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A B S T R A C T

In this study, we present the synthesis and characterisation of Ce-doped ZnO nanostructures utilizing the SILAR 
approach. The effect of Ce-doping on the structure, optical, electrical, and photocatalytic activity of ZnO 
nanoflowers was investigated in detail. Microscope images confirmed that the ZnO nanoparticles had a 
nanoflower-like shape. Mapping analysis confirmed that the Ce ions were uniformly distributed in the ZnO 
matrix. The incorporation of Ce influenced the material’s surface features, leading to an increase in surface 
roughness. The diffraction result showed that the size of the crystals increased from 57.3 to 60.3 nm with 5.0 % 
Ce-doping. The FTIR spectra of the samples showed the Ce–O bonds in the region of 510–1000 cm− 1. Systematic 
reduction of the band gap from 3.24 to 3.05 eV was observed with increasing concentration of Ce from 0.0 to 5.0 
%. It was also found that the surface roughness also affected the electrical properties and increased the specific 
contact resistance with Ce doping. Furthermore, the photocatalytic activity of the nanoparticles was also 
investigated for the degradation of methylene blue under UV-light irradiation. The turnover number and turn
over frequency were also determined to rank the catalytic activity of the fabricated nanoparticles. The results 
indicated that 3.0 % Ce-doping enhanced the photocatalytic activity and degraded 95.8 % MB within 120 min. 
These findings indicate that cerium-doped ZnO shows great potential as an effective material for environmental 
purification processes.

1. Introduction

With the growth in industrialization worldwide, environmental 
pollution problems have also increased rapidly in recent years. It is well 
known that organic/inorganic pollutants used in industry are important 
to water pollution. Even low amounts of exposure to these hazardous 
pollutants can cause permanent genetic problems that last for genera
tions [1]. Therefore, more studies are needed to minimize these poten
tially life-threatening factors, even if we cannot eliminate them. Recent 
advancements in photocatalytic materials have attracted considerable 
interest owing to their prospective applications in environmental 
remediation, especially in the degradation of organic contaminants 
[2–6]. Despite the increasing interest, comprehensive studies on 
advanced photocatalytic materials, especially on their effectiveness in 

environmental remediation, are still needed. Metal oxide materials have 
consistently been a primary focus of photocatalysis research owing to 
their distinctive chemical and physical features, rendering them 
appropriate for many environmental and energy-related applications 
[7–10]. Semiconducting metal oxides, including titanium dioxide 
(TiO2), tungsten oxide (WO3), and zinc oxide (ZnO), exhibit significant 
promise in the breakdown of organic contaminants, water splitting, and 
various photochemical reactions. ZnO has emerged as an up-and-coming 
contender because of its exceptional chemical stability, superior pho
tocatalytic efficiency, and capacity to produce reactive species when 
exposed to ultraviolet light [11–13].

ZnO is an exceptionally appealing photocatalyst due to its distinctive 
combination of physical and chemical characteristics. ZnO is a wide- 
bandgap semiconductor (about 3.37 eV) with a substantial exciton 
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binding energy (60 meV), enabling effective charge carrier production 
under ultraviolet (UV) illumination. The hexagonal wurtzite crystal 
structure offers a substantial surface area and superior thermal and 
chemical resilience, rendering it appropriate for prolonged environ
mental applications. ZnO exhibits exceptional optical characteristics, 
including elevated transmittance in the visible spectrum and robust UV 
absorption, which augment its photocatalytic capabilities [14–16]. 
ZnO’s broad bandgap, elevated exciton binding energy, and environ
mental resilience make it a multifaceted material with many uses. In 
optoelectronics, ZnO is the material of choice for ultraviolet 
light-emitting and laser diodes due to its effective light emission and 
thermal stability [17,18]. Furthermore, ZnO is vital in sensors, partic
ularly gas sensors, due to its exceptional sensitivity to chemical and 
environmental changes [19]. In the field of energy, ZnO is an indis
pensable material. It is a transparent conductive oxide in solar cells, 
enhancing efficiency while ensuring longevity [20]. Its photocatalytic 
characteristics are extensively utilized in environmental applications, 
including water filtration and the destruction of organic contaminants 
[21]. ZnO’s antimicrobial and biocompatible characteristics make it 
optimal for medical applications such as wound healing, sunscreens, and 
antibacterial coatings [22].

ZnO materials are produced by a variety of techniques, including sol- 
gel, hydrothermal, chemical vapor deposition, physical vapor deposi
tion, combustion synthesis, solid-state reactions, and Successive Ionic 
Layer Adsorption and Reaction (SILAR), which are selected according to 
the specific applications or desired material properties [23–27]. Among 
these methods, one of the most important advantages of SILAR is its 
ability to produce uniform and well-bonded films at low temperatures, 
which makes it suitable for various substrates, including flexible mate
rials. Furthermore, SILAR allows precise control over film thickness by 
adjusting the number of deposition cycles, and its simplicity and 
cost-effectiveness make it an attractive option for large-scale applica
tions [28–30].

