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Abstract
The current study implements an environmental-friendly and sustainable methodology to fabricate CuO:La2O3-based elec-
trode by using phyto-aqueous extract derived from the Amaranthus viridis plant leaves. CuO:La2O3 was synthesized in 
several concentrations ranging from 2.5 to 10%. The synthesized nanoparticles revealed varied morphology for different 
concentrations with a varying crystalline size in the range of 18.2–43.44 nm. The lowest optical band gap energy of 3.25 eV 
was observed for 7.5% doped concentration. Taking advantage of its unique morphology and lower crystalline size, 7.5% 
CuO:La2O3 was specifically selected to be utilized as an electrode material for subsequent investigations involving superca-
pacitor and water splitting studies. The supercapacitor behavior was studied using cyclic voltammetry (CV) and galvanostatic 
charge discharge (GCD) techniques. The specific capacitance value of 879.6 F/g was obtained for the fabricated electrode. 
The water splitting studies revealed the better potential of fabricated electrocatalyst for oxygen evolution reaction with an 
overpotential value of 351 mV as compared to that of hydrogen evolution reaction where the overpotential value of 182 mV 
was observed. Moreover, the fabricated electrocatalyst showed excellent cyclic stability for more than 2000 cycles and up to 
20 h. Nevertheless, comprehensive findings displayed CuO:La2O3 as an efficient energy storage material as well as promis-
ing catalytic material for the water splitting studies.
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Introduction

The global energy crisis is escalating because of population 
growth, and one of the major concerns of present times is 
to cater the energy needs of this growing population. The 

current energy predicament is leading to increased deple-
tion of fossil fuel reserves which have a detrimental effect 
on the environment (Nandi et al. 2020; Veerakumar et al. 
2020). This reliance on the fossil-based fuels has severe 
implications, as they adversely affect earth biota from 
emission of hazardous and poisonous pollutants (Huang 
and Lin 2018; Yumak et al. 2019). Therefore, to ensure and Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-023-03192-6&domain=pdf
http://orcid.org/0000-0001-9171-8904


1648	 Chemical Papers (2024) 78:1647–1658

1 3

promote sustainable environment, scientists and engineers 
are actively involved in the research and development of 
alternate, more affordable, clean and green renewable energy 
solutions. This includes exploring options such as solar 
energy, hydrogen energy, wind energy and more. Another 
task is the efficient storage of the generated energy, and in 
order to fully commercialize these renewable energy gener-
ating systems, efficient energy storage capacities are crucial. 
In the recent times, production of energy through water split-
ting process and supercapacitors in terms of energy storage 
devices have emerged as a most popular electrochemical 
application (Huang and Lin 2018; Yumak et al. 2019). How-
ever, efficiency of these electrochemical applications greatly 
depends on the electrode material used, and currently, there 
has been specific focus on fabrication of efficient as well 
as cost-effective electrode material for supercapacitor and 
water splitting applications (Wei et al. 2018; Zequine et al. 
2019).

The employment of “MO x”-based nanomaterials as elec-
trodes embraces immense potential due to their promising 
characteristics, including competent and shorter diffusion 
pathways, as well as increased active sites for rapid ion or 
electron transport. These features also contribute to lower 
internal resistance and enhanced electrochemical conductiv-
ity (Yan et al. 2019; Tomboc et al. 2021; Dinesh et al., 2020; 
Chen et al. 2020). There are various methods to synthesize 
nanoparticles including chemical, physical as well as biolog-
ical route; however, the synthesis of novel metal oxide-based 
nanomaterials with minimal agglomeration is a significant 
challenge for researchers. The complexity associate with 
physical synthesis routes and the use of toxic chemicals in 
chemical synthesis route are the reasons that scientists are 
finding biological synthesis route more convenient in terms 
of environmental sustainability as well as economically as 
this method use organic entities of microbes and plants as a 
reducing and the capping agents for the synthesis of nano-
particles (Wang et al. 2019; Wei et al. 2018).

