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ABSTRACT

In the present work, pure CuO nanoparticles were synthesized using the co-precipitation method, and their
properties such as structural, morphological, and optical were elucidated. The obtained X-ray diffraction
(XRD) patterns confirm that the synthesized CuO powders crystalize to a monoclinic phase. In addition to
that, the appearance of the broad XRD peaks reflects the confinement of the particle size to nonorange.
The average particle size of the synthesized CuO nanoparticles measured using field emission scanning
electron microscopy (FESEM) image is 36.8 nm. Due to the size confinement to the nanoscale, the
synthesized CuO nanoparticles showed a high optical band gap of 2.84 eV. Further, the emission properties
of CuO measured using photoluminescence (PL) spectroscopy at an excitation wavelength of 300 nm
reflects that most of the emission lies in the ultraviolet (UV) range. However, upon close investigation of
the emission spectra, the peak corresponding to the blue emission was also observed. The appearance of
this blue emission was the consequence of the various defects present in CuO such as oxygen vacancies
and copper interstitials. The Commission Internationale de I'Eclairage (CIE) color coordinates for the blue
color emitted by CuO nanoparticles is (0.15, 0.13), which lies close to the ideal blue color. Further, the
synthesized CuO nanoparticles showed a high color purity of 84.71 % for blue color.
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Introduction

In recent years, nanoscience and thin-film technology have led to the development of new
technologically advanced devices. The major advantages of such devices include
lightweight, non-toxic behavior, highly sensitive response, and high output performance
with minimum losses [1]. Out of the various materials available, inorganic oxide
semiconductors (I0S) are of great interest. IOS materials have a wide optical band gap
range, large mobility values even in the amorphous phase, and serve as suitable host
materials for various dopants [2-6]. Further, a notably enhanced performance of the
devices has been observed for the devices fabricated using I0S nanostructures in
comparison to their bulk counterparts. To date, due to the easy availability of the n-type
metal oxide semiconductors such as zinc oxide (ZnO), titanium oxide (TiO,), tin oxide
(Sn0O,), and tungsten oxide (WOs), the nanostructures of n-type metal oxides
semiconductors have been rigorously investigated worldwide. Numerous high-tech devices
such as gas sensors [7-9], biosensors [10-12], nano thin film transistors [13-19], photo-
voltaic [20-23], and memory devices [24,25] have been reported in the literature based
upon the n-type metal oxide semiconductors. Despite this most of the electronic industry
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is still dominated by silicon (Si) based devices. This happens because of the availability
of only a few p-type metal oxide semiconductors in nature. To fully replace the silicon
(Si) based electronic industry with oxides-based electronics, it is essential to identify a
suitable p-type inorganic metal oxide semiconductor that has comparable performance
with n-type metal oxide semiconductors and can be processed by cost-effective means.
Given this, recent studies have shown that oxides of copper possess inherent p-type
semiconducting behavior due to the presence of negatively charged copper vacancies
[26,27]. In addition to that, the oxides of copper showed a narrow optical band gap
ranging from 1.2 eV to 2.3 eV, which can be easily tuned either by doping or synthesizing
its nanostructures [28-31]. This makes the oxides of copper an ideal candidate for various
optoelectronic devices such as solar cells, heterojunction diodes, and inverters.

In nature, the oxides of copper exist in two phases namely cuprous oxide (Cu,0) and
Cupric oxide (CuO). However, out of these, CuO has been reported to be the most stable
form of copper oxide, since obtaining the Cu,0 phase requires a fine tunability of oxygen
partial pressures [29,32]. In addition to that, the Cu,O phase has a large probability of
getting oxidized and converted into a much more stable CuO phase. However, in
comparison to the n-type metal oxide semiconductors, the conductivity in the CuO is
dominated by the hole conduction. Due to the presence of highly directional localized 2p
orbitals from oxygen in valence band maximum (VBM) and deep-level traps near VBM,
the hole mobility of CuO is hindered significantly [33,34]. Thus, a band gap modification
might improve the performance of CuO. Since, the optical band gap of the semiconductor
material depends upon the particle size, in this work, an attempt has been made q) to
synthesize the nanoparticles of p-type CuO using a cost-effective, and low-temperature
solution-based co-precipitation method, and b) to study the optical properties of CuO
nanoparticles.

