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Abstract
Photocatalysis is a promsing technique for remediation and decontamination of waste water. This
research work focuses on the synthesis of pure and lanthanum (La)- (1, 2 and 3 wt%) doped copper oxide
nanoparticles (CuO-NPs) via a simple, cost effective and e�cient sol-gel process. Differnet
characterization techniques such as UV-vis, PL, SEM, XRD, EDS and FTIR are used to investigate optical,
compositonal, structural and morphological properties of the synthesized material. Quite interestingly,
doping of rare earth element La has reduced the particle size (52.02 ± 0.04 nm to 42.39 ± 0.02 nm) of
CuO-NPs. Additionaly, with doping, the band gap and electron hole recombiantion rate is also reduced.
Band gap has shifted towards visible region (3.13 ev to 2.85 ev) which makes it an excellent mateiral for
photocataysis. Methylene blue (MB) dye is used as model contamination. Photocatalytic degradation
e�cieny of 79% is obtained in 150 min by La0.02Cu0.98O against MB under natural light irrradiation. Band
gap is increased upon futher doping which attributes to the reduced catalytic e�ciency to 73% for
La0.03Cu0.97O. Theoratical photocatalytic activity of CuO-NPs against MB dye with particle size of 50nm
is carried out using COMSOL Multiphysics 5.3a Licenced version  in order to corelate the experimental
and theoratical results.

1. Introduction
Organic dyes are the most widely used compounds in industries due to their ability to resist fading when
exposed to light, perspiration, water, oxidising agents, and microorganisms (Arunadevi et al., 2018;
Saratale, Saratale, Chang, & Govindwar, 2011). Due to their widespread use and large-scale
manufacturing, dyes are now found in considerable quantities in wastewater (Kazeminezhad &
Sadollahkhani, 2014). Roughly 1–15 percent of synthetic textile dyes are estimated to be dumped into
e�uents during the manufacturing process (Shahabuddin et al., 2018). These dyes are released directly
into water bodies, which caused substantial water contamination owing to their carcinogenic nature
(Kumar & Pandey, 2017). Due to their enormous moelcular size and complicated structures, the majority
of these dyes are hazardous and non-biodegradable and thus can result in major risks and threats to
aquatic and human life (Tanwar, Kumar, Mandal, & Chemistry, 2017). Researchers are wokring hard to
overcome this problem using different scienti�c methods. These dyes are removed via a range of
physical, chemical and biological processes such as adsorption, precipitation, ozonisation (Saeed &
Khan, 2017). Many of these techniques are non-destructive, insu�cient and produce secondary
contamination. Furthermore, well-established chemical techniques are non economical. Moreover, aerobic
decontamination is ine�cient for stable dyes, while anaerobic oxidation process of dyes results in the
formation of carcinogenic aromatic amines (Nezamzadeh-Ejhieh & Khorsandi, 2010). Numerous
sophisticated oxidation processes, notably sonocatalysis, ozonolysis, photo-Fenton, photocatalysis and
photo electro-Fenton, have emerged as promising techniques for degrading toxic chemicals from
wastewater (Kansal, Sood, Umar, Mehta, & Compounds, 2013). Modern photocatalysis uses
heterogeneous semiconductors to degrade organic dyes/pollutants in water. Metal nanoparticles (NPs)
are employed as heterogeneous photocatalysts in this method. TiO2 (Gupta et al., 2007; Kansal et al.,
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2013), ZnO (Ullah et al., 2015), BiVO4 (Chomkitichai et al., 2019), WO3 (Khan, Khan, Usman, Imran, &
Saeed, 2020), Fe2O3 (Abhilash, Akshatha, & Srikantaswamy, 2019) and copper-based NPs have all been
reported as potential heterogeneous photocatalysts (Gu, Chen, Chen, Zhou, & Parsaee, 2018).

