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Copper oxide nanoparticles (CuO NPs) were produced through an environmentally friendly green synthesis. The
characteristics of these green synthesized CuO NPs, including their structural, optical, morphological, and
electrochemical properties, were examined using various characterization techniques. X-ray diffraction analysis
revealed that the CuO NPs have a monoclinic structure with a C2/c space group. Electrochemical detection of
glucose was carried out using cyclic voltammetry. The green synthesized CuO NPs exhibited excellent catalytic
properties for both electrochemical sensing and photocatalysis. Significantly, these CuO NPs exhibited excellent

selectivity and sensitivity in glucose detection, with a sensitivity of 370 pA mM ™! cm ™2 and a detection limit of
1.0 pM. Furthermore, the CuO NPs demonstrated a substantial 84 % degradation of dyes within 150 min. These
results underscore the potential of the green synthesized CuO NPs as a promising material for applications in
both sensing and dye degradation.

1. Introduction

In recent years, transition metal oxide nanomaterials have exhibited
distinct properties compared to their bulk counterparts. Various tran-
sition metal oxide nanomaterials, including Fe;O3, Fe304, Co304, NiO,
CuO, and ZnO, have been extensively studied [1-6]. Among these, CuO
nanoparticles possess unique characteristics. These copper oxide nano-
particles (CuO NPs) exhibit p-type semiconducting properties and have a
band gap of approximately 1.2 eV [7]. CuO NPs are known for being
low-cost and highly stable nanomaterials. Various synthesis techniques
have been employed to produce CuO NPs, including co-precipitation,
electrochemical, sonochemical, and green synthesis methods [8-11].
Although numerous techniques exist in the field of nanoscience, the
green synthesis technique has garnered significant attention due to its
use of non-hazardous chemicals, resulting in a pollution-free
environment.

CuO NPs have been synthesized using various plant leaf extracts,
such as Capsicum frutescens, Gymnemasylvestre, Eucalyptus Globoulus, and
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Pergularia tomentosa [12-15]. CuO NPs find widespread applications in
solar cells, photocatalytic processes, antimicrobial activities, super-
capacitors, and electrochemical sensors [16-20]. Presently, two major
global issues affect human beings: the first one relates to internal
problems within the human body, such as diabetes mellitus, and the
second one concerns external problems, particularly water pollution in
the surrounding environment. Diabetes mellitus, characterized by
excessive glucose levels in the blood, poses a significant health chal-
lenge. Excess amounts of glucose levels can lead to metabolic disorders,
cardiac arrest, and neural damage [21,22]. Consequently, monitoring
glucose levels in human blood samples using sensors becomes crucial.
Traditional glucose sensors are enzyme-based, but they suffer from poor
selectivity and high enzyme costs [23]. Non-enzymatic glucose sensors
have emerged as an alternative solution due to their cost-effectiveness
and superior stability [23]. This non-enzymatic glucose sensing
method can achieve high sensitivity, rapid detection, and low detection
limits. The synthesized CuO NPs were used as a glucose sensor material
with a wide linear range from 1 to 10 mM through the cyclic
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Fig. 1. XRD Patterns of CuO NPs.

voltammetry technique.

Water contamination stemming from the discharge of organic dyes
by the textile industry presents an additional area of concern. Methylene
blue (MB) dye stands out as a common pollutant found in textile
wastewater [24-26]. In general, MB dye exhibits toxicity, carcinogenic
properties, and resistance to biodegradation, thereby posing significant
challenges for both humans and microorganisms in natural water res-
ervoirs. Specifically, MB dye contributes to health problems such as
vision impairment, mental disorders, and respiratory discomfort. Hence,
removing MB dye presents a significant challenge, and various tech-
niques, such as ion exchange, adsorption/filtration, and electrochem-
istry, have been explored. However, these methods can be expensive
[27]. Photocatalytic degradation using different light sources, such as
UV light, visible light, or sunlight, offers a promising approach for
efficient MB dye removal [28]. Among these light sources, sunlight is an
excellent natural resource, providing a high-intensity range that en-
hances the photocatalysis mechanism with a maximum degradation
rate.

