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A B S T R A C T

In this study, Copper oxide (CuO) nanoparticles were synthesized using a sustainable approach. The process 
comprised Eucalyptus leaf extract as both a biological capping agent and a reducing agent. The synthesis process 
used a one-pot hydrothermal technique to efficiently combine CuO nanoparticles with reduced graphene oxide 
(rGO). Analytical methods were utilized to investigate the prepared nanocomposite’s structural, crystalline, 
morphological, functional, optical, and thermal characteristics. The prepared sample was analyzed using X-ray 
diffraction, which revealed that CuO nanoparticles have a monoclinic crystal structure, and no impurity peaks 
were observed. Field emission scanning microscopes displayed the uniform dispersion of spherical CuO nano
particles with layered and non-agglomerated, resembling a sponge-like structure of rGO. The microstructural 
analysis also confirmed the dispersion of copper inside reduced graphene oxide (rGO) sheets. The optical 
properties, including light absorption and bandgap width, were investigated using UV–visible spectroscopy using 
bandgap energies of 2.5 and 2.8 eV. In addition, the nanocomposite’s ability to degrade cationic Rhodamine 6G 
and anionic Rose Bengal dyes by photocatalysis was evaluated. The degradation of RB and Rh6G dyes was 
characterized by nanocatalysis using UV–visible spectroscopy and a pseudo-first-order kinetics model. The 
pseudo-first-order degradation kinetic rate of Rhodamine 6G was determined to be 2.55 x 10− 2 min− 1, indicating 
that the nanocomposite effectively initiates this dye’s degradation. The results showed that dye degradation was 
effective even at reduced catalyst concentrations.

1. Introduction

Pursuing green and eco-friendly synthesis methods for advanced 
materials has become paramount in the contemporary landscape of 
materials science and environmental sustainability. The urgent need to 
address environmental degradation and energy challenges has catalyzed 
the development of novel materials with diverse applications, especially 
in photocatalysis [1,2]. Composite materials, which combine metal ox
ides with graphene-based materials, have emerged as promising candi
dates in photocatalysis [3–5]. These nanocomposites possess a unique 
interaction, blending the excellent photocatalytic properties of metal 
oxides with the superior electrical conductivity and high surface area of 
graphene-based materials. In the case of the CuO-rGO nanocomposite, 

reduced graphene oxide (rGO) can significantly enhance the copper 
oxide’s charge separation and transport properties (CuO), thereby 
augmenting its photocatalytic activity. This study’s choice of the 
CuO-rGO nanocomposite is significant due to its versatile photocatalytic 
properties. Copper oxide (CuO) is a well-known semiconductor material 
with a narrow bandgap, making it suitable for visible-light-driven 
photocatalysis [6–9]. The nanocomposite exhibits superior charge sep
aration and catalytic efficiency when combined with reduced graphene 
oxide (rGO), which provides a conductive and high surface area support 
structure. This combined effect extends its applicability to various 
environmental and energy-related photocatalytic processes [10–12].

CuO-rGO nanocomposite offers a wide range of benefits and ad
vantages due to its unique combination of materials. CuO-rGO 
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nanocomposite has versatile applications in environmental remediation, 
including removing organic pollutants, heavy metals, and other con
taminants from water and air. They can also be employed in energy- 
related processes, such as hydrogen production through water- 
splitting reactions. CuO-rGO nanocomposite exhibits significantly 
improved photocatalytic activity than individual CuO or rGO materials 
[13–15]. This enhanced activity arises from the synergistic effects of 
combining a semiconductor (CuO) with a highly conductive and 
extensive surface area support material (rGO). The presence of rGO fa
cilitates efficient charge separation and transport, increasing photo
catalytic efficiency. rGO provides a high surface area, allowing more 
active chemical reaction sites. This high surface area contributes to the 
nanocomposite’s enhanced catalytic performance, as it can adsorb a 
greater quantity of reactants and facilitate more reactions. Incorporating 
rGO into the nanocomposite improves the separation of photogenerated 
charge carriers (electrons and holes). This reduces the chances of 
recombination, where electrons and holes combine and neutralize each 
other, leading to higher photocatalytic efficiency and longer-lasting 
activity [16–18].

Photocatalysis is an innovative and sustainable process employing 
semiconductor materials to harness solar or artificial light energy for 
chemical reactions. It has garnered extensive attention due to its po
tential applications in addressing critical global issues, including envi
ronmental pollution, water purification, and renewable energy 
generation. Photocatalysts enable the degradation of harmful pollutants 
and the production of clean energy carriers like hydrogen, making them 
key players in the transition toward a more sustainable and greener 
future. Green synthesis methods, also known as sustainable or eco- 
friendly, are chemical processes used to produce materials, com
pounds, or nanoparticles while minimizing their environmental impact 
[19–22]. These methods are designed to reduce or eliminate hazardous 
chemicals, energy consumption, and waste generation, making them 
more environmentally friendly and sustainable. Green synthesis 
methods have gained significant attention in recent years due to their 
potential to address environmental and health concerns associated with 
traditional synthesis approaches [23,24].