Copper is one of the most inexpensive metal and has a diverse range of applications, including gas
sensors (Mikami, Kido, Akaishi, Quitain, & Kida, 2019), lithium-ion batteries (Ha, Kim, & Choi, 2020; Lin et
al., 2017), �eld emission devices (Banerjee & Joo, 2011), antibacterial agents (Mary, Ansari, &
Subramanian, 2019), dye-sensitized solar cells (Cao et al., 2017), adsorption (BATOOL, QURESHI,
HASHMI, MEHBOOB, & DAOUSH, 2019; Salehi et al., 2016) and heterogeneous catalysts (Marcelo, Puiatti,
Nascimento, Oliveira, & Lopes, 2018; T. Zhang, Souza, Xu, Almeida, & Asefa, 2018). Additionally, copper-
based compounds have recently been discovered to be helpful in a variety of photocatalytic applications,
including the photoconversion of toxic hydrocarbons into harmless molecules (Arunadevi et al., 2018).
Copper-based semiconductors do seem to have a small band gap that can be precisely tuned by using
different methods to harvest wide range of natural/synthetic radiation (Salavati-Niasari & Davar, 2009).
They were thus extensively employed as a strong heterogeneous photocatalyst. Since the electrons in the
conduction band are unstable in phase pure CuO, the majority of the photogenerated electrons migrate to
the valance band and recombine with the hole without engaging in the oxidation process (Sonia et al.,
2015). This implies that by postponing the recombination of charge carriers in photocatalysis, the overall
e�ciency of the reaction can be enhanced. Different methods were used to decelerate the
photogenerated electron-hole recombination in CuO including surface modi�cation, rare eath and
transition metal doping (Abu-Zied, Bawaked, Kosa, & Schwieger, 2016; Devi et al., 2017; Ekthammathat,
Phuruangrat, Thongtem, & Thongtem, 2016; Meshram, Adhyapak, Mulik, & Amalnerkar, 2012). Doping of
rare earth elements in CuO is one of the most effective method because it can delay the recombination
rate of photogenerated charge carriers by introducing localised impurities/defect states near the velance
band or the conduction band (or both) which can trap the electrons to enhance photocatalytic e�cineicy
(Devi et al., 2017). Furthermore, rare-earth elements have been found to decrease the bandgap of CuO,
which permits faster charge carriers transition across the forbidden gap, reducing the recombination rate
(Abu-Zied et al., 2016).

Nanoparticle preparation methods are signi�cant for determining their properties. CuO NPs can be
synthesized using a range of methodologies, including the sol-gel technique (Kayani, Umer, Riaz, &
Naseem, 2015), co-precipitation (Vidyasagar, Naik, Venkatesh, & Viswanatha, 2011), hydrothermal
method (X. Zhang, Zhang, Ni, & Zheng, 2008), green synthesis (Sutka & Mezinskis, 2012), solid state
reaction (Singh & Bedi, 2011), sono-chemical method (Muhammad R Islam, Rahman, Farhad, Podder, &
Interfaces, 2019), thermal decomposition (Muhammad R Islam et al., 2020) etc. Among them, the sol-gel
method provides a convenient, e�cient, simple, and cost-effective route for the synthesis of NPs that
involves a self-sustaining reaction in a solution of various oxidizers.

In the present study, pure and La doped CuO nanoparticles have been synthesised using a facile sol-gel
method. Analyses of the structural and optical characteristics of the nanoparticles as they were produced
were carried out using FTIR, XRD, SEM, PL and UV–vis spectroscopy. Additionally, the impact of the La
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content on the NPs' photocatalytic activity was examined experimentally. The �ndings indicate that
incorporation of La lowers the band gap of the CuO NPs, thus improving their photocatalytic activity.
COMSOL 5.3a Licensced version is used to construct a 2D model of this research work to simulate
photocatalytic degradation of MB dye by CuO-NPs in order to study corelation between experiment and
simulation.

2. Materials And Methodolgy

2.1. Chemicals
Copper nitrate (Cu(NO3)2.3H2O) and Lanthanum nitrate(La(NO3)3.6H2O), respectively, were used as
precursors for Cu and La. Deionized (DI) water (18 M.cm) is used as solvent. Citric acid served as
chelating agent in the reaction. Amonia (NH3) solution is used to control the pH. All the chemicals used in
this research work are 99% pure from sigma Aldrich.