In the present study, we adopted green and clean bio-
logical synthesis route using leaves of Amaranthus viridis 
L. (AVL) plant for synthesis of lanthanum-doped copper 
oxide nanomaterials and used these nanoparticles to fabri-
cate the electrode materials to study its potential for energy 
generation and storage applications. AVL plant is a medici-
nal plant possessing huge phytochemicals which could act as 
the reducing-cum-capping agents in synthesis of nanoparti-
cles. CuO nanomaterials are reported as potential electrode 
materials for energy generation and storage because of their 
properties such as narrow band gap, non-toxicity and low 
cost which makes it suitable material for the various elec-
trochemical as well as photovoltaic applications. However, 
CuO is barely reported as a single agent for supercapacitor 
applications due to its lower specific capacitance. Therefore, 
to enhance efficiency, the scientists are investigating other 

CuO-based materials (Shinde et al. 2019; Kumar et al. 2021; 
Zhang et al. 2020). Mariadhas et al., 2023 reported synthe-
sis of novel Ag-CuO@GO nanocomposites using tea plant 
extract as reducing and capping agent for photocatalytic 
applications (Mariadhas et al. 2023). Raveesha et al., 2019 
successfully synthesized magnesium- and iron-doped CuO 
nanoparticles using leaf extract of the Costus pictus plant 
for electrochemical and antibacterial analysis (Raveesha 
et al. 2019). In our previous work, we have successfully syn-
thesized CuO/BiO nanocomposite using AVL plant leaves 
and studied its potential for HER and OER as well as for 
energy storing devices as an electrode (Azhar et al., 2021). 
The promising results from previous study encouraged us 
to explore more CuO-based nanomaterials. Accordingly, 
in the current study we are reporting synthesis of doped 
CuO:La2O3 nanomaterial in different concentrations using 
AVL foliar extract. The different doped concentrations of 
synthesized nanomaterial were characterized thoroughly 
using the UV–Vis, FT-IR, XRD, SEM and EDX, and then, 
the concentration with most favorable and promising results 
was explored further as a supercapacitor electrode material 
and as catalyst for water splitting applications.

Material and methods

Copper (II) acetate monohydrate, Cu(CH3COO) (with 
purity of ≥ 97.5%), and lanthanum (III) acetate hydrate, 
C6H9LaO6·xH2O (with a purity of 96%), were acquired 
from Sigma-Aldrich, Germany. Deionized (DI) water was 
used throughout the experiments. The aqueous leaf extract 
of Amaranthus viridis L. (AVL) served as the reducing 
and capping agent. For the fabrication of electrode mate-
rial, N-methyl pyrrolidinone and polyvinylidene difluoride 
(PVDF) were obtained from Strem chemicals and Alfa 
Aesar, respectively. Analytical-grade ethanol (C2H5OH), 
with a purity of 99%, acetylene black and potassium hydrox-
ide (KOH) were attained from VWR Chemicals BDH.

Synthesis of CuO:La2O3 nanomaterial

In our previous study, we have reported a detail account 
on the preparation of AVL aqueous leaf extract.18 In the 
current research, a measured amount of 0.3993 g of copper 
(II) acetate monohydrate was mixed in 100 mL of deionized 
water to make a precursor solution of 20 mM named as solu-
tion A. Additionally, another 20 mM solution of lanthanum 
acetate hydrate was synthesized by dissolving 0.6321 g of 
lanthanum acetate hydrate in 100 mL of deionized water 
referred to as solution B. Both solutions were mixed sepa-
rately using magnetic stirring for 20 to 30 min without any 
heat treatment. Four different doping concentrations ranging 
from 2.5 to 10% were prepared using solution A and solution 
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B. 10 mL of the organized AVL extract was added to each 
precursor solution while stirring at 70 °C. All synthesized 
concentrations underwent magnetic stirring for approximate 
2 h at 70 °C followed by overnight storage in dark condi-
tions under room temperature. The aged solutions were then 
evaporated using oven at 96 °C to obtain dried powder sam-
ples. These dried samples were then subsequently calcined at 
high temperature of 450 °C for time duration of 4 h to obtain 
doped concentrations of 2.5, 5, 7.5 and 10% La2O3-doped 
CuO (abbreviated as 2.5% CuO:La2O3, 5% CuO:La2O3, 
7.5% CuO:La2O3 and 10% CuO:La2O3, respectively).

