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Nanocrystalline Cu,O powders were synthesized through a facile and swift one pot
synthesis in the presence of surfactant polyvinylpyrrolidone (PVP). The PVP solution
molarity was varied from 0.4-0.8 mmol before mixing the precursors to investigate its
effect on the structure, morphology, and optical properties of Cu,O nano-crystallites. The
XRD analysis confirms the formation of the cubic phase of nanocrystalline Cu,O by
diffraction peaks associated with (110), (111), (200), (220), (311) and (222) crystal planes.
The average crystallite size decreases from 23 nm to 14 nm due to an increase in the PVP
molarity. In X-ray phase analysis of nanocrystalline powders obtained using solutions of
PVP 0.4 mmol and 0.8 mmol, negligible traces of Cu and CuO were found. SEM analysis
shows the formation of nanoparticles with decreasing size due to an increase in the PVP
molarity. The FTIR spectra show characteristic bands related to molecular vibrations of
H-OH stretching, H-OH bending and Cu-O vibration. UV-VIS spectra show an absorption
peak around A = 470 nm for nano-Cu,O. The absorption peak shows a blue shift from A =
472 nm to A = 462 nm with a decrease in the crystallite size due to an increase in PVP
concentration. The optical bandgap energy increases from 2.248 eV to 2.519 to 2.772 eV
with an increase in the PVP molarity mainly due quantum confinement effects arising
from the reduction in crystallite size.
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Bnoue kKoHIEHTpanii MOBePXHEBO-AKTHBHOI PEYOBHHH B IIBUIKOMY Ta JIETKOMY CHH-
Te3i nanokpucragiunoro nopomry Cu,O B ognomy pesepsyapi. Ch.M.Mahajan, S.S.Sawant
Hanoxpucraniuni mopomxu Cu,O 6ynu cUHTe30BaHi 3a JOMOMOTOIO MPOCTOTO Ta IIBUJ-
KOT'O CHUHUHTE3y B OZHOMY pPeaKTOpi y NIPHCYTHOCTI IOBEPXHEBO-aKTWBHOI PEUYOBUHU IIO-
niBiminmipomigorny (IIBII). Monapuicte posumuy IIBII mepen swmimyBaHHAM IpeKypcopiB
BapiroBanu Bix 0,4 mo 0,8 MMonb Znma gociigskeHo IOro BIJINMBY Ha CTPYKTYPY, Mopdosorito
Ta ONTHUYHI BIACTHBOCTI HaHokpucTaniTie Cu,O. PeuTrenodasoBuii ananis migTeepmxye yT-
BOpeHHA Kybiumol dasu Hamoxpucramiunoro Cu,O 3 audpaxmiiinumMy mikamu, OB’ A3AHUMU
8 kpucramivynumu niomuzEamu (110), (111), (200), (220), (811) ta (222). Cepexniii posmip
KpUuCTaJiTiB 8MeHIIyeThbca 3 23 HM Zo 14 HM 3a paxyHOK migBuienna moaapuocti ITBII.
Migepsi crigu Cu Ta CuO 6ynu BuaBieHi y peHTreHodazoBOoMy aHaNidl AmA HaHOKpPUCTATIU-
HIUX IIOPOIIKiB, oTpuMaHUX 3 BuKopucraHuHaMm posumnuis IIBIT 0,4 mmons Ta 0,8 mMMoOIb.
Amnaniz CEM nokasye yTBOpeHHS HAHOUYACTUHOK 31 3MeHINEHHAM posMipy mpu 36inbirenmi
mongpuocti IIBII. Cnextpu FTIR s06paxxyiors xapagKTepHi cMyru, IO BigHOCATHCS 1O MoJe-
KYJIAPHUX KoauBaHb poararyBanusa H—OH, sBurumy H-OH rta kosmueamus Cu—O. CoexTpu
UV-VIS nokasyrorTs IiK IOrInMHAHHS 6ausbko A = 470 mM gaa mano-Cu,O. Ilik mormuHaHHS
IoKasye cuUHE sMimeHHA Big A =472 BM g0 A = 462 HM i3 3MeHIIeHHAM pPO3Mipy Kpuc-
TaniTie uepes 36inbimenmna KouueHTparii IIBII. Enepria ontuunoi sabopoHeHol 30HU
36impiryetees 3 2,248 eB mo 2,519 1 2,772 eB si s6insmenusam mosaspuocti IIBII, B ocuob-
HOMYy uepe3d edeKTU KBAHTOBOTO OOMEKEeHHS, II10 BMHUKAIOTL depe3 3MEHINeHHS po3Mipy
KPUCTAJIITIB.
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1. Introduction