2.2. Method
Sol-gel process is adopted for the synthesis of pure and La (1, 2, 3 wt%) doped CuO-NPs. Aqueous
solution of 0.5M copper nitrate and 0.5M citric acid are prepared separately, then stirred at room
temperature for 30 minutes to get a homogenous solution. Once dissolved, the stock solution is made by
combining the two solutions in a glass beaker while stirring at 50ºc. The pH of the solution was adjusted
to 9 by adding an adequate quantity of NH3 solution drop wise. The temperature is gradually increased to
90℃. After 2 hours of continuous stirring, a thick brownish black gel is produced at the bottom of the
beaker which is washed and dried in the oven. After �nely grounding, it is calcinated at 550℃ for two
hours to obtain NPs of pure CuO. Lanthanum nitrate solution of different concentrations (1, 2 & 3 %) was
combined with citric acid and copper nitrate solution to synthesizeLa:CuO NPs. Hence, a formulation
procedure identical to that used to produce CuO nanoparticles was followed. The �ow chart of the
procedure is shown in �gure 1.

2.3. Characterizations
Following the nanoparticle synthesis, their physical characteristics and photocatalytic activity were
evaluated. The lattice parameters, bond angles, bond lengths and crystalline size of the NPs were
determined using the X-ray diffraction (XRD) method. XRD was performed using an X-ray diffractometer
(KAPPA Apex II) and CuKα radiation with a wavelength of 1.5406 Å. Surface morphology of synthesized
samples is studied using a Field emission scanning electron microscope (FE-SEM) (TESCAN MIRA 3).
Fourier transform infrared spectroscopy (FTIR) using a (FT/IR-4100-A Jasco) spectrophotometer with a
spectral range of 500-4000 was used for the chemical analysis. Photoluminescence (FP-8200, JASCO)
and UV-vis (UV/1700, Shimadzu) spectroscopy is used to study the optical properties of synthesized pure
and La doped CuO-NPs.

2.4. Photocatalytic activity
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Photocatalytic activity of synthesized pure and La doped CuO-NPs against MB dye, under natural light
irradiation was analyzed. In this experiment, 200ml of 1 ppm solution of MB and 20mg of �ne powder
photocatalyst (pure CuO and La 1, 2 & 3% doped CuO-NPs respectively) were taken. Measurement period
of catalytic activity was set to be 150 min. In order to achieve absorption-desorption equilibrium between
catalyst and dye, the suspension was stirred in the dark for one hour. Subsequently, this suspension was
exposed to natural light irradiation and the reading was taken after every 30 min until 150 min. The color
of suspension was shifted from blue to colorless. UV-visible spectrometer was used to analyze the
residual solution. Intensity of UV peak at 570 nm was directly related to the MB (%) left in the suspension.
Percentage degradation was calculated using the following formula (A. Muthuvel, M. Jothibas, & C. J. N.
f. E. E. Manoharan, 2020).

Degradation(%) =
C0 − Ct

C0
× 100%

1
Here, initial absorption is represented by C0 and Ct indicates absorption after various time intervals.
Degradation percentage for all samples is evaluated over 150 min.

2.5. COMSOL 5.3(a)
Analytic or numeric approach used in mathematical modeling is very bene�cial for solving real-life based
physical problems. Out of these two, numeric approach is preferred since a computer can e�ciently
handle any type and size of data as compared to humans. Finite elemental analysis (FEA) has been used
in structural mechanics and it is reported in 1940’s (Courant & mathematics, 1994). As a way to have a
superior concept of the collaboration of electromagnetic (EM) waves by the Nano based, a commercial
FEA software program bundle, COMSOL 5.3a Licensed version, with RF module, is mostly elaborated to
construct the 2D model essential for this study work. FEA involves the easy and quick understanding of
interaction between EM waves and sub-wavelength device (CuO in this case). This technique enables us
to split the whole computation space into �nite size elements on which further approximation could be
solved.

The geometry of the model is generated by sketching multiple sub-domains in COMSOL using various
tools and settings to represent different materials and areas. Schematic diagram of the model is
illustrated in �gure 8(a). Three types of boundary conditions are utilized in this model namely: continuity
boundary conditions (CBCs), scattering boundary conditions (SCBs) and periodic boundary conditions
(PBCs). The CBCs are applied to internal sides of structure to ensure continuity of tangential components
of the electromagnetic �eld whereas the PBCs are applied on the external boundaries to approximate a
large structure by considering the unit cell. The SCBs are used to reduce the re�ection (Ghosh & Palik,
1997). Perfectly matched layers (PMLs) are another kind of condition that may be used to limit the
interior of the computation region. These PMLs are used when the scattering boundaries are not
adequately absorbing the incident �elds owing to the wave vector's dispersion. These conditions are
applied to the rear of the internal continuity boundaries, thus extending the computation domain to half
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the incident wavelength. When a certain domain is designated as PML, the two subsequent domains act
in the same way i.e., the interface of two domains does not present any obstructions to the incoming
wave. The wave emerges in the next domain exactly as it is, with no energy loss or modi�cation (Iqbal,
2013).