Cerium (Ce), a rare-earth element, has been the subject of consid
erable interest as a dopant for ZnO, mainly because of its distinctive 
electronic configuration and redox properties. The doping of ZnO with 
rare-earth elements, such as Ce, has been identified as an effective 
strategy for improving its optical and electronic properties. The unique 
electronic configuration and redox flexibility of cerium have been 
demonstrated to influence the bandgap energy and defect density in 
semiconductor systems, thereby enhancing light absorption and charge 
separation. The introduction of Ce into the bandgap of ZnO results in the 
formation of localised states, which reduces the recombination rate of 
charge carriers and extends the light absorption of ZnO into the visible 
region. This is a highly favorable process for photocatalysts powered by 
visible light, making Ce-doped ZnO a promising material for advanced 
photocatalytic applications [31–34]. The ability to modify the charac
teristic parameters of materials as desired by the doping process has 
focused researchers on different studies. Experimentally, the charac
terization of structural, electrical, magnetic properties and 
linear/non-linear optical behaviors of Ce-doped ZnO structures pre
pared using different growth methods have been carried out by many 
researchers such as Wang et al. [35], Fifere et al. [36], Chattopadhyay 
et al. [37]. Theoretical studies also supported experimental studies. The 
band structures and optical properties of Ce-doped ZnO crystal were 
investigated by Wen et al. [38] using the first principles method. 
Rodriguez-Mena et al. [39] performed a study on the electronic structure 
of Ce-doped ZnO using density functional theory. They showed that the 
relative position of the Fermi level can play an important role in 
explaining the higher photocatalytic activity for the structure.

This presented study aimed to improve the characteristic properties 
of nanostructures prepared with different doping ratios and, especially, 
to design an optimum photocatalytic process. For this purpose, undoped 
and Ce-doped ZnO films have been synthesized on glass substrates using 
the SILAR method. To comprehensively evaluate the effect of Ce doping 
on the optical, electrical, and photocatalytic properties, the ZnO was 

doped with different Ce concentrations. The photocatalytic efficacy of 
these materials was evaluated utilizing methylene blue, a prevalent 
model contaminant, under regulated settings. The novelty of our work 
lies in introducing a new application-oriented approach based on scal
able SILAR production, precise doping control, and comprehensive 
evaluation of structural, optical, electrical, and photocatalytic proper
ties. The comprehensive analyses of the films are outlined in the sub
sequent sections.

2. Experimental section

Undoped and Ce-doped ZnO nanofilms and nanopowders were pre
pared using SILAR, a solution-based growth technique. The synthesis 
bath solution comprised zinc acetate dihydrate (Molecular Formula: 
C4H10O6Zn) and deionised (DI) water. The pH of the growth solution 
was measured to be approximately 10.0 after adding NH4OH, heating to 
365 K, and mixing with a magnetic stirrer at 550 rpm. Cerium (III) ni
trate hexahydrate (Molecular Formula: CeH12N3O15) was used to syn
thesize Ce-doped ZnO materials using the same technique. Three 
materials (0.0 %, 3.0 %, and 5.0 %) were grown to investigate the effect 
of the rare-earth element Ce as a dopant on the main physical properties 
and photocatalytic performance of nano-sized ZnO flower-like powders 
and films. The annealing temperature employed in this experiment was 
550 K for 45 min. Fig. 1 illustrates the schematic representation of the 
deposition process for ZnO, ZnO:Ce (3.0 %), and ZnO:Ce(5.0 %) films 
and powders.

Undoped and Ce-doped ZnO materials were examined to assess their 
morphological, structural, optical, and electrical properties and their 
photocatalytic performances, employing various characterization tech
niques. The particle size, shape, and distribution of nanostructured ZnO 
flowers were analyzed using scanning electron microscopy (SEM; Zeiss 
evo Ls 10) and atomic force microscopy (AFM; NT-MDT/Ntegra Solaris) 
techniques. The elemental compositions of the samples were ascertained 
by energy-dispersive X-ray spectroscopy (EDX). The phases of the syn
thesized materials were analyzed using an X-ray diffractometer (Bruker 
D8 Advance) equipped with a Cu Kα radiation source (λ ± 1.54056 Å). 
The functional groups were characterized using Fourier transform 
infrared (FTIR) spectroscopy (Bruker Vertex70). The Jasco V-670 
UV–Vis spectrophotometer was employed to examine the optical prop
erties. Current-voltage (I-V) measurements for the electrical analysis 
were conducted utilizing a Zive Sp1 (Wonatech) Potentiostat. The 
deposition of Au metal for contacting thin film samples was carried out 
by the physical evaporation deposition method using a shadow mask 
with a unique geometry under a high vacuum (1 × 106 mTorr). Mea
surements were taken at a scanning rate of 1 mVs− 1 in the applied 
voltage range of − 5 V to +5 V.