Materials and Methods

To prepare CuO nanoparticles, the solution-processed co-precipitation method was
adopted. 0.01 moles of copper acetate monohydrate [Cu (CH;COO);'H,0] from
Sigma Aldrich with 99.9 % purity were mixed with 100 ml of laboratory absolute ethanol
(99.9 % purity) in a round bottle flask. The flask was then subjected to an oil bath, which
was well maintained at a temperature of 70 °C. The oil bath helps in maintaining a
uniform and even temperature throughout the reaction. After a continuous vigorous
stirring for 2 h, a transparent clear brown color solution with no segregation was
obtained. At this point, 0.02 moles of sodium hydroxide (NaOH) were added to the
reaction mixture. The addition of the NaOH increases the pH of the solution to 10.5,
consequently, a co-precipitation reaction is forced and the solution turns slightly black in
a few minutes indicating the formation of the pure copper oxide precipitates. The reaction
mixture was then allowed to continuously stir for 2 h. The obtained precipitates were
then separated from the solution using a centrifugation technique at 7000 rpm. However,
the obtained precipitates were still wet and contained excess solvent. Hence, the
obtained precipitates are placed in an oven for 4 h maintained at 100 °C. The dried
precipitates were then ground in a mortar pastel and a fine black powder of CuO was
obtained. The process flowchart of the synthesis has been presented in Fig. 1.
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Fig. 1. Process flowchart of the CuO nanoparticles fabrication

Investigation of the structural, morphological, and optical properties of synthesized
CuO powder was performed by various experimental techniques such as X-ray diffraction
(XRD) (X'pert diffractometer of Philips), fourier infrared spectroscopy (FTIR) (Spectrum
L1280130 FTIR spectrometer of Perkin Elmer), field emission scanning electron
microscopy (FESEM), energy dispersive X-ray spectroscopy (EDS), UV visible spectroscopy
(spectra max iD3), and spectroflurophotometer (Shimadzu RF-5301PC) were used. To
perform XRD measurements the synthesized CuO powder was spread on a glass plate and
X-rays were incident on the sample at a grazing angle of 2°. The diffraction angle 26 was
varied from 20° to 80° with a step size of 0.02. For the study of optical properties, samples
for UV visible and photoluminescence (PL) measurements were prepared by dispersing
CuO powder in a pure ethanol solution, which was filled inside a 96-well plate. The 96-
well plate was then implanted inside the UV-visible spectrophotometer to obtain the
absorbance spectra.

Results and Discussion
Structural analysis

The XRD pattern of the synthesized CuO powder using the co-precipitation technique has
been depicted in Fig. 2. Appearance of the strong diffraction peaks reveals that the
synthesized CuO particles are crystalline. Peak matching performed using X’pert high
score software confirms that the synthesized CuO powders have been crystalized to a
monoclinic phase, which corresponds to JCPDS card No. 48-1548. The diffraction peaks
located at a diffraction angle (20) equal to 32.08°, 35.60°, 38.47°, 48.16°, 53.80°, 57.71°,
61.19°, 65.30°, 67.52°, 72.34°, and 74.60° belong to the (110), {(002), (111)},
{(111), (200)}, (202), (020), (202), (113), (311), (113), (331), and (004) respectively.

Next, we analyse the appearance of broad XRD patterns obtained for the
synthesized pure CuO. According to the literature, smaller crystallite size (D) and
microstrain (g) are the two factors that lead to the broadening of the XRD peaks [29].
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Fig. 2. (a) XRD pattern of synthesized pure CuO powder; (b) WHM plot of synthesized pure CuO

To quantify these factors simultaneously, the Williamson-Hall Method (WHM) can
be adopted. According to this method, the total broadening of the XRD peak is given by:
(Broadening (BT) )(Total) = (Broadening)(size) + (Broadening)(microstrain)' (1)
where Br represents the full width at half maximum (FWHM) of the corresponding XRD
peak. The broadening due to the crystallite size can be quantified using the Scherer
formula as:

.BCrystallite size = %: (2)
where, K is shape factor, D is the crystallite size, A is the X-ray wavelength, and 6 is the
diffraction angle. On the other hand, the microstrain broadening is quantified using:
Bmicrostrain = 4€ - tan 6. (3)

Upon substituting the Egs. (2) and (3) in Eq. (1), a straight-line equation is obtained
and is given as:
BrcosO = g(4sinb) + %’1. 4)

Hence, by plotting Scosf along Y-axis and 4 sin 8 along X-axis, the average values
of crystallite size and the microstrain can be obtained. The value of the microstrain is
governed by the slope of the curve, while the intercept governs the crystallite size.
Figure 2(b) represents the corresponding WHM plot for the synthesize pure CuO powder.
Thus, the calculated value of the microstrain is 0.00258 and the average crystallite size
of the synthesized pure CuO powder is around 6.83 nm.