The sub-domain at the bottom is referred to as the excitation port or in-port. This indicates that the
model's input power is supplied vertically upward at this port. The value of the input power supplied at
this port may be adjusted to any optimal value from the global expression, such as 12700 watts in
present case. Additionally, the harmonic propagation mode is an essential clause in the current model.
Meshing is a very important step of solving the model. The physical domains are divided into smaller
sub-domains of irregular geometry de�ned as element. The element serves as the fundamental unit of the
discretization process in order to get the solution. In a model, the elements of each subdomain are
connected to one another via points, known as nodes.

Model parameters are �xed to conduct a sweep for variables. The model's most often used parameter is
wavelength, which spans from 400nm to 1000nm and is con�gured to vary in 1nm increments. TM-
polarized light may get the necessary information through transmission, re�ection, or absorption at
different angles. The last step is to set the parametric solver to sweep the model's variables. The
wavelength range (400-900nm) is crucial in this simulation. The model is irradiated by s and p-polarized
light at a constant angle (0°).

3. Results And Discussion

3.1. XRD analysis
The phase composition and crystalline structure of CuO and La: CuO NPs were investigated through their
XRD patterns. The variation of the XRD pattern for CuO and La:CuO-NPs is depicted in �gure 2(a). At the 2
θ value = 32.59, 35.58, 38.78, 48.91, 53.56, 58.37, 61.65, 66.32 and 68.20, the diffraction peaks
correspond to the crystal planes (110), (-111), (111), (-202), (020), (202), (113), (311) and (221), verifying
the monoclinic structure of CuO-NPs. There are no visible diffraction peaks from any of the other copper
oxide phases. The recorded XRD pattern matches with phase pure CuO from JCPDS Card no. 01-080-
1268 (Gopinath et al., 2016).

It can be seen from the XRD pro�le that the CuO NPs are highly crystalline, as shown by the sharp and
intense diffraction peaks. It can be seen in �gure 2(b) that the intensity of diffraction peaks decreases as
the concentration of La increases, indicating that the crystalline structure has been deteriorated as a
result of doping. Peak of lanthanum oxide or lanthanum hydroxide is absent in the XRD pattern. The
concentration of La caused a slight change in XRD peaks. The atomic radius difference between La3+
(106 pm) and substituted Cu2+ (73 pm) may cause this change (Xing et al., 2017). A shift in the
diffraction peak shows doping of the CuO lattice with La ions. The Scherer equation was used to
determine the crystallite size of the NPs (A. Muthuvel, M. Jothibas, & C. J. J. o. E. C. E. Manoharan, 2020).
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D =
0.9λ

βCosθ

2
Where β represents full width half maxima (FWHM), θ is the Bragg’s diffraction angle and λ is X-ray
wavelength (1.5406 Å). In Fig. 3b, the size of CuO and La:CuO nanoparticles is shown to be decreased
with the increasing concentration of La dopant. The crystallite size evaluated by equation (2) is 52.02 ±
0.04, 47.58 ±  0.05 and 42.39 ±  0.02nm for pure and La (1 & 2%) doped CuO-NPs. The decrease in NP
crystallite size is due to the creation of La–O–Cu bonds by La doping. La-doped ZnO showed similar
dopant-induced modi�cations in NP crystallite size (Anandan et al., 2007).

3.2. Morphological and Compositional analysis
Surface morphology and compositional analysis of CuO and La:CuO-NPs is carried out by scanning
electron microscope (SEM) and energy dispersive spectroscopy (EDS). Figure 3 (a,b) & (c,d) exhibits the
SEM micrographs and the EDS mapping of the synthesized material respectively. Pure CuO-NPs have
irregular morphology and the EDS analysis indicates the absence of any impurity element. However, the
2% La doped CuO-NPs has agglomeration and EDS spectrum reveals the homogeneous distribution of
dopant element over the surface of host material. Moreover, the particle size for doped sample is reduced
as compared to pure material. It attributes to the fact that particle growth is inhibited due to the presence
of rare earth metal La (Muhammad Rakibul Islam et al., 2021).