The photocatalytic activity of undoped and Ce-doped ZnO thin films 
was evaluated by monitoring the degradation of methylene blue (MB) 
under controlled UV light irradiation. A fresh 10 ppm MB solution was 
prepared in distilled water, and its pH was adjusted to 10 by using NaOH 
to ensure consistency. For each experiment, 30 mg of the photocatalyst 
was immersed in 30 mL of the MB solution (catalyst loading: 1 g/L) and 
stirred in the dark for 20 min to achieve adsorption-desorption equi
librium. Preliminary dark adsorption tests confirmed no further signif
icant dye adsorption occurred beyond this period.

The mixture was irradiated under a 3 W UV LED lamp (emission 
peak: 395–400 nm, and intensity was approximately 7 mW/cm2) posi
tioned 10 cm below the reaction vessel. Aliquots (3 mL) were collected 
at 10-min intervals over a total irradiation time of 120 min. Each aliquot 
was immediately centrifuged at 3000 rpm for 4 min to remove catalyst 
particles, and the supernatant’s absorbance was measured at 665 nm 
using a Shimadzu UV-1201 spectrophotometer (calibrated with a blank 
MB solution of known concentration).
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3. Results and discussion

3.1. Morphological analyses

The morphological characteristics of ZnO films were examined using 
SEM to assess the impact of Ce doping at concentrations of 3.0 % and 5.0 
%. Fig. 2 displays SEM images of undoped and Ce-doped ZnO materials, 
showing that undoped ZnO films have a consistent hexagonal 

nanoflower-like structure. There are similar SEM results of flower-like 
structure for samples in previous works [40–42]. Ce supplementation 
at concentrations of 3.0 % and 5.0 % induced significant alterations in 
morphological features. The surface structure of ZnO films became 
denser and firmer with Ce doping. While the nanoflowers were thicker in 
undoped ZnO, the nanoflower structures became thinner with rare-earth 
Ce doping. The alterations in morphology with increasing Ce content 
demonstrate the susceptibility of ZnO’s structural characteristics to 

Fig. 1. The schematic representation of the SILAR method for depositing nanostructured undoped and Ce-doped ZnO films and nanopowders.

Fig. 2. SEM images of nanostructured ZnO thin films produced at different Ce doping concentrations. SEM scans indicate that all ZnO films exhibit a uniform 
hexagonal nanoflower morphology.
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doping. These changes in surface morphology may be due to Ce doping 
altering the nucleation and growth processes during ZnO synthesis and 
the formation of defects such as oxygen vacancies and interstitial regions 
with Ce addition to ZnO. Moreover, these alterations are linked to the 
substitutional integration of Ce ions within the ZnO lattice, resulting in 
lattice strain and influencing crystal growth [43–46]. The impact of 
doping was examined by estimating the average particle size of the 
samples using a pixel analysis program. The samples’ average particle 
sizes are found to be 778, 485, and 400 nm for the undoped, 3.0 %, and 
5.0 % Ce-doped ZnO films, respectively. It has been observed that par
ticle size decreases with increasing Ce content. This decrease may be 
related to Ce ions occupying grain boundaries or surfaces, preventing 
particles from bonding with each other, and changes in surface energy.

Energy-dispersive X-ray (EDX) mapping was conducted to analyze 
the elemental distribution and verify the integration of cerium (Ce) into 
the ZnO structure. The presence of Zn, O, and Ce in ZnO nanostructures 
doped with 3.0 % Ce was corroborated by the peaks illustrated in Fig. 3. 
Furthermore, Fig. 3 includes a table that delineates the weight per
centage of different components in the ZnO/Ce (3.0 %) sample. After 
doping with 3.0 % Ce, EDX mapping showed that Ce ions were suc
cessfully incorporated into the structure and evenly distributed 
throughout the surface. Fig. 3 presents mapping images that illustrate 
the presence of Zn (blue), O (green), and Ce (red) in the ZnO/Ce film, 
hence verifying the successful doping of Ce.

AFM was utilized to assess the influence of Ce-doping on the surface 
morphology of ZnO films, focusing on average roughness (Sa), root 
mean square roughness (Sq), and entropy. Fig. 4 presents 2D and 3D 
AFM images of undoped and Ce-doped ZnO structures. The AFM results 
demonstrate that Ce doping markedly influences the surface 
morphology, as indicated by increases in Sa, Sq, and entropy values. The 
undoped ZnO sample exhibited Sa and Sq values of around 151.675 nm 
and 193.785 nm, respectively, indicating a relatively smooth surface. 

With the introduction of 3.0 % Ce, the values rose to 190.25 nm for Sa 
and 235.592 nm for Sq, signifying a transition towards a rougher surface 
morphology. At 5.0 % Ce doping, the Sa and Sq values increased to 
211.18 nm and 260.223 nm, respectively, underscoring the substantial 
effect of elevated Ce incorporation on surface roughness. The entropy 
values consistently rose, increasing from 12.828 for undoped ZnO to 
13.098 for 3.0 % Ce-doping, culminating at 13.229 for 5.0 % Ce-doping. 
The elevation in Sa, Sq, and entropy values with increasing Ce content 
can be ascribed to multiple interconnected processes. This strain leads to 
inconsistent crystal growth, resulting in uneven surface characteristics 
and increased roughness parameters. Furthermore, adding Ce alters the 
nucleation and growth dynamics, frequently resulting in defect-rich 
areas and aggregation at elevated doping concentrations. The rise in 
entropy is associated with the random arrangement of Ce ions and the 
resulting structural irregularities, which disturb the uniformity of the 
ZnO surface [47–50].

