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2/ZrO2/ZnO nano alloy oxide and
investigation of photocatalysis of naphthol orange
under sunlight

Anik Sinha,b Sanjay Kumar Sahu,a Suman Biswasb and Tanmay Kumar Ghorai *a

Novel metal-like cerium- and zirconium-doped ZnO photocatalysts were prepared herein with various

proportions of molar ratios via a cost-effective co-precipitation method. The effects of novel metal doping

on the photocatalytic activity of ZnO were studied. Various techniques were used to investigate the

structural, morphological, and elemental composition, particle size, optical properties, and catalytic activity

of the synthesized photocatalysts. It was found that the crystallite size and particle size of the nano alloy

oxides were 15.12 ± 1 and 5 ± 1 nm, respectively, and the surface morphology of the nanoparticles indicated

a satisfactory surface area. Among all synthesized nanocomposites, CexZrxZnxO5 (x = 1) [CZ1Z2-A] exhibited

satisfactory photo-oxidation activity against naphthol orange (NO) under sunlight with a rate constant of

57.5 × 10−3 min−1. The effects of pH, inorganic salts, dye concentrations, and catalytic dosage on NO

degradation were studied. A probable mechanistic pathway for the degradation of NO in the presence of

CZ1Z2-A was proposed, and studies of sacrificial agents indicated that superoxide radical anion (O2c
−) was

the main accountable active species in NO degradation. In addition, CZ1Z2-A exhibited excellent recyclability

potential, and XRD studies revealed that there was no change in the crystal structure before or after

degradation, which indicated its high stability. The intriguing finding was that Ce- and Zr-doped ZnO did not

exhibit satisfactory catalytic performance in the photo-oxidation of NO. However, the composite formula of

CexZrxZnxO5 (x = 1) with a 1 : 1 : 1 ratio of metal ions offered excellent catalytic activity.
1. Introduction

Due to the increase in the Earth's population and industriali-
zation, the textile and pharmaceutical industries continuously
release into the environment organic pollutants contained in
wastewater that has not undergone any type of purication.1,2

Azo dyes are the most commonly used dyeing agents in the
textile industries, and account for more than 60% of the total
dyes used. These dyes contain an azo bond and are highly toxic,
carcinogenic, and mutagenic to human and aquatic life. The
continuous release of this toxic pollutant results in a long-term
adverse effect on the environment.3 Therefore, it is necessary to
use a suitable method to treat wastewater containing this
organic pollutant to remove dyes. Several techniques such as
adsorption, ion exchange, coagulation, occulation, reverse
osmosis, ultraltration, and biological treatment have been
employed to remediate this problem, but each of these has its
limitations, i.e., high cost, limited versatility, increase in salt
content in the waste matter, and other disposal problems.4
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Heterogeneous photocatalysis was found to be very effec-
tive for the treatment of toxic organic pollutants due to its
low cost, harmless products (CO2, H2O), reusability, and
facile separability.5–9 The mechanism of heterogeneous
photocatalysts relies on the photogeneration of electrons (e−)
and holes (h+) when subjected to suitable light, and their
subsequent migration to the catalyst surface. Then, these
electrons and holes react with water and air to form reactive
oxygen species (ROS), which then react with adsorbed
organic pollutants and degrade them into harmless
products.10

Among several heterogeneous photocatalysts, zinc oxide
(ZnO) was found to be most promising for the treatment of toxic
azo textile dyes due to its low cost, high physical and chemical
stability, wide bandgap, and large extinction binding energy (60
meV).11–13 However, ZnO nanostructures are characterized by
low photocatalytic efficiency due to the rapid recombination of
electrons and holes and photocorrosion. ZnO also exhibits low
photocatalytic activity under sunlight.14,15

Metal ion doping, coupling with another semiconductor,
and surface modication by noble metal can improve the
photocatalytic activity of ZnO by bandgap alternation, reduction
of electron–hole pair recombination, and increase in defects
such as oxygen vacancy.16,17 Cerium oxide (CeO2) and zirconium
oxide (ZrO2) are major components in the rare earth family.
RSC Adv., 2023, 13, 22029–22042 | 22029
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Cerium oxide improves the activity of photocatalysts by
reducing electron–hole pair recombination through its
electron-trapping sites (Ce4+).16 Because the ion exchange
capacity of ZrO2 is high, its redox activity is enriched with
oxygen vacancies, and its overall composite charges are neutral,
it is an excellent photocatalytic material.18 Jeyaraj et al. reported
enhanced photocatalytic activity of CeO2/ZnO nanospheres
against brilliant green dye as compared to pure CeO2 and ZnO.19