Eucalyptus leaves, abundant in many regions, present a unique op
portunity for green synthesis. Eucalyptus-derived compounds are typi
cally biodegradable and environmentally friendly. They contain 
bioactive compounds that can reduce and stabilize agents during ma
terial synthesis. Harnessing the chemical constituents of Eucalyptus 
leaves aligns with sustainability principles and introduces novel ele
ments to the synthesized nanocomposite, potentially enhancing its 
photocatalytic properties [25–27]. Eucalyptus leaves are biogenic pre
cursors for synthesizing the CuO-rGO nanocomposite, exemplifying the 
commitment to green chemistry principles. Eucalyptus leaves contain 
many bioactive compounds, including essential oils, terpenoids, phe
nolics, and flavonoids. These compounds have various biological prop
erties, such as antimicrobial, antioxidant, and anti-inflammatory effects, 
which can be harnessed for diverse applications [28,29]. This approach 
leverages nature’s resources and minimizes the environmental footprint 
of materials synthesis. Eucalyptus leaves are a sustainable source of 
reducing and stabilizing agents and introduce unique, organic compo
nents that may enhance the nanocomposite’s performance [30–32].

Here in our study, green synthesized pristine and CuO-rGO nano
composite was prepared using the hydrothermal method for photo
catalytic application using cationic (Rhodamine 6G) and anionic (Rose 
Bengal) dyes were characterized. Furthermore, their physicochemical 
properties were also characterized by using X-ray diffraction (XRD), an 
ultraviolet (UV)–visible spectrophotometer, scanning electron micro
scopy (SEM) along with energy-dispersive X-ray spectroscopy (EDAX), 
particle size analysis (PSA), Fourier transform infrared spectroscopy 
(FTIR). The impacts of copper oxide nanoparticles with reduced gra
phene oxide (rGO) nanocomposite on the photocatalytic performance 
using cationic and anionic dyes were scrutinized.

2. Experimental details

The eucalyptus leaves were gathered from villages in the Tamil Nadu 
region of India. They were washed in deionized water to extract mois
ture from the gathered leaves. Two days were spent drying the leaves at 
room temperature after washing. After the leaves had been air-dried and 
crushed into powder using a household mixer (mixie), 10 g of the milled 
eucalyptus leaf were dissolved in 250 mL of deionized water and 
allowed to soak in an Erlenmeyer flask. The mixture was subjected to 
70 ◦C for half an hour. After ensuring that the eucalyptus leaf extract 
remained undisturbed as it adjusted to room temperature, it was filtered 
with a sheet of Whatman No.1 filter paper. The finished filtrate was put 
in storage for further use in other experiments. A sonication-assisted 
approach was used to create the CuO nanoparticles in an environmen
tally friendly manner utilizing the leaf extract of eucalyptus leaf. To 
produce CuO nanoparticles, a precursor solution was generated by 
combining 2.25 g of copper acetate (0.1 M) precursor (an analytical 
grade (AR) purchased from Merck, India) to 150 ml of Eucalyptus leaf 
extract and stirring the mixture for 24 h at constant rpm. No further 
purification of the AR-grade compounds was carried out. Fig. 1 depicts 
an extraction technique for CuO nanoparticles using Eucalyptus leaf 
extract. The obtained base solution was sonicated for 1 h at 40 kHz till 
the apparent suspension was observed. After 12 h in a 100 ◦C hot air 
oven, the precursor solution, in which the sediments had been sus
pended, was finally dry. To get the CuO nanoparticles used in subse
quent characterization investigations, The dried residue was obtained, 
subjected to centrifugation at a speed of 5000 rpm, treated to several 
washes using distilled water and subsequently with ethanol, and finally 
subjected to calcination at a temperature of 400 ◦C for 2 h.

A one-pot hydrothermal technique was used to produce the CuO-rGO 
nanocomposite (also known as CuO-rGO) at a ratio of 10:1. At first, 0.01 
g of reduced GO was sonicated for 10 min in a volume of 20 mL ethanol 
to get a homogeneous dispersion of rGO. After that, the CuO nano
particles that had been created were dispersed in distilled water (20 mL) 
for 30 min while being subjected to magnetic stirring to produce a so
lution that was spread evenly throughout. After that, the rGO dispersion 
was added to the white suspension prepared and previously agitated for 
1 h. After that, the liquid precursor was put into an autoclave lined with 
Teflon and heated at 160 ◦C for 16 h. The CuO-rGO nanocomposite was 
then rinsed and dried at 60 ◦C for 10 h after the reaction. Then, the dried 
product is named as CuO-rGO nanocomposite.

3. Photocatalytic activity procedure

A systematic procedure assessed the photocatalytic degradation 
performance of the CuO and CuO-rGO samples. Initially, a stock solution 
of dyes was prepared by separately dissolving 10 mg/L of two model 
dyes, Rhodamine 6G (Rh6G) and Rose Bengal (RB), in distinct beakers. 
Next, 5 mg/L of the prepared nanocatalyst was added to each dye so
lution and vigorously stirred without light to ensure a uniform distri
bution. This step was crucial for facilitating effective interaction 
between the nanocatalyst and the dye molecules. The subsequent phase 
involved exposing these prepared solutions to natural sunlight, simu
lating real-world conditions. During the experiment, absorbance mea
surements of the Rh6G and RB solutions at their respective maximum 
absorption wavelengths were taken: 530 nm for Rh6G and 597 nm for 
RB. To ensure consistent assessment of the photocatalytic degradation 
kinetics, the reactions were maintained for 120 min. To gain a 
comprehensive understanding of the degradation process, absorbance 
readings at regular 15-min intervals throughout the entire 120-min re
action period were recorded.

