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The rapid growth of industrialisation has led to the discharge of harmful effluents into water bodies, 
severely disrupting the balance of ecosystems. The detection and removal of dyes from wastewater 
remains a significant challenge. In this study, we report the synthesis of zinc oxide (ZnO) and its 
doped derivatives through a facile chemical method, followed by comprehensive characterisation and 
analysis to assess their potential in various applications. The structural properties of the synthesised 
materials were confirmed by X-ray diffraction (XRD), which verified their crystalline nature and phase 
purity. Morphological analysis using field emission scanning electron microscopy (FE-SEM) coupled 
with energy dispersive X-ray analysis (EDAX) revealed well-defined nanostructures and uniform 
elemental distribution. The adsorption ability of the synthesized adsorbents was investigated 
through electrochemical methods, cyclic voltammetry and Tafel plots, which demonstrated enhanced 
conductivity and charge transfer characteristics. Additionally, theoretical studies through molecular 
modelling and molecular dynamic simulations were employed to elucidate the interactions between 
Congo red molecules and the surface of the synthesized compounds. Adsorption experiments were 
conducted to evaluate the efficacy of ZnO and its doped variants as adsorbents. To investigate any 
structural or functional changes after dye adsorption FTIR and XRD were compared, provided a deeper 
insight into the adsorption mechanism. This multi-faceted approach highlights the potential of ZnO-
based materials for effective wastewater treatment and other environmental applications.
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Dyes have revolutionized various industries, extending their application from textiles industries to food, plastics, 
cosmetics, leather, and even solar cells. However, the extensive utilization of these dyes is potentially hazardous 
to human health and the environment due to their toxic, carcinogenic, and non-biodegradable nature1,2. The azo 
dyes in particular are most widely used due to their extensive applications; the difficulty in their degradation and 
high toxicity makes their removal from wastewater a matter of concern3. Congo red (CR) dye, a representative of 
azo dyes is an organic pollutant known for its applicability in printing, rubber and dying industries is potentially 
toxic due to its persistence in wastewater thus leading to unintended biomagnification4,5. Conventional methods 
for the sensing of dyes require sophisticated instrumentations and are often time-consuming6. Therefore, the 
need for the development of cost-effective, rapid and sensitive sensing technologies is gaining the attention of 
researchers. The adsorption technique for the removal of dyes is one of the oldest wastewater treatments yet most 
effective due to its simplistic mechanism, low cost and reusability7,8.

Metal oxide, modified metal oxides, metal-organic framework (MOF), carbon nanotubes, etc. nanomaterials 
are considered excellent for adsorption due to their enhanced surface area, high absorbance and, easy 
synthesis9–12. Adsorbents like metal oxides have advantages such as eco-friendliness, abundant natural deposits, 
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and low cost but due to their oversized dimensions, they have limited adsorption capacity and rate13. Among 
metal oxide-based adsorbents, Zinc oxide (ZnO) and its composites have been extensively used for various 
applications owing to their versatile properties such as optical, catalytic, electrical, UV-absorbing, photocatalytic 
properties as well as its lower cost. Various composites of ZnO have been used for the removal of CR from 
wastewater14–16.

Radwan et al., 2024, have reported adsorption of CR by synthesized ZnO, CuO, and biosynthesized 
nanocomposite ZnO/CuO (BZC), where the BZC nanocomposite showed a high removal capacity of 90.14 mg 
g− 1. The mechanism of the adsorption is accredited to the electron transfer reaction occurring between the dye 
and the nanocomposite; as the pH decreases the positive surface charge of the BZC increases, facilitating the 
electron transfer to the BZC from the anionic dye17. Karamipour et al., 2016, have studied the adsorption of CR 
by the ZnO-ZnFe2O4-polypyrrole magnetic nanocomposite. The synthesized nanocomposite was characterized 
by XRD, FT-IR, SEM and UV-Vis. The results showed that the composite possesses higher adsorption capacity 
than pure ZnO and ZnO-PPy. The pH-based adsorption study indicated higher adsorption of the dye in an 
acidic medium of up to 98% 18. The removal of CR by doped ZnO nanoparticles has also been studied by Singh 
et al., 2023, where they doped the ZnO with three transition metals Fe, Co, and Mn. The Fe-doped ZnO showed 
the minimum CR removal capacity due to their agglomeration. However, the maximum CR removal capacity of 
Co-doped ZnO was reported as high as 230 mg g− 119. Additionally, the removal of CR by ZnO and ZnO/Al2O3 
composite has been studied by Mo et al., 2022, It showed the maximum adsorption capacity of 24.57 mg g− 1 at 
250 mg/L CR dye20.

The insights into the adsorption process or the underlying mechanism of the dye adsorption on the surface of 
the adsorbent can be investigated by model fitting, density functional theory calculation (DFT), characterization 
analysis, statistical physics theory calculation, etc21. Rahali et al., 2021, synthesized the Ba-doped ZnO by co-
precipitation method and studied the adsorption capacity of CR onto the nanocomposite via DFT computations. 
The nanocomposite demonstrated the maximum adsorption capacity of 1614.26  mg/g, proving its utility to 
eliminate CR from wastewater22. Das et al., 2023, doped Mn into ZnO to enhance the optical properties of 
the synthesized compound making it an efficient photoactive material for CR degradation and wastewater 
treatment. Herein, the effect of Mn doping on the ZnO was investigated theoretically via DFT calculations. 
The DFT result shows that the photogenerated holes are trapped by the vacant oxygen promoting carrier 
recombination. However, due to the presence of the Mn dopant, the electronic structure of these vacancies 
modifies in a favourable way23.