Wahba et al. showed that ZrO2/ZnO exhibits excellent photo-
catalytic activity against indigo carmine and methylene blue
under UV light.18 Li et al. reported an increase in photocatalytic
activity against rhodamine B (Rh-B) dye by CeO2/ZnO under UV
light.20 Quintana et al. reported increased photocatalytic activity
of ZrO2/ZnO compared to pure ZnO and ZrO2 under UV light.21

In this work, ZnO was modied with two proportions of
inner transition metal ions Ce4+ and Zr4+ to form a nano-sized
CexZrxZnxO5 (x = 1) [CZ1Z2-A] photocatalyst. We used a simple
co-precipitation method for synthetic purposes due to its low
cost, high reproducibility, and no requirement of external
temperature, pressure, expensive devices, or organic solvents.15

Initially, our target was to synthesize Ce4+- and Zr4+-doped ZnO,
which exhibited poor photocatalytic activity. However, when we
prepared CexZrxZnxO5 (x = 1) (1 : 1 : 1) nanocomposites, they
proved to be excellent for photo-oxidation of napthol orange
(NO). There have been no reports thus far on the synthesis of
this nano alloy oxide photocatalyst or its photocatalytic activity
against NO. CexZrxZnxO5 (x = 1) [CZ1Z2-A] showed stronger
photocatalytic activity as compared to CexZryZnyO5 (x = 0.1, y =
0.45) [CZ1Z2-B] and individual Ce4+- and Zr4+-doped metal ions
in ZnO composites for the photodegradation of NO under
sunlight irradiation.
Scheme 1 Flowchart diagram for synthesis of CeO2/ZrO2/ZnO nano all

22030 | RSC Adv., 2023, 13, 22029–22042
2. Experimental section
2.1. Chemicals required

(NH4)2Ce(NO3)6 (SDFCL Sd Fine Chemicals), ZrO(NO3)2$xH2O
(SDFCL Sd Fine Chemicals), ZnO (Qualigens Fine Chemicals),
NH4OH, dilute HNO3, EtOH, and NO (analytical grade) were the
essential analytical reagents used for this experiment. Distilled
water was used for the preparation of all aqueous solutions.
2.2. Synthesis of doped and alloy metal photocatalysts

The CexZr1−xO4 (x = 0.1) [CZ1], CexZn1−xO3 [CZ2], CexZrxZnxO5

(x = 1) [CZ1Z2-A] (weight taken as a 1 : 1 : 1 molar ratio), and
CexZryZnyO5 (x= 0.1, y= 0.45) [CZ1Z2-B] (weight taken as 10% of
Ce and 90% of equal proportions of Zr and Zn) mixed oxide
nanocomposites were prepared by a co-precipitation method.
According to the composition, the prerequisite amounts of
(NH4)2Ce(NO3)6 (5.20 g) and ZrO(NO3)2$xH2O (2.31 g) were
separately dissolved in a minimum volume of water and dil.
HNO3, respectively, and then stirred for 10 minutes. ZnO (0.81
g) is sparingly soluble in water, and therefore, a few drops of
dilute HNO3 were added until it completely dissolved. Then, it
was stirred for an additional 10 minutes. A solution of (NH4)2-
Ce(NO3)6, ZrO(NO3)2$xH2O, and ZnO was poured into a single
beaker and cautiously observed to ensure that there was no
precipitate. Next, 6 mL of ethanol was added to the solution,
and the mixture was stirred for 30 minutes.

Then, 5 M NH4OH was added dropwise to the mixture until
a complete precipitate appeared with constant stirring, and the
pH was maintained at 8–9. The obtained precipitate was ltered
and washed with deionised water and ethanol, and then dried at
100 °C in a hot air oven for 6 h. The resulting solid oxide was
crushed with a pestle, and we obtained our desired nano alloy
oy oxide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Images of CZ1Z2-A, CZ1Z2-B, CZ1, CZ2, and Z1.
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oxide material. The total synthesis of CexZrxZnxO5 (x = 1)
[CZ1Z2-A] is presented in Scheme 1. The other doped novel
metal ZnO photocatalysts were prepared following the same
procedure according to their composition. Images of the
different synthesized nanocomposites are shown in Fig. 1.