3.2. X-ray diffraction analysis

The XRD analysis identified the phases of the ZnO films that were 
produced. Fig. 5 presents a comparative analysis of the XRD images for 
undoped and Ce-doped ZnO (3.0 % and 5.0 %) materials. The observed 
peaks align closely with the established pattern (JCPDS No: 89–0510) 
corresponding to the ZnO phase, which crystallizes in a wurtzite (hex
agonal) structure [51]. No diffraction peaks were detected for any of the 
other impurities. Three prominent diffraction lines are observed at an
gles of 31.91◦, 34.57◦, and 36.39◦, corresponding to the ZnO lattice 
planes of (100), (002), and (101), respectively. The diffraction pattern 
displays the emergence of additional peaks at 47.66◦, 56.70◦, 62.96◦, 
66.46◦, 68.03◦, 69.17◦, 72.65◦ and 77.02◦, which can be attributed to 
the (102), (110), (103), (200), (112), (201), (004) and (202) planes of 
the ZnO particles, respectively. Fig. 5 illustrates that the peak intensity, 

Fig. 3. Analyses of elemental mapping for the nanostructured ZnO samples fabricated using the SILAR method at varying concentrations of Ce doping. The mapping 
images validate the effective doping of Ce.
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or crystallinity, declines in conjunction with an increase in the con
centration of the Ce dopant. This decrease in the peak intensities 
observed in the XRD patterns of ZnO films with increasing Ce doping 
concentrations can be attributed to the lattice strain caused by the ionic 
radius mismatch between Ce3+ (1.01 Å) and Zn2+ (0.74 Å) upon 
incorporation of Ce ions into the ZnO lattice, and the disruption of the 
periodicity of the crystal structure [52,53].

The average size of the crystallites (D) was calculated using the 
Scherrer equation [54] based on the full width at half maximum 
(FWHM) (β) values of the XRD peaks. 

D=
Kλ

β cos θ
(1) 

In this context, D, λ, and θ denote the crystallite size, the wavelength of 
X-ray radiation (λ = 1.54056 Å) for Cu-Kα, and the Bragg angle, 
respectively. The average D of undoped and Ce [3.0 % and 5.0 %] doped 
ZnO nanoparticles were 57.3 nm, 58.9 nm, and 60.3 nm, respectively. 
This change in D may be due to the effect of Ce ions on the nucleation 
and growth processes during the formation of ZnO crystals. It may also 
be based on the fact that the addition of Ce can affect the thermal sta
bility of the ZnO matrix, especially at elevated temperatures, and the 
unique redox properties of Ce can alter the reaction kinetics [55,56].

3.3. FTIR analysis

The FTIR spectra of ZnO films doped with Ce at varying concentra
tions offer insight into the doping-induced vibrational characteristics 
and chemical alterations. Fig. 6 shows the FTIR spectra of undoped, 3.0 
%, and 5.0 % Ce-doped ZnO nanoflowers in the 400-4000 cm− 1 region. 
The 400-600 cm− 1 absorption band corresponds to metal-oxygen 
stretching vibration modes. The bands at 1000 cm− 1 and 510 cm− 1 

may be due to Ce-O stretching vibration. These peaks confirm the suc
cessful incorporation of Ce ions into the ZnO matrix via doping. The 
bands observed at 1400-1600 cm− 1 correspond to the C=O stretching, 
potentially indicating organic species remaining from the synthesis 
process. The broad absorption bands in the 3000-3600 cm− 1 regions are 
associated with O-H stretching vibrations from hydroxyl groups 
[57–59].

3.4. Optical analysis

It is important to understand how doping the rare element Ce into 
ZnO with a broad and direct band gap [60] affects photocatalytic ac
tivities, for which the absorption characteristics and the optical band 
gap are crucial. The effect of doping on the energy band gap has been 
investigated using the Tauc relation [61]: 

(αhυ)=B
(
hυ − Eg

)m (2) 

Fig. 4. 2D and 3D AFM images of nanostructured ZnO thin films SILAR produced with varying cerium doping concentrations over a scan area of 10 μm × 10 μm. The 
alteration in the morphology of the films due to Ce-doping is evident in the variations in surface roughness among the samples.
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Eg, α, h, υ and B are the band gap energy, absorption coefficient, Planck’s 
constant, incident photon frequency, and proportionality constant, 
respectively. Additionally, the parameter m in the aforementioned 
expression is a constant, corresponding to 1/2 for direct transition. To 
determine the band gaps, (αhυ)2 was plotted against (hυ) as shown in 
Fig. 7, and from the extrapolation of the linear region to the energy axis 
(hυ), the energy band gap values of the undoped and 3.0 % and 5.0 % Ce- 
doped ZnO films were determined to be 3.24 eV, 3.11 eV, and 3.05 eV, 