Characterization techniques

All synthesized CuO:La2O3 nanomaterials underwent vari-
ous characterization techniques including FTIR (i.e., Perki-
nElmer Spectrum 10/65 FTIR spectrometer), UV–Vis spec-
troscopy (i.e., Agilent Cary 100 UV–Vis spectrometer) and 
X-ray powder diffraction (i.e., PANalytical Cubi X3 XRD 
instrument). Additionally, elemental analysis using energy-
dispersive spectroscopy (EDX) and field emission imaging 
by scanning electron microscope (FESEM) was performed 
by “FEI Quanta 3d ESEM” instruments.

Electrode fabrication

The preparation of working electrode material (7.5% 
CuO:La2O3) was assisted by AVL facilitation. The 80% 
by weight of prepared nanomaterial was mixed by amal-
gamation with acetylene black (10%) by weight. Addition-
ally, 10% by weight of PVDF was also included along with 
N-methyl pyrrolidinone (NMP). The resulting mixture was 
mixed well and then deposited on the Ni foam substrate. 
Subsequently the electrode underwent a drying process 
inside the oven at temperature of 60 °C for time duration of 
12 h. The fabricated electrode was then subjected to analy-
sis by focusing its promising features for OER/HER and 
supercapacitance.

Electrochemical characterization

To carry out the electrochemical characterization, a widely 
used workstation of Princeton Applied Research (USA) 
equipped with a standard conventional electrode configu-
ration was utilized. The electrochemical experiments were 
functioned in three working electrode system using a spe-
cifically prepared Ni foam as working electrode, the counter 
electrode consisted of platinum wire and a “SCE” electrode 

Fig. 1   FTIR analysis of copper 
oxide doped by lanthanum 
oxide in various concentra-
tions before calcination: a 2.5% 
CuO:La2O3, b 5% CuO:La2O3, 
c 7.5% CuO:La2O3, d 10% 
CuO:La2O3
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which is a saturated calomel electrode (SCE) as reference. 
Various electrochemical techniques were utilized, encom-
passing cyclic voltammetry (CV), galvanostatic charge–dis-
charge (GCD), linear sweep voltammetry (LSV) and elec-
trochemical impedance spectroscopy (EIS) among other 
methods.

Result and discussion

The AVL aqueous extract exhibits significant amount of phy-
tochemicals (as given in supplementary file); thus, it was 
used to synthesize CuO:La2O3 nanomaterials. CuO was 
doped by La2O3 in concentration ranged from 2.5 to 10% and 
analyzed by FTIR before and after calcination to study role 
of the organic functional groups of AVL plant in synthesis 
of the doped CuO nanoparticles.

Figure 1 reveals the FTIR analysis for all doped concen-
trations of oven-dried nanomaterials. The FTIR vibrational 
peaks of La2O3-doped CuO in between 4000 and 500 cm−1 
can be seen in all images of Fig. 1a–d. Notable peak fre-
quencies in the range of 1600–500  cm−1 were detected. 
These peak vibrations are indicating the alkynes, alkanes, 
carboxylic acid, aromatics and metal oxide bonds (Shaheen 

et al. 2020; Zahra et al. 2020). The occurrences of alkynes, 
alkanes, carboxylic acid, as well as aromatics are indicating 
the stabilizing and capping agents of AVL.