Industrial dyes like MB were selected to assess the photocatalytic
degradation potential under solar light radiation conditions. MB dye has
a low diffusion rate; it is very difficult to degrade. This work aims to
report the effective CuO NPs using the Amaranthus dubius leaf extract for
MB dye degradation and glucose sensor applications. In order to over-
come the difficulties of the MB dye degradation process, the CuO NPs
were employed for MB dye with a high degradation efficiency rate.
Furthermore, the synthesized CuO NPs were used to analyze the sensing
strength of the glucose sugar. The synthesized CuO NPs exhibit a good
sensitivity value towards glucose sugar. The presence of phytochemicals
like phenolic group plays a vital role in the green synthesis of CuO NPs,
acting as a reducing agent and capping agent. This is novel research on
CuO NPs synthesizing using Amaranthus dubius leaf extract for dye
degradation and sensor applications. Hence, this research report pro-
vides a new finding in green synthesis and for environmental and
healthcare applications using CuO NPs.

2. Experimental section
2.1. Material
Copper sulfate pentahydrate (CuSO4-5H20) of analytical reagent

(AR) grade purchased from Loba Chemie, Maharastra, India. Amaranthus
dubius leaves were collected from the local area in Tirunelveli (8.7150°

N, 77.7656° E), Tamil Nadu, India.
2.2. Preparation of leaf extract and CuO nanoparticles

To prepare the Amaranthus dubius leaf extract, 10 gs of dried leaf
powder was mixed with 100 mL of double distilled water. The resulting
solution was subjected to rinsing and then boiled using a magnetic
stirrer at a temperature of 80 °C. The stirring process was maintained for
15 min. Subsequently, the solution was filtered using Whatmann filter
paper to obtain the filtered Amaranthus dubius leaf extract. This extract
was collected and utilized as a reducing agent to synthesis of CuO NPs. A
solution of copper sulfate pentahydrate (CuSO4-5H50) precursor with a
concentration of 0.2 M was prepared by dissolving it in 25 mL of double-
distilled water. The Amaranthus dubius leaf extract was added drop by
drop into the CuSO4 precursor solution. As a result, the solution color
changed from light blue to light brown. The solution was then stirred for
1 h at a temperature of 80 °C using a magnetic stirrer. Once the stirring
process was completed, unreacted or unwanted reagents were elimi-
nated by rinsing the sample with double-distilled water and acetone.
Subsequently, the sample was left to dry for a day at 80 °C. Afterward,
the dried sample was calcined in a muffle furnace at a temperature of
500 °C. Finally, the resulting black-colored powder was collected and
reserved for further characterization.

2.3. Characterization techniques

The CuO NPs X-ray diffraction (XRD) patterns were characterized
using PANalytical- X’Pert3 powder X-ray diffractometer with CuKa ra-
diation (A = 1.54 A) and were scanned at 45 kV and 30 mA from 20° to
80°. Optical absorption spectra were recorded using the Shimadzu-
UV2600 UV-Visible Spectrometer instrument. The function groups
were identified through the Fourier Transform Infrared Spectropho-
tometer (Thermo scientific Nicolet) equipment with wavenumber re-
gions from 450 to 4000 cm ™~ *. Morphological analysis was performed by
Carl ZEISS EVO 18 scanning electron microscopy SEM equipment.
Elemental composition (EDS) analysis was detected Quantax 200 model
X-Flash detector. Additionally, the electrochemical characteristics,
including oxidation and reduction processes, were evaluated using a
Sinsil-CH 650 electrochemical workstation.
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Fig. 3. UV-visible absorption spectrum of CuO NPs.

2.4. Electrochemical instrumentation

The electrochemical analysis of the synthesized CuO NPs was
examined using the cyclic voltammetry technique. The experimental
setup involved three electrode systems, with a platinum wire serving as
the auxiliary electrode, a saturated calomel electrode (SCE) functioning
as the reference electrode, and a glassy carbon electrode (GCE) acting as
the working electrode. 10 mg of CuO NPs were dispersed in 4 mL of
double distilled water. Furthermore, the well-mixed CuO NPs suspen-
sion was coated on the surface of the glassy carbon electrode and dried
for one hour. The entire experiment was conducted at room tempera-
ture, with glucose sugar concentrations ranging from 1 to 10 mM. A
sodium hydroxide (NaOH) electrolyte solution of 0.1 M concentration
was prepared for the entire electrochemical analysis. The scan rate was
maintained at 50 mV/s, and the potential window for the electro-
chemical sensor studies encompassed glucose sugar potentials from 0 to
1V.

3. Results and discussion
3.1. Structural, optical, morphological characterizations
The phase analysis of the synthesized CuO NPs was performed using

XRD. Fig. 1 illustrates the XRD patterns of the synthesized CuO NPs. The
diffraction peaks of the CuO NPs were in good agreement with the
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Fig. 5. FT-IR spectra of CuONPs.