2.3. Procedures for NO measurement by UV-Vis
spectrophotometer

The photocatalytic activity of the prepared nanocomposites was
investigated by treating them with the model dye NO under
sunlight. For this purpose, a 250 mL stock solution of 10 mM
NO was prepared by dissolving in the required amount of
ethanol and water. Then, its absorbance was adjusted to
approximately 1 using a UV-visible spectrophotometer with the
addition of the required amount of distilled water.

To investigate the photocatalytic efficiency of the prepared
photocatalyst, 0.20 g of the prepared catalyst was added to each
set of 25 mL of standard NO dye solutions and exposed to
sunlight. All of the photocatalytic experiments were performed
between 10:00 am and 3:00 pm during different months
(October 2022 and May 2023). The average sunlight irradiation
was measured, and its value was 137 mW cm−2. The decom-
posed dye solution was removed by siphoning every 10 min.

The photocatalytic degradation efficiency of all photo-
catalysts was determined using the same process. In the pres-
ence of a photocatalyst, the degradation of NO follows rst-
order kinetics. The following equation, Co/C = kt, was used to
calculate the rate constant of the photocatalytic reaction (where
Co denotes the initial concentration at ‘0’ minutes, and ‘C’
denotes the concentration at time ‘t’). The graph of ln Co/C vs.
time interval was used to determine the value of k, where Co and
C denote the concentration of NO dye at time t = 0 and t = t,
respectively. The percentage of degradation of dyes by different
nano alloy oxides was determined using the equation (C0 − Cf)/
C0, where C0 and Cf denote the initial and nal concentrations
of dye (ppm), respectively.

2.4. Characterization

The photocatalytic activity of all synthesized nano alloy oxides
was compared, and based on the highest photocatalytic activity,
the nanocomposite, i.e., CexZrxZnxO5 (x= 1) [CZ1Z2-A], was used
for further characterization studies. The crystal structure of all
© 2023 The Author(s). Published by the Royal Society of Chemistry
composites was obtained by X-ray diffraction (XRD) at room
temperature using a D8 Advance BRUKER instrument, equip-
ped with Cu Ka (1.54060 Å) as the incident radiation. The
Scherrer equation was used for the calculation of crystal size: D
= Kl/b cos q, K = 0.9, D = crystal size (Å), l = wavelength of Cu-
Ka radiation, and b = corrected half-width of the diffraction
peak. FT-IR spectral analyses were performed at room temper-
ature using a PerkinElmer Paragon 1000 FT-IR spectrometer.
The KBr technique was used to record the spectra. The FT-IR
spectrum of CeO2/ZrO2/ZnO oxide nanoparticles was recorded
in the range of 4000 to 450 cm−1. A UV-visible spectrometer (UV-
1800, Shimadzu) was used for the measurement of absorbance.
The average grain sizes of the nanocomposite were measured
using scanning electron microscopy (SEM) (JEOL JMS-6390).
The nanocomposite CexZrxZnxO5 (x = 1) [CZ1Z2-A] was exam-
ined to determine the atomic level dispersion through energy
dispersive X-ray spectroscopy (EDX) (JEOL JMS-6390). The ne
structure of the prepared sample was analyzed by transmission
electronic microscopy (TEM) (Model Philips TM-30, Philips
Research Laboratories). Fluorescence spectrophotometry (Per-
kinElmer FL 6500) was used to obtain photoluminescence
measurements at room temperature.

3. Results and discussion
3.1. XRD analysis

Powder XRD techniques were used to analyze and conrm the
crystal structure of the synthesized nanocomposites. The XRD
patterns of CZ1Z2-A, CZ2, Z1, and CZ1, CZ1Z2-B are shown in
Fig. 2(a) and (b), respectively. The XRD patterns of CZ1Z2-A
exhibited wide and broad diffraction peaks 2q of 28.75°, 48.03°,
57.61° and exhibited (hkl) values of (111), (220), and (311) cor-
responding to the face-centered uorite cubic structure of CeO2

(JCPDS No. 34-0394) with no impurities.22 The absence of any
other peak of zinc or zirconium in CZ1Z2-A could be due to the
partial replacement of small-sized Zn2+ (0.09 nm) and Zr4+

