/or. distortions Will give re}ise FWHM,,,.cos 0 — ﬂ 1 desin0 (1)
to strain which can be calculated using the following equation D

(9) (Mote et al., 2012),
_ ﬁstrain
*~ 4tan0 ©)

Amalgamation of equation (1), (8) and (9) gives us the fol-
lowing equation (10),
K2
Dcos0

By rearranging the above equation, we get,

FWHM . = +4etan 0 (10)

By plotting 4sinf in the x-axis and FWHM . cos 0 in the
y-axis, we obtained Fig. 5. Generally, W-H method relates to
an isotropic (perfect) crystal system and apparently, slope
and intercept of the fitted line corresponds to the strain and
crystal size. The linear fitting of Fig. 5 results in an intercept
of negative 0.00483 and the value of slope was 0.00677. The
value of intercept is equal to the % and from this relationship
the crystallite size is calculated to be 28 nm (listed in Table 4).
The value of slope is equal to the strain (g¢) which is
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Fig. 4 Linear fit plot of Monshi Scherrer method (MSM) for
calculating crystallite size of synthesized CuO NPs.
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Fig. 5 Linear fit plot of W-H method (WHM) for calculating
crystallite size of synthesized CuO NPs.

6.77 x 1073, The positive value of strain corresponds to the
tensile strain (negative value corresponds to the compressive
strain).

4.2.7. Size-strain plot method (SSPM )

The Willianson-Hall method (WHM) is based on the fact that
the broadening of the xrd peaks is a combined effect of size
and strain induced broadening. On the other hand, the size-
strain plot method (SSPM) considers the size broadening as
a Lorentz function and strain broadening as Gaussian function
(Balzar and Ledbetter, 1993) which is presented as,

B = Br + Bs (12)

Where, By and Bg are the peak broadening based on Lor-
entz and Gaussian function respectively.

Generally, the SSPM is more focused on isotropic crystal
structures (Kafashan, 2018) and low angle reflections where
more accuracy and precision can be attained. The size-strain
plot is presented by the following equation (13) (Basak et al.,

2021; Kushwaha and Chauhan, 2021; Nath et al., 2020;
Sivakami et al., 2016),

(dﬁcosO)zz%x (d2ﬁ0050)+§ (13)

Here, d is the lattice distance between the (/k/) planes of the
monoclinic structure of CuO NPs (also known as the d-
spacing) and can be calculated by the following equation (14),
1 1 (K ESi’p P 2hicosp
?7&'}12/3(; b? +§_ ac )

Now, using equation (13), a plot can be drawn where (d>.f.-
cos0) is represented in the x-axis and (d.p.cos0)? is presented in
the y-axis (Fig. 6). The crystallite size and intrinsic strain of the
synthesized CuO NPs can be calculated from the slope and
intercept of the linear extrapolated data.

The slope of the straight line obtained from the plot (Fig. 6)
of (d°.B.cos®) versus (d.p.cos®)® provides a value of 0.01072
and it is equal to ’%‘ of equation (13). This calculation gives
us the value of crystallite size to be 13 nm (listed in Table 4).

The value of intercept is equal to % from which the strain
can be calculated. But since the value of intercept is negative
(- 5.96063E-7), the calculation of strain was not mathemati-

cally possible.

(14)

4.2.8. Halder-Wagner method (HWM )

The necessity of Halder-Wagner Method (HWM) for calculat-
ing crystallite size is governed by the fact that, the size broad-
ening of the xrd peak profile is neither a Lorentzian nor a
Gaussian function (Halder and Wagner, 1966; Hepp and
Baerlocher, 1988), rather it is based on symmetric Voigt func-
tion (Halder and Wagner, 1966; Motevalizadeh et al., 2014).
So, to eliminate this difficulty, HWM proposed the following
equation (15) for Voigt function,

Bis = Br % Bu + B (15)

Where, B and Bg are the full width at half maximum of the
Lorentzian and Gaussian function. The HWM has the advan-
tage over other methods since it is more focused on the peaks
at low and middle angles where the overlapping of the diffrac-
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Fig. 6 Linear fit plot of size-strain plot method (SSPM) for
calculating crystallite size of synthesized CuO NPs.
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tion peak is less. The computational formula of HWM is pre-
sented in equation (16) along with its subcategories in equation
(17) and (18),

B z_ KB .