3.3. Optical studies
The photoluminescence (PL) and ultraviolet visible spectroscopy (UV-vis) is used to investigate the
optical properties of fabricated pure and La doped CuO-NPs. Characteristic peak of CuO at 268nm and
452nm is present. Absorption peak of 452nm attributes to the plasmon resonance band and atomic
copper cluster (Sohrabnezhad, Valipour, & Spectroscopy, 2013). Band gap of synthesized pure and La
doped CuO-NPs is estimated by diffuse re�ectance spectroscopy. The Kubelka-Munk function F(R) relates
absorption coe�cient (α) to re�ectance (R) by the following relation (Muhammad R Islam et al., 2020):

  (3)
Where R, s and α represents re�ectance, scattering and absorption coe�cient respectively. The Tauc
equation relates the band gap (Eg) to the absorption coe�cient (α) by:

αhv= A(hv - Eg)n  (4)
Where A is a constant of proportionality, hv is the incident light energy and n = 1/2 for the direct band
gap. When treating the coe�cient s as a constant, the F(R) can reasonably be considered proportional to
α. Then the Tauc relationship in Kubelka-Munk function is rewritten (Muhammad R Islam et al., 2020):

(αhF(R))2 = (A⁄s)(hv-Eg)  (5)
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Extrapolating the straight-line parts of the curves in the plot of (αhF(R))2 against hv gives the band gap
of NPs. The Eg values for CuO and La:CuO-NPs were extracted from the plot as represented in �gure 4(a).

The band gap of pure CuO was determined to be 3.14 eV, which is consistent with the reported value.
Figure 4(b) illustrates the band gap �uctuation of the NPs as a function of La concentration. The La
doping was observed to reduce the band gap of NPs. This decrease in band gap may be attributed to the
presence of impurity states between the CuO's conduction and valance bands due to La doping. As the
number of dopant atoms increases, these impurity states coalesce near the conduction band's lowermost
edges, reducing the gap between the conduction and valance bands (Rajendran et al., 2016). For 1 and
2% doping of La, band gap has reduced to 3.07 and 2.85 eV respectively but when dopant concentration
is increased to 3%, the band gap increases to 3.01 eV. Burstein-Moss (BM) effect is thought to be
responsible for this rise in band gap (Tiss et al., 2019). A highly doped semiconductor allows the Fermi
level to migrate closer to the conduction band, resulting in an increase in the band gap. As a result, the
valance band electron must expend more energy to get to an unoccupied state of the conduction band,
causing the band gap to expand (Litter, Navio, & Chemistry, 1996).

The PL spectra illustrated in �gure 4(c) are obtained on exciting wavelength of 335nm. Generally, the PL
spectra consist of two main regions: UV region (band gap con�rmation) and broad band spectrum
(characteristic peaks and defects) (Marami, Farahmandjou, & Khoshnevisan, 2018). The spectrum has
two characteristic peaks located at 413 nm and 425 nm. The blue emission peak of 413 nm attributes to
singly ionized copper (Cu+) vacancies. The shoulder peak at 425 nm is associated with the surface
defects of CuO-NPs due to oxygen vacancies. In pure sample, the cluster of electronic excitations is
occurred which is not controlled by material itself which leads to the high rate of electron hole
recombination (Sharma et al., 2017). Dopant element (La) is used to control the electron hole
recombination. Drop in PL intensity con�rms the reduction in the recombination rate, desirable for
photocatalytic applications.