(0.084 nm) ions by Ce4+ (0.097 nm) ions.23,24 In addition, it was
observable that the diffraction peaks of CeO2 were measured at
a slightly higher angle in the case of CZ1Z2-A in comparison to
CZ2. The crystalline size of CZ1Z2-A was 15.12 ± 1 nm, as
determined using the Scherer method and corresponding to the
maximum intensity (111) peak. In the XRD pattern of CZ1Z2-B,
the (111) and (311) planes conrmed the formation of a face-
RSC Adv., 2023, 13, 22029–22042 | 22031
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Fig. 2 (a) XRD patterns of CZ1Z2-A, CZ2, and Z1. (b) XRD patterns of CZ1Z2-B and CZ1.
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centered uorite cubic structure in CeO2. In addition, the (220)
peak of ZrO2 was observed in CZ1Z2-B, which could be due to the
increase in the Zr content in CZ1Z2-B.

3.2. FT-IR spectroscopy

The FT-IR spectra of CexZr1−xO4 (x = 0.1) [CZ1], CexZn1−xO3

[CZ2], CexZrxZnxO5 (x= 1) [CZ1Z2-A], and CexZryZnyO5 (x = 0.1, y
= 0.45) [CZ1Z2-B] are shown in Fig. 3, where spectral bands
appear at 3455, 2427, 1628, 1384, 833, 735, and 628 cm−1. The
bands observed at approximately 3455 cm−1 were assigned to
the stretching vibration of the –OH groups, and 1628 cm−1 was
assigned to the bending vibration of H–O–H, due to the
absorbed water molecule. The band at approximately 1384 cm−1

was attributed to the C]O bond of absorbed CO2. The presence
of CO2 mode in the FT-IR spectrum could be due to the trapping
of atmospheric CO2 by the nanocomposites.25 The peak at
833 cm−1 corresponded to the Ce–O bond.26 The sharp band at
approximately 735 cm−1 may be due to the Zr–O stretching
Fig. 3 FT-IR spectrum of the CZ1, CZ2, CZ1Z2-A, and CZ1Z2-B
photocatalysts.

22032 | RSC Adv., 2023, 13, 22029–22042
mode.27 The band located at approximately 628 cm−1 was
attributed to Zn–O deformation.28

3.3. Field emission scanning electron microscopy (FESEM)
analysis

FESEM of CZ1Z2-A was performed to obtain information
regarding its surface morphology and to determine its grain
size. FESEM images of CZ1Z2-A are shown in Fig. 4(a)–(d) at
magnications of 500×, 1500×, 3500×, and 7000×, respec-
tively. From the FESEM images, we cannot accurately predict
the shape or size of the CZ1Z2-A nanoparticles. However, the
average grain size of the CZ1Z2-A nanoparticles is 100 ± 5 nm.

3.4. EDX analysis

The elemental description of CZ1Z2-A was obtained from EDX
analysis, which is shown in Fig. 5. Absorption peaks of cerium,
zirconium, zinc, and oxygen were found in the EDX spectrum,
and the absence of any other foreign elements or impurities
indicates the purity of the nanocomposites. The peaks located
at 1 keV, 2 keV, and 5 keV are characteristic of zinc, zirconium,
and cerium, respectively. The atomic% values for metal ions are
shown in Table 1 for the CZ1Z2-A nanocomposites. The atomic%
values for Ce : Zr : Zn are almost equal, and 1 : 1 : 1 indicates
satisfactory homogeneity.

3.5. TEM analysis

The particle size, morphology, size distribution, and crystal-
linity of nanocomposites were evaluated with the assistance of
TEM. Fig. 6 interprets the mesoporous nature of the CZ1Z2-A
nano alloy oxide. The average particle size of the CZ1Z2-A nano
alloy oxide was 5± 1 nm. The particle size distribution of CZ1Z2-
A is shown in Fig. 6(e).

3.6. Photocatalytic activity

The photo-oxidation of NO solution to a colourless solution
with the prepared photocatalysts under sunlight irradiation is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a)–(d) FESEM images of the CZ1Z2-A nanocomposite at different magnifications.
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shown in Fig. 7(a). The UV-visible spectra were measured aer
irradiation of NO with CZ1Z2-A compositions, and the corre-
sponding absorbance of dyes was found at 484 nm, which is
shown in Fig. 7(b). The decolourization pattern of NO at
different time intervals is shown in Fig. 7(a) (inset). The time
required for the complete degradation of NO by CZ1Z2-A was 50
minutes. Fig. 7(a) indicates that an equimolar proportion of
CexZrxZnxO5 (x = 1) [CZ1Z2-A] nanocomposites exhibited
stronger photocatalytic activity as compared to other nano-
composites. The degradation rate constant of NO under
sunlight in the presence of CZ1Z2-A was 66.6 × 10−3 min−1,
which was measured aer approximately 80% decolourization
(30 minutes) of dye, and the degradation efficiency was 91.2%.
The reaction rate constant and degradation efficiency of
different nanocomposites are shown in Table 2.