(}) _D(d*)2+(26) (16)
p=tet (1)
d*:2ds)in9 (18)

Amalgamation and rearrangement of equations (16), (17)
and (18) produce equation (19),

2 A
( 4 ) _Kifeost g (19)

tan 0 D sin*0

The plot of equation (19) with % in the x-axis and (ﬁ)2
in the y-axis is shown in Fig. 7. The linear fitting of Fig. 7
results in a slope value of 0.01072 which is equal to % of equa-
tion (19) and the calculated crystallite size is 13 nm (listed in
Table 4). Similar crystallite size was also obtained using the
SSPM. Linear fitting of Fig. 7 also provides the intercept of
negative 1.00456E-4 which is equal to 16&> of equation (19).
Since the intercept value is negative, the calculation of strain
was also not possible using HWM.

The calculated crystallite of the synthesized CuO NPs is
summarized in Table 4 which clearly shows that, LSLM pro-
duces crystallite size of 1980 nm and it is invalid (Rabiei
et al., 2020). Among the remaining methods, SSPM and
HWM produced the lowest crystallite size (13 nm) whereas

0.0012

* CuO NPs
Linear Fitting

0.00104

0.0008

0.0006

0.0004

0.0002

(B/tan®)’ (radian/degree)

y =0.01072x - 1.00456E-4

0.0000 RZ=0.71143

——— T ———————
0.00 0.01 0.02 0.3 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Bcos6/sin’ (radian.degree)

Fig. 7 Linear fit plot of Halder-Wagner method (HWM) for
calculating crystallite size of synthesized CuO NPs.

SM considering FWHM () of the sharpest peak produced
the highest crystallite size (87 nm).

4.3. Calculation of crystallographic parameters

The lattice parameters and the volume of the monoclinic struc-
tured CuO were calculated by equation (14) and the following
equation (20), (Azaroff and Buerger, 1958; Rodney et al., 2018;
Volanti et al., 2008),

V = abcsin 8 (20)

According to the equation (14), the lattice parameters were
calculated tobe a = 4.689 A, b = 3.469 A, c = 5.115A, B =
99.3090° and V = 82.10° (according to equation (20)) which
are very much in accordance with previous studies (Mustafa
et al., 2013), (Monshi et al., 2012), (Aparna et al., 2012),
(Srivastava, 2013).

The crystal density based on the obtained xrd data can be
calculated by the following equation (Karimi et al., 2014;
Rodney et al., 2018),

d:ZN:V @)

Where V is the volume of unit cell, A is the sum of atomic
weight of all the atoms belonging to the unit cell and N is the
Avogadro’s number. When it comes to density of the mono-
clinic structure, the volume of unit cell can be written from
equation (20) and since monoclinic structure of CuO contains
4 molecules in a primitive structure, equation (21) can be
altered as,

4x M
g L 22
deuo Z N x abcsin (22)

Here, M is the molecular weight of copper oxide. Table 5
lists the experimental and JCPDS lattice parameters of CuO
NPs.

The microstrain or local strain is the variations in the lattice
parameters in the crystalline materials. It can be calculated by
the following equation (24) (Hossain et al., 2021),

. : B
Microstrain, € = Ttans (23)

Dislocation density is the concentration assessing the num-
ber of dislocation lines per unit area of surface and is directly
related to crystal size (Saikiran et al., 2020). The dislocation
density was calculated by the following equation (24) which
involved the crystallite size evaluated using various methods
(Bin Mobarak, 2022) (Hossain et al., 2021),

b
(D)’

Dislocation density, § = (24)

Crystallinity is a state of molecular structure referring to a
long range periodic geometric pattern of atomic spacing and
degree of crystallinity (also known as percentage of crys-

Table 5 Lattice parameters of experimental and JCPDS values for CuO NPs.