Recently, the scientific community and
semiconductor industry have witnessed a
renaissance in research related to nanos-
tructured transition metal oxides due to
their inherent versatile properties and ap-
plications. Copper oxide (Cu50) is a promis-
ing candidate from transition metal oxide
family. It is an abundant, non-toxic, P-type
direct band gap (2.2 eV) semiconductor. Lit-
erature reports diversified applications of
Cu,0 in PeLEDs [1], sensors [2, 3], solar
cells [4, 5], Li-ion batteries [6, 7], photo-
catalysis [8—-10], ink for printed electronic
devices [11], high performance potassium
ion batteries [12], electrocatalytic degrada-
tion [13], and antibacterial applications
[14]. Cu,O theoretically has a high effi-
ciency of about 18 % for solar cells [15].

In order to utilize these unique proper-
ties of nano Cu,O, different synthesis ap-
proaches have been already explored and
wet chemical synthesis methods are quite
popular among them [16-18]. It’s well-
known fact that the synthesis conditions
greatly affect the structure and properties
of nanomaterials. The literature [16] pro-
vides a brief review of various wet chemical
synthesis methods for the synthesis of
nano-Cu,O. More recently, the synthesis of
Cu,O on the surface of silica nanoparticles
was reported [19], as well as the use of
phytochemical synthesis [20].

The wet chemical process parameters like
temperature, precursor type and its concen-
tration (i.e., molarity), solvent, surfactant,
catalyst — all play a vital role in nano-
Cu50 synthesis. Among them, surfactant is
an important parameter which directly af-
fects other precursors, reaction conditions,
resultant product in the wet chemical syn-
thesis process. It also affects the size,
shape, morphology along with physical
properties of the final reaction product.
Various surfactants such as sodium dodecyl
sulphate (SDS) [21, 22], hexadecyltrimethy-
lammonium bromide (CTAB) [22], and octyl
phenyl ether (Triton X-100) [28], and poly-
mers such as polyethylene glycol (PEG) [24]
polyvinylpyrrolidone (PVP) [25-29], and re-
generated cellulose [21] are used to control
particle size, shape, crystalline phase and to
stabilize the nanoparticle formation of Cu,O
during wet chemical synthesis.

PVP is a hygroscopic, amorphous, non-
toxic, non-ionic, neutral, and water-soluble
polymer which also acts as a good stabilizer
[27]. PVP, due to its ability to effectively
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prevent nanoparticle agglomeration, was
chosen as a surfactant for facile and swift
one-pot nano-Cu,O synthesis. The present
work reports the effect of changing the
molar concentration of surfactant (PVP) on
the structure, morphology, and optical
properties of nano Cu,0.

2. Experimental

2.1. Materials

In order to obtain nano-Cu,O through
swift one-pot synthesis, the required ana-
lytical grade rea-gents like CuSQO,4:5H,0
(Copper Sulphate Pentahydrate), NaOH (So-
dium Hydroxide), the reducing agent
CgHgOg (L-Ascorbic Acid) and polyvinylpyr-
rolidone (PVP) (K80, molecular weight
60000) used as surfactant, were procured
from Loba Chemie Pvt. Ltd. Mumbai, Ma-
harashtra, India. These reagents were used for
the synthesis without further purification.

2.2 Synthesis method

Nano Cu,O particles were prepared by a
facile, swift and one-pot synthesis technique
[28]. First all precursors in approximate
stoichiometric proportions (according to re-
action requirements): CuSO4 (0.10 mol),
NaOH (0.2 mol), C4gHgO4 (0.1 mol) and PVP
surfactant (0.4 mmol, 0.6 mmol, 0.8 mmol)
were dissolved in equal volumes of bidis-
tilled water to obtain their aqueous solu-
tions. Then an aqueous solution of PVP was
added in the CuSO,4 solution; NaOH and
CgHgOg solutions were immediately added
simultaneously to instantly obtain a yellow-
orange precipitate of Cu,O nanocrystals
along with other by-products. The overall
reaction representing the synthesis process
is shown below.

2CUSO, + CgHgOg + 4NaOH —
—>CU20+C6H606 + 2Nast4 + 3H20

The precipitate thus obtained after fil-
tration was thoroughly washed with bidis-
tilled water and then dried in an oven at
60°C to obtain finely ground yellow-orange
Cu,O nanocrystalline powders. Figure 1
shows a flowchart and schematics of various
stages of the synthesis process of nanocrys-
talline Cu,O powder.

