
Vol.:(0123456789)

Biomass Conversion and Biorefinery 
https://doi.org/10.1007/s13399-024-05941-3

ORIGINAL ARTICLE

Synthesis of Zr‑doped CeO2 nanoparticles for photocatalytic 
degradation of methyl orange and electrochemical properties

K. Haribaaskar1 · K. S. Yoganand1   · T. V. Rajendran1 · M. V. Arularasu2

Received: 29 March 2024 / Revised: 13 June 2024 / Accepted: 10 July 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
In this work, we have developed template-free growth of Zr-doped CeO2 and CeO2 nanoparticles using ultrasonic-assisted 
techniques for photocatalytic degradation of organic dyes. A variety of techniques such as XRD, FT-IR, FE-SEM, TEM, 
EDX, and UV–visible spectroscopy were used to study the structural, morphological, elemental, and optical properties of 
prepared samples. The Zr-doped CeO2 nanoparticles feature tiny, spherical nanoparticles that range in size from 10 to 20 nm, 
as shown by the TEM micrographs. The UV–visible absorption spectra of both pure CeO2 and Zr-doped CeO2 nanoparticles 
showed steadily increasing absorption in the visible region. Methyl orange (MO) dye was used to examine the photocatalytic 
dye degradation capabilities of pure CeO2 and Zr-doped CeO2 nanoparticles. The results of this work demonstrate that Zr-
doped CeO2 nanoparticles have a strong MO degradation efficiency (92%) in a time period of 80 min, which is higher than 
pure CeO2. The improved photocatalytic activity was achieved due to the Zr-doped CeO2 nanoparticles having an enlarged 
light absorption region and an effective electron–hole separation during the photodegradation process. The mechanics of dye 
degradation have been addressed with reference to the electrochemical impedance spectrum (EIS). These findings exhibit 
the suitability of the suggested material for real-world uses.
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1  Introduction

In recent years, fast-growing industrialization has led to a 
considerable increase in the use of dyes and pigments to color 
their products [1–3]. As a result, food and textile industries 
often discharge large amounts of organic pollutants into 
the water resulting in continuous destruction of our natural 
resources [4]. Discharging of these dyes into nearby water 
bodies is creating environmental pollution due to their high 
toxicity to humans and marine life; therefore, the elimination 

of environmental pollution is one of the widely researched 
topics [5]. Dye molecules, particularly azo-dyes, are a major 
class of synthetic organic compounds widely used in various 
consumer industries such as printing, leather, pharmaceutical, 
and cosmetics [6, 7]. The contamination of water by MO 
reduces the water quality and causes genotoxic, mutagenic, 
and carcinogenic effects on humans and effects on aquatic 
ecosystems [8]. Therefore, eliminating such dyes from 
the wastewater is a major task. Various methods have been 
employed to treat dye-polluted wastewater such as coagulation, 
filtration, chemical precipitation, and photocatalysis [9, 10]. 
Among the variety of techniques, semiconductor-based metal 
oxide photocatalysis is one of the favorable and efficient green 
techniques and a sustainable and cost-effective method for 
degrading harmful organic pollutants from wastewater. During 
photocatalytic degradation, organic pollutants break chemical 
bonds or decompose dyes into non-toxic chemicals with high 
elimination efficiency. Therefore, in this work, we chose the 
photocatalytic method for the degradation of MO dye.

CeO2 is a rare earth metal oxide semiconductor, which 
has been widely used for fuel cells, luminescent materi-
als, sensors, and UV blockers and as a catalyst due to its 
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versatile physical and chemical properties [11, 12]. CeO2 has 
a wide bandgap energy (3.19 eV) and large excitation binding 
energy; it is a promising photocatalyst for the degradation 
of organic pollutants [13]. Furthermore, the fast transition 
between the two oxidation states (Ce(III) and Ce(IV)) gener-
ates more oxygen vacancies, which makes CeO2 a promis-
ing material as a photocatalyst and for various applications 
[14–16]. However, CeO2 slightly absorbs visible light utiliza-
tion to separate electron–hole pairs because of the large band-
gap during photocatalysis. In order to overcome this problem, 
CeO2 is doped with transition and rare earth metals such as 
Co, Cr, Nb, Zr, Sm, and La, which can enhance the pho-
tocatalytic efficiency ascribed to promote the separation of 
electron–hole pairs, thus facilitating surface reaction [17–20].