Lattice Parameter (A) a(Ad) b@A) c@A) B° Volume of Unit Cell V (A)>  Crystal density, dc,o (g/cm’)
JCPDS Values (Card No: 00-041-0254)  4.685 3.423  5.132  99.520 81.17 6.45
Experimental Values 4.689 3469 S.115 99.309  82.10 6.43
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Table 6 Estimated microstrain, dislocation density and crystallinity of synthesized CuO NPs.
Sample  Microstrain, & dislocation density, & (nm ") x 107 Crystallinity (%)
L From equation From WHM in SM SEAM LSLM SLPOM MSM WHM SSPM HWwM [rom equation (25)
(23) x 107* equation
(1) x 1074
CuO 10.7 67.7 1.32 595 0.002  2.60 2.29 12.75  59.17 59.17  35.11
NPs

tallinity) influences the degree of stiffness, hardness and heat
resistance (Crompton, 1993). The percentage of crystallinity
was calculated according to the xrd deconvolution technique,
using OriginPro 9.0 software to calculate the integrated area
of the crystalline peak and the total integrated area
(Crystalline + Amorphous) under the xrd peaks. The formula
is as follows (Wibowo and Park, 2020).

Crystallinity (%) = %

Where Sc is the integrated area of the crystalline peaks and
S is the total integrated area under the xrd peaks. The results
of microstrain, dislocation density and crystallinity have been
listed in Table 6.

x 100 (25)

4.4. Transmission electron microscopic analysis

The analysis with transmission electron microscopy (TEM) has
aided in understanding the particle size-shape as well as the
SAED (selected area electron diffraction) pattern for confirm-
ing the d-spacing values of the synthesized CuO NPs. Fig. 8
(a), (b) and (c) shows the TEM images whereas Fig. 8 (d)
shows the SAED pattern. At first sight from Fig. 8 (a), it is
quite visible that the particles were strongly agglomerated
and very few particles were completely separated.

Three different shaped particles, i.e. spherical, rod and plate
shape were observed from the TEM images (Fig. § (a) and (b)).
The diameter of rod and plate shaped particles are within 5—
17 nm whereas the spherical shaped ones were larger in size.
This is due to the high agglomeration of the particles which
led to very few distinct particles to observe. The crystallinity
of the synthesized CuO NPs that was initially confirmed by
the XRD analysis, was also confirmed by the SAED pattern
of the TEM analysis. The appearance of ring structure that
is comprised of bright spots confirms the polycrystalline struc-
ture of the CuO NPs. Implementing the imagelJ tool, the radius
of these rings has been calculated from which corresponding d-
spacing values were also evaluated that complied with values
found through XRD analysis. The corresponding crystal
planes of the intense peaks are denoted in Fig. § (d). Although
the particles were highly agglomerated, the lattice fringes of the
polycrystalline CuO NPs were visible at higher a magnification
which is shown in Fig. 8 (c).

4.5. UV=Vis spectroscopic study

The UV—Vis absorption spectrum of the synthesized CuO NPs
is shown in the Fig. 9 (a).

The visual confirmation of the formation of CuO NPs was
achieved by observing the color change of the reaction mixture

which was also confirmed by the UV-Vis spectroscopic tech-
nique. The colloidal suspension shows a hump like absorption
data with an apex at 262 nm which confirms the formation of
Cupric Oxide, also documented in previous literatures
(Abboud et al., 2014; Taghavi Fardood and Ramazani, 2016;
Yin et al., 2005). The initial color of the reaction mixture turns
from blue to dark brown (mentioned in the synthesis part).
This is due to the excitation of surface plasmon resonance
(SPR) phenomenon of CuO NPs which typically ranges from
200 to 350 nm and also attributes to the formation of CuO
NPs in the reaction mixture (Abboud et al., 2014; Akintelu
et al., 2020; Berra et al., 2018; Caroling et al., 2015; Manjari
et al., 2017; Rehana et al., 2017; Sarkar et al., 2020; Taghavi
Fardood and Ramazani, 2016; Yang et al.,, 2014). The
hump-like adsorption peak is an indication of narrow size dis-
tribution of CuO NPs (Borgohain et al., 2002). The optical
band gap of CuO NPs was estimated using the Tauc Plot
method which is shown in the following equation (Gusatti
et al., 2015; Jin et al., 2011; Kamble and Mote, 2019; Maku
\la et al., 2018),

ahv = A(hv — E,)" (26)