JCPDS file no- 89-2529 [29]. This confirms that the synthesized CuO
NPs possess a monoclinic structure. The 20 values observed at 32.385,
35.469, 38.798', 46.242", 48.814 , 53.444 , 58.191, 61.533’, 66.348’,
67.942",72.306, 74.915 , 80.281", and 83.219, diffracted angles, were
indexed to (002), (—111), (111), (—112), (—202), (112), (020), (202),
(—113), (022), (—311), (113), (311), and (004), hkl indices respectively.
The reduced intensity of the peaks indicates the excellent reducing and
capping properties of the Amaranthus dubius leaf extract. The average
crystallite size of the synthesized CuO NPs was determined using the
Debye-Scherrer equation, yielding an estimated size of 11 nm. This
average crystallite size was further confirmed using the Williamson Hall
(W-H Plot) method, which also yielded a value of around 10 nm. The
W-H plot graph is depicted in Fig. 2.

The absorption band present in the synthesized CuO NPs was
explored using a UV-visible absorption spectrometer. The absorption
spectra, shown in Fig. 3, were recorded from 220 to 800 nm. From the
UV-Vis absorption spectra, two transitions were identified occurring
around 300 nm, 350 nm, and 580 nm. These transitions are attributed to
ligand-to-metal charge transfer and p-d transitions. The absorption
humps observed between 300 nm and 400 nm confirm the presence of
CuO NPs [30]. Additionally, an absorption curve around 580 nm cor-
responds to the CuO particles [19]. However, CuO particles lose stability
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Fig. 6. (a—d) SEM Micrographs of CuO NPs.
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Fig. 7. EDS spectra of CuO NPs.
due to surface oxidation caused by surrounding oxygen molecules. The Fourier transform infra-red (FT-IR) spectroscopy studies provided
UV-Vis absorption transition spectrum was used to determine the band information about the functional groups present in the CuO NPs. Fig. 5
gap value of the synthesized CuO NPs, which was 2.23 eV. This esti- shows that the transmittance band occurring at 611.67 cm ™! represents
mation was made using the Tauc plot relation, as shown in Fig. 4. the formation of Cu-O bonds. The broad band around 3347.19 cm™!

indicates O—H stretching vibrations, while the sharp band at 787.84
em-! corresponds to C—H bending frequency. Transmittance bands at
1095.60, 1615.43, and 2338.11 cm ™! are responsible for C—O stretch-
ing, C=C stretching, and O=C=0 stretching vibrations, respectively.
SEM was employed to examine the morphology of the synthesized CuO
Cu 81.3 NPs, as depicted in Fig. 6(a—d). The SEM micrographs reveal that the

8 ;61'6 CuO—NPs exhibit an agglomerated shape. Compositional analysis was

Table 1
Compositional analysis of CuO NPs.

Element Weight (%)
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Fig. 9. Selectivity of CuO NPs towards different sugars compared with
Bare Electrode.

carried out using energy-dispersive X-ray spectroscopy (EDS), and the
corresponding EDS spectra, shown in Fig. 7, exhibit strong peaks asso-
ciated with the Cu, O, and C elements. The compositional percentages of
the synthesized CuO NPs were tabulated in Table 1.

3.2. Electrochemical characterizations

Cyclic voltammetry characterization was performed for bare CuO
NPs at different scan rates, as depicted in Fig. 8. The CuO NPs, coated on
a glassy carbon electrode, were utilized as an active material ina 0.1 M
NaOH electrolyte solution. Fig. 8 reveals the reduction and oxidation
reactions in the synthesized sample. The sharp peaks at 0.01 V and 0.03
V represent the transition of the Cu oxidation state from Cu" to Cu?*,
which occurs at scan rates of 0.05 V/s and 0.1 V/s, respectively. Humps
in the 0.5 V range correspond to the Cu'® state transitioning to the Cu®*
state for both scan rates. This region is crucial for the oxidation reaction
and glucose oxidation reaction as well. A strong reduction peak is
observed at -0.36 V, corresponding to the reduction of Cu®" to Cu®
state. When the scan rate increases the cyclic voltammogram curves
remain undistorted, indicating improved mass transportation and elec-
trode capability [31].