This paper presents a comparative study of the adsorption capacity of ZnO with various synthesized doped 
ZnO materials. The adsorption capacity of these adsorbents has been analyzed by various studies, namely, 
electrochemical, computational and experimental to ensure correlation in the results to achieve a method 
to predict the adsorption capacity of various adsorbents beforehand performing the experimental studies. 
The synthesis and characterization of ZnO and its doped compounds with Co, La and Ce as dopants for the 
effective sensing of CR dye. The choice of specific dopants was motivated by the performance of Co-doped 
ZnO in the study conducted by Singh et al.19. and the low availability of literature available on Lanthanide-
doped ZnO for this application. The particular Lanthanides have been chosen as per the ease of availability. The 
structural, compositional and morphological properties of the synthesized compounds were comprehensively 
investigated using various characterization techniques. The adsorption performance of the synthesized 
adsorbents was compared from various studies, i.e. experimental, electrochemical and computational methods. 
The electrochemical performance was assessed using cyclic voltammetry (CV) and tafel plot in the presence of 
CR. Additionally, molecular modelling and molecular dynamic simulations were employed to understand the 
interaction of CR molecules to the surface of synthesized compounds.

Experimental section
Chemicals and reagents
The chemicals employed were of good quality, chosen for their analytical grade and heightened purity. Zinc 
nitrate hexahydrate (Zn (NO3)2·6H2O, AR grade, 99.0% purity) from Central Drug House (P) Ltd. India, 
sodium hydroxide (NaOH, LR grade, 99.0% purity) from MOLYCHEM India. cobalt sulphate (II) heptahydrate 
(CoSO₄0.7 H₂O) (extra pure grade, 97.0% purity) from Loba Chemie Pvt. Ltd. India, lanthanum (III) nitrate 
hexahydrate (La (NO3)3.6H2O, AR grade, 99.0% purity) ceric (IV) sulphate pentahydrate (Ce(SO4)2. 4H2O, AR 
grade, 99.5% purity), from SRL Chemicals India, CR and ethanol.

Synthesis of ZnO nanoparticles
To prepare ZnO, the sol-gel method was employed, and the concentration of the dopant salts was chosen based 
on a thorough review of reported literature24,25. Initially, two beakers containing 100 mL of deionized water (DI 
water) each were taken and marked as A and B. Then, 2.98 g of Zn (NO3)2·6 H2O was added in beaker A and 
0.8 g of NaOH in beaker B. The solutions were stirred for about 5 min to get a homogenous solution. The solution 
B was added to A with constant stirring at 60 °C in 1 h. The solution was stirred for 3 h and then centrifuged 
to collect the gel residue. Finally, the gel residue at the bottom of the centrifuge tube was collected for drying. 
The gel once dried, the obtained product was placed in the muffle furnace at 500 °C temperature for 2 h (Fig. 1).

Synthesis of doped ZnO compounds
Co-doped ZnO was synthesized by first dissolving 2.98 g of Zn(NO3)2·6H2O in 100 mL of deionized water, 
followed by stirring. To this solution, 0.1 M of Co dopant (CoSO₄·7 H₂O) was added. In a separate beaker, 0.8 g 
of NaOH was dissolved in 100 mL of deionized water. The NaOH solution was then gradually added to the 
Zn(NO3)2·6H2O and CoSO₄·7 H₂O mixture, with continuous stirring at 50–60 °C for 1 h. The resulting solution 
was stirred for an additional 3 h before being centrifuged, with the final product collected into a petri dish. This 
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product was then dried and heated in a muffle furnace at 500 °C for 2 h. The same procedure was followed to 
prepare other doped ZnO compounds i.e., La-doped ZnO using La(NO3)3·6H2O as the La dopant, and Ce-
doped ZnO using Ce(SO4)2·4H2O as the Ce dopant.

Characterization techniques
Powder XRD analysis of synthesized samples was performed in a Miniflex 600 Rigaku, to check the crystal 
structure of the prepared samples. The surface morphologies of the synthesized compounds were examined by 
FE-SEM using Zeiss, Sigma 300. The EDAX and elemental mapping analysis were performed to examine the 
chemical compositions and purity of the samples.

Electrochemical studies
The electrochemical studies (Cyclic voltammetry and Tafel), were performed with CH Instruments 604E 
electrochemical analyzer. The system was a three-electrode system with a glassy carbon electrode (GCE) as 
the working electrode, 3.0 M KCl-filled Ag/AgCl as the reference electrode, and Platinum wire as the counter 
electrode (Fig. 2). The CV was done from a potential range of -1.4 V to + 1.0 V with a sensitivity of the system set 
at 1 × 10−4. Potassium chloride (KCl) was used as the electrolyte. For scan rate CV analysis, the scan rate taken 
was 50 mV/s, 100 mV/s, 200 mV/s, 300 mV/s, and 400 mV/s. For Tafel plot the potential range was similar to 
CV which is -1.4 V to + 1.0 V.

Preparation of modified electrode
The suspension for ZnO and its doped materials (Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO) were 
prepared in acetone (0.01 g in 5 mL). The GCE electrode was polished with alumina powder and rinsed with 
distilled water. Then 5 µL suspension of aforementioned materials were drop-casted on the GCE for sensing 
studies. The electrode was left to dry for 30 min and then used for CV and tafel plot.

Computational details
Simulation cell construction
The simulation cell of ZnO and the doped ZnO (Co-doped ZnO, La-doped ZnO and Ce-doped ZnO) were 
prepared by taking the (1 0 0) plane surface of the ZnO unit cell, of thickness 3.333 Å. To obtain the supercell 
formation, an almost square surface was produced with u/v being 8/5, and a vacuum slab of thickness 20 Å 
along the position (1 0 0) in the z direction was placed. For doped ZnO, 4 atoms along each edge centre of the 
ZnO supercell top surface were doped with the respective metals i.e., Co, La and Ce. For all the calculations 

Fig. 1.  Systematic representation of synthesis procedure of ZnO.
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the COMPASS II forcefield was chosen due to its advantages of having accuracy and its compatibility with 
most organic as well as inorganic molecules i.e., its ability to unify force fields of two types of system26. The cell 
parameters were optimized during the geometry optimization calculation. The constructed simulation cell is 
presented in Fig. 3.