4. Characterization techniques

The crystallographic analysis of prepared CuO and CuO-rGO samples 
was analyzed using an X-ray diffractometer (XRD; X’Pert PRO; 
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PANalytical, the Netherlands). The X-ray diffraction (XRD) analysis 
employed Cu-Kα radiation with a wavelength of 1.54060 Å as the ra
diation source, functioning at 30 mA and 40 kV. These samples are 
scanned at a rate of 10 s per degree (10 s-1) within the angular range of 
5–80◦ (2θ). Subsequently, Rietveld refinement was conducted using the 
FullProf analytical software to determine the lattice parameters and 
quantify the agreement among the experimental XRD and standard 
reference data. At room temperature, Fourier transform infrared spec
troscopy (FTIR) using a Spectrum 100 instrument from PerkinElmer, 
USA, was employed to record the absorption spectrum of the prepared 
samples in the wavenumber range of 4000 to 400 cm⁻1. This analysis 
aimed to investigate the functional groups existing in the samples, and 
KBr material was used as a background during the FTIR analysis. The 
particle size analysis of the synthesized samples was conducted through 
dynamic light scattering via a particle size analyzer (Nanophox, Sym
patec, Germany). This analysis was performed at a scattering angle of 
90◦, covering a size range from 1 to 100 nm. sUV-Vis spectroscopy 
examined the materials’ optical absorbance properties. This spectro
scopic analysis used a UV–Vis spectrophotometer (Cary 8454, Agilent 
Technologies, Singapore), covering a wavelength range of 180–800 nm. 
Field emission scanning electron microscopy (FESEM) and energy 
dispersive spectroscopy (EDX) using Bruker’s X Flash 7 instrument were 
employed to examine and characterize the surface features, 
morphology, and chemical composition. A Thermogravimetric analyzer 
(TG/DTA - EXSTAR/6300) was exploited to assess the thermal stability 
of the samples, providing insights into their thermal behavior and 
decomposition properties. Cationic Rh 6G and anionic RB were 
employed as model dyes in photocatalytic investigations. The absor
bance characteristics of these dyes were monitored at regular 10-min 
intervals using UV–Vis spectroscopy, carried out with a Cary 8454 
spectrophotometer from Agilent Technologies in Singapore. This anal
ysis allowed for the tracking of changes in dye concentration over time, 
providing valuable insights into the photocatalytic efficiency of the 
prepared nanocomposite.

5. Results and discussion

5.1. XRD analysis

The XRD pattern in Fig. 2 compares CuO-rGO and CuO with the 
standard COD card no:96-901-5925 for CuO [33]. The CuO diffraction 
peaks are sharp and well-defined, indicating high crystallinity. In the 
CuO-rGO nanocomposite, the major peaks remain similar to pure CuO, 
suggesting that the crystalline structure of CuO is retained in the 
nanocomposite. The reduction of graphene oxide does not significantly 
affect the crystalline nature of CuO. This pattern confirms the successful 
synthesis of CuO-rGO with retained crystallinity of CuO, consistent with 
its reported structure. The absence of a distinct rGO peak in the XRD 
pattern can be attributed to several factors. First, rGO generally has a 
disordered or amorphous structure due to the reduction process, which 
removes oxygen-containing functional groups from graphene oxide. 
This disrupts its crystalline nature, resulting in poorly ordered layers 
that do not produce sharp diffraction peaks like crystalline materials. 
Therefore, the typical (002) peak of graphene oxide, usually observed 
around 24–26◦, is either very weak or absent in rGO due to the lack of 

Fig. 1. Synthesis diagram for preparation of CuO-rGO nanocomposite.

Fig. 2. XRD analysis of prepared CuO and CuO-rGO nanocomposite.
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interlayer ordering [34].
On the other hand, the quantity of rGO in the CuO-rGO nano

composite might be relatively low, making its signal hard to detect 
compared to the much more crystalline and intense CuO peaks. The CuO 
NPs phase, being more crystalline, dominates the diffraction pattern, 
and the weaker rGO signal could be masked or overshadowed. However, 
the presence of GO peaks is evident in refinement; additionally, the 
elemental presence was further evaluated with EDAX analysis. The 
average crystalline size of the synthesized samples was calculated using 
the Debye-Scherrer equation. As outlined in Table 1, the prepared CuO 
average crystalline size is approximately 13.7 nm, while the CuO-rGO 
nanocomposite exhibits a considerably smaller crystalline size of 
approximately 20.2 nm. The other structural parameters calculated from 
the XRD patterns are shown in Table 1. During the synthesis, rGO sheets 
provide a platform where CuO NPs can nucleate and grow more uni
formly. The presence of rGO reduces the agglomeration of CuO NPs, 
promoting more controlled and homogeneous crystal growth, which can 
lead to larger crystallite sizes. The observed increase in crystalline size 
for CuO NPs in the CuO-rGO nanocomposite can be attributed to the role 
of rGO in supporting and controlling the crystal growth process, pre
venting particle aggregation, and reducing grain boundary formation, 
all of which contribute to the development of larger CuO crystallites.

Moreover, Rietveld refinement was conducted to evaluate the cor
respondence between the calculated and observed XRD patterns. The 
refinement process involved adjusting various parameters, including 
background, peak shape, atom positions, scale factors, and lattice 
functions. Fig. 3 illustrates the alignment between the observed and 
calculated data for CuO and CuO-rGO nanocomposite samples. This 
analysis demonstrates that the inclusion of rGO has minimal impact on 
the crystal structure, affirming the structural stability of the CuO NPs. 
Additionally, the refinement parameters, including Rp, Rwp, Rexp, and 
Chi2 values (as presented in Table 1), confirm the absence of additional 
impurities in the prepared samples and indicate a good fit with the 
calculated XRD patterns. These refinement results are reliable compared 
to previous findings, and they corroborate the structural integrity of the 
synthesized materials without significant alterations due to the incor
poration of rGO [35,36].

