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Abstract

CeO,-ZnO materials were synthesized via a modified sol-gel method, varying the ZnO loading to
evaluate its effect on the photocatalytic degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) under
UV irradiation. XRD analysis confirmed the cubic fluorite structure of CeO, and, at higher loadings,
the coexistence with a hexagonal wurtzite phase. At low loadings, Zne incorporation into the CeO,
lattice was evidenced, leading to lattice parameter contraction and the generation of oxygen
vacancies. BET and SEM analyses indicated that an intermediate ZnO content (CZ1.5) increased the
surface area (~41%) without collapsing the mesoporosity. XPS revealed Ce% species, defects, and Zn—
O-Ce bonds, consistent with the formation of an S-scheme heterojunction. UV-Vis spectra showed
similar Eg values (~3.13 eV) across the series, indicating that the photocatalytic enhancement is driven
by structural and interfacial effects rather than optical changes. The CZ1.5 catalyst achieved ~80%
degradation and 74% mineralization (TOC), approximately twice that of pure CeO,, attributed to
efficient charge separation and the generation of reactive species O,®~ and *OH. Furthermore, a
temperature treatment CZ1.5 calcined to 400°C was the most active above the material treated at 300
and 500 °C.

Keywords: CeO,-ZnO; 2,4-dichlorophenoxyacetic acid; photodegradation; S-scheme; temperature
treatment

1. Introduction

Today everyone knows that water scarcity is one of the main problems facing humanity, since
the amount of fresh water available is only a small percentage, about 3% of the total, and despite this
situation, little effort has been made to treat of reusing wastewater, since as reported by UNESCO,
which states that around 80% of the municipal and industrial wastewater discharged worldwide
returns to the ecosystem without being treated or reused, stressing in their report that wastewater is
really a resource wasted [1]. Due to this problem, at present the scientific community has focused its
efforts on the study and improvement of existing methods for the treatment of wastewater to try to
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remedy the situation, because, in addition to the shortage of drinking water there is another problem
that damages not only humanity but also all living beings (including flora and fauna). When the
different industries discharge their wastewater into rivers, soils and lagoons without any treatment,
different chemical molecules reach populations causing great damage to the health of ecosystems,
due to their toxicity, which can produce different symptoms ranging from simple headaches to death
when these molecules are in large concentrations. These chemicals compounds are wastes from
industries, among which are the petrochemical, pharmaceutical, food, textile and agricultural
industries, among others [2]. It is the latter that takes on great relevance since some of the substances
that are released into crops are very toxic and are not capable of degrading naturally, among these
we can mention 2,4-Dichlorophenoxyacetic acid, which is an herbicide used worldwide since 1946
and classified by the Environmental Protection Agency as a group B carcinogen and a mutagenic
agent [3]. There are several methods that are used for wastewater treatment, among which are
adsorption, ultrafiltration and coagulation, among others, however, these methods are not capable of
destroying this type of molecule, and some generate toxic by-products [4], however today the
Advanced oxidation processes represent promising options, as encouraging results have been
obtained. Photocatalysis is one of the most widely used processes, since it has shown high efficiency
by being able to mineralize a wide range of toxic molecules to environmental conditions to COz and
H20 by generating hydroxyl radicals (OH). This is a very powerful oxidizing species that can react
with most organic pollutants, until it is completely mineralized [3-39]. The generation of ¢ OH is
promoted by the generation of an electron-hole pair, which is formed on the surface of a material that
is mostly semiconductor, when irradiated with light of certain energy. TiO2, ZnO and CdS are
generally the most widely used semiconductors in this type of reaction due to their photo-oxidizing
power, chemical stability, non-toxicity and low cost [5,6]. Nevertheless, the rapid recombination of
the electron-hole pair reduces photocatalytic activity. On the other hand, CeO2 is a semiconductor
according to its physical and chemical properties, has had great advantages for photocatalysis, this
is mainly attributed to its high oxygen storage capacity and high oxide capacity. reducing, high
resistance to chemical corrosion and non-toxicity [3,7]. Nowadays, different methods of synthesis of
semiconductor materials have been studied to try to improve the activity of these materials, among
which we can mention sol-gel, solvothermal, precipitation, electro deposition, electro spinning,
chemical vapor deposition, hydrothermal synthesis, sol-gel method and the precipitation technique
[3] among others. In this work we focus on the study of CeO:-ZnO materials in the photocatalytic
degradation of 2,4-dichlorophenoxyacetic acid.