In this present work, we report the preparation of pure 
CeO2 and Zr-doped CeO2 nanoparticles by an ultrasonic-
assisted method for MO dye. As per our knowledge, this is 
the first report to synthesize Zr-doped CeO2 nanoparticles by 
using an ultrasonic method for the application of photocata-
lytic degradation of MO dye. These methods were adopted 
due to the fewer steps involved and environment-friendly 
method. Various physico-chemical methods such as XRD, 
FT-IR, FE-SEM, TEM, and UV–visible spectroscopy were 
used for the confirmation of synthesized nanoparticles; fur-
ther, the photocatalytic mechanism is also discussed in the 
manuscript.

2 � Experimental section

2.1 � Chemical and reagents

Cerium nitrate hexahydrate (Ce(NO3)3.6H2O) (98%), zirco-
nium chloride (ZrCl2) (99.5%), absolute ethanol (C2H6O) 
(99.8%), ammonium hydroxide (NH4OH) (95–97%), and 
methyl orange (MO) (90%) are obtained from Sigma-Aldrich 
and used as received without further purification.

2.2 � Synthesis of CeO2 and Zr‑doped CeO2 
nanoparticles

In a conventional synthesis, 50  mL of deionized water 
and 15  mL of NH4OH were used to dissolve 2.9  g of 
Ce(NO3)3.6H2O and 1.3 g of ZrCl2 in order to maintain an 

acidic pH of around 7. Next, the reaction mixture was sub-
jected to a 3-h ultrasonic probe operation (20 kHz, 500 W, 
Sonics-VCX 500, Taiwan; 30 s each cycle). The reaction 
mixture produced an off-white precipitate that was repeat-
edly cleaned to remove contaminants using distilled water 
and ethanol. Zr-doped CeO2 powder was finally obtained 
by filtering, collecting, and vacuum-drying the precipitate 
for 3 h at 200 °C. The same process was used to generate 
pure CeO2 nanoparticles without the addition of zirconium 
chloride.

2.3 � Characterization techniques

Following the preparation of pure CeO2 and Zr-doped CeO2 
nanoparticles, experimental methodologies were employed 
to assess their crystalline structure, surface morphology, ele-
mental analysis, and optical properties which were estimated 
by various experimental techniques as presented in Table 1.

2.4 � Photocatalytic activity

MO in a concentration of 5 mg L−1 was used to evaluate the 
photocatalytic degradation properties of the prepared sam-
ples under visible light irradiation (300 W intensity with 
420 nm) at room temperature. Twenty-five milligrams of 
catalyst was mixed in 50 mL of MO solution and continu-
ally stirred for 30 min under a completely dark condition 
in order to achieve equilibrium between the adsorption and 
desorption of the dyes as well as the photocatalyst. Then, 
the solution was collected at equal intermissions from the 
reaction vessel and immediately centrifuged. The degra-
dation of the dye solution was followed by a UV–visible 
spectrophotometer in the range of 200–800 nm. In order to 
investigate the recycling of catalyst experiments, an identi-
cal catalyst was charged for four consecutive cycles. After 
each cycle, the catalyst was dried at 60 °C and cleaned with 
distilled water to eliminate any remaining dye impurities. 
A standard three-electrode system was utilized to perform 
electrochemical impedance spectroscopy (EIS) and linear 
sweep voltammetry (LSV) characterization. The working 
electrode was silver/silver chloride (Ag/AgCl), which served 
as the reference electrode. The counter electrode was a plati-
num wire that was used with 0.1 KCl electrolyte (CHI6116E 
electrochemical workstation).

Table 1   Experiment carried out 
for characterization

S. no Characterization Instrument

1 Crystallinity XRD (Shimadzu XRD 6000)
2 Functional group analysis FT-IR spectroscopy (JASCO FT/IR-6600 spectrometer)
3 Surface morphology and 

elemental analysis
FE-SEM with an energy-dispersive spectrometer (HITACHI 

S-3000N), TEM (Jeol/JEM 2100),
4 Optical absorption UV–visible analysis (UV–Vis double beam spectrometer, UV-2450)
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3 � Results and discussions