5.2. FT-IR analysis

Fourier Transform Infrared spectroscopy is a method for measuring 
the vibrational frequencies of a molecule’s bonds. The FTIR spectra of 
CuO nanoparticles and CuO-rGO are revealed in Fig. 4. A broad ab
sorption peak at 3471 cm− 1, corresponding to the stretching vibration of 
O–H bonds, suggests the possible presence of adsorbed water molecules 
and carboxy and hydroxy O–H groups. A peak at 1634 cm− 1, attributed 
to the stretching of C=C bonds, indicates the presence of a graphene 
nanosheet. Also, two distinct peaks at 2921 and 2851 cm− 1 suggest that 
the carbon basal planes in rGO have been well-maintained. The 
observed peaks at a wavenumber of 1385 cm− 1 may be attributed to the 
bending behavior of the C–OH functional group [37,38].

In the case of CuO-rGO, the peak levels for oxygen-containing 
function groups become higher. The characteristic vibration peaks 
around 841 cm− 1 are assigned to the stretching mode of the Cu=O. This 
phenomenon may be explained in the following manner. During 
photoreduction, copper ions are reduced on the surface of rGO. This 

reduction reaction leads to the generation of holes inside the rGO ma
terial. These photogenerated holes can oxidize the rGO, enhancing 
oxygen-containing functional groups on the rGO surface. The band seen 
at a wavenumber of 1634 cm− 1 corresponds to the aromatic C=C 
functional group, which may be ascribed to the existence of Sp2 hy
bridized carbon atoms forming rings with graphitic features [39–41].

5.3. UV–visible spectroscopy

The optical properties of CuO and CuO-rGO samples were investi
gated using UV–vis spectra, as mentioned in Fig. 5. The UV–Vis absor
bance peaks for CuO and the CuO-rGO nanocomposite were detected at 
233 nm and 230 nm, respectively. The observed transitions in the CuO- 
rGO nanocomposites may be attributed to n–π* and π–π* interactions 
arising from aromatic carbon-carbon bonds and carbonyl groups [42]. 
The absorbance spectrum demonstrates the decrease in graphene oxide 
(GO) and the corresponding replacement of the hydroxyl (OH) and 
carboxyl (COOH) groups with copper oxide [43]. The observed transi
tion may be attributed to the adhesion of CuO nanoparticles onto the 
surface of rGO sheets. The spectrum shows a blue shift, indicating the 
formation of the nanocomposite. This shift might be attributed to the 
sticking of CuO nanoparticles on the surface of rGO sheets. The surface 
plasmon resonance effect of CuO nanoparticles provided UV–visible 
absorption spectra of rGO displayed with them additional peaks at 640 
nm. The peak’s morphology and spatial orientation depend upon the 
diameter of the copper nanoparticle. This proves that Cu nanoparticles 
were successfully deposited onto the rGO surface.

The determination of the bandgap of the prepared CuO nanoparticles 
and the nanocomposite was accomplished via the Tauc plot equation. 

(αhv)n
= E

(
hv − Eg

)

α represents the absorption coefficient, hv symbolizes photon en
ergy, E stands for a constant, Eg denotes the optical bandgap energy, and 
n signifies the Tauc exponent. The Tauc exponent’s value relies on the 
type of optical transition; for direct transitions, n is typically equal to 1/ 
2, while for indirect transitions, it is approximately equal to 2. The 
bandgap energy value may be determined by plotting the (αhv)2 against 
the incoming photon energy (hν) and extrapolating the linear segment of 
the curve to zero absorption coefficient. The corresponding bandgap 
energies for CuO NPs and CuO-rGO nanocomposites are determined to 
be 2.19 eV and 2.79 eV, respectively. The observed blue shift in the 
bandgap energy may be assigned to the quantum confinement effect due 
to a reduction in particle size [44].

5.4. Thermal analysis

TGA was conducted to inspect the thermal stability of the prepared 
pure CuO nanoparticles and the CuO-rGO nanocomposite. These results, 
highlighted in Fig. 6, provide significant insights into the response and 
behavior of the materials as temperatures increase. In the case of the 
CuO nanoparticles, the TGA analysis revealed a total weight loss of 
approximately 6.30 %. The observed increase in the total weight of the 
samples, around 250 ◦C, is associated with the process of copper 
oxidation. Conversely, the TGA analysis of the CuO-rGO nanocomposite 
displayed a significantly reduced weight loss of approximately 10 %.

Moreover, embedding rGO nanosheets will enhance the heat transfer 

Table 1 
XRD and Rietveld parameters for CuO and CuO-rGO nanocomposite.

Sample Average crystalline size 
(nm)

Dislocation density (δ) ( × 101⁵ 
lines/m2)

Micro strain 
(%)

Lattice parameters (Å) Cell volume 
(Å)

Rietveld agreement indices

Rp Rwp Rexp χ2

CuO 13.7 5.3 0.133 a = 4.67, b = 3.42 & c =
5.13

81.09 5.25 6.8 4.8 1.95

CuO- 
rGO

20.2 2.4 0.125 a = 4.68, b = 3.42 & c =
5.12

81.19 6.3 5.04 3.91 1.98
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path. However, the initial weight loss of pure CuO is comparatively 
higher than that of the CuO-rGO nanocomposite. The thermal stability of 
rGO sheets provides a protective barrier for the underlying CuO nano
particles, preventing their thermal breakdown until high temperatures 
are attained. The thermal degradation curve showed clear and distinct 
stages.