Geometry optimization/packing
The geometry optimization of the adsorbent, adsorbate and water molecule was performed using the forcite 
module with SMART algorithm and COMPASSII forcefield. For the adsorption of dye in an aqueous medium, 
water molecules were packed in the geometry-optimized cell of the adsorbent using the amorphous cell module, 
the density of the system was kept at 2.300 g/cc, with COMPASSII forcefield. The details of the set parameters 
and functionals used for calculations are mentioned in Table 1.

Adsorption calculation
The adsorption of dye on the adsorbent surface was studied using the adsorption locator module of the Biovia 
Materials Studio 2020. The adsorption locator module utilizes the Monte Carlo calculations to find out the most 
stable configuration of the adsorbate over the adsorbent surface. The simulated annealing runs a set number of 
cycles of hot and cold temperatures to find out the optimal interaction in that range27. The adsorption energies 
of dye adsorption over the surface were analysed in vacuum as well as in the presence of water. The simulation 
details are mentioned in Table 1.

Molecular dynamics (MD) simulation
MD simulation of the best-adsorbed system was performed on its optimal adsorption geometry in the presence 
of water molecules to study the adsorbate-adsorbent interaction energies in the dynamic system28. The density of 
the simulation box was 2.310 g/cm3, which was generated using the amorphous cell packing module. The Forcite 
module of the materials studio was used to perform the dynamics in the NVT ensemble, the temperature was 
fixed at 298 K, Nose method was used for temperature control along with geometry optimization using the smart 
algorithm. To calculate electrostatic and Van der Waals interactions atom-based simulation methodologies were 
utilized. The simulation details are mentioned in Table 1.

Adsorption experiments
Adsorption experiments were carried out to investigate the adsorption of CR on the surface of adsorbents i.e., 
ZnO, Co-doped ZnO, La-doped ZnO and Ce-doped ZnO, respectively. The influence of adsorbent dose (80 mg), 
contact time (30, 60, 90, 120, 150 and 180 min, respectively), and initial dye concentration (10 mg/L) at room 
temperature were evaluated in this work. The reaction solution having 80 mg adsorbent/ 80 mL dye solution was 
kept for constant stirring in a completely dark environment and after every 30 min the change in colour of the 
solution was observed.

Fig. 2.  Representation of three-electrode system used for the electrochemical calculation and the CHI 
instrument.
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Result and discussion
X-ray diffraction patterns of the synthesized materials
The crystalline nature of the synthesized ZnO and its doped compounds was analyzed using XRD analysis and the 
results are depicted in Fig. 4. For ZnO compound the peaks at 2θ values of 31.71°, 34.43 °, 36.17°, 47.53°, 56.59°, 
62.84°, 67.91° and 69.0° were ascribed to the (100), (002), (101), (102), (110), (103), (112) and (211) crystal planes, 
respectively, indicating the wurtzite structure29. However, there was no additional peak observed in the case of Co 
doping in the ZnO crystal lattice but showed the lowering of intensity. This could be attributed to the inclusion of 
Co ions into the ZnO lattice, resulting in the change in orientation of the ZnO lattice30. Another reason could be the 
larger ionic radius of Co (0.076 nm) compared to the Zn (0.074 nm), hence a decrease in the peak intensity would be 
expected30. Furthermore, with La and Ce doping, the peaks shifted slightly towards the lower angle. This could be due 
to the larger ionic radius of La (0.103 nm) and Ce (0.087 nm) as compared to Zn (0.074 nm), creating the expansion 
of lattice and hence peaks shifted towards the lower 2θ values. Besides, for La and Ce doped ZnO compounds small 
peaks at 30.18° and 28.44° were observed at (011) and (111) plane, respectively, belonging to the cubic structure of 
La2O3 and CeO2

29,31,32.
The ionic radius of a dopant plays a crucial role in determining the crystal lattice parameters and, consequently, 

the XRD peak positions. Smaller dopants like Co²⁺ cause the peaks to shift to higher angles, while larger dopants 
like La³⁺ and Ce⁴⁺ cause shifts to lower angles. When a dopant ion with a different ionic radius replaces Zn²⁺ ions 
in the ZnO lattice, it can cause either expansion or contraction of the crystal lattice, depending on whether the 
dopant ion is larger or smaller than the Zn²⁺ ion. When Co²⁺ substitutes for Zn²⁺ in the ZnO lattice, the slight 
reduction in ionic size can cause a minor contraction of the lattice. This contraction typically results in a shift of 
the XRD peaks to slightly higher 2θ values due to the decrease in lattice spacing. La³⁺ has a significantly larger 
ionic radius compared to Zn²⁺. When La³⁺ ions are incorporated into the ZnO lattice, they cause an expansion 
of the lattice due to the larger ionic size. This expansion increases the lattice parameters, leading to a shift in the 
XRD peaks to lower 2θ values, as the lattice spacing increases. Ce⁴⁺ has an ionic radius of 0.087 nm, which is also 

Fig. 3.  (a) View onto of the ZnO unit cell (b) View across of ZnO unit cell (c) ZnO (plane 100) taken for 
adsorption studies (d) atomistic view of the CR molecule.
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larger than that of Zn²⁺. Similar to La-doping, the substitution of Zn²⁺ with Ce⁴⁺ leads to lattice expansion. This 
expansion shifts the XRD peaks to lower 2θ values, although the extent of the shift may differ depending on the 
exact size of the lattice distortion caused by Ce⁴⁺.

Field emission scanning electron microscopy (FESEM)
The morphological features of synthesized samples were analyzed by FE-SEM and the results are depicted in 
Fig. 5. The FE-SEM pictures were taken at 1 μm, 5 μm, 200 nm and 500 nm scale bar for all the compounds. 
Figure 5(a) depicts the FE-SEM images of undoped ZnO, having predominantly hexagonal wurtzite structure33. 
The particles are non-uniformly spread with a relatively narrow size distribution and aggregated morphology. 
Whereas, Fig. 5(b) shows the morphological change after Co doping into ZnO. It was observed that there was 
an increase in the growth of the microsphere and the presence of larger particles due to the overlapping or 
aggregation of smaller particles34. Figure 5(c) depicts the FE-SEM image of La-doped ZnO, showing the increase 
in particle diameter as compared to the undoped ZnO. Also, deterioration of aggregated structure and formation 
of slightly uniformed individual spherical particles were observed. Furthermore, the agglomeration increased, as 
illustrated in Fig. 5(d) for Ce-doped ZnO.