Where, E, is the optical band gap, A is a constant, o is the
adsorption coefficient, 4 is the Planck’s constant, v is the pho-
ton frequency and n = 1/2 for direct bandgap semiconductors.
The calculated band gap of the synthesized CuO NPs was
3.84 eV which depicts its potentiality in catalysis, especially
in photocatalysis. Table 7 shows the reported band gap energy
of synthesized CuO calculated using Tauc Plot method based
on the UV—Vis absorption data.

4.6. ATR-FTIR study

The peak positions of the ATR-FTIR spectra are shown in the
Fig. 10.

As can be seen from the spectra, the characteristic peak for
amide I band (C = O stretch/hydrogen bond coupled with
COO-) is assigned for 1645 cm™! frequency while the amide
II band (NH bending coupled with CN stretching) is assigned
for 1560 cm™', 1548 cm ™', 1529 cm ™!, 1423 cm™! (COO- sym-
metrical stretching) and 1369 cm ™' (CH, wagging) frequencies.
The amide III band is associated with C-O stretching fre-
quency at 1087 ecm™!. The amide A band is assigned for the
N-H stretching frequency which covers a wide range of peaks,
from 3313 cm™! to 3442 cm ™! where the apex was found at
3385 cm~'. Amide B band is associated with at 2927 cm™!
(CH, asymmetrical stretching) and 2856 cm ™' (CH, symmetri-
cal stretching) frequencies (Pati et al., 2010), (Rehana et al.,
2017). The peak positions at 443 cm™!, 470 cm ™', 497 cm ™!,
514cm™' 538 cm™!, 559 cm ™! and 621 cm™! frequencies corre-
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Fig. 8 (a), (b) & (c) TEM images and (d) SAED pattern and of the synthesized CuO NPs.
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Fig. 9 (a) UV—Visible spectra and (b) normalized photon energy versus (othv)'/? plot for calculation of band gap of the synthesized CuO
NPs.
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Table 7 Reported band gap energy of CuO.

Sl Synthesis technique Band gap Ref.
No energy (eV)
01. Hydrothermal 3.43-3.56 (Vinothkumar
et al., 2019)
02. Bio-synthesis (Solanum 3.87 (Vaidehi et al.,
lycopersicum) 2018)
03.  Sol-gel 3.63 (Muthuvel
Bio-synthesis 3.33-3.46 et al., 2020)
04. Bio-synthesis (Elsholtzia 3.8 (Mabheo et al.,
blanda) 2022)
05. Bio-synthesis (Moringa 2.1 (Surendhiran
oleifera) et al., 2021)
06. solution combustion method 3.0 (Harini et al.,
2022)
07. Chemical precipitation and 2.43-2.93 (Yang et al.,
microwave modification 2014)
08. Bio-synthesis (Crocus 3.52 (Shashanka,
Sativus) 2021)
09. Co-precipitation 3.47 (Zeid et al.,
2020)
10. Modified precipitation 2.7 (Kumar et al.,
method 2016)

sponds to the metal-oxygen vibration (Cu-O) that bolsters the
presence of monoclinic phase of the CuO NPs (Berra et al.,
2018; Ethiraj and Kang, 2012; Porta et al., 1988; Rehana
et al., 2017; Sivaraj et al., 2014a, 2014b; Taghavi Fardood
and Ramazani, 2016). The obtained ATR-FTIR peak posi-
tions and their assignments according to the literature is con-
cised in Table 8.