At lower temperatures, an initial decrease in weight of 4.7 % was 
recorded. The primary cause of this initial decrease may be the elimi
nation of physically adsorbed water and other volatile substances on the 
nanoparticles’ surface. Following this, a significant reduction in weight 
of 5.3 % was observed within the temperature range associated with the 
breakdown of organic residues and the probable presence of surfactants 
or capping agents added during the synthesis procedure. Above 
250 ◦C–910 ◦C, it has the weight loss that is due to carbon group com
pounds. Above the 600 ◦C weight loss may be due to oxygen loss. This 
enhanced thermal stability implies that the prepared materials retain 
activity over extended periods and in varying temperatures when used 
as catalysts. This aspect is crucial for sustaining efficient and effective 
photocatalytic processes.

5.5. Particle size and zeta potential analysis

The average particle size was determined using a particle size 
analyzer that used dynamic light scattering as its operating phenomena, 
using a laser input intensity of 532 nm. Fig. 7 (a) displays the particle 
size distribution of prepared CuO nanoparticle and CuO-rGO 
nanocomposite.

The particle size analysis of the CuO nanoparticles revealed a dis
tribution ranging from approximately 4 nm (d10) to 80 nm (d90), with an 
average particle size of 30.15 nm (d50). In comparison, the CuO-rGO 
nanocomposite exhibited a smaller mean particle size of 20.2 nm 
(d50), with the particle size distribution extending from around 3 nm 

Fig. 3. Rietveld Refinement fitting of a) CuO NPs and b) CuO-rGO nanocomposite.

Fig. 4. FT-IR spectra of prepared nanocomposite.

Fig. 5. UV–Vis spectra of prepared CuO nanoparticles and CuO-rGO nanocomposite.
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(d10) to 160 nm (d90). The reduction in particle size within the nano
composite, relative to the pure CuO nanoparticles, can be attributed to 
the uniform dispersion of the CuO nanoparticles within the rGO matrix 
[45]. The hydrothermal synthesis method, employed for composite 
preparation, plays a crucial role in achieving this uniform dispersion. 
The process effectively prevents nanoparticle agglomeration and pro
motes controlled growth, leading to a more consistent distribution of 
smaller particles throughout the rGO sheets. As a result, the nano
composite demonstrates a finer particle size distribution than the pure 
CuO nanoparticles, further enhancing its potential for applications 

requiring a high surface area and improved reactivity.
The surface charge and colloidal stability of the CuO nanoparticles 

and the CuO-rGO nanocomposite were evaluated by zeta potential 
measurements. The findings, as shown in Fig. 7(b and c), provide sig
nificant insight into the electrostatic characteristics of these materials. 
Significantly, the zeta potential findings exhibited unique values for the 
two compounds. The zeta potential of the CuO nanoparticles was 
measured to be − 9.0 mV. In contrast, the CuO-rGO nanocomposite 
exhibited a significantly greater negative zeta potential of − 58.9 mV. 
The observed significant decrease in the zeta potential of the CuO-rGO 
nanocomposite may be attributed to including rGO. The negative 
charge of reduced graphene oxide is attributed chiefly to the presence of 
oxygen-containing functional groups. The rGO results in a significantly 
enhanced negative zeta potential in the nanocomposite material. The 
observed variation in zeta potential values highlights the significant 
impact of rGO on the surface charge of the nanocomposite material. The 
CuO-rGO nanocomposite has a significantly negative zeta potential, 
which might have important consequences for its colloidal stability and 
interactions with other particles or molecules in broad catalytic 
applications.

5.6. FE-SEM and EDAX analysis

As depicted in Fig. 8(a), the FESEM image of the synthesized CuO 
nanoparticles reveals a distinctive foam-like morphology characterized 
by clustered and porous structures. This unique morphology can be 
attributed to the sonication-assisted synthesis, combined with the 
effective role of Eucalyptus leaf extract as a reducing and stabilizing 
agent. The use of this extract in the synthesis process has been shown to 
enhance the formation of well-defined CuO nanoparticles, promoting a 

Fig. 6. Thermogravimetric analysis of prepared nanocomposite.

Fig. 7. (a) Particle Size analysis, (b and c) Zeta potential of prepared CuO nanoparticles and CuO-rGO nanocomposite.
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controlled nucleation and growth process. Fig. 8(c) illustrates the 
FESEM micrograph of the CuO-rGO nanocomposite, where the CuO 
nanoparticles are uniformly dispersed as nanospheres throughout the 
rGO matrix. The rGO sheets exhibit a porous, sponge-like morphology, 
characterized by rippling, crumpling, and a randomly arranged struc
ture, yet maintaining an interconnected layered architecture. The uni
form distribution of spherical CuO nanoparticles within the rGO matrix 
is facilitated by the synergistic reduction and stabilization capabilities of 
Eucalyptus extract during the sonication-assisted approach. The CuO- 
rGO nanocomposite exhibits a minimal aggregation, ensuring a homo
geneously distributed nanostructure. The CuO particles, formed at the 
nanoscale, display enhanced surface reactivity due to their small size, as 
supported by the XRD analysis, which confirms the presence of Cu2⁺ 
species. This transformation, driven by hydrothermal treatment condi
tions, is critical for catalytic and photocatalytic applications, where the 
higher valence state of Cu enhances the material’s overall reactivity.