3.7. Effects of salts and pH on degradation efficiency

The photo-oxidation of NO in the presence of CZ1Z2-A and
different salts was investigated under sunlight, and is shown in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 8(a). For this purpose, 10 mM NaNO3, NaCl, and Na2SO4

was used, and their effect on degradation efficiency (%) is
shown in Fig. 8(b). In the presence of NO3

−, the degradation (%)
of dyes slightly increased due to the formation of hydroxyl
radical by the protonation of produced Oc− (ref. 29) (eqn (1) and
(2)).

NO3
− + light / NO3c

− / NO2
− + Oc− (1)

Oc−+ H2O / cOH + OH− (2)

Cl− + cOH / Clc + OH− (3)

SO4
2− + cOH / SO4c

− + OH− (4)

The decrease in the photodegradation efficiency in the
presence of Cl− and SO4

2− is due to their ability to scavenge
ROS, i.e., hydroxyl radical, which is the key species for the
degradation of dyes (eqn (3) and (4)).30
RSC Adv., 2023, 13, 22029–22042 | 22033
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Fig. 5 EDX spectrum of CZ1Z2-A.

Table 1 Elemental analysis and determination of weight% and
atomic% for CZ1Z2-A

Element Line type Wt% Atomic%

0 K series 24.65 67.43
Zn K series 14.81 9.92
Zr L series 22.35 10.72
Ce L series 38.19 11.93
Total: 100 100
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The effect of different pH on the photocatalytic dye degra-
dation of NO was studied in the presence of the CZ1Z2-A
nanocomposite under sunlight, which is shown in Fig. 9(a). For
this purpose, a degradation study was conducted at pH= 2, 4, 7,
and 11. As the change was made from a basic to an acidic
medium, the degradation efficiency of dyes increased, which is
shown in Fig. 9(b). We used 0.1 M HCl and NaOH for the
adjustment of pH within the range of 2 to 11. The point of zero
charge (PZC) for CeO2-based compounds is approximately 6.5.31

When the pH of the solution was higher than 6.5, an elec-
trostatic repulsion occurred between the negatively charged
nanocomposite surface and anionic dye. The amount of dye
degradation decreased with increasing pH due to an increase in
the repulsion between the surface of the catalyst and dye. A
decrease in the pH below the PZC increased the dye degradation
due to the increase in the attraction between the positively
charged nanocomposite surface and anionic dye, which is
visible in Fig. 9(b). In addition, as the pH value increased, the
formation of ROS, i.e., active hydroxyl radical (cOHc), was fav-
oured,32 and the photocatalytic degradation rate increased.
22034 | RSC Adv., 2023, 13, 22029–22042
3.8. Effect of catalytic dosage and initial concentration of
dye on the degradation efficiency

To avoid wasting photocatalyst, it was necessary to optimize the
catalyst amount in the photocatalytic degradation experiments.
The effect of the dosage of CZ1Z2-A was investigated by studying
NO degradation using 0.10–0.30 g of photocatalyst for 50 min,
which is shown in Fig. 10(a). The degradation percentages
increased as the quantity increased from 0.10 g to 0.30 g, which
are shown in Fig. 10(b). CZ1Z2-A was a satisfactory adsorbent of
dye with a high surface area.33 As the catalyst dose increased, the
amount of adsorbed dye on the surface of the photocatalyst
increased. This adsorbed dye molecule can rapidly react with
ROS, with subsequent degradation.

In addition, with increasing catalyst quantity, the amount of
Ce4+/Ce3+ increased, which can lead to the generation of addi-
tional ROS, and thus increased dye degradation.34 There was
less of an increase in the dye degradation rate as the catalytic
dosage increased from 0.20 g to 0.30 g. This could be due to the
decrease in photon penetration with increasing catalytic
dosage, which leads to a decrease in the formation of ROS.35

The effect of the initial concentration of NO dye on the
degradation efficiency was investigated. The concentration of
dye varying from 30 mg L−1 to 50 mg L−1 with 0.20 g photo-
catalyst (CZ1Z2-A) and the degradation efficiency are shown in
Fig. 11.