4.7. FESEM and EDX analysis

The morphological analysis (FESEM) was carried out to
investigate the microstructure of the synthesized CuO NPs
powder. And also, the elemental analysis was carried out in
terms of energy dispersive x-ray (EDX) study in order to con-

100

firm the presence and quantify the constituent elements. The
FESEM images and EDX spectra are shown in Fig. 11.

Initially at lower magnification (Fig. 11 (a) and (b)), within
1 um of the image resolution, the particles were seen to be of
spherically shaped like tiny nodules and existing very close
to each other. But at higher magnification, strong agglomera-
tion of particles was observed. Interestingly, rod and plate
shaped particles were also existent (Fig. 11 (d) and (e)) along
with the spherical shaped particles. This matches (Fig. 11(c))
with the findings from the TEM analysis (Fig. 8 (b)). The
rod and plate shaped particles were found to be stationed in
between the spherical particles. The surface of the spherical
shaped particles were furrowed whereas surfaces of rod and
plate shaped particles were smooth except for the edges. Upon
taking a deeper look (Fig. 11(e)), it was noticed that the con-
solidated adherence of the plate shape particles spawned
spheres of CuO NPs. The EDX spectra (Fig. 11 (f)) confirmed
the presence of Cu and O as well as showed the quantitative
values of atom % and weight % present in the synthesized
CuO NPs (36.28% Cu and 63.72% O based on atom %;
69.33% Cu and 30.67% O based on weight %).

4.8. Particle size analysis

The particle size of the synthesized CuO NPs has been ana-
lyzed using two approaches; (i) based on FESEM and TEM
image using an image processing program (imageJ software)
and (ii) DLS particle size analyzer. The imageJ software is a
Java-based domain image processing and analysis program
which was developed by National Institute of Health (NIH),
USA. This software is open source, multithreaded platform
that is freely available and can be utilized to develop user-
coded plugins for specific requirements (Mazzoli and Favoni,
2012).

The analysis begins with the calibration of the FESEM
image prior to the determination of the particle size. The image
calibration was done by drawing a straight line over the scale
bar of the FESEM image, then setting the scale in terms of pix-
els and length as shown in the Fig. 12 (a).
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Fig. 10

ATR-FTIR spectra of synthesized CuO NPs.
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Table 8 ATR-FTIR peak positions of synthesized CuO NPs and their assignments.

Peak Position (Wavenumber, cm ™) Peak Position (Wavenumber, Region  Assignments Ref.
Obtained through ATR-FTIR cm ') according to literature
443 446 Metal-  Cu-O stretching vibration (Sivaraj et al., 2014a)
Oxygen
470 471 Metal- Cu-O stretching vibration (Sivaraj et al., 2014b)
Oxygen
497 497 Metal-  Cu-O stretching vibration (Ethiraj and Kang, 2012;
Oxygen Siddiqui et al., 2021)
490 Metal-  Cu-O stretching vibration (Rehana et al., 2017)
Oxygen
514 512 Metal- Cu-O stretching vibration (Berra et al., 2018)
Oxygen
524 523 Metal-  Cu-O stretching vibration (Philip et al., 2021)
Oxygen
538 530 Metal- Cu-O stretching vibration (Rehana et al., 2017)
Oxygen
559 558 Metal- Cu-O stretching vibration (Sivaraj et al., 2014a)
Oxygen
630 618 Metal- Cu-O stretching vibration (Berra et al., 2018)
Oxygen
603 Metal- Cu-O stretching vibration (Ethiraj and Kang, 2012)
Oxygen
597 Metal- Cu-O stretching vibration (Siddiqui et al., 2021)
Oxygen
1645 1653 Amide I C = O stretch/ hydrogen (Pati et al., 2010)
1663, 1674 Amide I bond coupled with COO- (Rehana et al., 2017)
1560 1558 Amide  NH bending coupled with  (Pati et al., 2010)
1529 1530, 1535 11 CN stretching (Rehana et al., 2017)
1423 1423 COO- symmetrical (Pati et al., 2010)
stretching
1369 1343 CH, wagging (Pati et al., 2010)
1087 1083 Amide  C-O stretching frequency (Pati et al., 2010)
1030-1100 111 (Rehana et al., 2017)
3313-3442 3440 Amide  NH stretching (Rehana et al., 2017)
A
2927 2923 Amide  CH, asymmetrical (Rehana et al., 2017)
B stretching
2856 2858 CH, symmetrical stretching