respectively. Doping Ce ions at different ratios in ZnO semiconductor 
material causes a significant decrease in the optical band gap. Doping 
causes modification in the bandgap of semiconductors due to the for
mation of trap centers and crystal defects in the structure [60,62]. 
Additionally, the presence of Ce ions in the ZnO structure creates 
localized states in the optical band gap of ZnO [63,64]. Localized energy 
states arise from many factors such as microstructural changes, lattice 
strains, defects caused by oxygen vacancies, and the density and size of 
doping ions [62,64–66]. Localized energy states are very close to the 
conduction band. This leads to a decrease in the band gap and, thus, 
shifts the absorption towards longer wavelengths [64,65]. The films 
prepared in the presented study exhibited a spectrum where the ab
sorption edge slightly shifted towards lower energies, i.e., towards red in 
the visible region, with increasing Ce doping ratio. Different researchers 
have also reported this observed situation. Liu et al. [67] emphasized 
that the shift of the absorption edge towards longer wavelengths and the 
narrowing of the band gaps can be explained by the numerous surface 
defects formed in the structure, such as Zn interstitials and oxygen va
cancies. They pointed out that the defects formed may enhance the 
photocatalytic activity of Ce-doped ZnO materials. Vijayaprasath et al. 
[68] stated that this observed change is strongly related to the quantum 
confinement effect and the formation of impurity levels within the band 
gap of ZnO. In another study, Chang et al. [69] observed that the 
undoped ZnO band gap of 3.35 eV decreased to 3.10 eV with increasing 
Ce-doping amount. In addition, the observed decrease in band gap with 
doping was reported by Sharma et al. [70], Liang et al. [71], and Kasar 
et al. [72]. As a result, doping plays an essential role in the energy band 
gap and photocatalytic behavior.

The UV–Vis absorption spectra of ZnO films with and without Ce are 
shown in Fig. 8. As can be seen from the graph, Ce doping significantly 
affects the optical absorption behaviour of ZnO. The undoped ZnO film 
exhibits a sharp absorption edge in the near-UV region, which is char
acteristic of its wide direct bandgap. However, with the addition of Ce at 
ratios of 3.0 % and 5.0 % to the ZnO structure, the absorption intensity 
in the UV and visible regions increases significantly and the absorption 
edge shifts towards longer wavelengths (red shift). This red shift is 
consistent with a decrease in the optical band range and can be linked to 
various physical mechanisms. Incorporating Ce ions into the ZnO lattice 
may cause the formation of local defect states, such as oxygen vacancies 
and Ce4+/Ce3+ interstitial sites. The size difference between Ce and Zn 
atoms may cause lattice distortions and strain effects, leading to changes 
in the electronic structure and thus changes in the absorption spectrum 
[73–75].

3.5. Electrical analysis

The electrical properties of ZnO/Ce thin films are investigated by 
depositing Au onto the surface of the thin films with a shadow mask. The 
transfer length method (TLM) is used for contact resistance measure
ment. Photographic and schematic representations of Au pad patterns 
for contact resistance measurement are included in Fig. 9a, where they 
are embedded in the graph. The length l and width w of Au pads are 
equal to 7.00 mm and 0.35 mm, respectively. The I–V characteristics of 
Au metal contact to ZnO/Ce thin films at the different Ce doping levels 
are shown in Fig. 9a. The voltage is varied from − 5 to 5 V, and the 
current is recorded with a Potentiostat device, as shown in this Fig. 9
where the voltage is applied to pads 1–2. Ce doping increases the slope 
in the I-V curve; the slope is the highest at 3.0 %. The contact resistance 
is high due to the oxide’s nature and the poor metal/metal oxide 
interface [76]. However, the total resistance (RT) value of ZnO thin film 
decreases with Ce doping, and the smallest RT value is equal to 2.83 ×
106 Ω for 3.0 % Ce doping (contact from pads 1–2). Ce-doping probably 
leads to an increase in the carrier density (the highest at 3.0 % Ce), 
which reduces the potential barrier to electron flow at the Au/ZnO 
contact interface and increases the conductivity of the ZnO thin film.

The linear behavior of the I–V curve of Ce-doped ZnO thin films 

Fig. 5. X-ray diffraction patterns of nanostructured ZnO thin films produced 
with varying concentrations of Ce doping. The peak intensity, indicative of 
crystallinity, slightly decreases as the percentage of Ce increases.

Fig. 6. FTIR spectroscopy of ZnO thin films synthesized with varying cerium 
doping levels. The 1000 and 510 cm− 1 peaks indicate that Ce ions have been 
successfully incorporated into the ZnO matrix via doping.
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shows an improved ohmic property compared to the undoped ZnO thin 
films. The slope of the I–V plot increases as the inter-pad distance de
creases, i.e., the RT value increases with increasing pad distance. The I-V 
characteristics of the contacts taken from different pads of the 3.0 % Ce- 
doped ZnO thin film are given in Fig. 9b.