2. Results

2.1. X-Ray Diffraction

In Figure 1 shows the diffraction patterns for the bare CZ0, CZ0.5, CZ1.5 and CZ2.5, the
diffraction pattern of pure CeO, (CZO) shows well-defined peaks at 20 = 28.66°, 33.1°, 47.5°, 56.3°,
59.1°, 69.4°,76.7°, and 79.1°, corresponding to the (111), (200), (220), (311), (222), (400), (331), and (420)
planes, respectively, characteristic of the cubic fluorite structure of CeO, (JCPDS file No. 65-5923),
[39]. The high intensity and narrow width of the peaks indicate high crystallinity. A clear right-shift
of the (111) peak is observed for the CZ0.5 sample (20 = 28.90°) compared to CZO (26 = 28.66°), as
shown in the enlarged inset of Figure 1. The calculated lattice parameter decreases from 5.3906 A for
CZO to 5.3467 A for CZ0.5, representing a contraction of approximately 0.81%. This contraction is
attributed to the partial substitution of Zne ions (0.74 A, CN=6) for Ce** (0.97 A, CN=8) in the fluorite
lattice, which generates oxygen vacancies for charge compensation and induces microstrain. This
behavior is consistent with previous reports on Zn-doped CeO, systems, where peak shifts have been
attributed to lattice contraction caused by the incorporation of smaller cations [Tulsi mediated green
synthesis of zinc doped CeO2 for super capacitor and display applications]. For the CZ1.5 and CZ2.5
samples, the lattice parameter remains practically identical to that of CZO, indicating minimal Zne
incorporation into the CeO, lattice at higher loadings. In contrast, these samples show additional
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reflections at 20 = 31.7°, 34.4°, and 36.2°, corresponding to the (100), (002), and (101) planes of the
hexagonal wurtzite ZnO phase (JCPDS No. 36-1451), see Figure 1. The appearance of these peaks
confirms ZnO segregation at high ZnO contents. Consequently, at low Zn loadings, Zn& is
incorporated into the fluorite lattice, leading to a measurable contraction of the lattice parameter,
whereas at higher loadings, ZnO crystallite segregation occurs, reducing the peak shift. These
structural results are consistent with SEM/EDX analyses, which show an increase in Zn content with
loading, and with BET data, where variations in surface area can be related to changes in particle
stacking and the appearance of ZnO phases.

e e - —-————————— -

Intensity (a.u.)

Figure 1. X-ray patterns of catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

2.2. Nitrogen Physisorption

All samples exhibit type IV isotherms according to the IUPAC classification, characteristic of
mesoporous materials with pore sizes in the 2-50 nm range, see Figure 2. The incorporation of ZnO
at 0.5, 1.5, and 2.5 wt% does not significantly modify the overall isotherm shape, indicating that the
mesoporous nature of the CeO, matrix is preserved throughout the series. Regarding the hysteresis
loop, all samples display an H3-type loop, commonly associated with slit-shaped pores. However,
slight variations are observed: for CZ0.5, the slope of the adsorption branch in the high relative
pressure region (P/P, > 0.8) is slightly steeper, suggesting a subtle increase in capillary condensation.
In CZ1.5, this curvature becomes more pronounced, indicating greater mesopore accessibility. For
CZ2.5, the behavior is very similar to CZ1.5, with only minor changes in slope and in the closure
point of the loop. Although H3-type hysteresis is typically attributed to the stacking of plate-like
particles, SEM images reveal semi-spherical particles without visible intraparticle porosity. This
indicates that mesoporosity arises mainly from interparticle voids generated during particle packing,
which behave as slit-like pores for N, adsorption.
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Figure 2. Adsorption-Desorption isotherms for catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

Regarding the surface area calculated by the Brunauer-Emmett-Teller method, the values are
reported in Table 1. Compared to pure CeO,, the BET surface area increased by approximately 3.5%
for CZ0.5, reached a maximum enhancement of about 41% for CZ1.5, and decreased to ~15.5% for
CZ2.5. This trend indicates that moderate ZnO incorporation optimizes the specific surface area,
while excessive loading may lead to partial blockage. These changes are consistent with SEM
observations, where variations in particle stacking are more evident at intermediate ZnO contents.
With respect to pore volume and pore size obtained by the BJH method, the values are presented in
Table 1. The total pore volume remained in the range of 11-14 cm?® g1, with a maximum increase of
approximately 27% for CZ0.5 compared to pure CeO,, indicating that ZnO incorporation does not
significantly modify the total porosity. On the other hand, the average pore size showed a progressive
decrease from 5.2 nm (CeQOy) to 4.1 nm (CZ2.5), representing a reduction of about 21%. This decrease
indicates that at higher ZnO contents, the interparticle voids tend to become smaller due to changes

in particle stacking, an effect also observed in the SEM analysis.

Table 1. Surface area, pore volume and pore size values of photocatalysts.

Catalysts Area (m?/g) Pore volume (cmdg1) Pore size (nm)
CZ0 58 11 52
CZ0.5 60 14 5.4
CZ15 82 14 4.5
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CZ2.5 67 13 4.1

As to determination of the specific area by nitrogen adsorption desorption in the Table 1 an
typical isotherm type III its show by all catalysts further the absence of hysteresis is also observed
due to size of pores which are in range of 2 to 6 nm, also an increase in the values surface area its
observed as ZnO is increases, being the CZ1.5 catalyst the material with the largest specific area
however an decrease its observed in the CZ2.5 material, it can be due to the particles of ZnO cover
the surface of CeO2 clogging the pores, also the crystal size is similar for the catalysts. By other sizes,
values of similar band gap are observed by materials with ZnO, further a decrease in the value is
observed with increase of load of ZnO, this behavior gives us the idea of the interaction between the
two materials since less energy is required for the formation of the electro-hole pair.