3.3. Glucose sensor study

During the electrochemical reaction, the GCE coated with CuO NPs
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undergoes oxidation. The Cu(II) species are converted to Cu(III) species
such as CuOOH. In the presence of CuO NPs, the oxidation of glucose
reaction is enhanced. The mechanism of the glucose oxidation reaction
is depicted in Egs. (1) and (2) [32,33]:

CuO + OH - CuOOH + e~ (@)

CuOOH + C¢H1,05 — CeHy0Og + Cu(Il) )
The selectivity analysis of CuO NPs was performed using cyclic
Table 2

Glucose sensitivity value of previously reported CuO NPs based non-enzymatic
glucose sensors.

Materials Linear range Sensitivity (pA.mM L. LOD Refs.
cm™?) (uM)
CuO/GO 2.79 pM- 2.03 262.52 0.69 [34]
mM
CuO Spheres - 164.25 39 [35]
CuO 0.5 mM - 4.03 308.71 0.1 [36]
mM
Cu0O—Cs/ 59 yM - 1 mM 503.12 11 [37]
GCE
Au/CuO 0.22 pM - ImM 172.45 0.22 [38]
CuO-U/LC 1uM-33mM 320 7.56 [39]
CuO NPs 1 mM-10 mM 370 1.0 This
work
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Fig. 12. (a) Photo degradation of MB dye using CuO NPs under solar light irradiation. (b) Linear curve of photo degradation activity. (c) Plot of CO/Ct with respective
to time‘t’ (d) determination of rate constant (k) and (e) degradation efficiency of MB dye using CuO NPs under solar light irradiation.

voltammetry to evaluate their current response towards different sugars
including fructose and glucose, as depicted in Fig. 9. The selectivity
graph clearly demonstrates that glucose sugar exhibits the highest
selectivity compared to fructose and bare electrode. Based on these
findings, glucose sugar was selected to investigate the sensitivity
behavior of CuO NPs using the cyclic voltammetry technique.

The addition of glucose sugar solution into the electrolyte resulted in
an increase in oxidation peaks, ranging from 1 to 10 mM, as observed in
Fig. 10. The CuO NPs exhibited a high sensitivity towards glucose sugar,
as evident from the enhancement in oxidation peak currents. The
oxidation peak currents of CuO NPs were noticed respectively to the
concentration of glucose sugar. The sensitivity value of CuO NPs

towards glucose sugar was calculated to be 370 pA mM lcm ™2 The
peak currents showed a linear increase, as depicted in Fig. 11. The R?
value was calculated using the linear fit method. Table 2 presents a
comparative analysis of non-enzymatic glucose sensors reported in prior
studies, all of which rely on Cu NPs [34-39]. Upon examining the data in
Table 2, it becomes evident that the synthesis of CuO NPs using Amar-
anthus dubius leaf extract has yielded notably superior sensitivity in
detecting glucose sugar, beating the performance of both graphene
oxide-based CuO NPs and Au/CuO NPs reported in previous research.
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3.4. Photocatalytic degradation study

In May 2023, at Sadakathullah Appa College in Tirunelveli, Tamil
Nadu, India, the photocatalytic degradation of MB dye was studied using
CuO nanoparticles under solar illumination with an approximate in-
tensity of 160 kWh/m?. The absorption peaks of the dye were measured
using a UV-visible spectrometer. The pH value of the MB dye solution
was adjusted to 10. Initially, 1 mg of CuO NPs (as catalyst powder) was
added to the MB dye solution, and the resulting mixture was stirred
continuously using a magnetic stirrer. Subsequently, the catalytic solu-
tion was exposed to solar light for the photodegradation process. The
efficiency of MB dye degradation using CuO NPs was determined using
(Eq. (3)) [40], which calculates the degradation efficiency.

C—-C

% Degradation = ———— x 100%
G

3

The degradation of MB dye was investigated using CuO NPs as a
photocatalyst. Fig. 12(a) illustrates the degradation spectra of the MB

Table 3
Degradation efficiency of previously reported CuO NPs based Methylene Blue
dye.

Materials Light Degradation Degradation Refs.
source time (min) efficiency (%)

CuO NPs Sunlight 120 63 [24]

CuO NPs Sun light 300 85.5 [42]

CuO—NPs UV light 7hours 98 [43]

CuCdS, NPs Sun light 180 68.5 [44]

Cu/Cux0/ Visible 120 78 [45]

CuO Nps light

CuO NPs Sun light 150 84 Present

work

dye under solar light irradiation. The absorption intensity of the MB dye
with the photocatalyst was recorded at different time intervals during
solar light exposure. Initially, the absorption band of the MB dye was
observed at 665 nm. The CuO NPs demonstrated effective catalytic ac-
tivity in the degradation of the MB dye. As the time interval increased,
the absorption peak gradually decreased, as depicted in Fig. 12(b). This
observation indicates that natural sunlight is an efficient light source for
the degradation of the MB dye in the presence of the photocatalyst.
Eventually, no absorption band was observed, indicating that the MB
dye was removed by 84 %, as shown in Fig. 12(e).