In this case, the known distance was 1 pm, distance in pixels
was 247 and pixel aspect ratio was 1. The image processing
algorithm consisted of converting the SEM image into an 8-
bit image that can display 2® Gray levels. For the measurement
of particle size, the image was zoomed to a suitable magnitude
for precisely and distinctly selecting the diameter of the particle
and then selecting ““‘measure”. This was done for 42 different
particles including spherical, rod, plate shaped particles and
the values were plotted as a distribution histogram with nor-
mal fitting which is shown in Fig. 12 (b). Image] is a measure-
ment that follows visual aid and the results reveal that the
average particle size was 257 nm with a standard deviation
of 255 nm. Such high standard deviation is due to the fact that,
the spherical shaped particles are much larger than the rod and
plate shape particles.

The procedure was same for analysis with the TEM image
(Fig. 13 (a)). Due to intensive agglomeration of the particles,
very few distinctive particles were available for analysis. Using
the imagelJ tool, the average particle size was 11 nm with a
standard deviation of 3 nm shown in Fig. 13 (b).

The second approach that has been followed for the deter-
mination of particle size of the synthesized CuO NPs was the

DLS technique which utilized MADLS technology for the
analysis. The analysis revealed the distribution of particles
within a wide range of sizes and the average particle size found
out to be 273 nm (Fig. 14(a)). For acquiring insights about the
stability of the synthesized CuO NPs and detect the surface
charges, zeta potential analysis was carried out which is shown
in Fig. 14(b). The zeta potential of the synthesized CuO NPs
was found to be —1.591 mV at pH ~ 7. The negative value
is attributed to the formation of OH™ groups on the surface
of the particles while they are dispersed in water medium.
When the particles are dispersed in water, they intend to form
agglomerates upon the influence of Van der Waal’s force. On
the other hand, when all the particles attain either negative
or positive charge on their surface, this creates a repulsion
force between the particles.

If this repulsion force exceeds the Van der Waal’s force, then
the particles will be highly dispersed with more stability. This
repulsion force is extrapolated in terms of zeta potential and
higher magnitude of zeta potential refers to higher stability. In
our case, although we found a negative value of zeta potential
but the magnitude was very minute which indicates lesser stabil-
ity for the CuO NPs (Cuevas et al., 2015; Sarkar et al., 2020).
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In order to make a comparison, the particle size of the syn- ticle size which was anticipated since it signifies the hydrody-
thesized CuO NPs that has been found using various tech- namic volume or diameter of the particle. The imagel]
niques has been tabulated in Table 9. According to the software driven analysis based on FESEM image also showed
compiled data, DLS analysis showed the highest value of par- more than twenty three times higher value of particle size than
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Fig. 13
from imagel.

14 Average particle size 273 nm
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Fig. 14

the TEM image-based analysis. This was also anticipated since
the overlapping or the higher agglomeration made two or
more particles to look like one entity and thus resulting in
higher calculated particle size.

4.9. Thermal analysis

The thermal analysis of the synthesized CuO NPs was carried
out in terms of TGA and DSC for evaluating its thermal sta-
bility and is presented in Fig. 15. The TGA curve (Fig. 15
(a)) shows a four step weight loss with respect to a temperature
range of 30 °C to 1000 °C. The first stage of weight loss was
observed from the very beginning of temperature raise up until
150 °C. The calculated weight loss was around 4.12% and this
is due to the elimination of volatile components such as deion-

@Cuo NPs
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(a) Particle size analysis with TEM image and (b) particle size distribution histogram of CuO NPs with normal fitting obtained
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(a) particle size distribution and (b) zeta potential analysis of the synthesized CuO NPs using DLS technique.