2.3. Scanning Electron Microscopy

SEM images of the CeO, sample (CZ0, Figure 3a) show aggregates of semi-spherical
nanoparticles with sizes in the range of ~50-150 nm, forming densely stacked particle clusters. The
surface appears relatively homogeneous, without visible intraparticle porosity, suggesting that the
mesoporosity detected by N physisorption originates mainly from voids between stacked particles.

The corresponding EDX spectrum (Figure 3a) confirms the presence of Ce and O as the main
elements, with no detectable Zn signal, as expected for the reference material. For the CZO0.5 sample
(Figure 3b), the morphology remains like pure CeO,, with semi-spherical particles forming compact
stacks. A slight tendency towards tighter particle stacking is observed, which could reduce the size
of some interparticle voids. The EDX analysis reveals Zn peaks of low intensity, consistent with the
nominal 0.5 wt% ZnO loading. In the CZO1.5 sample (Figure 3c), the particles maintain a semi-
spherical shape but appear more uniform in size distribution, and the stacking seems less compact in
certain regions, creating slightly larger interparticle voids. The EDX spectrum shows a higher Zn
signal compared to CZ0.5, confirming the increased ZnO content. The CZ2.5 sample (Figure 3d)
exhibits clusters of semi-spherical nanoparticles with a more irregular stacking arrangement, where
some regions show open voids between aggregates. This loose stacking could facilitate the
accessibility of mesopores formed between particles. The EDX spectrum displays the most intense
Zn peaks among the series, in line with the highest nominal ZnO loading. ZnO incorporation does
not significantly alter the particle shape but slightly influences particle stacking and the size of the
voids between them. EDX analysis corroborates the expected chemical composition, with Zn signal
intensity increasing proportionally to the nominal loading.
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Figure 3. SEM/EDX analysis of catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

2.3. XPS Spectra of the Catalysts

The characterization by X-ray photoelectron spectroscopy (XPS) was performed on a
spectrophotometer XPS microprobe PHI 5000 VersaProbe-II. with a monochrome of Al Ka (hn=1486.7
eV). The spectra were calibrated with respect C 1s to 284.5 eV.

To obtain information about the chemical states, stoichiometry, and surface species of the
photocatalysts, the XPS technique was used. Figure 4 shows the survey spectra of the photocatalysts
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and confirms that they consist of the elements Ce, Zn, O, and C. No other elements were observed
that could be correlated with impurities due to the precursors or the materials' preparation method.
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Figure 4. Spectra survey XPS of photocatalysts CZ0, CZ0.5, CZ1.5 y CZ2.5.

The deconvolution of the high-resolution XPS spectrum of core level (spin orbit coupling) of Ce
3d from the reference CZ0,in this is observed the doublet of the spin orbit coupling of Ce 3ds2 and Ce
3dsp in wich 4 and 6 peaks were obtained, these are attributed to Ce® y Ce*, respectively (see Figure
5). The binding energy (BE) that corresponds to Ce®* are localized in 880.64 eV (Ce 3dsp, v?), 899.24
eV (Ce 3dsp, u%), 885.13 eV (ve) y 903.73 (u9). For Ce* its BE are localized in 882.20 eV (Ce 3ds, v),
888.28 eV (ven), 897.82 eV (vess), 900.80 eV (Ce 3dsz, u), 906.88 eV (ues) and 916.35 eV (uemm)

The results obteined to according to the adjustmen and deconvolution of the spectrum of higt
resolution of Ce 3d (CZ0), are similar to the has been reported in the literature, mention that the
associated BE to vey vesy uewand ues correspond to the satellites shake-up of the levels of the del
nucleo de Ce* 3ds2 y 3dse2. Las BE de los satelites shake up correspondientes a Ce3 3d5/2 y 3d3/2 son
voy u. The spin-orbit shift of Ce 3ds2 and 3ds» is of 18.60 eV, for both species of Ce3* and Ce*. The
reason for Ce? content in CZ0, it was determined using the procedure and expression Ce?*/(Ce3* +
Ce*") as reported in the literature [3,39], the value obtained of Ce?* by CZ0 was 21.8%.

The relative reason of the Ce® specie was calculated in the same way using the previous
expression for CZn0.5, CZnl.5 y CZ2.5; the value obtained were: 22%, 20% and 17.2 %. The
incorporation of Zn Oto CeOz modifies the Ce?* ratio below 1% of ZnO. Howhever, by the material
of 2.5% of ZnO, A new peak can be observed that can be associated with cerium nanoparticles with
a non-stoichimetric composition of CeOzy, ites correlated to the presence of oxygen vacancies and the
formation of Ce20s due to the incorporation of ZnO [3].