Figure 2a–d indicates the vibrational peaks of FTIR for all 
four doped concentrations after calcination of nanoparticles 
at 450°C. Many peaks observed at 95°C have disappeared 
in Fig. 2a–d. This can be due to high temperature treatment 
which caused complete removal of some of the phyto-groups 
and degraded others into their metabolites which resulted in 
emergence of new peaks. However, alkynes (–C=C– stretch) 
and alkanes (C–H) observed in Fig. 2 are indicating phyto-
metabolites of the Amaranthus viridis plant extract which 
played significant role in the stabilization of synthesized 
nanomaterial.

The X-ray diffraction patterns/peaks of La2O3-doped CuO 
are presented in Fig. 3. CuO phase was determined in agree-
ment with 00-048-1548 ICSD file for 2.5% CuO:La2O3, 5% 
CuO:La2O3 and 7.5% CuO:La2O3, whereas peak patterns of 
10% CuO:La2O3 were matched well with ICSD file 00-005-
0667. However, La2O3 phase was revealed in consistency 
with 00-005-0602 ICSD file for 2.5% CuO:La2O3 and 7.5% 
CuO:La2O3, whereas ICSD file 00–022-0369 matched well 
with 5% CuO:La2O3 and 10% CuO:La2O3.

The crystal size of the different doped concentrations was 
calculated by using Debye–Scherrer equation (Eq. 1):

Fig. 2   After calcination FTIR 
analysis of lanthanum-doped 
copper oxide in various con-
centrations: a 2.5% CuO:La2O3, 
b 5% CuO:La2O3, c 7.5% 
CuO:La2O3, d 10% CuO:La2O3
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Fig. 3   XRD pattern of doped 
copper oxide in various con-
centrations: a 2.5% CuO:La2O3, 
b 5% CuO:La2O3, c 7.5% 
CuO:La2O3, d 10% CuO:La2O3

Fig. 4   EDX pattern of lanthanum-doped copper oxide in various concentrations: a 2.5% CuO:La2O3, b 5% CuO:La2O3, c 7.5% CuO:La2O3, d 
10% CuO:La2O3
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Here, D stands for the grain size, K refers to the Scher-
rer’s constant, θ signifies the diffraction pattern, λ is wave-
length and β corresponds to the full width at half maxi-
mum (FWHM). The crystallite size of 26.58, 29.32, 18.12 
and 43.44 was observed for 2.5% La2O3-doped CuO, 5% 
La2O3-doped CuO, 7.5% La2O3-doped CuO and 10% 
La2O3-doped CuO, respectively. It is worth noticing that 
the maximum crystal size was observed for the doping con-
centration of 10% lanthanum-doped CuO while the crystal 
size of other La2O3-doped CuO materials showed the trend 
as given below:

% CuO:La2O3 < 2.5% CuO:La2O3 < 5% CuO:La2O3 < 10% 
CuO:La2O3.

Figure 4a–d presents EDX spectrum of La2O3-doped CuO 
at adopted concentrations. Cu, La and O were found in the 
elemental composition of the synthesized materials, whereas 
atomic percent and weight percent of La were observed to 
be increasing from 2.5 to 10% concentrations in Fig. 4a–d, 
respectively. Figure 4 shows 0.37% atomic percent of La for 
2.5% CuO:La2O3 while in Fig. 4d, 10% CuO:La2O3 showed 
atomic percentage of 2.95%. Nevertheless, no elemental 

(1)D =

[

K�

�Cos�

]

xA.
impurity was revealed in the EDX analysis for CuO:La2O3 
nanomaterials.