Fig. 11 shows that as the initial dye concentration increased
from 30 mg L−1 to 50 mg L−1, the rate of photocatalytic degra-
dation decreased from 94% to 82%. This occurred because with
increasing dye concentration, the amount of photon penetra-
tion decreases. As a result, the amount of interaction between
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a)–(d) TEM of CZ1Z2-A. (e) Particle size distribution of CZ1Z2-A.
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photons and the surface of the photocatalyst decreases, which
in turn decreases the formation of ROS, and thus, the degra-
dation rate decreases.36 The number of photocatalytically
© 2023 The Author(s). Published by the Royal Society of Chemistry
generated ROS remained the same in all these cases because the
quantity of photocatalyst was the same. To maintain the equi-
librium, a higher concentration of ROS must be used to degrade
RSC Adv., 2023, 13, 22029–22042 | 22035
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Fig. 7 (a) The changes in the concentrations of NO in the presence of CZ1Z2-A, CZ1Z2-B, CZ1, CZ2, Z1, Z2, and sunlight. (b) Degradation of NO in
the presence of CZ1Z2-A at a constant time interval at 484 nm.

Table 2 Rate constant and degradation rate of NO by photooxidation
in the presence of CZ1Z2-A, CZ1Z2-B, CZ1, CZ2, Z1, and Z2

a

Sample Acronym
Reaction rate constant,
k (10−3 min−1)

CexZrxZnxO5 (x = 1) CZ1Z2-A 57.5
CexZryZnyO5 (x = 0.1, y = 0.45) CZ1Z2-B 10.17
CexZr1−xO4 (x = 0.1) CZ1 43.39
CexZn1−xO3 (x = 0.1) CZ2 12.5
ZrO2 Z1 8.75
ZnO Z2 36.67

a The reaction rate measured aer 80% (30 minutes) degradation of
dyes.
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a higher concentration of dye if the catalyst amount remains
constant.37 Therefore, it is obvious that with an increasing
quantity of dye, the degradation rate should decrease because
the formation of ROS remains constant.
Fig. 8 (a) Changes in concentrations of NO in the presence of CZ1Z2-A
Degradation (%) of NO using CZ1Z2-A in the presence of different salts a

22036 | RSC Adv., 2023, 13, 22029–22042
3.9. Recyclability and stability of the CZ1Z2-A nanocomposite

An important characteristic of any heterogeneous photocatalyst
is its recyclability. To investigate the reusability of CZ1Z2-A, the
difference in the degradation rate of NO was determined with
recycle tests that were performed under the same reaction
conditions for up to 50 minutes. Aer each test, CZ1Z2-A was
ltered and repeatedly washed with ethanol and water to
remove any trace amounts of organic dye compounds. It was
subsequently dried in a hot air oven at 100 °C for 3 h, and then it
was ready to be used for the next test.

According to Fig. 12(a), aer the rst two tests, the rate of
degradation remained nearly the same (92% to 84%). During
the third test, there was a decrease in the degradation of NO
(66%). A decreased degradation rate could be due to the loss of
photocatalyst aer each cycle, and also, aer each cycle, the
sample was dried for 3 h, whereas initially, it was dried for 6 h.
The results indicate that the CZ1Z2-A photocatalyst can be
and 10 mM NaNO3, NaCl, and Na2SO4 under sunlight irradiation. (b)
t different time intervals.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) The changes in the concentrations of NO in the presence of
CZ1Z2-A at different pH values under sunlight. (b) The changes in the
degradation rate of NO dye in the presence of CZ1Z2-A at different pH
values under sunlight.

Fig. 10 (a) Changes in the concentrations of NO in the presence of diff
degradation rate of NO in the presence of different catalytic dosages of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reused multiple times, which is a characteristic of a perfect
heterogeneous photocatalyst.

To conrm the stability of the photocatalyst aer repeated
usage, the XRD pattern of CZ1Z2-A was investigated before the
reaction and aer the third cycle, which is presented in
Fig. 12(b). Aer the third cycle, the characteristics of the XRD
peaks remained unchanged, which conrms the stability of the
photocatalyst.
3.10. Optical analysis

To analyse the optical property of the synthesized nano-
composite, the UV-visible absorption spectra of CZ1Z2-A were
recorded between 200 to 700 nm, which is shown in Fig. 13(a).
The optical band gap of the nanocomposite was determined
using Tauc's formula (eqn (5)):

(ahn)n = A(hn − Eg) (5)
erent catalytic dosages of CZ1Z2-A under sunlight. (b) Changes in the
CZ1Z2-A under sunlight.