2.3 Characterization

Identification of phase composition, crys-
tal structure and the estimation of average
grain size of as synthesized nano-Cu,O pow-
dered samples was performed by using X-ray
diffraction (XRD) analysis using an instru-
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Preparation of CuSO,, NaOH, CzH;0,, PVP solutions in double distilled water
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9
Simultaneous mixing of (CuSO,+ PVP), NaOH, C;H;O, solutions
o
Instant Yellow-orange coloured precipitate formation with Nano Cu,O particles
4
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Drying Yellow-orange coloured filtered precipitate in an oven at 60°C
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Fig. 1. Flowchart and schematics of steps involved in one-pot synthesis of nanocrystalline Cu,O

powder.

ment (Bruker D-8, Billerica, MA) at 40 kV 1 )

and 30 mA with a source of CuKa radiation
with a wavelength A = 1.5406 A. The scan-

ning range was from 20° to 80° and the
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spectroscopic measurements (manufacturer:
Perkin Elmer Spectrum BX, Waltham, MA)
in the range of 4000-400 cm™l. Optical ab-
sorption measurements of sonicated colloi- 3. Results and discussion

dal dispersions of nanocrystalline Cu,O 3.1 Structure and morphology

samples prepared in doubly distilled water

80

Fig. 2. XRD patterns of Nano Cu,O particles
prepared with varied PVP concentrations.

Figure 2 shows X-ray diffraction pat-

were performed on a UV-VIS spectro-
photometric system (Shimatzu 1650PC).
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terns of freshly synthesized Cu,O nanocrys-
talline powders at molar concentrations of
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— 300 nm ————

Fig. 3. SEM micrograph of Cu,O nanocrystalline powder synthesized at different PVP concentra-

tions: (a) 0.4 mmol, (b) 0.6 mmol, (c) 0.8 mmol.

initial PVP solutions of 0.4 mmol,
0.6 mmol, and 0.8 mmol, respectively. It is
quite clear that the representative XRD
peaks around 260 angles of 29.56°, 36.4°,
42.34°, 61.44°, 73.54° and 77.38° corre-
spond to (110), (111), (200), (220), (311)
and (222) crystal planes respectively. This
confirms the Cu,O cubic phase formation
(JCPDS Card No.05-0667). Small traces of
the formation of Cu nanoparticles are evi-
dent from the XRD peaks at 43.26° for the
(111) plane and 50.48° for the (200) plane,
as well as at 48.48° for the (202) plane for
the CuO phase at lower and higher concen-
trations of PVP. The full width at half
maximum (FWHM) determined from (111)
peak for the Cu,O phase increases with an
increase in the PVP molarity indicating a
decrease in average crystallite size for the
nanocrystalline Cu,O powder. Thus, an in-
crease in the PVP concentration leads to
inhibition of particle growth due to agglom-
eration; the average crystallite size is sup-
pressed due to the capping effect of surfac-
tants. PVP acts like a capping agent and
covers the Cu,O nano-crystallites during
the formation stage thereby preventing fur-
ther particle growth due to agglomeration.
At an increased concentration, PVP will ef-
fectively interact with other precursors,
thereby inhibiting agglomeration and the
formation of large particles.

The Bragg’s law (with the first order ap-
proximation n = 1) helps in estimation of
interplanar spacing d for agiven crystal
plane characterized by Miller indices (hkl)
from wavelength (A) of X-ray and Bragg’s
diffraction angle (0),

Zdhklsine = n7\..

The average crystallite size (D) of
freshly synthesized samples of nanocrys-
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talline Cu,O powder were calculated by the
Scherrer formula [28]

kA

D=—"—
B(hkl)cose

where k = 0.9 is the shape factor and B )
is full width of the half maxima (FWHM)
for a given (hkl) plane. The determined av-
erage crystallite sizes were 23 nm, 17 nm
and 14 nm for PVP molar concentrations of
0.4 mmol, 0.6 mmol and 0.8 mmol respec-
tively. Thus, an increase in the PVP concen-
tration results in a decrease in the average
crystallite size of the Cu,O nano-powders.

The dislocation density (8), micro-strain
(¢) and lattice constant (a) were estimated
from the following relations [29].

sl . B
D? 4tan6
a? = d2um(h2 + hk + k2)

where a is lattice constant. The Cu,O cubic
phase unit cell volume (V) is calculated
using formula V = 3.

Table 1 summarises the XRD data with
20 and d ) values for CuyO nanocrys-
talline powders synthesized at different
PVP molarity. Table 2 depicts variations in
dislocation density (8), micro-strain (€), lat-
tice constant (@) and cell volume (V) with a
change in PVP molarity.