According to what has been reported in the literature by the spin-orbit coupling of Zn 2ps» and
Zn 2pip present a BE of 1021.7 and 1044.7 eV, correspond to Zn? in the crystal lattice of ZnO [Ceramics
International 2019]. In Figure 6, high resolution spectra of Zn are shown by Zn 2ps:2 and 2pi2by the
catalysts CZ0.5, CZ1.5 y CZ2.5, Subsequently, the afore mentioned BEs are taken as a reference for
our analysis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. High-resolution spin-orbit doublet spectra of Ce 3d (Ce 3ds»2 and Ce 3ds2) by the photocatalysts CZ0,
CZ0.5,CZ1.5y CZ2.5.
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Figure 6. High-resolution spectra for Zn2p of the catalysts CZ0, CZ0.5, CZ1.5y CZ2.5.
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Figure 6 shows the dotted line associated with the BE as a ZnO reference (1021.7 eV) which
corresponds to Zn?" in the structural network of ZnO. In the incorporation of Zinc to CeO2 shows a
slight shift at low energy by CZ05 (1021.60 eV), CZ1.5 (1021.67 eV) and for CZ2.5 the displacement is
much greater (1021.15 eV). The low energy shift indicates that zinc is within the CeO: crystalline
structure, causing the generation of oxygen vacancies and forming a heterojunction between both
crystalline phases (CeO: and ZnO) in addition, in samples CZ0 and CZ2.5 CeO.y However, for
sample CZ1.5 the opposite occurs, zinc is partially in the structure and outside the CeO: structure,
since there is no significant change in its BE and the displacement of coupling spin-orbit of Zn 2p2s
and 2p1pzis 23 eV.

By other size the high-resolution O 1s spectrum of the different catalysts according to our
analysis can be observed in Figure 7. In the CZ0 sample, two peaks can be observed that are located
at 529.15 eV and 531.55 eV, which are associated with oxygen in the structural network (blue dotted
line) with 81.3% and with oxygen on the surface (red dotted line) as OH ions with 18.7% in CeO:
[Ceramics international 2019]. The Zinc incorporation in the framework of CeO: generates new peaks
(Table 2 and Figure 7).

Intensity (a.u.)

1 T — T T T T T
5% 533 532 531 530 529 58 57 5%
Binding energy (eV)

Figure 7. High-resolution spectrum of O1s of materials CZ0, CZ0.5, CZ1 y CZ2.5.

Table 2. Binding energies O 1s of the different samples prepared by impregnation.

CZ0 CZ0.5 CZ15 Cz25
Ols O1ls Ols Ols
Energy  Concen. Relative  Energy Concen Energy Concen. Energy Concen. Relative
(eV) (%) (eV) Relative (eV) Relative (eV) (%)
(%) (%)
529.15 81.3 527.70 8.2 527.63 54 528.45 8.7
531.55 18.7 529.15 60.8 529.15 39.1 529.15 11.3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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530.52 8 529.55 28.3 529.87 40.1
531.55 23 530.86 2.8 530.46 18.1
531.55 24.4 531.55 21.8

The new oxygen species observed in CZ0.5 are located at 527.70 and 530.52 eV and can be
assigned to the Zn-O-Ce interaction, which generates the vacancies, and Zn-OH-Ce on the surface. In
the CZ1.5 material, it can be observed that there is a low-energy shift in the peaks associated with Zn-
O-Ce and Zn-OH-Ce, and a peak located at 530.86 eV is generated, which can be associated with Zn-
OH, since, as mentioned above, zinc is not completely contained in the CeOz crystal structure. Finally,
in CZ2.5, it is observed that there is a high energy shift which is associated with the strong interaction
(heterojunction) of the species and substitution of Zn in the CeOz network (Zn-O-Ce and Zn-OH-Ce)
in addition to the formation of a non-stoichiometric species of CeOz-y, which is located at 529.87 eV.

2.4. UV Spectra of Catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5

In the reference sample CZ0, the UV-Vis spectrum exhibits an absorption edge near 380 nm,
with an estimated band gap of ~3.13 eV (Table 1), a value consistent with that reported for pure CeO,
with a cubic fluorite structure [Nanostructured CeO: photocatalysts: Optimizing surface chemistry,
morphology, and visible-light absorption]. This result confirms that the employed synthesis method
does not significantly alter the intrinsic electronic structure of the base material, see Figure 8.