RT value between the Au pads (1–2 (R1), 2–3 (R2), and 3–4 (R3)) 
deposited on the ZnO/Ce thin films (for metal/thin film contact) is 
plotted as a function of the distance (d) between the pads as shown in 
Fig. 10. From this graph, the ZnO/Ce thin film sheet resistance (RSh) 
under the Au pad contacts (from the slope), the total contact resistance 
(RC), and effective transfer length (LEf) (from the intercept) can be 
determined. Detailed information about this method has been reported 
previously [77–79]. After determining these data with the help of the 
graph, the specific contact resistance (ρC) is calculated using Equation 
(3). 

ρC =RCLEf w (3) 

Fig. 10a, b, and c show the RT-d graphs for ZnO and ZnO/Ce samples. 
The related fit equations are embedded in these graphs. The electrical 
parameters calculated for ZnO/Ce thin films are summarized in Table 1.

The effect of Ce doping on the total contact resistance values exhibits 

a change similar to the total resistance. Again, the lowest RC value is 3.0 
% Ce doping and 1.23 × 106 Ωcm2. The specific contact resistance be
tween the metal pads and the metal oxide structure helps analyze ohmic 
behavior. ρC values increase with Ce doping. Surface roughness is 
essential to the value of material performance. The ρC value is expected 
to be lower on smoother surfaces [79]. This situation is entirely 
consistent with the AFM and SEM results. The surface roughness of ZnO 
thin films increases with Ce doping. Many factors, such as carrier con
centrations, defects, oxygen affinity, and crystal quality, may affect ρC 
[80]. These situations also affect the barrier height and surface condi
tions of ZnO.

It is known that factors affecting electrical conductivity, such as 
carrier density, also affect photocatalytic behavior. It is concluded that 
Ce doping affects the electrical properties of ZnO thin films. Total 
resistance values decrease with Ce doping; the lowest resistance is 
observed at 3.0 % Ce, and its value increases slightly at doping above 
this rate, but it is still lower than that of undoped ZNO. This shows that 
the metal (Au) and metal oxide (ZnO/Ce) contact exhibits different 
electrical properties depending on Ce doping.

Fig. 7. Graph of Tauc’s law illustrates the relationship between the absorption coefficient, α, and photon energy, (hυ), for Ce-doped ZnO sheets with varying Ce 
concentrations.
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3.6. Photocatalytic efficiency analysis

The degradation mechanism can be summarized in three steps 
(Fig. 11) [81–85]. In the first step, e‾/h+ pair, created by 
uv-light-assisted excitation of metal oxide, takes part in the formation of 
superoxide and hydroxyl radicals. In the second step, excited electrons 
reduce oxygen molecules to superoxide radicals (•O2

− ), while holes 
contribute to water oxidation, forming hydroxyl radicals (•OH). Finally, 
these reactive oxygen species then oxidize methylene blue, leading to its 
degradation into non-toxic byproducts.

The ZnO acts as a photocatalyst under the irradiation of sunlight. 
This activity can also be easily observed in degrading dye concentrations 
under UV light at different time intervals. The yield of degradation or 
degradation efficiency (η) was obtained using Equation (4) [82–84]: 

η=
(

C0 − Ct/C0

)

x100% (4) 

C0 is the initial concentration, and Ct is the concentration (mg/l) 

after irradiation at specific intervals. Fig. 12 demonstrates the photo
catalytic behavior (a) and degradation efficiency (b) of the prepared 
ZnO and Ce-doped ZnO nanostructures. This figure exhibits the degra
dation of dye concentration at different time intervals.

As shown in Fig. 12b, the degradation efficiency of ZnO and Ce- 
doped ZnO gradually decreased. After 120 min of exposure to UV 
light, all samples’ η values take below 75 %, and these values show that 
degradation kinetics were a first-order process, as shown in Fig. 13.

The degradation rate constant (k) was obtained from linear fit 
equations of first-order kinetic plots. These values were 0.028, 0.037, 
and 0.012 for ZnO and Ce-doped (3.0 % and 5.0 %) ZnO NPs, respec
tively [86]. The degradation rate and degradation rate constant of ZnO 
and Ce-doped (3.0 % and 5.0 %) ZnO nanostructures were very close; 
however, increasing Ce 3.0 % doping causes a slight decrease in this 
rate. This situation can be explained by changes in the formation of 
e‾/h+ pairs due to the excess metal ions (Ce+4).

Photocatalytic degradation can be well understood with the help of 
some metrics. Continuous degradation reactions in heterogeneous re
action environments are especially notable. Quantifying catalyst effi
ciency with some terms, such as "active site," "turnover number (TON)," 
and "turnover frequency (TOF)" can be very beneficial in understanding 
ongoing reactions. A quantitative measure of a catalyst’s efficiency can 
be represented with TON, and this value is provided by dividing the total 
number of product molecules by the number of available active sites or 
catalyst molecules in the system [54,87–89]. 

TON=
(%η)(Number of molecules of substrate)

Number of molecules of catalyst
(5) 

Besides that, TOF values bring a dynamic evaluation of the catalytic 
performance of the catalyst and give several reaction cycles occurring 
over a set period [54,88]. 