3.4. FTIR
Chemical composition and bonds of pure and La doped CuO-NPs were examined by Fourier
Transformation Infrared (FTIR) Spectroscopy. Figure 4(d) depicts typical spectrum of CuO and La:CuO-
NPs recorded between 500-4000 cm−1. In the FTIR spectrum, absorption bands at 598, 759, 795, 878,
1054, 1109, 1624, 2160, 3490 and 3568 cm−1 were present. Doping causes variation in intensity and
position of the FTIR peaks which attributes to the fact that bond strength has been changed. It also
con�rms the successful doping of La in CuO host lattice. Absorption band around 598 cm−1 is the
stretching vibration of CuO. Greater stretching attributes to the presence of oxygen vacancies. The
presence of strong vibrational peaks at 759 cm−1, 795 cm−1 and 878 cm−1 are due to C-H and C=C bond
(Nabila, Kannabiran, & biotechnology, 2018). Stretching vibration bands at 1054 cm−1 is due to C-O
whereas the bands detected near 1108 cm−1 and 1624 cm−1 are related to C=O and C-O respectively.
Stretching band at 2160 cm−1 corresponds to the CO2 present in the air which owes to the measuring

circumstances. Peaks depicted around 3490 cm−1 and 3568 cm−1 are related to the O-H stretching
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(Gnanavel, Palanichamy, Roopan, & Biology, 2017). Quit interestingly as the dopant concentration is
increased, peak intensity is also enhanced. Besides the absorption bands discussed above, no impurity
peak has been identi�ed which con�rms that the synthesized samples are highly pure.

Photocatalytic Analysis

Photocatalytic activity is performed by employing 20mg of the synthesized pure and La (1,2 & 3%) doped
CuO-NPs as photocatalyst respectively in order to degrade 10 ppm aqueous solution of MB dye under
natural light irradiation for 150 min. Photocatalytic degradation is observed by recording UV-vis spectrum
from 450 to 750nm at various intervals of time 0, 30, 60, 90, 120 and 150 min as illustrated in �gure 5.
Absorption band around 670nm indicates the amount of MB dye left undegraded in the solution.
Decrease in the UV-vis absorption band indicates the successful degradation of MB dye.

Photocatalytic analysis has revealed that degradation e�ciency for pure and La (1, 2 & 3%) doped CuO-
NPs is 51, 67, 79 and 73 % respectively as shown in �gure 7(a). Photocatalytic e�ciency has been
improved for La doped samples. Maximum catalytic e�ciency is observed for 2% La doped CuO-NPs.
Intrinsically, photocatalytic e�ciency depends upon the surface to volume ratio of nano photocatalyst,
absorption of irradiated light and electron hole recombination rate. Smaller size of photocatalyst ensures
the large surface area available for redox reaction. Photocatalytic reaction is initiated by the absorption
of light of suitable frequency dictated by the band gap. Therefore, it is bene�cial to reduce the band gap
of photocatalyst by adding some percentage dopant impurity. Absorption of light generates photo
electron hole pair. The CuO-NPs have high rate of electron hole recombination rate. Dopant impurity
improves the recombination rate which facilitates the photocatalytic degradation.

It has been discussed in the SEM and XRD results that the particle size is reduced by the addition of
dopant. The PL results revealed that electron recombination rate is controlled e�ciently by increasing the
dopant concentration. On the other hand, band gap calculated from the UV-vis spectrum shows anomaly.
Band gap of pure CuO-NPs is 3.14 eV which is reduced upon doping. For 1 and 2% doping of La, band
gap has reduced to 3.07 and 2.85 eV respectively but when dopant concentration is increased to 3%,
Burstein Moss effect comes into play and increase the band gap to 3.01 eV. Although for 3% doped
sample, electron hole recombination rate and particle size have optimal values to be a good
photocatalyst but the increased energy band dominates all the other factors and photocatalytic e�ciency
is reduced as compared to 2% doped sample. This anomaly suggests that only a limited amount (2%) of
La doping is suitable for CuO-NPs to enhance its photocatalytic activity.

3.5. Mechanism
The photocatalytic activities are often affected by variations in oxygen vacancy. The electron–hole pairs
are separated based on the amount of oxygen vacancies present in the solution. According to
Malleshappa et al. (Malleshappa et al., 2015), the photocatalytic activity varies depending on the
concentration of defects at the surface level. The charge carrier recombination rate is decreased as the
surface defects increases and the particle size reduces, resulting in enhanced photocatalytic activity.
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Based on the observations, a plausible pathway for the photodegradation of MB dye over fabricated
nanoparticles exposed to sunlight is hypothesized based on the aforementioned reaction steps:

i) Absorption of light

CuO + hγ → e −
cb + h +

vb

ii) Production of O2 radical

O2 + e −
cb → O . −

2

iii) Splitting of H2O

H2O → H + + OH −

iv) Production of hydroxyl radicals

h +
vb + OH − → OH ∗

v) Neutralization reaction

O . −
2 + H + → HO ∗

2

vi) Production of H2O2

2HO ∗
2 → H2O2 + O2

vii) Decomposition of H2O2

H2O2 + e− → OH ∗ + OH −

vii) Dye degradation

MB + O . −
2 , HO ∗

2 orOH − → intermediate → CO2 ↑ + H2O + mineralsalt

According to the mechanism, when CuO-NPs are exposed to sunlight, the valence band (VB) electrons are
excited to the conduction band (CB), while an equivalent number of holes are produced in the valence
band (VB). These photogenerated free electron hole pairs react with water to produce highly reactive
oxidizing agents (O . −

2 , HO ∗
2 orOH − ). These radicals react with MB dye for the degradation or

mineralization process. The proposed mechanism for photocatalysis by CuO and La:CuO-NPs is shown
in �gure 6.

3.6. Kinetic studies

{ }
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Photocatalytic degradation of MB dye follows a pseudo �rst order kinetics.

ln
C0
Ct

= − kt

6
Where t represents the reaction time in minutes and k indicates the apparent reaction rate constant. Initial
and �nal concentration of aqueous MB after time t is denoted by C0 and Ct respectively. The rate constant
(k) of photodegradation of MB dye by pure CuO-NPs and La doped CuO-NPs were evaluated using
equation---, and the �ndings are shown in Fig. 10c. BY plotting ln(C0/Ct) as a function of time (t), rate
constants for pure and La (1, 2 & 3%) doped CuO-NPs is determined to be 0.00451, 0.00725, 0.01024 &
0.00811 min−1 whereas the �tting correlation coe�cient (R2) is found to be 0.99321, 0.98857, 0.94602 &
0.95969 respectively. Finally, it has been determined that the amount of dye degradation increases with
the progression of time, as shown in �gure 7(b). According to the result, 2% La doped CuO-NPs exhibited
superior photocatalytic degradation of MB dye under natural light irradiation.

3.7. Photocatalytic activity via COMSOL and correlation with
the experimental result
In the model, represented in �gure 8(a), the size of CuO-NPs is set to be 50nm which is approximately the
average size of pure CuO-NPs synthesized in this research work. This is done on purpose in order to
compare the photocatalytic e�ciency of experiment and simulation. Re�ection (Tref), transmission (
Ttran) and absorption (Tabs) spectra are obtained by irradiating visible to near infrared (NIR) light shown
in �gure 9(a). At any wavelength, equation (7) is satis�ed as shown in �gure 9(a).

Tabs + Tref + Ttran = 1

7
Figure 8(b) visualizes the y-component of electric �eld at normal incidence at 668nm wavelength. The
photocatalytic activity of CuO-NPs in the prepared model is determined using MB dye. The dye
degradation occurs when the model is exposed to visible to NIR light. As illustrated in �gure 9(b), the
degradation of dye is monitored over time by comparing their concentrations (Ct/C0) to absorbance (At/
A0). The rate constant k for photocatalytic degradation of MB (n = 1.347) dye is determined and plotted

in �gure 9(b). Value of rate constant obtained via simulation is 0.0048 min−1 with �tting correlation
coe�cient R2 = 0.9128.

It is observed that the rate constant for CuO-NPs obtained experimentally is very close to the theoretical
value simulated with COMSOL. Experimental and theoratical values of rate constant are 0.0045 min−1

and 0.0052 min−1 respectively. For simulation, a 2D model has been considered having rigid spherical
nanoparticles of 50nm. Photocatalytic activity is evaluated by considering the interaction of irradiated
light in the model. Some other key factors which in�uence the photocatalytic reaction such as pH,
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temperature, concentration of pollutant, exact morphology of material etc. are not taken into account.
This may be the reason for the difference in the end result. Overall, we can say that the trend given by
COMSOL is followed by the experiment.