1.4
1.2 4
o 1.0
o
% 0.8 -
2 —C70
o
Z 064 ——Cz05
< CZ15
0.4+ CcZ25
0.2 1
0.0

200 300 400 500
Wavelength (nm)

Figure 8. UV spectra for catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

Upon incorporating ZnO, the spectra of all samples display similar absorption edges, with no
significant changes in Eg, indicating that the partial substitution of Ce*" by Znef and the formation of
heterojunctions do not substantially affect the fundamental transition of the semiconductors.
Therefore, the observed improvement in photocatalytic activity cannot be attributed to a reduction
in Eg, but rather to structural and interfacial factors such as the increase in oxygen vacancies, the
presence of Ce3* species, and the efficient charge separation in a possible S-scheme heterojunction.
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2.5. Study of Photodegradation Catalytic of 40ppm of 2,4-Dichlorophenoxyacetic Acid

Figure 9 shows the relative degradation rate of 2,4-dichlorophenoxyacetic acid (2,4-D) using
CeO,-ZnO catalysts. A clear increase in photocatalytic activity is observed as the ZnO loading
increases. Among the catalysts evaluated, CZ1.5 exhibits the best performance, achieving
approximately 80% degradation of 2,4-D after 6 h, while pure CeO, (CZ0) shows the lowest activity.
This trend is confirmed by total organic carbon (TOC) analysis, which reveals mineralization degrees
of 74%, 50%, 39%, and 28% for CZ1.5, CZ2.5, CZ0.5, and CZ0, respectively. It is noteworthy that the
activity of CZ1.5 is approximately twice that of CZ0, highlighting the beneficial effect of ZnO in the
photocatalytic process.

i

0o 1 2 ] 4 S L] ? s 9
v

Figure 3. SEM/EDX analysis of catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

2.4. X-Ray Photoelectron Spectroscopy

By the other size the characterization by X-ray photoelectron spectroscopy (XPS) was performed
on a spectrophotometer XPS microprobe PHI 5000 VersaProbe-II. with a monochrome of Al Ka
(hn=1486.7 eV). The spectra were calibrated with respect C 1s to 284.5 eV. To obtain information about
the chemical states, stoichiometry, and surface species of the photocatalysts, the XPS technique was
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used. Figure 4 shows the survey spectra of the photocatalysts and confirms that they consist of the
elements Ce, Zn, O, and C. No other elements were observed that could be correlated with impurities

due to the precursors or the materials' preparation method.
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Figure 4. Spectra survey XPS of photocatalysts CZ0, CZ0.5, CZ1.5, CZ2.5.

The deconvolution of the high-resolution XPS spectrum of core level (spin orbit coupling) of Ce
3d from the reference CZ0, in this is observed the doublet of the spin orbit coupling of Ce 3ds2 and
Ce 3dsp in wich 4 and 6 peaks were obtained, these are attributed to Ce3 y Ce*, respectively (ver
Figure 5). The binding energy (BE) that corresponds to Ce3* are localized in 880.64 eV (Ce 3dsp, v9),
899.24 eV (Ce 3dsp, u?), 885.13 eV (ve) y 903.73 (u9). For Ce* its BE are localized in 882.20 eV (Ce 3dsp,
v), 888.28 eV (vey), 897.82 eV (vews), 900.80 eV (Ce 3dsn, u), 906.88 eV (ues) and 916.35 eV (uem). The
results obteined to according to the adjustmen and deconvolution of the spectrum of higt resolution
of Ce 3d (CZ0), are similar to the has been reported in the literature, Lazaro et.al, mention that the
associated BE to vey vesy uewand ues» correspond to the satellites shake-up of the levels of the nucle
of Ce* 3ds2 y 3ds2. The BE of the satellites shake up correspondent to Ce3 3d5/2 y 3d3/2 son vey u.
The spin-orbit shift of Ce 3ds»2 and 3dss2 is of 18.60 eV, for both species of Ce* and Ce*. The reazon
for Ce® content in CZ0, it was determined using the procedure and expression Ce%/(Ce3* + Ce*) as
reported in the literature [3,39], the value obtained of Ce3 by CZ0 was 21.8%.

The relative reason of the Ce> species was calculated in the same way using the previous
expression for CZn0.5, CZnl.5 y CZ2.5; the value obtained were: 22%, 20% and 17.2 %. The
incorporation of Zn Oto CeO: modifies the Ce?* ratio below 1% of ZnO. Howhever, by the material
of 2.5% of ZnO, A new peak can be observed that can be associated with cerium nanoparticles with
a non-stoichimetric composition of CeOzy, this is correlated to the presence of oxygen vacancies and
the formation of Ce203 due to the incorporation of ZnO [2015 referencia]. According to what has
been reported in the literature by the spin-orbit coupling of Zn 2ps2 and Zn 2pi2 present a BE of
1021.7 and 1044.7 eV, correspond to Zn?* in the crystal lattice of ZnO [Ceramics International 2019].
In Figure 6, high resolution spectra of Zn are shown by Zn 2ps»2 and 2p12by the catalysts CZ0.5, CZ1.5
y CZ2.5, Subsequently, the BEs are taken as a reference for our analysis.
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Figure 5. High-resolution spin-orbit doublet spectra of Ce 3d (Ce 3ds» and Ce 3ds2) by the photocatalysts CZ0,
CZ0.5, CZ1 y CZ2.5This is a figure. Schemes follow the same formatting.
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Figure 6. High-resolution spectra for Zn2p of the catalysts CZ0, CZ0.5, CZ1.5y CZ2.5.
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Figure 6 shows the dotted line associated with the BE as a ZnO reference (1021.7 eV) which
corresponds to Zn?" in the structural network of ZnO. In the incorporation of Zinc to CeO2 shows a
slight shift at low energy by CZ05 (1021.60 eV), CZ1.5 (1021.67 eV) and for CZ2.5 the displacement is
much greater (1021.15 eV). The low energy shift indicates that zinc is within the CeO: crystalline
structure, causing the generation of oxygen vacancies and forming a heterojunction between both
crystalline phases (CeO: and ZnO) in addition, in samples CZ0 and CZ2.5 CeO.y However, for
sample CZ1.5 the opposite occurs, zinc is partially in the structure and outside the CeO: structure,
since there is no significant change in its BE and the displacement of coupling spin-orbit of Zn 2p2s
and 2p1pzis 23 eV.