Next, we determine the lattice parameters and lattice volume of the CuO unit cell.

For a monoclinic lattice the d-spacing is given by
1 _ ;[h_z k?sin?f | 1> 2hlcosf ’ (5)
d?2  sin?p la? b2 c? ac

where h, k, [ are Miller indices of the plane, d is an interplanar spacing, a, b, ¢ are lattice
constants and S is the angle greater than 90°. The values of 8, a, b, and ¢ are calculated
by considering (200), (002), (202), (202) and (020) lattice planes. The lattice volume of
the monoclinic lattice then can be calculated using

V = abc - sinf . (6)

All the lattice parameters and lattice volume has been listed in Table 1.
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Table 1. Lattice parameters of synthesized pure CuO nanoparticles
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Lattice d- o Lattice Lattice Lattice Lattice
Plane spacing B constant a, A constant b, A constant ¢, A volume, A3
(200) 2.3080
(002) 2.5064
(202) 1.5770 99.44 4.6794 34124 5.0817 80.0446
(202) 1.8599
(020) 1.7062

Morphological analysis: FESEM and EDS

The FESEM image of the synthesized pure CuO nanoparticles at a magnification of
30000x is shown in Fig. 3(a). The CuO nanoparticles showed an agglomerated spherical
shape morphology. To determine the particle size using FESEM, the particle size of
various nanoparticles distributed in the FESEM image was calculated with the help of
Image-) software. The obtained data has been represented in Fig. 3(b) as a histogram.
Using a normal distribution the calculated mean particle size of the synthesized CuO
nanoparticles is 36.8 nm, with a standard deviation of 16.71 nm. The obtained result is
also consistent with the crystallite size calculated using the XRD data.
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Fig. 3. (a) FESEM image of CuO nanoparticles at a magnification of 30000x;
(b) histogram and normal distribution of the CuO nanoparticles particle size
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Fig. 4. EDS spectra of synthesized CuO nanoparticles
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Next, we determine the elemental composition of the synthesized pure CuO
nanoparticles using EDS spectroscopy, as shown in Fig. 4. The EDS spectra clearly show
the peaks of copper (Cu) and oxygen (O), indicating the presence of both Cu and O ions.

The corresponding atomic percentages of Cu and O in synthesized CuO
nanoparticles are 71.13 and 28.87 %, respectively. In terms of weight percentage, the Cu
ion has 38.28 wt. %, and the O ion has a 61.72 wt. %.

Chemical Analysis

To identify the presence of various functional groups, stretching, and vibration modes
present in the synthesized CuO nanoparticles, FTIR spectroscopy is performed. The
obtained FTIR spectra have been presented in Fig. 5. According to the previous reports
the peaks corresponding to the vibration and stretching of the CuO phase are located
from 400 to 900 cm™ band [35]. The obtained peak centred at 476.86 cm™ corresponds
to the A, mode of vibration and is due to the stretching of Cu-O along [101] direction [36].
Further, the peaks at 745.46 and 856.01 cm™ are associated with the Cu-O stretching
mode along [202] direction [29]. In addition to that, the absence of any extra peak in the
range of 600 to 650 cm™ indicates the absence of IR active modes of the Cu,0 phase [36].
This eliminates the possibility of the formation of the secondary Cu,0 phase or
complexes.
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Fig. 5. FTIR spectra of synthesized CuO nanoparticles

The FTIR peaks that appear above 900 cm are due to the presence of the functional
groups attached to the CuO nanoparticles. The peaks appeared at 1318.02, 1408.31, and
1517.97 cm™ are associated with the presence of cis-di substituted alkenes and amide
(CO0-) groups [29,37]. The peaks at 1018.37 and 1054.85 cm are associated with the
O-H bond stretching of the alkyl group [34,38].

Absorption properties

Figure 6(a) represents the absorption spectra of the synthesized pure CuO nanoparticles.
The obtained spectra depict that pure CuO nanoparticles have an absorption edge located
at 300.6 nm.
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Fig. 6. (a) UV absorption spectra of synthesized pure CuO nanoparticles; (b) the (ahv)2 vs hv plot for
synthesized pure CuO nanoparticles

To determine the optical band gap of the pure CuO, the well-known Tauc’s method
was adopted [39,40]. According to this method, the absorption coefficient a for a material
can be given as:
ahv = A(hv — Ey)", (7)
where a represents the absorption coefficient, £, represents the optical band gap, A is a
constant, and exponent n can have values 0.5, 1.5, 2, or 3. The value of n determines the
type of electronic transitions. In the case of direct electronic transitions, the value of nis
equal to 0.5. The CuO is also a direct band gap semiconductor [41], hence we take n = 0.5
in our case also.