TOF=
TON
Time

(6) 

In our experiment, 30 mg ZnO and Ce-doped ZnO samples were used and 
after 60 min of UV light exposure, the calculated photocatalytic degra
dation process parameters are given in Table 2.

Active site dopant arising from dopant Ce atoms measured 6.4 ×
10− 6 mol and 10.7 × 10− 6 mol for 3.0 % and 5.0 % Ce-doped ZnO 
materials, respectively. The total active site number was about 37 mmol, 

Fig. 8. Optical absorbance spectra of ZnO films produced with varying con
centrations of Ce doping.

Fig. 9. a) I-V curve of ZnO/Ce thin films for 1–2 pads contact (embedded in the figure are photographic and schematic drawings of the Au pad patterns) and b) I-V 
curve from different pads for the 3.0 % Ce-doped ZnO thin film.
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and degradation efficiency was very high in the undoped and 3.0 % in 
the Ce-doped ZnO sample. Also, the active sites of the doping atoms 
were determined, and the doping level was considered. These calculated 
parameters slightly increased in both TON and TOF values when the 
doping concentration reached 3.0 % Ce-doping, indicating that the 
catalytic efficiency of ZnO NPs was boosted somewhat. However, when 
the Ce doping rate is 5.0 %, the degradation TON and TOF values 
decrease, although the total active sites are almost constant. Although 
Ce doping caused a red shift in the optical band gap, enhancing theo
retical absorption in the visible range, photocatalytic activity was still 
evaluated under UV light due to the energy requirement for efficient 
electron–hole pair generation. For this reason, efficiency results have 
remained limited.

As shown in Table 3, the Ce-doped ZnO nanostructures synthesized 

Fig. 10. Total resistance plots of a) ZnO/Ce (0.0 %), b) ZnO/Ce (3.0 %), and c) ZnO/Ce (5.0 %) thin films depending on pad distance (the slope of the plots and the 
intercept at RT = 0 are used in the calculations of total and specific contact resistance).

Table 1 
The electrical parameters of ZnO/Ce thin films from the TLM method.

Sample RT (Ω) RC (Ωcm2) ρC (Ωcm2)

R1 R2 R3

ZnO/Ce 
(0.0 
%Ce)

9.54 × 107 1.72 × 108 2.50 × 108 8.99 × 106 0.65 × 106

ZnO/Ce 
(3.0 
%Ce)

2.83 × 106 3.20 × 106 3.58 × 106 1.23 × 106 25.33 × 106

ZnO/Ce 
(5.0 
%Ce)

1.20 × 107 1.21 × 107 1.22 × 107 5.93 × 106 94.71 × 106

Fig. 11. Schematic representation of the photodegradation process and superoxide and hydroxyl radicals formation.

Fig. 12. Changes in absorbance values of MB solutions with UV light exposure time of ZnO and Ce-doped ZnO (a) and degradation efficiency (b).
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in this study exhibit one of the highest photocatalytic efficiencies (96 %) 
for methylene blue degradation under UV light, with a significantly 
shorter irradiation time (120 min) compared to other dopants and light 

sources. This demonstrates the potential of the SILAR-based Ce-doped 
ZnO films as a cost-effective and efficient photocatalyst for environ
mental applications.

4. Conclusions

In summary, this study presents the synthesis of ZnO nanostructures 
with varying concentrations of Ce, achieved through the SILAR method. 
The investigation focused on the morphological, structural, optical, and 
electrical properties of ZnO nanostructures and their photocatalytic 
activity. SEM images confirmed that ZnO nanoparticles were densely 
dispersed on the surfaces and showed a hexagonal flower shape 
morphology for the nanoparticles. XRD results show that Ce doping was 
successfully incorporated into the ZnO lattice, and the average crystal 
size ranged from 57.3 to 60.3 nm when the concentration was increased 
from 0.0 % to 5.0 %. UV–Vis results indicate that the energy band gap of 
the synthesized ZnO structures decreased from 3.24 eV to 3.05 eV with 
the change in Ce concentration. It was concluded that Ce doping affects 
the electrical properties of ZnO thin films. Total resistance values 
decrease with Ce doping, with the lowest resistance observed at 3.0 % Ce 
content. The increase in surface roughness determined by doping with 
AFM is supported by electrical measurement results. This effect is 
observed, especially in specific contact resistance. Because the rise in Ce 
doping in ZnO thin films also increases the specific contact resistance, 
adjustments in production parameters may be necessary to optimize 
performance. In addition, the total resistance values decrease with Ce 
doping, the lowest resistance is observed at 3.0 % Ce, and its value 
slightly increases at doping above this rate. However, it is still lower 
than the undoped ZNO. Similar behavior is observed in the catalytic 
activity. ZnO nanostructures doped with 3.0 % Ce exhibited improved 
catalytic activity, with enhanced percentage η and TOF values. After 
120 min of UV light exposure, the %η reached 95.8 for the 3.0 % Ce- 
doped sample. However, when the Ce doping level was increased to 
5.0 %, excessive metal ions negatively impacted the formation of e− /h+

pairs, decreasing TON and TOF values. These results suggest that there is 
an optimal Ce doping level (~3.0 %) at which the balance between 
charge separation and crystallographic/electronic disorder is maxi
mized, leading to the best photocatalytic performance. Excessive 
doping, in contrast, introduces undesirable effects that outweigh the 
benefits of band gap reduction. In conclusion, Ce-doped ZnO nano
structures exhibit enhanced photocatalytic efficiency under UV light, 
and the material system demonstrates promise for environmental ap
plications such as dye degradation. However, further investigations 
under visible light conditions are necessary to fully leverage the band 
gap narrowing effect and confirm the practical potential of these 
nanostructures for solar-driven photocatalysis.
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Fig. 13. First-order kinetic plots of ZnO and Ce-doped ZnO nanostructures.