By other size the high-resolution O 1s spectrum of the different catalysts according to our
analysis can be observed in Figure 7. In the CZ0 sample, two peaks can be observed that are located
at 529.15 eV and 531.55 eV, which are associated with oxygen in the structural network (blue dotted
line) with 81.3% and with oxygen on the surface (red dotted line) as OH ions with 18.7% in CeO:
[Ceramics international 2019]. The Zinc incorporation in the framework of CeO: generates new peaks
(Table 2 and Figure 7).

CZ2.5

Intensity (a.u.)

Binding energy (eV)

Figure 7. High resolution O 1s spectrum of catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

Table 2. Binding energies O 1s of the different samples prepared by impregnation.

CZ0 CZ0.5 CZ1.5 CZ2.5
O1s O1s O1s O1s
Energy Concen. Relative Energy Concen Energy Concen. Energy  Concen. Relative
(eV) (%) (eV) Relative (eV) Relative (eV) (%)
(%) (%)
529.15 81.3 527.70 8.2 527.63 5.4 528.45 8.7
531.55 18.7 529.15 60.8 529.15 39.1 529.15 11.3
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530.52 8 529.55 28.3 529.87 40.1
531.55 23 530.86 2.8 530.46 18.1
531.55 244 531.55 21.8

The new oxygen species observed in CZ0.5 are located at 527.70 and 530.52 eV and can be
assigned to the Zn-O-Ce interaction, which generates the vacancies, and Zn-OH-Ce on the surface. In
the CZ1.5 material, it can be observed that there is a low-energy shift in the peaks associated with Zn-
O-Ce and Zn-OH-Ce, and a peak located at 530.86 eV is generated, which can be associated with Zn-
OH, since, as mentioned above, zinc is not completely contained in the CeOz crystal structure. Finally,
in CZ2.5 it is observed that there is a high energy shift which is associated with the strong interaction
(heterojunction) of the species and substitution of Zn in the CeO:z network (Zn-O-Ce and Zn-OH-Ce)
in addition to the formation of a non-stoichiometric species of CeOz-y, which is located at 529.87 eV.

2.5. UV Spectra of Catalysts CZ0, CZ0.5, CZ1.5, CZ2.5

In the reference sample CZ0, the UV-Vis spectrum exhibits an absorption edge near 380 nm,
with an estimated band gap of ~3.13 eV (Table 1), a value consistent with that reported for CeO: pure
with a cubic fluorite structure [Nanostructured CeO: photocatalysts: Optimizing surface chemistry,
morphology, and visible-light absorption]. This result confirms that the employed synthesis method
does not significantly alter the intrinsic electronic structure of the base material, see Figure 8.

0.0 . . ;
200 300 400 500
Wavelength (nm)

Figure 8. UV spectra for catalysts CZ0, CZ0.5, CZ1.5 and CZ2.5.

Upon incorporating ZnO, the spectra of all samples display similar absorption edges, with no
significant changes in Eg, indicating that the partial substitution of Ce* by Zne and the formation of
heterojunctions do not substantially affect the fundamental transition of the semiconductors.
Therefore, the observed improvement in photocatalytic activity cannot be attributed to a reduction
in Eg, but rather to structural and interfacial factors such as the increase in oxygen vacancies, the
presence of Ce?* species, and the efficient charge separation in a possible S-scheme heterojunction.