Fig. 11 Effect of initial dye concentration on the photodegradation of
NO by CZ1Z2-A.

RSC Adv., 2023, 13, 22029–22042 | 22037
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Fig. 12 (a) Recycling experiment of photocatalytic degradation of NO under sunlight. (b) The XRD pattern of CZ1Z2-A before and after the third
catalytic cycle.

Fig. 13 (a) UV-visible absorption spectra of CZ1Z2-A; the inset figure
presents the binding energy plot of CZ1Z2-A. (b) PL spectra of CZ1Z2-A,
Z1, Z2, and CeO2.

22038 | RSC Adv., 2023, 13, 22029–22042
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where a = absorption coefficient, A denotes a constant, Eg =

band gap energy, exponent n depends on the types of transition,
h = Planck's constant, and n = frequency of light. The band gap
for ZnO is 3.47 eV, which was previously reported.15 Calcula-
tions were performed to ascertain the band gap for CZ1Z2-A, and
it was determined to be 4.63 eV, as shown in Fig. 13(a).

Photoluminescence spectra provide us with additional
information regarding optical properties. Radiative recombi-
nation of photo-generated electrons and holes generates pho-
toluminescence emission. Thus, the higher the intensity, the
higher the rate of electron hole-pair recombination.38,39 The
initial analysis of the emission spectra of the synthesized
materials provided two excitations at 286 and 572 nm. Then, we
xed the wavelengths at 286 and 572 nm, and in all cases, the
obtained spectra only showed excitation peaks in the range of
568–572 nm. Therefore, at room temperature, PL spectra of
CZ1Z2-A, Z1, Z2, and CeO2 were obtained at an excitation wave-
length of 572 nm.
Fig. 14 The role of sacrificial agents on the photocatalytic degradation
of NO under sunlight.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated ECB and EVB values for ZrO2, ZnO, and CeO2
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The maximum intensity peak for CZ1Z2-A, Z1, Z2, and CeO2

appeared at 569 nm, 569 nm, 568 nm, and 572 nm, respectively,
with a wide range, as shown in Fig. 13(b). CZ1Z2-A showed
a symmetric curve with a PL intensity peak at 569 nm as
compared to CeO2, Z1, and Z2. This indicates that the recom-
bination of photoinduced electron–hole pairs was favourable in
the case of CZ1Z2-A as compared to the others. This increases its
photocatalytic activity as compared to Z1, Z2, and CeO2, which is
in satisfactory agreement with our experimental results.
X (eV) Eg (eV) ECB (eV) EVB (eV)

ZrO2 5.91 5.01 −1.09 3.92
CeO2 5.56 3.2 −0.54 2.66
ZnO 5.79 3.47 −0.445 3.025
3.11. Effects of sacricial agents on degradation

To understand the role of reactive species, i.e., superoxide
radical anion (O2c

−), holes (h+), and hydroxyl ions (cOH), in
Fig. 15 Proposed mechanism for degradation of NO by the CZ1Z2-A na

© 2023 The Author(s). Published by the Royal Society of Chemistry
photocatalytic degradation, sacricial agent studies were
carried out, which are shown in Fig. 14. For this purpose,
ascorbic acid, ethylenediaminetetraacetic acid (EDTA), and
isopropyl alcohol (IPA) were used to trap superoxide radical
anion (O2c

−), holes (h+), and hydroxyl radical (cOH),
nophotocatalyst.

RSC Adv., 2023, 13, 22029–22042 | 22039
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Fig. 16 (a) FT-IR spectra of NO before and after degradation. (b) Magnification of the FT-IR spectra between 800 and 1800 cm−1.
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respectively.37,40 In each of these cases, the reaction conditions
remained the same, and 10 mM sacricial agents were added to
the NO dye solution before the addition of the photocatalyst.
The degradation rate was measured aer 50 min.