Energy dispersive analysis of X-ray (EDAX)
The elemental composition of ZnO and doped ZnO compounds was investigated by EDAX and is shown in 
Fig. 6. The atomic percentage of Zn and O were found as 31.99 and 68.01%, respectively, confirming that the 
material primarily consists of Zn and O in proportions that are consistent with the expected stoichiometry 
of ZnO. The EDAX spectra have indicated the presence of Zn, O, Co, La and Ce in synthesized samples. No 
peaks related to any impurities were detected in the spectrum. The presence of Co, La and Ce with appropriate 
weight percentages in Zn-Co-O, Zn-La-O and Zn-Ce-O, respectively, and atomic percentage of the samples were 
confirmed by EDAX analysis and is tabulated in Table 2. Further, Fig. 7 represents the EDAX mapping, used to 
analyze the existence of the dopants, where yellow and red colour represent Zn and O distributions, respectively. 
Figure 7(a) shows the distribution of particles in ZnO, having a chemical composition of 43% Zn and 57% O. 
Figure 7(b-d) depicts the elemental analysis of dopants i.e., Co, La and Ce, respectively in ZnO crystal lattice. 
Figure 7(b) shows the elemental mapping image of Co-doped ZnO, having the chemical composition of 39% 
Zn, 55% O and 6% Co. Whereas, there was a slight decrease in La percentage i.e., 5% and O percentage i.e., 47% 
and increase in Zn (48%) in case of La-doped ZnO, shown in Fig. 7(c). On the other hand, the Ce percentage 

Module Task

Frocite

Geometry optimization Dynamics

Algorithm: Smart
Quality: Fine
Energy (kcal mol−1): 1 × 10−4

Force (kcal mol−1): 0.005
Stress (GPa): 0.005
Displacement (Å): 5 × 10−5

Max. iterations: 500
Forcefield: COMPASSII
Charges: Forcefield assigned
Electrostatic: Atom Based
Van der Waals: Atom Based
Temperature: 298.0 K
Pressure: 1 bar

Ensemble: NVT
Quality: Fine
Initial velocities: Random
Temperature: 298.15
Time step: 0.5 fs
Total simulation time: 1000ps
Number of steps: 2,000,000
Frame output every: 5000 steps
Thermostat: Nose
Q ratio: 0.01
Forcefield: COMPASSII
Charges: forcefield Assigned
Electrostatics: Ewald based
Van der Waals: Atom based

Adsorption locator

Task: Simulated annealing
Number of cycles: 5
Steps per cycle: 50,000
Automated temperature control: Yes
Monte Carlo options
Conformer: 1
Rotate: 1
Translate: 1
Regrow: 0.1
Quality: fine
Adsorbate: CR
Forcefield: COMPASSII
Charges: forcefield assigned
Electrostatics: atom-based
Van der Waals: Atom based

Amorphous cell

Task: Packing
Quality: Fine
Density: 2.3 g/cc
Bias Temperature: 298 K
Segment lookahead: 1
Loading steps: 1000
Optimize geometry: Yes
Forcefield: COMPASSII
Charges: Forcefield assigned
Electrostatics: Ewald based
Van der Waals: Atom based

Table 1.  Description of Jobs and modules utilized for the study of adsorption.
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decreased to 3% along with Zn i.e., 29% for Ce-doped ZnO and the O percentage increased to 68% (Fig. 7(d)). 
Also, the percentage of the chemical composition of ZnO and the change in chemical composition after the 
addition of dopants is tabulated in Table 3.

Electrochemical investigation of adsorption of CR
Cyclic voltammetry
Cyclic voltammetry (CV) is an extensively used electrochemical method for investigating the reduction-
oxidation (redox) characteristics of chemical substances. The process entails systematically varying the voltage 
applied to a working electrode repetitively, while simultaneously measuring the resulting electric current35,36. 
The CV curve displays the relationship between current and potential. The peaks observed in the voltammogram 
are indicative of the oxidation and reduction reactions of the analyte37,38. Figure 8 represents the CR sensing 
using the ZnO, Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO modified GCE. Figure  8(a) shows CR 
sensing using a ZnO-modified electrode and a curve without the presence of CR. There was an oxidation peak at 
0.32 V with a peak current of 1.20 ×  10− 5 A which was absent in water. This showed that it was the distinctive 
peak for CR oxidation. Figure 8(b) shows the Co-doped ZnO-modified electrode CV curve with and without 
CR. The oxidation peak for CR was at 0.32 V with a peak current of 2.39 ×  10− 6 A. Figure 8(c) represents the 
CV for blank and CR using a La-doped ZnO-modified electrode. An oxidative peak at 0.30 V with a peak current 
of 5.92 ×  10− 6 A was observed for CR sensing. For Ce-doped ZnO (Fig. 8(d)) the oxidative peak was observed 
at 0.32 V with a peak current of 2.21 ×  10− 6 A.

Figure 9 displays CV curves that demonstrate the electrochemical characteristics of different ZnO composites: 
ZnO, Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO. The CV measurements were conducted throughout 
a voltage range spanning from − 1.4 V to 1.0 V. ZnO (black curve) exhibited clear redox peaks, showing its 
active electrochemical behaviour. When other metals were added to the ZnO composites, the CV curve changed, 
indicating alterations in the electrochemical characteristics of the composites. The peak current was highest for 
ZnO modified electrode followed by La-doped ZnO and Co-doped ZnO. The peak current was lowest for the 
Ce-doped ZnO-modified electrode. Figure 10 depicts the electrochemical oxidation of CR39.