2.6. Study of Photodegradation Catalytic of 40ppm oc Acid 2,4 Dichlorophenoxyacetic

Figure 9 shows the relative degradation rate of 2,4-dichlorophenoxyacetic acid (2,4-D) using
CeO,~ZnO catalysts, in addition the photolysis and adsorption reactions are observed. A clear
increase in photocatalytic activity is observed as the ZnO loading increases. Among the catalysts
evaluated, CZ1.5 exhibits the best performance, achieving approximately 80% degradation of 2,4-D
after 6 h, while pure CeO, (CZ0) shows the lowest activity. This trend is confirmed by total organic
carbon (TOC) analysis, which reveals mineralization degrees of 74%, 50%, 39%, and 28% for CZ1.5,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2030.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2025 d0i:10.20944/preprints202512.2030.v1

16 of 22

CZ2.5,CZ0.5, and CZ0, respectively. It is noteworthy that the activity of CZ1.5 is approximately twice
that of CZ0, highlighting the beneficial effect of ZnO in the photocatalytic process. Furthermore Table
2 shows the band gap values, as well as the results of the kinetic calculation of the photodegradation
reaction of 2,4-d acid, and the TOC values.

Photolysis

Adsorption

0.21 CZ1.5
CZ25

e
o

T T T

o 1 2 3 4 5 6
time (h)

Figure 9. Graph of relative degradation rate of 40ppm of 2,4-D.

Table 2. Shows the band Gap values, kapp values, half lifetime and %TOC degradation.

Catalysts Band gap Kapp tip TOC % Degradation
(eV) h
CZ0 3.18 0.047 14.6 28
CZ0.5 3.44 0.085 8.1 39
CZ1.5 3.35 0.24 3.8 74
Cz2.5 3.30 0.11 6.0 50

The kinetic data (Figure 10) fits well to a pseudo-first-order model, indicating that the reaction
rate is mainly governed by the availability of active surface sites and the efficiency of photon
absorption. The outstanding performance of CZ1.5 can be attributed to an optimal balance between
ZnO content, surface area, and the formation of heterojunctions, which promote efficient charge
separation and minimize electron-hole recombination.

time (h)

Figure 10. Kinetic graph of degradation of 40ppm of 2,4-D.
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Figure 11 shows the photodegradation spectrum for the CZ1.5 catalyst. In this figure, it can be
observed that the catalyst not only degrades the representative part of 2,4-D, but also the degradation
of the aromatic part in the range of approximately 200 to 250 nm.

PHOTODEGRADATION OF ACID 2,4-D WITH CZ1.5

Absorbance (a. u.)

Wavele:ngth(nm)~

Figure 11. UV spectra of the 2,4-D photodegradation with CZ1.5 catalysts.

The band edge values obtained by XPS for ZnO and CeO; (Figure 5 and 6) allow the construction
of the actual energy diagram of the system, which shows that the conduction band (CB) of ZnO is
located at a more negative potential (—0.23 eV vs. NHE) than that of CeO, (—0.54 eV), while the valence
band (VB) of CeO, (2.63 eV) is less positive than that of ZnO (3.13 eV). This configuration suggests
that, under UV irradiation, both semiconductors generate electron-hole (e"/h*) pairs independently.

In a conventional type-II heterojunction, electrons from the CB of the semiconductor with the
more negative CB (ZnO) would migrate to the CB of the semiconductor with the more positive CB
(Ce0,), while holes from the VB of CeO, would move to the VB of ZnO. However, this mechanism
leads to the accumulation of electrons and holes with less extreme redox potential, thereby reducing
their oxidative and reductive capabilities [37].

In contrast, the analysis of our structural (XRD) and surface chemistry (XPS) results, along with
the high efficiency in the generation of *OH and O,e¢~ inferred from the photocatalytic activity,
indicates that the CeO,-ZnO system operates via an S-scheme mechanism. In this model, after
simultaneous excitation of both semiconductors, electrons from the CB of CeO, recombine with holes
from the VB of ZnO at the interfacial contact region. As a result, high-energy electrons are preserved
in the CB of ZnO (E_CB =-0.23 eV) and highly oxidative holes remain in the VB of CeO, (E_VB =2.63
eV), see Figure 12.

This charge separation retains the strong reducing power of electrons in the CB of ZnO, sufficient
to reduce O, to O,*-, and the strong oxidizing potential of holes in the VB of CeO,, capable of
oxidizing H,O or OH" to generate *OH. Both radicals are key species in the degradation of 2,4-D,
which explains the superior photocatalytic activity observed for the CZ1.5 catalyst.

Furthermore, the evidence of oxygen vacancies and the presence of Ce3* detected by XPS support
the S-scheme model, as these defects act as charge traps that promote the directional migration of
electrons and holes, minimizing non-radiative recombination.
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Figure 12. S-Scheme of the CZ1.5 catalyst.

2.6. Effect of Treatment Temperature in Photoactivity

Once the material has been studied, the one that showed the most activity was chosen, and a
temperature study was conducted to verify the optimal treatment for the materials, this study was
realized at 300, 400 and 500 °C by 4 hours in air flow in the fresh material.

After this treatment, three reactions with the material CZ1.5 calcined to 3 temperatures, these
reactions were monitored using UV-Vis spectroscopy and in Figure 13 the Uv spectra observed for
the reactions of the calcined material to different temperatures. This image clearly shows that the
treatment temperature is a determining factor in obtaining a material with the ideal physicochemical

characteristics.
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Figure 13. Effect of treatment temperature on photoactivity.