Table 2 
Calculated parameters of the photocatalytic degradation process of undoped and 
Ce-doped ZnO nanostructures.

Sample After 60 min of UV light 
exposure

After 120 min of UV light 
exposure

%η TON TOF (x10− 3 

min− 1)
%η TON TOF (x10− 3 

min− 1)

ZnO/Ce 87.0 0.22 3.66 94.9 0.24 2.00
ZnO/Ce (3.0 

%Ce)
75.8 0.19 3.23 95.8 0.25 2.04

ZnO/Ce (5.0 
%Ce)

32.2 0.08 1.38 77.6 0.20 1.67

* Number of molecules of MB was 9.379 × 10− 7.
in 30 mL solution.

Table 3 
A comparison of photocatalytic efficiencies of various doped metal oxide cata
lysts has been reported in the literature with different dyes and light sources. The 
Ce-doped ZnO nanostructures developed in this study exhibited the highest 
degradation efficiency for methylene blue under UV irradiation.

Light 
source

Dye Dopant %ηa Irradiation time 
(min)

Ref.

Mercury 
bulb

Methyl 
orange

Fe ~20 180 [90]

Sunlight RB5 Fe 90 180 [91]
Xenon 

lamp
Orange G Al 51 180 [92]

Ni 8.6
Solar light Orange G rGO 18 180 [93]
Xenon 

lamp
Orange G Cu 20 180 [94]

Sunlight Methylene 
blue

Ba ~76 180 [95]

Amoxicillin ~14 180
UV Methylene 

blue
Cd 82.5 150 [96]

Sunlight Methylene 
blue

Sr 94.8 – [97]

UV Methylene 
blue

Ag 75.8 180 [98]

UV Methylene 
blue

Ce 95.8 120 In this 
work

a The optimal values have been tabulated in studies based on multiple 
parameters.
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[32] A.S. Sá, I.S. de Lima, L.M. Honório, M.B. Furtini, J.K.D. de Souza, F.E.P. dos Santos, 
H.M. Barreto, T.G. Tabuti, E.C. da Silva-Filho, E.R. Triboni, J.A. Osajima, ROS- 
mediated antibacterial response of ZnO and ZnO containing cerium under light, 
Chem. Pap. 76 (2022) 7051–7060.

[33] N.V. Petrakova, Y.O. Zobkova, V.S. Komlev, A.A. Ashmarin, A.S. Lysenkov, V. 
A. Volchenkova, S.M. Barinov, M.A. Sadovnikova, F.F. Murzakhanov, M. 
R. Gafurov, E.A. Kudryavtsev, S.A. Kozyukhin, A.L. Trigub, A.V. Rogachev, 
Synthesis and characterization of luminescent cerium-doped hydroxyapatite, 
Ceram. Int. 50 (2024) 20905–20916.

[34] S.M.A. Nsar, Z. Hassan, K.Y. Cheong, W. Foong Lim, A review on potential use of 
cerium oxide and doped cerium oxide as high dielectric constant seed layers for 
overgrowth of cerium oxide nanostructures, Mater. Res. Express 11 (2024) 062003.

[35] L. Wang, Z. Ji, J. Lin, P. Li, Preparation and optical and photocatalytic properties of 
Ce-doped ZnO microstructures by simple solution method, Mater. Sci. Semicond. 
Process. 71 (2017) 401–408.

[36] N. Fifere, A. Airinei, D. Timpu, A. Rotaru, L. Sacarescu, L. Ursu, New insights into 
structural and magnetic properties of Ce doped ZnO nanoparticles, J. Alloys 
Compd. 757 (2018) 60–69.

[37] S. Chattopadhyay, A. Kumawat, K.P. Misra, N. Halder, A. Bandyopadhyay, 
A. Antony, A. Rao, P. Poornesh, J. Jedryka, K. Ozga, B. Kucharska, R.D.K. Misra, 
Micro-strain administered SHG intensity enhancement by heavy Ce doping in co- 
precipitated ZnO nanoparticles, Mater. Sci. Eng., B 266 (2021) 115041.

[38] J.-Q. Wen, J.-M. Zhang, Z.-G. Qiu, X. Yang, Z.-Q. Li, The investigation of Ce doped 
ZnO crystal: the electronic, optical and magnetic properties, Phys. B Condens. 
Matter 534 (2018) 44–50.
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