Fig. 4.  XRD of (a) ZnO, (b) Co-doped, (c) La-doped, and (d) Ce-doped ZnO.
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The scan rate refers to the rate at which the potential is systematically varied within the desired range. CR 
sensing with ZnO, Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO modified GCE was done at 50 mV/s, 
100 m V/s, 200 mV/s, 300 mV/s, and 400 mV/s (Fig. 11). As the scan rate was increased from 50 mV/s to 400 
mV/s, both the anodic (positive current) and cathodic (negative current) peak currents experienced a rise. This 
behaviour is characteristic of CV and indicates that the peak currents are regulated by diffusion. As there was 
an increase in the peak current it was found that there was an increase in electron transfer to the electrode 
surface40. For ZnO modified electrode (Fig. 11(a)) the oxidation peak at 0.31 V with a peak current of 1.22 * 
10− 5 at scan rates of 50 and 100 mV/s. However, it was observed that at a higher scan rate, the oxidative peak was 
missing. For Co-doped ZnO (Fig. 11(b)) modified electrode peak current increased continuously as the scan rate 
was increased. Similar behaviour was observed for La-doped ZnO (Fig. 11(c)) and Ce-doped ZnO (Fig. 11(d)) 
modified electrodes.

Tafel plot
A Tafel plot is a graphical representation of potential on the y-axis and the log of current density log (i/A) on 
the axis, commonly employed in electrochemistry to examine the kinetics of electrode reactions (Fig. 12). The 
right side of the curve corresponds to the oxidative region and the left side corresponds to the reductive region41. 
Figure 12(a) displays the overpotentials for ZnO, Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO, which 
serve as indicators of the efficacy of each material in catalysing the electrochemical reaction. Lower values for 

Fig. 5.  FE-SEM images of (a) ZnO, (b) Co-doped, (c) La-doped, and (d) Ce-doped ZnO.
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overpotentials indicate superior catalytic efficiency42. The potential value for Co-doped ZnO modified was the 
highest which is 0.43 V and it is followed by ZnO (0.54 V) > La-doped ZnO (0.59 V) > Ce-doped ZnO (0.62 V).

The Tafel slopes, which offer valuable information about the reaction kinetics, can be determined by analysing 
the slopes of the linear sections in the Tafel plots. Higher slopes typically indicate slower reaction kinetics, while 
lower slopes indicate faster kinetics43. Figure 12(b) shows the slops for ZnO-modified GCE and it was found that 
the oxidative region had a higher slope value of 3.55 and the reductive region had a slope value of 1.89. A lower 
slope of the oxidative region clearly showed that oxidation was the primary process occurring at the electrode 
surface.

Effect of changing pH on CV
The pH can also affect the mechanism of the electrochemical reactions, potentially leading to different reaction 
intermediates or altering the rate of electron transfer44. Figure 13 represents the CV curve of CR at pH of 4, 7 and 
10 with different modified electrodes. Figure 13(a) shows the CV curve for CR detection using ZnO-modified 
GCE. As the pH increases from 4 to 7, there is a noticeable increase in peak current, with pH 7 showing the 
highest peak. However, at pH 10, the peak current decreases slightly compared to pH 7 but remains higher than 
at pH 4. The CV curve shows a shift in the oxidation peak potential to more positive values as the pH increases 
from 4 to 7 to 10. Similar to the ZnO-modified electrode, the Co-doped ZnO-modified (Fig. 13(b)) electrode 
exhibits the highest peak current at pH 7. This suggests that the neutral pH is again the most favourable for the 

Samples Elements Weight% (%) Atomic percentage (%)

ZnO
Zn 65.78 31.99

O 34.22 68.01

Co-doped ZnO

Zn 58.61 26.61

O 38.89 72.13

Co 2.50 1.26

La-doped ZnO

Zn 56.34 35.70

O 22.39 57.96

La 21.27 6.34

Ce-doped ZnO

Zn 41.38 20.36

O 37.16 74.71

Ce 21.46 4.93

Table 2.  The weight% and atomic percentage of ZnO and its doped compounds.

 

Fig. 6.  EDAX of (a) ZnO, (b) Co-doped, (c) La-doped, and (d) Ce-doped ZnO.
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electrochemical activity of CR on this electrode surface. The peak currents are lower at both pH 4 and pH 10, with 
pH 4 showing a slightly higher current than pH 10. For the Ce-doped ZnO modified electrode (Fig. 13(c)), the 
current is lower at pH 4 and pH 10, with the lowest current observed at pH 4. The oxidation peaks shift to more 
positive potentials with increasing pH, from 4 to 7 to 10. Figure 13(d) represents the change in CV behaviour 
of CR with La-doped ZnO modified GCE. It was again observed that the peak current is highest at a pH of 7 
and also the peak potential. The pH affects the protonation and deprotonation of CR, which in turn influences 
its interaction with the electrode surface. At neutral pH, the protonation state of CR is likely balanced, leading 
to efficient electron transfer and higher current. The surface charge of the modified electrodes varies with pH, 
which affects the adsorption of CR and the electron transfer process. At acidic pH, increased protonation of the 

Samples

Chemical 
composition (%)

Zn O Dopant

ZnO 43 57 –

Co-doped ZnO 39 55 Co (6)

La-doped ZnO 48 47 La (5)

Ce-doped ZnO 29 68 Ce (3)

Table 3.  Chemical composition of samples by EDAX mapping.

 

Fig. 7.  EDAX mapping of (a) ZnO, (b) Co-doped, (c) La-doped, and (d) Ce-doped ZnO, respectively.
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Fig. 9.  CV curve for (a) CR with ZnO (black), Co-doped ZnO (red), La-doped ZnO (blue), and Ce-doped 
ZnO (green) modified GCE, (b) CV curve representing the oxidative peaks of CR for ZnO, Co-doped ZnO, 
La-doped ZnO, and Ce-doped ZnO.

 

Fig. 8.  CV curve for (a) ZnO modified GCE with water (black) and CR (orange), (b) Co-doped ZnO modified 
GCE with water (black) and CR (red), (c) La-doped ZnO modified GCE with water (black) and CR (blue) and, 
(d) Ce-doped ZnO modified GCE with water (black) and CR (green).
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electrode surface may hinder the electron transfer, while at alkaline pH, the reduced availability of protons may 
slow down the redox reaction45.