The dislocation density increases with an
increase in PVP molarity mainly due to a
decrease in the average crystallite size. The
values of macrostrain, lattice constant and
cell volume are in good agreement with lit-
erature reports on these parameters [29]
and a standard powder diffraction pattern
for Cu,O (JCPDS Card No.05-0667). Figure
3(a), (b) and (c) depicts SEM micrographs

Functional materials, 29, 3, 2022
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Table 1. 20 and d(hkl) values from XRD for
Cu,O nano powders synthesized at differ-
ent PVP molarity

PVP Molarity, 0.4 0.6 0.8
mmol
(hEl) plane 20
110 29.54° 29.56° 29.66°
111 36.40° 36.40° 36.42°
200 42.24° 42.34° 42.34°
220 61.36° 61.44° 61.44°
311 73.52° 73.54° 73.62°
222 77.30° 77.38° 77.46°
Inter-planar distance (d) in A

110 3.022 3.020 3.010
111 2.466 2.466 2.462
200 2.138 2.133 2.133
220 1.510 1.508 1.508
311 1.287 1.287 1.286
222 1.233 1.232 1.231

Table 2. Crystallite size (D), dislocation den-
sity (8), micro-strain (g), lattice constant (a)
and cell volume (V) variation for Cu,O nano
powders synthesized at different PVP molarity

PVP Molarity, mmol | 0.4 0.6 0.8
Crystallite Size (D), 23 17 14
nm

Dislocation density 1.89 3.46 5.1
(8)-1015, nm~2

Macrostrain (¢)-1073, | 4.78 | 6.77 | 8.21

line 2m™
Lattice constant (a), | 4.272 | 4.272 | 4.265
A
Cell volume (V), A3 | 77.95 | 77.95 | 77.58

of Cu,0O nanocrystalline powder samples
synthesized at different PVP concentra-
tions: 0.4 mmol, 0.6 mmol and 0.8 mmol
respectively. Figure 38(a) shows the forma-
tion of large sized, agglomerated Cu,O
nanocrystals with uneven size distribution.
The crystal size varies from 80 nm to
100 nm. Figure 3(b) clearly shows fine, less
agglomerated Cu,O nanocrystals of com-
pletely cubic morphology with an average
size of less than 30 nm. Further, Fig. 3(c)
depicts the formation of smaller sized Cu,O
nanocrystallites with an average size
around 20 nm. Here, a higher concentration

Functional materials, 29, 3, 2022
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Fig. 4. Crystallite size (nm) distribution in
Cu,0 nanocrystalline powder samples synthe-
sized at different PVP concentrations.

of PVP resulted in inhibition of agglomera-

tion and thus reduced particle size.
Figure 4 depicts the variation in crystal-

lite size for the Cu,O powders synthesized
at different PVP concentrations. It is clear
from the SEM images that the particle size
distribution is quite uneven for the powder
synthesized using 0.4 mmol PVP solution,
and becomes sparse and narrow with
0.6 mmol and 0.8 mmol PVP solutions.

3.2 Chemical composition studies

Chemical composition of freshly synthe-
sized Cu,O nanocrystalline powder samples
was investigated by FTIR analysis. Figure 5
shows FTIR spectra of Cu,O nanocrystalline
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Fig. 5. FTIR spectra of Cu,O nanocrystalline
powders synthesized at different PVP concen-
trations: 0.4 mmol, 0.6 mmol and 0.8 mmol.

powders synthesized at different PVP con-
centrations: 0.4 mmol, 0.6 mmol and
0.8 mmol.

These samples showed wide absorption
bands located around 8433.95 cm™! and as-
cribed to the H-OH stretching mode. Also, a
small band corresponding to the H-OH
bending mode is observed around
1509.95 cm™L. Further, for Cu,0O phase, the
characteristic Cu-O vibrational mode [30]
can be observed in the region of the
wavenumber of 515.09 cm~l. Table 8 shows
the modes of molecular vibrations depend-
ing on the wavenumber, which appear in the
FTIR spectra for Cu,O nanoparticles syn-
thesized at various PVP concentrations.

3.3 Studies of optical properties

Figure 6 shows the measured UV-VIS
spectra in the range of A from 250 nm to
1100 nm for Cu,O nanocrystalline powder
samples synthesized at PVP concentrations
of 0.4 mmol, 0.6 mmol and 0.8 mmol re-
spectively. Figure 6 also shows the presence
of the characteristic absorption peaks
around A = 472 nm (0.4 mmol), A = 471 nm
(0.6 mmol) and A = 462 nm (0.8 mmol) re-

12
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10 471 nm

0.8 1 472 nm

064 ——0.4 mmol

Absorbance (a.u.)