Table 9 comparison of the particle size of the synthesized
CuO NPs by different method/technique.

S1 Name of the calculation method/technique Average
No. of the particle size particle size

01. FESEM analysis with imageJ 257 nm
02.  DLS analysis with MADLS technology 273 nm
03.  TEM analysis with imageJ 11 nm

ized water, ethanol, moisture or surface water that might be
present by binding with the surface, i.e. physisorbed H,O
(Zhang et al., 2017).

The next stage of weight loss was observed in the tempera-
ture range of 150 °C to 400 °C and a highest weight loss of
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18.48% was observed in this stage. This weight loss can be
attributed by the release of volatile organic compounds and
water molecules that might have not been removed in the first
stage. This volatile organic compound (amide groups con-
firmed by ATR-FTIR study) might be existent due to the
incomplete conversion of CuO-gelatin complex into CuO
NPs (Athinarayanan et al., 2020). Another reason that might
contribute to the greater weight loss is the depolymerization
of the gelatin structure (Safaei et al., 2019). The apparent
increase in the weight (1.80%) after 400 °C might be due to
the artifact of the instrument (Devi et al., 2014). The next
two stages of weight loss from 600 °C to 1000 °C is due to
the complete elimination of any sort of organic components
that might be present with CuO NPs. A total weight loss of
34.83% was observed from the TGA analysis. Such finding
when compared with previous literature reveals that, 34.83%
weight loss up to a temperature of 1000 °C is an indication
of moderate stability of the synthesized CuO NPs (Gandhi

Thermal analysis of synthesized CuO NPs (a) TGA thermogram (b) First order derivatogram (DTG) and (c) DSC thermogram.

et al., 2010; Manjari et al., 2017, Shashanka, 2021;
Tamackong et al., 2014). First order derivative of the TGA
data was also extrapolated and presented as a Derivative Ther-
mogravimetric (DTG) curve or simply derivatogram which is
shown in Fig. 15(b). This derivatogram is a plot of rate of
weight loss with respect to temperature. According to the deri-
vatogram, 4 stages of weight loss and the exact temperatures at
which maximum weight loss occurs (85 °C, 264 °C, 684 °C and
925 °C). In addition to the TGA analysis, DSC analysis was
also performed to seek out the thermal effects instigated by
the synthesized CuO NPs when it undergoes physical transi-
tion or chemical reaction by the applied temperature at a con-
trolled atmosphere. The DSC thermogram of synthesized CuO
NPs is shown in Fig. 15(c). According to the DSC data
obtained, three conversion steps was observed of which two
of them were exothermic and one of them was endothermic.
The acquired peak and area of the two exothermic processes
were 482.1 °C, —302.4 J/g and 654.3 °C, —361.7 J/g respec-
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tively. The endothermic process was observed at temperature
maxima of 940.2 °C with an area of 298.3 J/g.

5. Conclusion

This research work quested for a green route of synthesis for
CuO NPs by utilizing fish scale which is a common household
and commercial waste material. The formation of CuO NPs as
well as the phase was confirmed by xrd analysis. Crystallo-
graphic parameters were estimated based on the xrd data
and also exploiting various methods, the crystallite size was
calculated. All the methods produced crystallite sizes within
100 nm for the as synthesized CuO NPs, except for the linear
straight line method (LSLM) which resulted in a crystallite size
of 1980 nm. Crystallographic plane found from both xrd and
SAED pattern were in close agreement. The ATR-FTIR study
confirmed the presence of amide groups as well as the Cu-O
bonding which indicated the involvement of fish scale in the
synthesis. Formation of CuO NPs was also confirmed by
UV-Vis spectroscopy. Both the TEM and FESEM analysis
revealed three different shapes of the CuO NPs. The acquired
particle size was higher for DLS technique compared to the
imageJ software based analysis of FESEM and TEM image.
This might be due to the fact that DLS determines the hydro-
dynamic volume of the particle. Thermal analysis as well as
zeta potential revealed a moderate to lesser stability of the syn-
thesized CuO NPs.
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