3.1 � XRD analysis

The structural analysis of samples is determined by XRD 
analysis using a radiation source of CuKα (λ = 1.5405 A). 
The XRD patterns of Zr-doped and pure CeO2 nanoparti-
cles are shown in Fig. 1. Both the XRD patterns clearly 
show high intensity and sharp peaks, which are indicative 
of the material’s crystalline nature. Diffraction peaks were 
observed at 2θ = 28.68°, 33.04°, 47.72°, and 56.52° which 
can be indexed to (111), (200), (002), and (040) planes, 
respectively, which represent the cubic phase structure of 
CeO2 nanoparticle exactly matched to the previous works 
of literature (JCPDS No. 89–8436) [16]. No other ZrO2/
Zr(OH)2 peak was detected for Zr-doped CeO2 nanoparti-
cles, representing that the product possesses high purity. 
However, after the addition of Zr into CeO2 nanoparticles, 
the peak position is slightly shifted (negligible peak shift) 
towards the higher 2θ which confirms the Zr getting incor-
porated into the CeO2 nanoparticles because of a very small 
difference in ionic radius of cerium and zirconium ions. The 
Scherrer formula [17] can be used to estimate the mean size 
of pure CeO2 and Zr-doped CeO2 nanoparticles by calculat-
ing the FWHM (full width at half maximum) of the XRD 
peak.

d = 0.89λ/βCosθ.
The (111) plane was used to compute the average crystal-

line size, and it was discovered that the crystalline sizes of 
pure CeO2 and Zr-doped CeO2 nanoparticles were 23 nm 
and 18 nm, respectively.

3.2 � FT‑IR analysis

In order to confirm the attached functional groups of both 
samples, the FT-IR spectra were recorded at room tempera-
ture. Figure 2 presents the FT-IR spectra of the pure CeO2 
and Zr-doped CeO2 nanoparticles. In all the samples, the 
presence of a predominant and sharpest peak that appeared 
at 425 cm−1 was related to Ce–O bonds which confirms the 
presence of CeO2 [17]. Different small bands appeared at 
641 cm−1 and 746 cm−1 representing the functional groups’ 
(Ce–O-Ce) symmetric and asymmetric stretching vibra-
tion respectively [21]. Characteristic peaks of 1009 cm−1 
match to the symmetric stretching mode of the Ce3+/Ce4+ 
vibration bonds. The peak band that appeared at 3391 cm−1 
could be assigned to O–H stretching vibration which is due 
to the existence of phenol and alcohol groups [22, 23]. The 
appearance of new peaks in Zr-doped CeO2 nanoparticles 
compared to CeO2 nanoparticles might be associated with 
the change in bond strength and bond angle of CeO2 due to 
the incorporation of Zr into the CeO2 crystal lattice [24].

3.3 � FE‑SEM and TEM analysis

The microstructure and morphology of Zr-doped CeO2 
nanoparticles and CeO2 nanoparticles were examined using 
FE-SEM analysis. The FE-SEM pictures of the Zr-doped 
CeO2 nanoparticles and CeO2 nanoparticles are displayed 
in Fig. 3. The CeO2 nanoparticle sample (Fig. 3a) exhibits 
a clustered morphology with reduced porosity and packed 
polygonal forms. The FE-SEM picture of Zr-doped CeO2 
nanoparticles, as displayed in Fig. 3b, indicates the presence 
of significant porosity with a polygonal cluster shape. 
Generally, nanoparticle-like morphology and dopant ions 
may provide greater surface area and more active sites 

Fig. 1   XRD pattern of CeO2 nanoparticles and Zr-doped CeO2 nano-
particles

Fig. 2   FT-IR spectra of CeO2 nanoparticles and Zr-doped CeO2 nano-
particles
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on the sample surface which have extreme photocatalytic 
performance against MO dye. The elemental analysis 
(qualitative and quantitative) of the prepared samples was 
examined by EDX spectra (Fig. 3c), which confirmed the 
samples contained cerium (Ce), oxygen (O), and zirconium 
(Zr) without any other impurities. A typical TEM image 

of CeO2 nanoparticles and Zr-doped CeO2 nanoparticles 
is shown in Fig. 4a and b. From the TEM results, it can 
be observed the aggregate of particles with less voids and 
highly crystalline CeO2 nanoparticles. These available voids 
facilitate better photocatalytic performance against the MO 
dye [25, 26].