—— 0.6 mmol
044 ——0.8 mmol
0.2 1
0.0

300 400 500 600 700 800 900 1000 1100
Wavelength (1) nm

Fig. 6. UV-VIS spectra of Cu,O nano-crystal-
lites synthesized at different PVP concentra-
tions: 0.4 mmol, 0.6 mmol and 0.8 mmol.

spectively, thereby confirming the forma-
tion of Cu,O nanoparticles [24, 28-33]. A
blue shift for the characteristic absorption
peaks with an increase in the PVP molar
concentration is clearly evident from Fig. 6.
This shift of the absorption peak mainly
results from the size variation of the Cu,O
nanoparticles due to a change in the surfac-
tant molar concentration. Thus, an increase
in the surfactant concentration inhibits ag-
glomeration of Cu,O nano-crystallites dur-
ing the synthesis.

The calculations of the optical band gap
(Eg) for CuyO nano-crystallites synthesized
at different PVP molarities: 0.4 mmol,
0.6 mmol, 0.8 mmol were carried out using
the Tauc relation [34] given by (2).

ohv = (hv — Eg)n' . (2)

Here, the terms o, 2, v and Av respec-
tively means an absorption coefficient,
Planck constant, frequency and the energy
of the incident photon. The exponent n can
take on any of the values 1/2, 1/3, 2 and
3/2 which determines the type of electronic
transition that caused the absorption. Since

Table 8. The modes of molecular vibrations and their locations in the FTIR spectrum for Cu,O
nanocrystalline powders synthesized at different PVP concentrations.

Molecular vibrational PVP Molar Concentration, mmol
modes 0.4 0.6 0.8
Wavenumber, cm ™!
H-OH Stretching 3250.78 3433.95 3442.43
H-OH Bending 1508.35 1509.95 1511.33
CuO Vibrational 512.84 515.09 510.95
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Fig. 7. The plot of (ahv)}/2 vs hv for nano-
crystalline Cu,O synthesized at different
PVP concentrations: 0.4 mmol, 0.6 mmol,
0.8 mmol.

the optical band gap for a direct band gap
semiconductor is due to a direct allowed tran-
sition, in this case, the best linear relationship
was obtained by plotting (0hv)!/2 against hv.

Figure 7 represents the plot of (ohv)l/2
vs hv for Cu,0O nano-crystallites synthesized
at different PVP molarities: 0.4 mmol,
0.6 mmol and 0.8 mmol. The direct band
gap (E,) of these samples was measured
using tie Tauc relation and found to vary
from 2.248 eV for the 0.4 mmol PVP sam-
ple to 2.519 and 2.772 eV for the 0.6 mmol
and 0.8 mmol PVP samples, respectively.
These E, values were higher than the theo-
retical value of 2.2 eV for bulk Cu,O due to
nanoparticle sizes which subsequently leads
to quantum confinement [12-15]. Thus, an
increase in PVP concentration reduced ag-
glomeration, which is associated with a de-
crease in particle size, and therefore, in-
creased the band gap E,, which can be un-
derstood from the blue shift.

4. Conclusions

The effect of polyvinylpyrrolidone (PVP)
surfactant on the structure, morphology
and optical properties of Cu,O nano-crystal-
lites obtained using a facile and swift one-
pot synthesis was successfully investigated.
XRD analysis established the formation of
Cu,O nano-crystallites with estimated aver-
age grain sizes varying in the range from
50 nm to 15 nm with an increase in the
PVP molarity. SEM analysis has shown
transition from cubical to spherical mor-
phology for Cu,O nano-crystallites with an
increase in the PVP molarity. The FTIR
spectra show the presence of characteristic

Functional materials, 29, 3, 2022

bands related to molecular vibrations, which
confirms the formation of nanocrystalline
Cu,0. UV-VIS spectra show a strong intense
absorbance peak located near A =470 nm
and attributed to nano Cu,O. Its position
also varies from A = 472 nm to A = 462 nm
due to a decrease in the crystallite size with
an increase in PVP concentration. The
measurements using Tauc plots reveal an
increase in optical band gap energy values
from 2.248 eV to 2.519 and to 2.772 eV
with increasing PVP molarity due to grain
size reduction and quantum confinement.
Thus, the molarity of PVP gsurfactant is one
of the key criteria affecting the size, mor-
phology and optical properties of nano-crys-
talline Cu,O synthesized using this method.
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