Figure 5a–d depicts the morphology of AVL-assisted 
doped concentrations of CuO:La2O3 nanomaterials at 
1 µm magnification. The cluster of particles are observed 
in Fig. 5a with wavelike surface, or this could be wave-
like arrangements of particles. The spherical and irregular 
shaped particles were found for 5 CuO:La2O3 as shown in 
Fig. 5b while flowerlike structures are shown in Fig. 5c 
for 7.5% CuO:La2O3. Figure 5d of 10% CuO:La2O3 also 
exhibits spherical particles with more agglomeration. The 
agglomeration is generally associated with the particles 
of doped materials (Tian et al. 2015; Mersian et al. 2018) 
However, comparatively less agglomerated particles with 
the definitive shapes were observed for 7.5% CuO:La2O3 
which could be well supported by lower crystal size deter-
mined by X-ray diffraction patterns.

The Tauc plots of CuO doped by La2O3 are presented in 
Fig. 6a–d with inset of UV absorbance spectrum. The band 
gap of doped concentrations of CuO:La2O3 nanoparticles 
was calculated through Tauc plot by using Eq. (2):

(2)(�hv)A1(hv_Eg).

Fig. 5   FESEM images of 
lanthanum-doped copper oxide 
in various concentration at 
1 µm: a 2.5% CuO:La2O3, b 5% 
CuO:La2O3, c 7.5% CuO:La2O3, 
d 10% CuO:La2O3
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Here α stands for the absorption coefficient, Eg 
represents the band gap energy and hv depicts pho-
ton. Figure 6a reveals the band gap of 3.5 eV for 2.5% 
CuO:La2O3, whereas with the increase of doping per-
centage up to 5% the band gap energy value of 3.38 eV 
was obtained as shown in Fig. 6b. The value of band gap 
was further reduced to 3.25 eV as shown in Fig. 6c for 
7.5% CuO:La2O3 but higher band gap value of 3.45 eV 
was observed for the 10% doping concentration as shown 
in Fig.  6d. Consequently, the lowest band gap energy 
was observed for 7.5% CuO:La2O3 while overall band 
gap value ranged from 3.25 to 3.55 eV for CuO:La2O3 
nanomaterials.

Supercapacitor and Water Splitting

In the current study, 7.5% CuO:La2O3 nanomaterial showed 
the lower crystal size and less agglomerated morphology as 
compared to other doping concentrations. These features are 
greatly favorable for the promising electrochemical behavior 
of the material. Hence, the AVL-assisted 7.5% CuO:La2O3-
based electrode was fabricated for the further investigation 
of its potential in energy-based applications.

To determine the supercapacitive performance, the fabri-
cated CuO:La2O3 electrode was explored by the cyclic vol-
tammetry (CV) as well as galvanostatic charge discharge 
(GCD) techniques as shown in Fig. 6a–b. The cyclic vol-
tammetric curves in Fig. 6a exhibiting the prominent redox 
peaks are indicative of Faradic reaction-based pseudocapaci-
tors (Mersian et al. 2018; Sayyed et al. 2019; Veerakumar 
et al. 2020). Pseudocapacitors are the type of the capacitors 
which uses redox materials, e.g., metal oxides or conducting 
polymers and preserve energy by following the mechanism 
of Faradic reactions (Zheng et al. 2019; Ramesh et al. 2018). 
The redox reaction of CuO:La2O3-based electrode can be 
explained as follow (Dubal et al. 2013):

Furthermore, the behavior of the electrode and rate capa-
bility was analyzed by running CV scans at numerous scan 
rates from 2 to 300 mV/s. Figure 7a evidently shows that 
the shape of CV curves stayed stable throughout the scan 
rates. Corresponding to (Bhagwan et al. 2020; Shaheen et al. 
2021), consistence of the CV shapes throughout the applied 
scan rates signifies the promising rate capability of the 

2CuO + 2H
+ + 2e

−
↔ Cu2O (OH).