Fig. 3   a) FE-SEM images of CeO2 nanoparticles, b) Zr-doped CeO2 nanoparticles, c) EDX spectrum of Zr-doped CeO2 nanoparticles

Fig. 4   a) TEM images of CeO2 
nanoparticles, b) Zr-doped 
CeO2 nanoparticles
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3.4 � UV–Visible spectra

The optical properties of the prepared samples were stud-
ied using UV–Vis absorption spectra and are shown in 
Fig. 5. The absorption edge of both samples appeared at 
the visible region absorption edge; furthermore, a slight 
red shift was observed for Zr-doped CeO2 nanoparticles 
compared to CeO2 nanoparticles. The absorption occurs in 
a visible region for both samples, which can suggest the 
charge exchange transition of electrons to the infilled Ce 
orbital from the O valence band. The observed slight red 
shifting of absorption may be due to the occupancy of the 
Zr dopant (cation) near the conduction band edge of CeO2. 
The observed bandgap values for CeO2 nanoparticles and 
Zr-doped CeO2 nanoparticles are 3 eV and 2.85 eV, respec-
tively. The optical bandgap has been reduced for Zr-doped 
CeO2 nanoparticles due to plasmon resonance band. Factors 
such as the shape and small size of particles influenced the 
plasmon resonance band formation [27].

4 � Photocatalytic activity

The effectiveness of CeO2 nanoparticles and Zr-doped CeO2 
nanoparticles in photocatalytic dye degradation of MO solu-
tion under visible light irradiation was used to assess their 
photocatalytic performance. Using Zr-doped CeO2 nanopar-
ticles, the complete MO dye photodegradation was stopped 
after 80 min, as shown in Fig. 6a. It is evident that as the 
degradation process progressed, the distinctive absorption 
peak at 464 nm increasingly shrank. Equation 1 is utilized 
to determine the photocatalytic degradation efficiency of Zr-
doped CeO2 nanoparticles.

C0 and Ct represent the concentration of MO molecule 
at the initial stage and at any time “t” min. The degrada-
tion process performed by using CeO2 nanoparticles and 
Zr-doped CeO2 nanoparticles catalyst and blank experi-
ment shows the different degradation rates of 92% and 
78%, respectively (Fig. 6b). The enhancement in the pho-
tocatalytic activity of Zr-doped CeO2 nanoparticles may be 

(1)� =
−ln(C

0
− C

t

C
0

× 100%

Fig. 5   a) UV–visible spectra 
and b) bandgap of CeO2 nano-
particles and Zr-doped CeO2 
nanoparticles

Fig. 6   a) Variation in the 
absorption spectra of MO on 
Zr-doped CeO2 nanoparticles, 
b) photodegradation activity 
of CeO2 and Zr-doped CeO2 
nanoparticles
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due to several factors: (i) morphology modification during 
incorporation of Zr ion CeO2 nanoparticles; (ii) Zr-dopant 
ions which can act as charge carrier trap points in the host 
lattice bandgap and inhabitation of the electron–hole recom-
bination. For comparison, the calculated photocatalytic dye 
degradation efficiencies of Zr-doped CeO2 nanoparticles 
against MO dye are compared with previous literature listed 
in Table 2 [28–33]. From the tabulated values prepared, Zr-
doped CeO2 nanoparticles are one of the efficient materials 
for the degradation of MO dye.

4.1 � Photocatalytic reusability

A catalyst’s reusability is a critical indicator of its practical 
application. MO photodegradation cycle experiments were 
conducted to investigate its reusability; it reveals that after 
four photocatalytic cycles (1st (92%), 2nd (91%), 3rd (89%), 
and 4th (88.%)), MO degradation efficiency only changed 
3.9% over Zr-doped CeO2 nanoparticles (Fig. 7). The finding 
that the photocatalytic activity was not greatly reduced indi-
cates that the durability of the Zr-doped CeO2 sample was 
not severely impacted by the MO photodegradation process.

4.2 � Photocatalytic mechanism of Zr‑doped CeO2

On the outer layer of metal nanoparticles illuminated by vis-
ible light, electrons (e-) in Zr-doped CeO2, holes (h +) are 
produced in the valence band (VB) as electrons are driven 
from the VB to the CB [34–36]. The photocatalytic activity 
is enhanced when CB-stimulated electrons are present in 
Zr-doped CeO2, whereas electron–hole pair recombination 
rates are reduced. Peroxide radical anions (•O2

─) are created 
by the CB electron’s reaction towards the dissolved oxygen 
molecules, while hydroxyl radicals (•OH) are created by the 
interaction of holes and OH- ions. The MO dye breaks down 
and releases CO2 and H2O when it is near species of •OH 
and •O2

─. Further carrier charge separation was confirmed 
by the EIS and LSV method.