Conclusion
A simple and cost-effective method, sol-gel is used to synthesize pure and La (1, 2 and 3%) doped CuO-
NPs. The fabricated material is characterized by XRD, SEM, EDS, PL, UV-vis and FTIR to investigate the
structural, compositional and optical properties. The XRD analysis revealed the monoclinic crystal
structure of CuO. Moreover, with the increase in dopant concentration, the intensity of XRD peaks is
decreased along with a small shift in peak position which con�rms the successful doping of La. Presence
of dopant also effected the crystallite size, decreasing from 52.02 ±  0.04nm to 42.39 ±  0.02nm. The
UV-vis spectra depict the characteristic peak of CuO near 268nm. Tauc plot is used to extract the band
gap. Doping (up to 2%) has reduced the band gap from 3.14 ev to 2.85 ev. For 3% dopant concentration,
the band gap rises to 3.01 ev associated with the Burstein Moss effect. The PL analysis is used to
investigate the electron-hole recombination rate. Decrease in PL intensity with doping is direct evidence of
reduction in recombination rate which is a crucial parameter for photocatalysis. Purity of material is also
veri�ed by the FTIR analysis. Photocatalytic activity performed by the synthesized material against MB
dye for 150 min under natural light has shown a massive improvement in degradation for doped sample
as compared to the pure one. Maximum degradation of 79% is observed in 150 min by La0.02Cu0.98O. As
discussed in the UV-vis section, La0.02Cu0.98O has the minimum band gap which enables maximum
absorption in the visible region. Moreover, the reduced crystallite size and electron hole recombination
rate also facilitates the photocatalytic reaction. Band gap rises for La0.03Cu0.97O retarding the photon
absorption in visible region dropping the catalytic degradation e�ciency to 73%. COMSOL 5.3a Licensed
version is used to design the 2D model of the research work. Simulation of photocatalytic activity using
perfectly spherical CuO-NPs of 50nm size against MB dye (n=1.347). Kinetic study revealed the rate
constant evaluated by COMSOL is 0.0048 min−1 whereas the experimentally observed data for pure CuO
suggests the rate constant of 0.0052 min−1. The slight difference in the rate constant may be attributed
to the geometry of material. Experimentally obtained CuO-NPs does not have perfectly spherical geometry
(large surface area) whereas for the modelling, spherical geometry has been used. Simulation results are
calculated by considering the absorption of light, completely ignoring some important parameters such
as pH, temperature, morphology etc. this is the reason for the imperfection between experimental and
theoretical results.
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Figures

Figure 1

Flow chart of the sol-gel process to synthesize pure and La doped CuO-NPs  



Page 18/22

Figure 2

(a) XRD spectrum con�rming monoclinic crystal structure and depicting characteristic peaks of CuO at
35.58o and 38.78o, (b) representing the shift and decrease in highly intense peak attributing to successful
doping 
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Figure 3

SEM micrographs (a) & (b) for pure and 2% La doped CuO-NPs representing irregular morphology and
EDS (c) & (d) illustrates the absence of impurity for pure CuO-NPs and homogenous distribution of La for
doped sample  

Figure 4

Characteristic peak at 268nm in UV-vis spectra (a) of pure and La doped CuO-NPs along with the
corresponding Tauc plot (b) to evaluate the variation in band gap with doping concentration.  

Figure 5

PL spectra (a) exhibiting reduction in highly intense peaks of 413.7nm and 425.3nm attributing to the
reduced electron-hole recombination rate for doped CuO-NPs. FTIR spectra (b) of synthesized material
representing a slight shift in intensity and location of peaks as shown in the inset of graph. 
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Figure 6

Photocatalytic degradation of MB dye using the synthesized pure and La doped CuO-NPs for 150 min
under natural light indicating high degradation rate for doped samples. 
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Figure 7

Mechanism of reduction in band gap and electron hole recombination rate with doping along with the
free radical reaction with pollutant.  

Figure 8
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Photocatalytic e�ciency (a) of 51%, 67%, 79%, 73% observed for pure and La (1, 2 & 3%) doped CuO-NPs
along with their rate constants (b) showing variation due to the presence of dopant. 

Figure 9

Schematic diagram of 2D model (a) containing immersed CuO-NPs in water. Visualization of y-
component of electric �eld (b) at 668 nm wavelength   

Figure 10

(a) representing the absorption, re�ection and transmission of the 2D model. (b) illustrates the plot of
Ct/C0 and ln(C0/Ct) with time de�ning the rate constant k=0.0048 min-1 for COMSOL simulation of CuO-
NPs against MB dye.  