Fig. 6   Tauc plots of differ-
ent lanthanum-doped copper 
oxide concentrations: a 2.5% 
CuO:La2O3, b 5% CuO:La2O3, 
c 7.5% CuO:La2O3, d 10% 
CuO:La2O3
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prepared electrode. Specific capacitance at all applied scan 
rates was measured using Eq. (3) and is presented in Fig. 7c:

Here, Csp represents specific capacitance, v corresponds 
the scan rate, ∫ IdV is the integral area of curve, ΔV depicts 
the possible window and A is the mass of active material 
(synthesized nanomaterial) deposited on the electrode. The 
CuO:La2O3-based electrode revealed the specific capaci-
tance value of 879.6 F/g at the lowest scanning rate of 
2 mV/s as given in Fig. 7c. This highest capacitance is better 

(3)
∫ IdV

v.ΔV .A
.

than numerous other reported CuO-based electrodes. Fig-
ure 7c also shows that the significant capacitance of 152 F/g 
was possessed even at high scan rate of 100 mV/s, indicating 
effective behavior of CuO:La2O3 toward supercapacitor.

The oxidation–reduction performance of the fabricated 
electrode was further studied by GCD, and obtained meas-
urements endorsed the CV results as shown in Fig. 7b. Pla-
teau kind and/or rectangular appearance as shown in Fig. 7b 
is depicting the pseudocapacitive nature of the fabricated 
electrode (Raveesha et al.2019; Dubal et al. 2013; Bu et al. 
2017). The GCD also showed pattern which remained uni-
form at all current densities ranging from 0.5A/g to 30 A/g, 
hence illustrating the rate stability of electrode. The capaci-
tance was also determined through GCD measurements 
using Eq. (4) and is presented in Fig. 7d:

Fig. 7   Supercapacitor studies 
of CuO:La2O3-based electrode 
material: a CV analysis, b GCD 
analysis, c specific capacitance 
in terms of applied scan rates 
and d specific capacitance in 
terms of applied current densi-
ties

Table 1   Comparative study 
of the specific capacitance 
of AVL-CuO-ZrO2 electrode 
with previously reported GCD 
studies

Electrode Electrolyte Csp (F/g) Current den-
sity Ag−1

References

MoO3–NiMoO4 KOH 204 0.5 Shaheen et al. (2020)
Ag/Bi2O3 1 M KOH 82.1 5 Veeralakshami et al. (2020)
Carbon cloth nickel oxide–

polyaniline (EC-NiP)
PANI 192.31 0.5 Razali et al. (2018)

Mo-doped ZnO nanoflakes KOH 46.2 10 Ali et al. (2019)
CuO–La2O3 KOH 329 1 Present work
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Here, I is for discharge current (A), Δt represents the 
discharging time (s), ΔV depicts the potential window (V), 
and m is for mass (g) of the material deposited on elec-
trode. GCD data (Fig. 7d) indicates the specific capaci-
tance value of 329 F/g at 1 A/g which is significantly better 
than number of reported electrodes as shown in Table 1.

The water splitting studies of fabricated electrodes was 
performed by using LSV and EIS. Linear sweep voltam-
metry (LSV) was employed to obtain the overpotential 
value of prepared electrode for HER measurements as 
shown in Fig. 8a. LSV measurements were taken at rate 
of 1 mV/s with ability of conversion to reversible hydrogen 

(4)Csp =
I × Δt

ΔV × m

electrode (RHE) according to the Nernst Eq. (4) (Zahra 
et al. 2021):

The overpotential of 182 mV and the Tafel slope value of 
145 mV/dec were obtained as shown in Fig. 8d. The compar-
ison of obtained HER results with previously reported elec-
trocatalyst is presented in Table 2 which depicts the excellent 
potential of fabricated electrocatalyst for hydrogen evolu-
tion reaction. Cyclic stability of the fabricated electrode was 
analyzed at various cyclic runs by using LSV (Fig. 8b). The 
results proved the excellent cyclic stability of the fabricated 
electrode till 2000th cycle at 10 mA/cm2.

The conductance of the catalyst was investigated using 
electrochemical impedance spectroscopy as demonstrated 

(5)ERHE = ESCE + 0.059pH + 0.1976.