Additionally, nano-porous copper led to the formation of uniformly 
distributed tiny CuO nanoparticles on well-dispersed rGO nanosheet. 
The rGO nanosheets demonstrate a significant graphitization level and a 
decrease in oxygen-containing functional groups. This specific structural 
characteristic improves the capacity of the material to provide support 
and stability to CuO nanoparticles. This, in turn, promotes the effective 
transfer of charges and facilitates combined effects in photocatalytic 
applications. The elemental composition of the synthesized CuO and 
CuO-rGO nanocomposite was confirmed through EDAX analysis, shown 
in Fig. 8 (b and d), providing detailed insights into its chemical struc
ture. The analysis verified the presence of key constituents, primarily 
Copper (Cu), Oxygen (O), and Carbon (C), with their respective energy 
peaks observed at high intensities. As shown in Fig. 8(b), the prominent 
signals for Cu and O confirm the formation of CuO nanoparticles within 
the composite. This is consistent with the expected stoichiometry of 
copper oxide and reflects the successful synthesis of CuO in the nano
composite. In addition, the detection of Carbon in the EDAX spectrum 
indicates the presence of rGO nanosheets, confirming their successful 

incorporation into the composite material. The inclusion of rGO con
tributes to the overall structure and functionality of the nanocomposite, 
enhancing properties such as electrical conductivity and surface area.

5.7. Photocatalytic dye degradation activity

The bonding of CuO nanoparticles and CuO/rGO nanocomposite has 
enhanced significant properties, including decreased recombination of 
charges (electrons and holes) and improved absorption of visible light. 
These qualities are essential for the development of an effective photo
catalyst. The photocatalytic performance of CuO nanoparticles and 
CuO/rGO nanocomposite was assessed by observing the different 
cationic (Rhodamine 6G) and anionic (Rose Bengal) dyes over time 
under the influence of light irradiation, using UV–visible spectroscopy. 
The dye has a prominent absorption peak at wavelengths of 530 nm for 
cationic rhodamine 6G dye and 550 nm for anionic Rose Bengal dye, and 
the absorbance of the dye at its initial concentration was measured. The 
decrease in absorbance of the dye was seen as the duration of light 
irradiation increased, as shown in Fig. 9. The decrease in absorbance 
observed presents strong evidence for the efficient degradation of the 
dyes aided by the created samples when exposed to visible-light irra
diation. The following equation was used to derive the prepared sam
ples’ photocatalytic degradation efficiency: 

Dye Degradation efficiency=
(D0 − Dt)

D0
% 

D0 denotes the initial concentration of the dye solution, and Dt sig
nifies the dye concentration at time t.

Using the above mentioned equation, the photodegrading efficiency 
of CuO nanoparticles towards RB and Rh6G within 120 min was 
determined to be 90.79 % and 91.37 %, respectively. In the same way, 
the degrading efficiency of the CuO-rGO nanocomposite is found to be 
91.47 % for RB and 96.48 % for Rh6G in Fig. 10. Distinctly, the 
degrading efficiency of the CuO-rGO nanocomposite is greater than that 

Fig. 8. FESEM image of a) CuO and c) CuO-rGO nanocomposite and elemental analysis of b) CuO and d) CuO-rGO.
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of pure CuO nanoparticles. Photocatalytic degradation efficiency is 
summarized in Table 2. The improvement in photocatalytic perfor
mance may be ascribed to different factors. The CuO-rGO nano
composite is characterized by a reduced optical band gap, which 
enhances its efficiency in absorbing visible light for photocatalytic 
processes (see Fig. 11).

Furthermore, integrating rGO offers an increased concentration of 
sites for interaction between dyes and nanoparticles, enhancing the 
degradation mechanism. Moreover, the significant increase in the 
degradation efficiency for Rh6G dye indicates the formation of π–π 
conjugation and electrostatic interactions [46]. The observed in
teractions occurred due to the parallel alignment of electron-rich π or
bitals in the rGO nanosheets and the aromatic rings found in the Rh6G 
dye molecules. Moreover, the presence of a negative charge on the 
surface of the created nanocomposite enhances the binding of cationic 
dyes, hence enhancing the effectiveness of degradation.

The primary light absorber in this instance is the rGO, and separating 
the photogenerated electrons and holes is notably efficient when copper 
nanoparticles are present. Moreover, the exceptional photocatalytic ef
ficacy shown by the CuO/rGO nanocomposite may be attributed to the 
catalytic influence imposed by the presence of copper. The CuO nano
particle has favorable characteristics as a photoelectron acceptor, 
effectively capturing photoelectrons and reducing the recombination 
rate of photoelectron-hole pairs. This process facilitates an effective 
transfer of charge carriers to the surface of rGO for dye degradation. 
Subsequently, the photoelectron has the potential to be involved in a 
reaction with the oxygen molecules present in the solution, resulting in 

the formation of Superoxides capable of oxidizing the dye.
The degradation kinetics of the prepared samples were assessed 

utilizing a first-order kinetic model. 

ln
(

C
C0

)

= − kt 

In this equation, C and C0 denote the concentration at a specific time and 
the initial concentration of the dye, respectively, while k represents the 
rate constant of the reaction.