4.3 � Electrochemical properties

Electrochemical impedance (EIS) and linear sweep voltam-
metry (LSV) were performed to explore the charge-transport 
properties of the photocatalyst. As shown in Fig. 8a, the 
interfacial charge-transfer properties of pure CeO2 nano-
particles and Zr-doped CeO2 nanoparticle photocatalyst-
modified electrodes are investigated by the EIS measure-
ment. Both photocatalyst-modified electrode EIS plots have 
semicircular arcs. The arc area of the semicircle in the EIS 
plot is equal to the resistance of the interface layer aris-
ing at the electrode surface; it can be seen that Zr-doped 
CeO2 nanoparticle photocatalyst-modified electrodes show 
a smaller semicircle arc which corresponds to the lower 
charge transfer resistance and effective separation of photo-
induced electron – holes as well as faster electron transfer 
so high conductivity of the photocatalyst [37, 38] compare 
than pure CeO2. A semicircle with the smallest arc of Zr-
doped CeO2 nanoparticles indicating doping of Zr ion can 
greatly accelerate the charge transfer rate of Zr-doped CeO2 

Table 2   Comparison of the other commercial photocatalyst efficiency against different dyes with Zr-doped CeO2 photocatalyst efficiency

S. no Photocatalyst (amount of photocatalyst) Dyes (volume) Intensity of light Dye degra-
dation time 
(min)

Dye degradation 
efficiency (%)

Ref

1 ZnO nanoparticles (50 mg) Methyl orange (100 mL) UV light 180 80 [28]
2 Activated carbon-doped CeO2 (20 mg) Crystal violet (60 mL) Halogen lamp (72 W) 135 97.9 [29]
3 Pd-doped TiO2 (10 mg) Methyl orange (20 mL) Mercury lamp (100 W) 180 75 [30]
4 Carbon-encapsulated V2O5 (15 mg) Crystal violet (60 mL) Halogen lamp (72 W) 105 98 [31]
5 Co3O4 nano arc (5 mg) Rhodamine B (50 mL) Solar simulator (150 W) 180 97 [32]
6 La-doped CeO2 (5 mL) Methyl blue (60 mL) Xenon lamp (150 W) 30 70 [33]
7 Present work (25 mg) Methyl orange (50 mL) Visible light (300 W) 80 92 -

Fig. 7   Reusable performance for the degradation of MO dye using 
Zr-doped CeO2 photocatalyst
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sample and can be used as an excellent photocatalyst for the 
dye degradation process.

Meanwhile, the linear sweep voltammetry (LSV) was car-
ried out to confirm the photogenerated charge carrier separa-
tion efficiency of the photocatalyst. As displayed in Fig. 8b, 
it can be seen that the Zr-doped CeO2 nanoparticle modified 
electrode enhanced photocurrent density more than the pure 
CeO2 nanoparticle modified electrode. Therefore, the above 
results confirmed that the Zr-doped CeO2 interface that can 
effectively separate electron–hole pairs resulting from the 
dopant of Zr ion into CeO2 can promote the photocatalytic 
degradation efficiency of Zr-doped CeO2 nanoparticles.

5 � Conclusions

In conclusion, methyl orange was broken down using an 
ultrasonic synthesis of pure CeO2 and Zr-doped CeO2 
nanoparticles. By using XRD, FT-IR, FE-SEM, TEM, and 
UV–visible spectroscopy, the structural, morphological, 
and optical characterizations of pure CeO2 and Zr-doped 
CeO2 nanoparticles were verified. In the visible region, the 
bandgap values of pure CeO2 and Zr-doped CeO2 nanopar-
ticles were found to be 3 eV and 2.85 eV, respectively, based 
on their cubic face structure. Zr-doped CeO2 nanoparticles 
indicated the highest photodegradation efficiency of 92% of 
MO during 80 min of visible light irradiation over the pure 
CeO2. Investigated Zr-doped CeO2 nanoparticle photocata-
lyst was suitable for practical application in MO treatment 
as it showed higher activity even after 4th cycle. Overall, 
this ultrasonic-assisted method affords a very efficient route 
for the preparation of stable and effective Zr-doped CeO2 
nanoparticle catalyst for the MO dye from various industrial 
effluents.
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