Fig. 8   HER studies of 
CuO:La2O3-based electro-
catalyst: a polarization curve of 
fabricated electrode, b cyclic 
stability of CuO:La2O3-based 
electrode by LSV, c Nyquist 
plot d Tafel slope

Table 2   HER performance of 
[CuO–La2O3] electro catalyst 
with reported metal oxide-based 
electrocatalysts

Electrocatalyst Overpotential Electrolyte Tafel slope value 
(mV dec−1)

References

MnNi 360 mV 1 M KOH _ Wu et al. (2017)
Amorphous MoSx 540 mV 1 M KOH _ Liu et al. (2018)
NiO@NF 494 mV 1 M KOH 317 Wang et al. (2021)
Zn–Co–S nanosheets 413 mV 1 M KOH 139 Merki et al. (2011)
CuO–La2O3 182 mV 1 M KOH 145 Present research
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in Fig. 8c. All EIS measurements were taken at alternating 
current (AC) of 10 mV amplitude and the frequency range 
of 0.05 Hz to 10 kHz. Overpotential (ƞ) was calculated by 
using Eq. 5 (Doyle et al. 2013; Zhang et al. 2021):

It was observed that the fabricated electrode demon-
strated great conductive performance at even higher volt-
age with minimal value of charge transfer resistance.

Functionality of the prepared catalyst was investigated 
for OER measurements as well by using LSV and EIS, and 
the stability test was also carried out as given in Fig. 9. The 
obtained overpotential value of 351 mV is indicative of 
the excellent oxygen evolution performance of fabricated 
electrode which was further endorsed through comparative 

(6)� = ERHE−1.23V .

study with previous reported electrocatalyst as shown in 
Table 3. Exceptional durability of La2O3-doped CuO-
based fabricated electrode was observed at several cyclic 
scans which depicts the prolonged life of catalyst. Like-
wise, the stability was additionally evaluated by chrono-
amperometry test which showed good response of material 
up to 20 h. The inverse conductivity trend was observed 
in the Nyquist plot (Fig. 9c) which was constructed using 
EIS data.

Accordingly, the fabricated CuO:La2O3-based electrode 
showed good electrochemical behavior for water splitting 
as well as for the supercapacitor. This can be attributed to 
the supreme effects due to the mixing of metal oxides which 
increase the oxygen vacancies, and hence, the competent 
oxidation–reduction behavior can be observed.

Fig. 9   OER studies of 
CuO:La2O3-based electro-
catalyst: a polarization curve, b 
stability of CuO:La2O3 electro-
catalyst by LSV, c Nyquist plot, 
d chronoamperometry test of 
CuO:La2O3 electrode

Table 3   OER performance of 
[CuO–La2O3] electro catalyst 
with reported metal oxide-based 
electrocatalysts

Electrocatalyst Overpotential Electrolyte Tafel slope value 
(mV/dec)

References

Er2O3-doped δ-Bi2O3 445 mV 1 M KOH _ Azhar et al. (2023)
Co3O4/SWCNTS 550 mV 1 M KOH 104 Wu et al. (2012)
N-doped graphene 

NiCo2O4 hybrid paper
434 mV _ _ Li et al. (2010)

CuOLa2O3 351 1 M KOH _ Present work
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Conclusion

CuO:La2O3-based electrode was phyto-synthesized 
successfully using Amaranthus viridis  L plant leaves. 
CuO:La2O3 was synthesized in different concentrations 
where the lowest crystal size of 18.2 nm was observed for 
7.5% CuO:La2O3. The synthesized CuO:La2O3 nanomate-
rial exhibited efficient Faradic redox behavior with huge 
specific capacitance of 879.6 F/g. The water splitting fur-
ther revealed effective results of HER and OER proposing 
the CuO:La2O3 as an potential electrocatalyst for water 
splitting. The phyto-genic strategy for synthesis of fac-
ile nanoelectrode materials is a preliminary phase toward 
development of sustainable energy storage as well as clean 
generation systems at the commercial scale.
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