Fig. 10(a and b) displays the C/C0 curve, which represents the 
changes in concentration noticed in the absence of a catalyst and the 
presence of dye solutions loaded with nanocatalysis. This graph illus
trates the progressive reduction in dye molecules over time (120 min). 
As described by Fig. 10(c and d) and tabulated in Table 1, the calculated 
kinetic parameters for the synthesized CuO nanoparticles with the 
degradation of RB and Rh6G dyes are 1.84 × 10− 2 and 1.92 × 10− 2 

min− 1, respectively. Similarly, the kinetic values for the created CuO- 
rGO nanocomposite are 2.05 × 10− 2 and 2.55 × 10− 2 min− 1, respec
tively. The CuO-rGO nanocomposite has a significantly higher degra
dation rate than CuO nanoparticles, with an estimated increase of 1.4 
times. The increased degradation rate may be attributed to the reduced 
bandgap rGO offers. The reduction in the band gap of CuO effectively 
reduces the recombination of electron-hole pairs, leading to increased 
absorption of photons for excitation and charge separation. Efficient 
electron transfer between CuO and dye molecules may explain why 
CuO-rGO is more effective than CuO nanoparticles in photocatalytic dye 
degradation. The transmission of electrons from the conjugated 

Fig. 9. Absorbance-dye degradation graph of Rose Bengal a) CuO, b) CuO-rGO and Rhodamine 6G c) CuO, d) CuO-rGO.
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graphene to the adsorbed dye molecules induces a redox breakdown. As 
summarized in Table 3, previous research endeavors have employed a 
variety of model dyes as test compounds in their investigations, often 
incorporating various metal oxide nanomaterials with reduced graphene 
oxides to enhance photocatalytic performance.

5.8. Dye degradation mechanism

Hence, the photoactivity of the CuO nanoparticles and CuO-rGO 
nanocomposites is seen in the degradation process of Rh6G and RB 
dyes. The degradation of dyes by photocatalysis may be achieved 
through direct or indirect mechanisms. Decomposition occurs in the 
direct route, following the photosensitization of dyes through photon 

Fig. 10. C/C0 curves for Rose Bengal (a) and Rhodamine 6G (b), along with pseudo-first-order degradation kinetics for Rose Bengal (c) and Rhodamine 6G (d).

Fig. 11. CuO nanoparticle and CuO-rGO degradation efficiencies against a Rose Bengal (a) and Rhodamine 6G (b) dyes.
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absorption. This process is followed by the insertion of photoexcited 
electrons into the conduction band of the semiconductor catalyst. As a 
result, dissolved oxygen is reduced to form superoxide radical ions (O2- 
•), which further react to form highly reactive hydroxyl radicals (•OH). 
The two radicals mentioned above are primarily responsible for initi
ating the degradation processes.

Decomposition through the indirect process of the in-situ creation of 
electron-hole pairs. When semiconductor catalyst particles are exposed 
to radiation with an energy level of (hv), it has been observed that the 
energy of the radiation (hν) is equal to or greater than the band gap 
energy (Eg) of the particles. Subsequently, the conduction band (CB) 
electrons reduce electron-accepting species, such as dissolved O2 in the 
solution, leading to the formation of O2-• ions. On the other hand, the 
valence band (VB) holes facilitate the oxidation of electron-donating 
species, such as H2O, resulting in the generation of •OH radicals [47]. 
Subsequently, the breakdown begins with intermediate products, finally 
into environmentally harmless substances such as carbon dioxide (CO2), 
water (H2O), and a small number of mineral acids [48]. Among the two 
possible methods for decomposition, it has been shown that the indirect 
approach exhibits incredible kinetic speed and serves as the primary 
route for the breakdown of organic contaminants. The following equa
tions provide insight into the possible mechanism for dye degradation by 
the prepared CuO and CuO-rGO nanocomposite: 

rGO − CuO + hν → rGO − CuO (e − + h +)                                        

h+
+H2O → H+ + OH−

e− +O2→O−
2 

O−
2 +H+→HO2 

RB+Rh6G+ *HO+O2 − → Degraded products (CO2 +H2O)

The probable photocatalytic degradation process of the synthesized 
samples is indicated in Fig. 12. CuO and the CuO-rGO nanocomposite 
undergo an intense photocatalytic degradation process that involves 
photon absorption. They participate in numerous methods, such as 

hydroxylation, dehydrogenation, and the oxidative cleavage of dye 
functional groups, breaking dye molecules into smaller and less 
complicated byproducts [49]. Concurrently, dye molecules are adsorbed 
onto the catalyst’s surface via physical interactions, enhancing the 
proximity to the active sites [50]. The photocatalytic process continues 
with the constant regeneration of photogenerated charge carriers as they 
absorb more photons, allowing the catalyst to maintain its catalytic 
activity. In the case of the CuO-rGO nanocomposite, reduced graphene 
oxide sheets play a vital role in enabling electron transfer, enhancing 
charge separation and transport efficiency. Additionally, rGO offers an 
extra surface area for dye adsorption, significantly increasing the pho
tocatalytic efficacy [51].

Electrons can undergo transfer to the surface of nanoparticles, sub
sequently leading to their movement toward graphene [52]. Therefore, 
the recombination rate of electron-hole pairs might decrease as the size 
of the nanoparticles decreases. The photocatalytic activity was 
enhanced due to the transfer of electrons from graphene to dye mole
cules. The improved catalytic performance of CuO-rGO nanocomposites 
in the degradation of dye can be primarily attributed to the combined 

Table 2 
Photocatalyst with dye degradation rate constant and its efficiency for 120 min visible light irradiation.