Computational calculations to understand the adsorption of CR
Geometry optimization
The geometries of the dye (CR) and the various adsorbent surfaces (ZnO, Co-doped ZnO, La-doped ZnO and 
Ce-doped ZnO) were optimized first to find out the optimal interactions between CR and the adsorbent surfaces 
for adsorption46. The COMPASSII forcefield was denoted in the potential energy surface of the atomic nuclei, 
on which all the molecular structures were optimized, using the Dmol3 module of Materials Studio 2020. The 
optimized geometries of the adsorbent surfaces and CR are presented in Fig. 14.

Adsorption calculation
The adsorption locator is a simulated annealing simulation with geometry optimization in between hot-cool 
cycles which is used to find out energetically most stable sites for adsorption over a broad range of materials. The 
module utilizes Monte Carlo calculations to find out the energetically most stable configuration of the adsorbate 
over the adsorbent surface, a suitable site of adsorption as well as predicts the adsorption energy47. For this 
study, simulated annealing was set to find out all the stable configurations within the energy range of 10Kcal. The 
most favourable orientations of the adsorption geometry are provided in Table 4. The stability of the adsorbed 
geometry of CR in the presence of water was compared with the adsorption of CR in vacuum. The energies of 
the adsorption are provided in Table 5.

The adsorption morphology of the dye in vacuum, as well as in water, gives an insight into the site preferences 
over the adsorbent. The distance between the CR molecule and the adsorbent sheet showed a tendency of CR to 
form non-covalent interactions with the adsorbent surface. In the case of ZnO, the CR molecule was adsorbed 
over the ZnO sheet horizontally in a bent position with one of the naphthyl units aligned horizontally while the 
other was aligned vertically with the sulphate unit possibly forming a non-covalent interaction with the ZnO 
sheet, as the distance between the sheet and the sulphate is between 3 and 4 Å. In the presence of water, the 
orientation of dye over the surface is inverted from that in vacuum condition, the molecule was still adsorbed 
in a bent position but showed higher interaction with the sheet as one of the naphthyl units along with the azo 
bonding laid closer to the sheet while the other naphthyl unit was pointing away from the sheet.

Fig. 10.  Electro-oxidation mechanism of CR at GCE39.
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Fig. 12.  Tafel plots (a) CR with ZnO, Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO modified GCE, (b) 
Determination of slope of tafel plot for ZnO-CR.

 

Fig. 11.  Scan rate analysis for CR sensing at 50 mV/s, 100 m V/s, 200 mV/s, 300 mV/s, and 400 mV/s for, (a) 
ZnO modified electrode, (b) Co-doped ZnO modified electrode, (c) La-doped ZnO modified electrode, and 
(d) Ce-doped ZnO modified electrode.
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In Co-doped ZnO the dye molecule was adsorbed in the horizontal position with the structure of the dye 
bent at the biphenyl site. The bent ring lying outside the box might interact with the repeating units of the 
system, which requires further investigation. In an aqueous medium, the orientation of the dye molecule was 
bent, and positioned through the adjacent faces of the unit cell with sulphate groups pointing away from the 
adsorbent surface. The minimum average distance between the sheet and the amino group of the dye molecule 
is around 4–5Å.

In La-doped ZnO, the dye molecule lies vertically along the centre of the adsorbent sheet with both the 
sulphate groups interacting with the adsorbent surface with an average distance of around 3.5Å. Showing the 
possibility of electrostatic interaction with the adsorbent surface. In aqueous medium the orientation of the ring 
was half vertical while half of the molecule was aligned somewhat horizontally over the surface, the possibility of 
interaction was still among the sulphate groups and the sheets due to its closer proximity.

Lastly for the Ce-doped ZnO, the dye molecule is aligned vertically over the surface in a bent position in 
both, vacuum as well as aqueous conditions, which eliminates the possibility of charge transfer interaction. The 
sulphate groups of the dye were found to lie closer to the adsorbent surface indicating a possibility of electrostatic 
interaction. The change in both cases is the distance between the sulphate groups and the Ce-doped ZnO sheet; 
the dye molecule lies closer to the sheet in a vacuum than in an aqueous condition. Thus, we can conclude that 
the adsorption locator module helps us understand the behaviour of interaction under different conditions.

The orientation of the adsorbate gives an insight into possible interactions among adsorbent and adsorbate. 
However, the energies give an insight into the stability of the adsorption or simply, the tendency to show 
adsorption. The energies obtained from the adsorption studies include total energy, which is the sum of the 
adsorption, rigid adsorption, and the deformation energy. The variations in the energy of the system during the 
adsorption process are depicted in Fig. 15 and the variation in energies for the adsorption of CR in water during 

Fig. 13.  CV curve of CR in PBS at different pH of 4, 7 and 10 (a) ZnO (b) Co-doped ZnO (c) Ce-doped ZnO 
(d) La-doped ZnO.

 

Scientific Reports |        (2024) 14:27189 14| https://doi.org/10.1038/s41598-024-77619-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the adsorption process is depicted in Fig.  16. Orientation of the adsorbed dye molecule over the adsorbent 
surface of ZnO, Co-doped ZnO, La-doped ZnO and Ce-doped ZnO in default and aqueous medium is depicted 
in Fig. 17. For energy calculation energy of the adsorbent surface is considered zero. The adsorption energy 
indicates the amount of energy released when the dye molecule gets adsorbed on the surface. The energy 
configurations in which the adsorbate is removed are specified by dEad/dNi. The deformation energy indicates the 
relaxation energy released by the molecule when its geometry relaxes after adsorption48. The energies obtained 

CR adsorption Total energy Adsorption energy Rigid adsorption energy Deformation energy dEad/dNi

ZnO − 1.216669 × 103 − 1.638020 × 103 − 1.966356 × 103 328.33591862 − 1.638020 × 103

Co-doped ZnO − 1.282828 × 103 − 1.704179 × 103 − 1.976240 × 103 272.06049359 − 1.704179 × 103

La-doped ZnO − 631.15670196 − 1.052508 × 103 − 1.052508 × 103 − 1.170974 × 10− 11 − 1.052508 × 103

Ce-doped ZnO − 1.289853 × 103 − 1.711205 × 103 − 1.861619 × 103 150.41406344 − 1.711205 × 103

Table 4.  Adsorption energies of CR adsorption over adsorbent surfaces in vacuum.