The literature review provided insights into the mechanism of MB
dye degradation using CuO NPs, which is illustrated in the following
equations [25,28,41]:

CuO + hv—egy + hiyp @
0> + ey, —0; (5)
H,0 + by~ H + OH ©)
03 /OH + MB— degrade products )]

In this reaction, the interaction between the MB dye and the pho-
tocatalyst under sunlight irradiation occurs as follows: the photons are
absorbed by the photocatalyst, resulting in the generation of electrons
and holes, as depicted in Scheme 1. The photo-generated electrons then
engage with the nearby oxygen molecules, after generating the reactive
oxygen species including the superoxide anion radicals (Oz*) and hy-
droxyl (OH) radicals. Ultimately, the superoxide anion radicals react
with the MB dye, leading to the breakdown of its molecular structure.
These superoxide anion radicals (O2*) and hydroxyl (OH) radicals were
involved in degrading the MB dye.

To calculate the degradation kinetics of the photocatalyst on the MB
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dye was determined by employing the pseudo-first-order equation [29].

k= _ln(CO/C) (8)
t

Here, k represents the rate constant of the photocatalytic degrada-
tion reaction. The plot of -In(Cy/C) value against time (t) is depicted in
Fig. 12(c). The calculated rate constant value for the photocatalyst is
approximately 0.011 min~?, as shown in Fig. 12(d). A comparison chart
of previously reported efficiency for the degradation of MB dye using
CuO NPs is presented in Table 3 [24,42-45]. During the photocatalytic
degradation process, CuO nanoparticles synthesized with Amaranthus
dubius leaf extract serve as an effective photocatalytic material. They
absorb solar radiation and efficiently break down the MB dye in just 150
min, demonstrating superior degradation performance compared to
previous report on copper-based photocatalytic nanomaterials, as indi-
cated in Table 3.

3.5. Recyclability and reusability

Initially, CuO nanoparticles served as the photocatalytic material for
the degradation of the MB dye. Following the first cycle, UV-visible

Chemical Physics Impact 7 (2023) 100374

absorption spectra were recorded, and the CuO NPs underwent a dry-
ing process at 80 °C to restore their reactivity. Subsequently, the
recovered CuO NPs were used as the photocatalytic material for the
second cycle of MB dye degradation. This cycle was repeated for three
repetitions, and the degradation efficiency was assessed and graphically
presented in Fig. 13. The results from the degradation efficiency analysis
reveal CuO NPs as an effective and recyclable photocatalyst for the
degradation of the dye.

CuO NPs were utilized as a photocatalyst over the course of three
consecutive cycles to evaluate their recyclability and reusability. Sub-
sequently, following the completion of these cycles, the structural
properties of the photocatalyst were thoroughly examined. Fig. 14 il-
lustrates a comparison of XRD patterns for the photocatalysts both
before and after the degradation of the MB dye. Notably, the XRD pat-
terns reveal that the characteristic peaks of CuO NPs at 35.469° and
38.798° remained unchanged. This observation indicates the preserva-
tion of the crystal structure of CuO NPs, affirming its stability even after
the degradation of the MB dye across three cycles.

4. Conclusions

This study presents the synthesis of CuO nanoparticles utilizing
Amaranthus dubius leaf extract, with applications in non-enzymatic
glucose sensing and photocatalytic degradation. The average crystal-
lite size of the synthesized CuO NPs was approximately 11 nm, and XRD
analysis confirmed their phase purity. The CuO NPs exhibited an
agglomerated structure. Notably, these CuO NPs displayed excellent
selectivity compared to fructose sugar and demonstrated high sensitivity
in glucose detection. The sensitivity for glucose detection, calculated
using a linear fit curve, yielded a value of approximately 370
pAmM ‘em 2. Furthermore, the CuO NPs proved highly efficient as a
photocatalytic material for degrading methylene blue (MB) dye,
achieving an impressive degradation efficiency of around 84 %. These
findings represent a substantial improvement in glucose sensing levels
and excellent photocatalytic degradation compared to prior reports.
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