In the absence of any sacricial agents, the rate of NO
degradation was 92%. In the presence of 10 mM ascorbic acid,
EDTA, and isopropyl alcohol, the degradation rate of NO
decreased to 11%, 37%, and 66%, respectively. The addition of
all the sacricial agents decreased the rate of NO degradation
under sunlight, which indicated that all of the species
contribute to the degradation of NO. However, in the presence
of ascorbic acid, the decrease in the NO degradation rate was
the highest. This clearly indicates that the superoxide radical
anion (O2c

−) is the key species and is responsible for the pho-
tocatalytic degradation of NO.
3.12. Proposed mechanism

The most probable mechanism of NO degradation is schemat-
ically represented in Fig. 15. When photons fall on the surface
of CZ1Z2-A, electrons from the valence band travel to the
conduction band. This process generates holes in the valence
band and electrons in the conduction band. These holes and
electrons basically react with oxygen and water molecules to
produce highly efficient ROS, i.e., hydroxyl radical and super-
oxide radical anions. These ROS react with dye molecules and
degrade them into nontoxic water and carbon dioxide
molecules.15,41–43 The detailed mechanism involved for the
production of hydroxyl and superoxide radicals is also
explained using the following empirical equations (eqn (6) and
(7)) to calculate the VB and CB band edge potential for ZrO2,
ZnO, and CeO2:

ECB = X − Ec − 0.5Eg (6)

EVB = ECB + Eg (7)
22040 | RSC Adv., 2023, 13, 22029–22042
where Ec denotes the constant with respect to a standard
hydrogen electrode (approximately 4.5 eV), Eg denotes the band
gap, and X denotes the semiconductor electronegativity.44 The X
values for ZrO2, ZnO, and CeO2 are 5.91, 5.79, and 5.56 eV,
respectively.44,45 The calculated ECB and EVB values for the pho-
tocatalysts are shown in Table 3. The Eo values for cOH/H2O and
O2/O2c

− were 2.27 eV and −0.046, respectively.45

Table 1 shows that the VB of ZrO2 is more positive than that
of ZnO, and the VB of ZnO is more positive than that of CeO2.
The holes from the valence band of ZrO2 migrate to the VB of
ZnO, and from ZnO, the hole then migrates to the valence band
of CeO2. Because the CB of CeO2 is more positive than that of
ZrO2 and ZnO, hence, the photo-induced electrons from ZrO2

and CeO2 migrate to ZnO. Due to the higher oxidation potential,
the VB of ZrO2 can easily convert adsorbed H2O to hydroxyl
radical (cOH). The photogenerated electrons in the CB of CeO2

can easily convert adsorbed oxygen molecules to superoxide
radical anions (O2c

−).
The FT-IR technique was used to investigate the minerali-

zation of NO in the presence of CZ1Z2-A. For this purpose, FT-IR
spectroscopy of NO before and aer degradation was per-
formed, and the comparison is shown in Fig. 16(a). Magnica-
tion of the FT-IR scanning between 800 and 1800 cm−1 is shown
in Fig. 16(b).

The NO dye solution exhibited a peak at approximately
3428 cm−1 due to the stretching frequency of the –OH group.
The NO peaks at 1551, 1571, 1596, and 1623 cm−1 are due to the
stretching frequency of the benzene phenyl ring. The charac-
teristic peak of an azo group (–N]N–) is visible at 1316 and
1386 cm−1.46 The IR spectra of the degraded product of NO show
a large intense peak at 3303 cm−1 due to the vibration of water
molecules. The peak at approximately 1631 cm−1 is due to the
HCO3

− from CO2 dissolved in water.47 The peaks of the azo and
benzene groups disappeared in the product, which indicates
mineralization and the excellent catalytic properties of CZ1Z2-A.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

CexZrxZnxO5 (x = 1) [CZ1Z2-A] nano alloy oxide photocatalysts
were synthesized using an inexpensive co-precipitation method.
The procedure is eco-friendly, viable, and hazardless, with low
toxicity. The most interesting observation was that when the
percentages of Ce and Zr in ZnO were increased, there was no
signicant result, but when the ratio of metal ions was 1 : 1 : 1 in
CexZrxZnxO5 (x = 1), satisfactory photocatalytic activity was
observed. The particle size (5 nm) and surface properties indi-
cated a porous nature, and as a result, it acted as a satisfactory
photocatalyst for the oxidation of NO under sunlight. In the
dark, the absorbance of NO did not change in the presence of
the photocatalyst. Aer catalytic experiments, the PL and FTIR
spectra were also in satisfactory agreement with the degrada-
tion of NO under sunlight. Among all the composites, there
were signicant results for the photo-oxidation of NO by Cex-
ZrxZnxO5 (x = 1) [CZ1Z2-A] under sunlight.
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