 

Fig. 14.  Optimized geometry (onto view) of the (a) ZnO (b) Co-doped ZnO (c) La-doped ZnO (d) Ce-doped 
ZnO.
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from the adsorption of CR over the various adsorbent surfaces in a vacuum and in the aqueous condition are 
depicted in Tables 4 and 5 respectively.

The higher negative value of adsorption energy indicates a more stable adsorption interaction. In vacuum, 
the order of adsorption energies of CR over the adsorbent surfaces was found to be Ce-doped ZnO > Co-doped 
ZnO > ZnO > La-doped ZnO. In the case of adsorption in aqueous condition, the order of adsorption energy 
was Co-doped ZnO > Ce-doped ZnO > ZnO > La-doped ZnO.

Fig. 15.  Adsorption energies of (a) ZnO-CR, (b) Co-doped ZnO-CR (c) La-doped ZnO-CR and (d) Ce-doped 
ZnO-CR.

 

CR in Water Total Energy Adsorption Energy Rigid Adsorption Energy Deformation Energy dEad/dNi

ZnO − 1.117571 × 103 − 1.538923 × 103 − 1.751662 × 103 212.73899158 − 1.538923 × 103

Co-doped ZnO − 1.623445 × 103 − 2.044797 × 103 − 2.428686 × 103 383.88873024 − 2.044797 × 103

La-doped ZnO − 676.72702009 − 1.098078 × 103 − 1.098078 × 103 − 1.214175 × 10− 10 − 1.098078 × 103

Ce-doped ZnO − 1.467659 × 103 − 1.889010 × 103 − 2.192599 × 103 303.58868569 − 1.889010 × 103

Table 5.  Adsorption energies of CR adsorption over adsorbent surfaces in the presence of water.
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Molecular Dynamics simulations
Molecular dynamics gives an insight into the dynamics and interactions during the adsorption process. The 
forcefield COMPASSII was utilized to for the MD simulation calculations. The MD simulation was performed for 
the adsorption of CR over the Co-doped ZnO since it had the highest negative adsorption energy in an aqueous 
medium. The amorphous cell module was used to pack water molecules in the simulation cell. The Forcite 
module utilized for MD simulation searches for possible interactions among the dye and adsorbent surfaces 
within the simulation box, along with optimizing the whole arrangement. The dynamics were run using the 
NVT ensemble at 298 K, 308 K and 318 K for 1000 ps using a Nose mass parameter thermostat with a timestep 
of 0.50 fs, to understand the change in interactions with the change in temperature. The potential energy, non-
bonded energy as well as temperature was monitored during the MD simulation, to determine if the simulation 
model achieved equilibrium within the period of MD simulation. The temperature analysis initially showed 
fluctuations, a steady state temperature of 298 K, 308 K and 318 K respectively, was observed within the period of 
1000 ps. The energy analysis showed the system achieved stable energetics indicating attainment of equilibrium 
by the system. The graphs for temperature dynamics and energy dynamics are presented in Fig. 18. The total 
energy of the system after the MD simulation was stabilized from − 238403.068 kcal/mol to -324415.476 kcal/
mol at 298  K, from − 238384.289  kcal/mol to -316254.173  kcal/mol at 308  K and − 238365.510  kcal/mol to 
-317670.024 kcal/mol at 318 K. This decrease in the total energy indicates stable adsorption of dye molecule even 
at elevated temperature. This confirms Co-doped ZnO as a prominent candidate as an adsorbent for dye removal 
from wastewater. The orientation of the stabilized dye-substrate system after the MD is presented in Fig. 19.

Fig. 16.  Adsorption energies of (a) ZnO-CR, (b) Co-doped ZnO-CR, (c) La-doped ZnO-CR and (d) Ce doped 
ZnO-CR in water.
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Adsorption of CR using ZnO-based materials
The adsorption behaviour of ZnO, Co-doped ZnO, La-doped ZnO and Ce-doped ZnO was evaluated by the 
decolourization of CR solution. As proposed by Debnath et al. ZnO adsorbent may possess possible binding with 
azo groups i.e., ‒N = N‒ of CR. However, ZnO may interact with the amine group in CR as well. This may suggest 
that CR was easily adsorbed by the adsorbents49. After every 30-minute interval time, the colour change in the 
dye solution was observed. This revealed a slight decrease in the dye’s colour intensity, indicating progressive 

Fig. 17.  Orientation of the adsorbed dye molecule over the adsorbent surface (a) ZnO (b) Co-doped ZnO (c) 
La-doped ZnO and (d) Ce-doped ZnO surfaces and in aqueous medium.
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adsorption. Remarkably, after one day, the intensity of adsorption varied with the adsorbent, the adsorption 
order was found to be Co-doped ZnO > ZnO > Ce-doped ZnO > La-doped ZnO. This comprehensive binding 
between Co-doped ZnO and CR highlights the increased potential of ZnO as a highly efficient adsorbent for dye 
removal in wastewater treatment applications. Figure 20 shows the adsorption of CR over different adsorbents 
over an interval of 30 min until 180 min and then at 24 h period.

Fig. 18.  Graph of Temperature dynamics and energy dynamics of the MD simulation at (a) 298 K, (b) 308 K 
and (c) 318 K.
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Experimental evidence of adsorption
To examine any change in the morphology of the adsorbent after adsorption, XRD and FTIR of the residue 
settled after 24 h of adsorption were performed. Figure 21 represents the XRD plot of the different adsorbents 
after 24 h of adsorption, the XRD pattern of adsorbents before adsorption is presented in Fig. 4.

It was observed that all samples retain the primary peaks characteristic of the hexagonal wurtzite structure of 
ZnO, indicating that the adsorption process did not induce a significant change in the overall crystal structure. 