Photocatalyst Dye Concentration of dye (mg/L) Photocatalyst Concentration (mg) Kinetic rate constant (x 10− 2 min− 1) Degradation efficiency (%)

CuO RB 10 5 1.84 90.79
Rh6G 1.92 91.37

CuO-rGO RB 10 5 2.05 91.47
Rh6G 2.55 96.48

Table 3 
Comparative photocatalytic degradation of dyes with previous reports and this study.

Catalyst Synthesis 
method

Dye used Catalyst concentration 
(mg/L)

Dye 
concentration

Irradiation 
source

Irradiation 
time

Degradation 
efficiency (%)

Ref

g-C3N4/rGO/ 
SnO2

Chemical Rhodamine B 30 7 Visible light 120 83.2 [54]

SnO2–Fe2O3- 
rGO

Chemical Methylene Blue 50 10 Sunlight 180 78.4 [55]

SnO2 Green Eriochrome 
Black T

~210 6 Visible light 270 77 [56]

SnO2–ZnO Green Eriochrome 
Black T

15 100 Sunlight 180 98 [57]

SnO2-WO3 Green Methylene Blue 20 5 Visible light 180 75 [58]
La2FeO3-rGO- 

NiO
Chemical 
route

Congo red 50 50 Visible light 90 96 [59]

BiFeO3–CdS- 
rGO

Chemical 
route

Methyl orange 70 20 Visible light 90 89 [60]

CuO Green route Rose Bengal 5 10 Sunlight 120 90.79 Present 
workCuO Green route Rhodamine 6G 5 10 Sunlight 120 91.37

CuO-rGO Green route Rose Bengal 5 10 Sunlight 120 91.47
CuO-rGO Green route Rhodamine 6G 5 10 Sunlight 120 96.48

Fig. 12. Degradation mechanism for prepared CuO-rGO nanocomposite.
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effect of the high absorptivity of dye molecules on rGO, the presence of 
surface hydroxyl groups that facilitate the generation of hydroxyl radi
cals (•OH), and the advantageous photocatalytic properties of CuO 
nanoparticles, including a lower bandgap and smaller particle size [53].

5.9. Cyclic stability

The cyclic stability of the synthesized CuO and CuO-rGO nano
composites was evaluated over five consecutive cycles by collecting the 
photocatalyst after each run and washing it with 70 % ethanol, followed 
by centrifugation. As shown in Fig. 13, the concentration profiles of RB 
and Rh6G model pollutants gradually decreased even after the fifth 
cycle, indicating sustained photocatalytic degradation. Furthermore, the 
degradation efficiency of the CuO nanoparticles dropped by 12.13 % 
and 8.27 % for RB and Rh6G after five cycles, likely due to the accu
mulation of dye molecules on the active sites, which hinders further 
degradation. In contrast, the CuO-rGO nanocomposite exhibited a 
significantly smaller decrease in degradation efficiency, with only 3.6 % 
and 3.15 % for RB and Rh6G pollutants. This improved cyclic stability is 
attributed to the role of rGO as a supporting matrix, effectively 
dispersing the metal oxide nanoparticles across its surface. This 
dispersion prevents nanoparticle agglomeration, preserving the high 
surface area and catalytic activity over multiple cycles. Additionally, 
rGO enhances electron mobility by acting as a conductive pathway, 
facilitating rapid electron transfer from the excited CuO nanoparticles 
and reducing electron-hole recombination. As a result, the CuO-rGO 
nanocomposite maintains superior photocatalytic performance over 
repeated cycles, demonstrating its robustness as a photocatalyst 
compared to pure CuO nanoparticles.

6. Conclusion

Using Eucalyptus tereticornis as a stabilizing and reducing agent 
during the synthesis of CuO nanoparticles resulted in a high degree of 
crystallinity. A simple hydrothermal approach effectively incorporated 
these nanoparticles with rGO. Integrating rGO during the nucleation 
stage of CuO nanoparticles has significantly enhanced several combi
nation factors, including optical characteristics, thermal performance, 
crystalline structure, particle sizes, zeta potential, and morphology. XRD 
investigation validated the monoclinic phase composition and crystal
linity of CuO and CuO-rGO nanosheets. The particle size was carried out 
via the Scherrer equation. The Cu-rGO sheets exhibit enhanced optical 
absorbance characteristics and demonstrate high efficiency in mini
mizing the recombination of charge carriers. The results obtained from 
TGA and FTIR analysis confirmed the removal of oxygen-containing 
functional groups. In addition, the use of CuO-rGO samples was shown 
to be significant in the degradation of RB and Rh6G dyes, achieving a 
maximum degradation efficiency of 91.3 % and 96.4 %, respectively, 
within a 120-min duration, when exposed to visible light in an aqueous 
solution. The observed phenomenon may be attributed to the significant 
surface area of the sheets and a decreased probability of charge-carrier 
recombination. The rate constant for the photodegradation of Rh6G 
dye in the presence of CuO and Cu-rGO samples was determined to be 
1.92 and 2.55 X10− 2 min− 1, respectively. The prominent impact of 
adding rGO to CuO has been evidenced in cyclic stability, creating a 
robust nano photocatalyst.
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