3. Materials and Methods

All reagents used were of analytical grade obtained from Sigma Aldrich. For the preparation of
reference CeO: particles, Cerium (IV) Oxide (CeOz) 99.9%), and zinc acetylacetonate
(Zn(CsH7O2)2xH20, was used as precursor of ZnO. The materials of CeO2-ZnO were named a: CZX,
where C= CeO2, Z=ZnO and X= weight percent of zinc oxide in the sample.

Ce2-ZnO mixed oxides were prepared by peptization of CeO: and zinc acetylacetonate
(modified sol-gel method) [2,24], as follows: cerium oxide was placed in contact with nitric acid and
water at 80°C under stirring for 24 h. After this, the temperature decreased at room temperature, and
zinc acetylacetonate was slowly added in the appropriate amounts to obtain 0.5, 1.5 and 2.5 wt% of
Zn0O in the peptized cerium oxide. The materials were dried and then placed in an oven at 120°C for
12 hours. Calcination was performed under air flow (60 mL min) at 400°C for 4 h. Thermal analysis
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was performed on a Thermogravimetric Analyzer (TA-Instruments Q500) under air flow by heating
from 30 to 700 ° C at 1 ° C / min. The surface area of the materials was determined using a
Micromeritics Tristar II Plus instrument and the BET method with nitrogen as the adsorbate gas. The
BJH method was used to obtain the pore size distribution, after outgassing the samples for 3 h under
vacuum to 250°C. The X-ray diffractograms of the powders were measured at room temperature
using Siemens D500 powder diffractometer, analyzing samples in the 20 angle range between 5 ° and
80 °, with CuKa radiation, at 30 kV and 2 °/min. SEM-EDX-mapping analysis was performed using
a Zeiss EVOHDI15LS scanning electron microscope at 2kV, couple with energy-dispersive X-ray
spectroscopy. The chemical state of the samples was analyzed in an ultra-high vacuum (UHV) system
using a Scanning XPS microprobe PHI 5000 VersaProbe II, with a Al K X-ray source (hv = 1486.6 eV),
and an MCD analyzer.

Photodegradation of 2,4-Dichlorophenoxyacetic acid in aqueous media was carried out in a
homemade batch type glass reactor (250 mL) with internal diameter of 4.44 cm and 17.78 cm, covered
with an external cooling jacket. A solution (200 mL) containing 40 ppm (0.0400635 mmol) of 2,4-
Dichlorophenoxyacetic acid bubbling dry air flow of 2mL s-1 and 200mg of catalyst were used. The
solution was irradiated with a UV pen power supply (UVP Products) with a wavelength .=254 nm
and intensity 4.4 mWcm?2, placed in a quartz tube immersed in the reactor containing the pollutant
solution. The temperature stabilized at 28°C with a water recirculation bath connected to the outer
jacket of the reactor. To assure the adsorption/desorption equilibrium of the contaminant solution on
the catalyst surface, the system was stirred in the dark for 1 h before switching on UV light. The
progress of the reaction was followed by measuring the decrease 2,4-Dichlorophenoxyacetic acid as
a function of time. Aliquots of the pollutants were taken each 1 hour using a syringe containing a
nylon membrane (0.45 pm, Millipore) to remove the solid material. The signal of the absorption bands
of 2,4-Dichlorophenoxyacetic acid at 282 nm, was measured using a UV-vis spectrophotometer
(2401PC Shimadzu) in the range of 200 to 400 nm. Total organic carbon (TOC) during the reaction
was carried out using a Shimadzu 5000TOC analyzer.

4. Conclusions

The controlled incorporation of ZnO into CeO, via a modified sol-gel method yielded materials
with a cubic fluorite structure and, at higher loadings, coexistence with a hexagonal wurtzite phase.
At low loadings (CZ0.5), partial substitution of Ce* by Zn¢g was evidenced, leading to lattice
contraction and the generation of oxygen vacancies, while BET analysis revealed that an intermediate
ZnO content (CZ1.5) optimizes the surface area (~41% higher than pure CeO,).

XPS characterization confirmed the presence of Ce3* species, defects, and Zn—-O-Ce bonds,
supporting the formation of an S-scheme heterojunction. UV-Vis spectra showed similar band gap
values (~3.13 eV) across the series, ruling out a significant optical effect. In the photocatalytic
degradation of 2,4-D under UV irradiation, CZ1.5 achieved =~80% degradation and 74%
mineralization, approximately twice that of pure CeO.. This enhanced performance is attributed to
the efficient charge separation within the heterojunction, preserving highly reductive electrons in the
CB of ZnO and strongly oxidative holes in the VB of CeO,, thereby promoting the generation of O,®-
and *OH responsible for degradation.

In addition, this study showed that the treatment temperature was crucial for obtaining the ideal
properties for the good performance of the catalyst.
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