Fig. 19.  Final snapshots of MD simulation of CR adsorption over Co-doped ZnO in the presence of water at 
(a) 298 K, (b) 308 K and (c) 318 K.

 

Scientific Reports |        (2024) 14:27189 20| https://doi.org/10.1038/s41598-024-77619-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


However, there are noticeable variations in peak intensities compared to the before-adsorption patterns. This 
suggests potential changes in crystallite size or preferred orientation due to CR adsorption. Some peaks appear 
slightly broader in the after-adsorption patterns, which might indicate a decrease in crystallite size or increased 
lattice strain. Also, no additional peak was observed suggesting that no new crystalline phases were formed 
during the adsorption process. For ZnO, a slight decrease in peak intensities, possibly indicating a reduction in 
crystallite size or increased surface defects. Similar to ZnO, there is a decrease in peak intensities in Co-doped 
ZnO, suggesting potential changes in crystallite size or orientation. In the case of La-doped ZnO, the pattern 
shows a more pronounced decrease in peak intensities compared to other samples, indicating a more significant 
impact of CR adsorption on crystallite size or structure. In Ce-doped ZnO, the XRD pattern exhibits a relatively 
smaller change in peak intensities compared to the other samples, suggesting a lower degree of interaction with 
CR. The observed changes in peak intensities and broadening suggest that CR molecules primarily interact 
with the surface of the ZnO-based compounds rather than incorporating them into the crystal lattice. And, 
the decrease in peak intensities and potential broadening indicate a possible reduction in crystallite size due to 
CR adsorption. This could enhance the surface area available for adsorption. The slight peak broadening might 
suggest the induction of lattice strain due to the interaction between CR molecules and the adsorbent surface.

Fig. 20.  Pictures of adsorption of CR over ZnO, Co-doped ZnO, La-doped ZnO and Ce-doped ZnO at 30 min 
intervals until 180 min and then at 24 h period.

 

Scientific Reports |        (2024) 14:27189 21| https://doi.org/10.1038/s41598-024-77619-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Figure 22 indicates the fourier-transformed infrared spectroscopy (FTIR) analysis of ZnO and doped ZnO 
materials before and after the adsorption of CR. The spectral pattern study suggests effective adsorption of CR 
molecules. In IR spectra of ZnO and doped ZnO, materials exhibited peaks ~ 3400 cm-1 and 2340 cm-1 which 
corresponds to the adsorbed water and CO2 over the surface, the peak at 1386 is of asymmetric stretching of 
C = O while the sharp peak around 2950 cm-1 corresponds to the stretching vibration of CO2

50. The broadening 
or decrease in intensity of these peaks due to the effective adsorption of dye was observed to be highest in the 
case of Co-doped ZnO and ZnO. The multiple peaks of metal oxides were observed in the fingerprint region 
of low intensity51. The CR adsorption is also evident from the appearance of a stretching peak of the azo group 
(N = N) around 1590 and of S = O around 1190 cm-1. The aromatic C-N stretching peak of CR was also observed 
near 1050 cm-152. In the case of La-doped ZnO very little broadening was observed indicating lower adsorption, 
however, changes in the fingerprinting region were observed which might suggest adsorption of CR through 
any specific site, thus change in the fingerprint region might suggest a change in the bonding structure of doped 
material due to dye. It is worth mentioning that La-doped ZnO exhibited almost no peak of adsorption of water 
of CO2 over its surface as well suggesting La-doped ZnO is a weaker adsorbent. Ce-doped ZnO also exhibited 
only slight variation in the spectra after the adsorption of the CR molecule over its surface, only the stretching 
peak of the azo group (N = N) of the CR molecule was evident, suggesting some adsorption.

Conclusion
In this study, ZnO and its doped compounds (Co-doped ZnO, La-doped ZnO, and Ce-doped ZnO) were 
synthesized and thoroughly characterized using XRD and FE-SEM techniques. The electrochemical properties 
were extensively investigated through CV and Tafel plot analyses. The CV results revealed distinct oxidation 
peaks for CR sensing, with ZnO and its doped compounds showing varying peak currents and potentials, 
indicating their potential for CR detection. Specifically, the Co-doped ZnO-modified electrode exhibited the 
highest peak current of 2.39 ×  10− 6 A, highlighting its superior sensitivity. The Tafel plot analysis provided 
insight into the catalytic efficiency and reaction kinetics of the synthesized materials. Among the tested 
electrodes, the Co-doped ZnO demonstrated the highest potential value of 0.43  V, indicating its enhanced 

Fig. 21.  The XRD pattern of adsorbent after 24 h of dye adsorption.
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catalytic performance. Additionally, the analysis of Tafel slopes suggested that oxidation is the primary process 
at the electrode surface, with the ZnO-modified electrode showing a higher slope in the oxidative region. The 
quantum chemical simulation shows the favourable orientations of the dye molecule over the adsorbent surface. 
The higher negative values of the adsorption energies indicate successful employment of the prepared substrates 
for the removal of CR dye. In an aqueous medium, the order of adsorption energy was found to be Co-doped 
ZnO > Ce-doped ZnO > ZnO > La-doped ZnO, Co-doped ZnO showed the most favourable adsorption of the 
dye among the developed adsorbents. The MD simulation of Co-doped ZnO showed the system attaining a 
thermodynamic equilibrium within the time of 1000ps. The higher negative value of the total energy after the 
MD showed the stability of the system in the dynamic medium. Additionally, experimental adsorption studies 
revealed that after 24 h CR differentially adsorbs on the surface of adsorbents, the order of adsorption efficiency 
was found to be Co-doped ZnO > ZnO > Ce-doped ZnO > La-doped ZnO. Thus, we can say that Co-doped ZnO 
exhibited superior performance as concurred by theoretical and experimental studies. The present study not 
only underscores the practical utility of ZnO-doped materials in environmental remediation but also provides 
valuable insights for further optimization and application of ZnO-based adsorbents.

Fig. 22.  FTIR spectra of (a) ZnO (b) Co-doped ZnO (c) La-doped ZnO and (d) Ce-doped ZnO before and 
after the adsorption of CR dye.
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