Figure 6(b) represents the (ahv)? vs hv plot for synthesized pure CuO nanoparticles.
The optical band gap of 2.84 eV is determined using this approach for pure CuO
nanoparticles. The obtained optical gap of synthesized pure CuO nanoparticles is quite
higher in comparison to the bulk CuO, which is 1.2-1.9 eV [42]. This increase in the optical
band gap might be due to the lower crystallite size of synthesized CuO nanoparticles. At
the nanoscale level, the crystallite size becomes smaller than the Bohr radius of the
exciton due to which the discrete energy level forms at the edges of the conduction and
valence conduction band. Consequently. the band gap increases.

Emission properties

Figure 7(a,b) represents the PL spectra of the CuO nanoparticles at an excitation
wavelength of 300 nm. The pure CuO nanoparticles showed a broad emission spectrum
spreading from 320 to 600 nm.

To locate the exact peak positions, first, we removed the background using the b-
spline interpolation method in Origin 9.0 software. The obtained emission spectra curve
is then fitted using the Voigt function fitting. The Voigt function is a mixture of Gauss and
Lorentz functions. According to the fitted curve the obtained emission spectra consists of
2 major emissions peaks positioned at 387.24 and 454.92 nm. The emission peak at
387.24 nm lies in the ultraviolet region and is of no interest. On the other hand, the
emission peak at 454.92 nm corresponds to the blue region of the visible spectra, which
is confirmed by plotting an XY chromaticity coordinate graph with the help of the
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standard Commission Internationale de I'Eclairage (CIE) diagram, as depicted in Fig. 8.
GOCIE software is used to prepare the CIE diagram. The obtained color coordinates
corresponding to the emission wavelengths of 454.90 nm are (0.15; 0.13) and are marked
as a black circle in Fig. 8.
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Fig. 7. (a) PL spectra of synthesized CuO nanoparticles at an excitation wavelength of 300 nm;
(b) curve fitting of the emission peaks of synthesized CuO nanoparticles
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Table 2. Defect reaction in synthesized CuO nanoparticles
0.50, & V, + 2e~ Formation of oxygen vacancies

Formation of negatively charged copper vacancies and
copper interstitials

Cuk, & Vg + Cu;

The emission peak at 387.24 nm appears due to the electron-hole pair
recombination in free excitons. Since this peak lie in the UV region, it is of no interest.
On the other hand, the emission peak centred at 454.92 nm lies in the blue region of the
visible spectra. This blue emission peak is attributed to the defects present in the copper
oxide such as surface states, oxygen vacancies, copper vacancies, and interstitial defects.
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According to the reports of El-Trass etal.[43] the emission peak at 454.92 nm
corresponds to the copper interstitial and oxygen vacancies. The corresponding Kroger-
Vink defect reactions for the formation of these defects in CuO have been listed in
Table 2.

Next, we determine the color purity of the blue colour emission corresponding to
the emission wavelength of 454.92 nm using the expression:

(Zs=ZP?+(Ys-Y))?

\\//(ZD_ZI)Z""(YD_YI)Z * 100%, (®)
where, (Z;Y), (Zs;Ys), and (Zo;Yp) are the color coordinates of the standard illuminate point
(0.3101;0.3162), sample, and respective ideal blue color (0.14; 0.08). The calculated value
of the color purity for the synthesized CuO nanoparticles is found to be 84.71 %.

In summary, it is established that synthesized CuO nanoparticles mostly emit in the
UV range. However, the emission spectra also consist of the peak corresponding to the
blue emission, which appeared due to the formation of oxygen vacancies and copper
interstitial defects.

Color purity=

Conclusions

Pure CuO nanoparticles are synthesized using the co-precipitation method. The Broad
XRD peaks suggest the particle size lies in the nano range and is confirmed using FESEM.
The average particle size of the synthesized CuO nanoparticles is 36.8 nm. The
synthesized CuO nanoparticles showed a high band gap of 2.84 eV due to the quantum
size effect. Further, Blue emission from pure CuO nanoparticles at an excitation
wavelength of 300 nm is demonstrated. The presence of the various defects in CuO such
as oxygen vacancies and copper interstitials are the responsible factors for the
appearance of this blue emission. The obtained CIE color co-ordinates for the blue color
is (0.15, 0.13), and lies close to the ideal blue color co-ordinates (0.14, 0.08). Further, the
synthesized CuO nanoparticles showed a high colour purity of 84.71 %.
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