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Abstract: A new type of CeO2-modified AgCl catalyst (CeO2/AgCl) was prepared by a
one-step method, which efficiently inhibits the recombination of photogenerated carriers.
During the visible-light degradation process, this catalyst exhibited excellent and stable
performance. It could not only effectively degrade rhodamine B (RhB), methyl orange (MO)
and crystal violet (CV) but also maintain excellent activity under different environmental
conditions. In the RhB degradation experiment in particular, the CeO2/AgCl-30 composite
with the optimal proportion had a degradation rate 5.43 times that of pure AgCl in the
seawater system and 9.17 times that of pure AgCl in the deionized water condition, while
also showing excellent stability. Through characterization tests such as XRD, XPS and ESR,
its crystal structure, elemental composition and so on were analyzed. Based on the char-
acterization results, the CeO2/AgCl composite showed a relatively wide light absorption
range and a relatively high photo-induced charge separation efficiency. Meanwhile, it was
inferred that the main active species in the reaction process were ·O2

− and ·OH. Finally,
based on its electronic band structure, an S-scheme heterojunction structure was proposed.

Keywords: photocatalysis; degradation of pollutant; marine environment; AgCl; CeO2

1. Introduction
As the pace of industrialization quickens, environmental pollution has become in-

creasingly severe. In particular, as a typical source of pollutants, organic pollutants are
complex in composition, high in color, highly toxic, and difficult to biodegrade, meaning
the massive accumulation of them in water bodies and the air poses a substantial danger to
ecosystems and the well-being of human beings. Among them, RhB, CV, MO and other
organic dyes, which are widely used in industries such as textiles, printing and dyeing, and
leather, are discharged into water bodies in large quantities, causing serious environmental
pollution. Traditional sewage treatment methods, such as biological treatment, physical
adsorption, and chemical precipitation, often encounter problems when treating organic
dye wastewater of this kind, including low treatment efficiency, high cost, or the tendency
to generate secondary pollution. Photocatalytic technology, as a highly promising green
and environmentally friendly purification method, exhibits great application potential due
to its advantages, such as its low energy consumption, mild reaction conditions, and ability
to completely mineralize organic pollutants into carbon dioxide and water [1,2].

Photocatalysts can utilize light energy to generate reactive species with strong oxidiz-
ing capabilities, such as electron–hole pairs and hydroxyl radicals. These reactive species
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can entirely degrade organic pollutants, transforming them into non-harmful carbon diox-
ide and water [3,4]. Among the numerous photocatalytic materials, silver halides (AgX,
X = Cl, Br, I) exhibit certain photocatalytic activity because of their distinctive optical and
electronic properties [5]. Silver chloride (AgCl) has an appropriate bandgap and can absorb
visible light, providing the possibility of solar energy utilization [6,7]. However, single
AgCl has some limitations in practical applications. For example, the recombination rate
of the carriers generated by light is comparatively elevated, which restricts the photocat-
alytic efficiency. Its stability is poor, and it is prone to photocorrosion under long-term
illumination [8–10].

CeO2, as an important rare-earth oxide, has excellent oxygen storage and release
capabilities, variable valence states, and good electron-transfer characteristics [11–13].
Combining an appropriate amount of CeO2 with AgCl is expected to establish a novel
high-efficiency composite photocatalytic system, effectively curbing the recombination of
the carriers generated by light in AgCl and extending the survival time of the carriers, thus
augmenting the quantum efficiency in the context of photocatalytic reactions. On the other
hand, the structural characteristics of CeO2 itself may enhance the stability of composite
material and reduce the photocorrosion of AgCl [8,14]. Based on the above background,
this study is dedicated to preparing the CeO2/AgCl composite material, constructing
the S-scheme heterogeneous section and deeply exploring its photocatalytic degradation
performance in terms of organic dyes in different environmental systems. It also deeply
analyzes the heterojunction mechanism constructed, providing a theoretical basis and
technical support for the development of efficient, stable, and practical photocatalytic
systems. The aim is to provide new ideas and strategies for the development of efficient
and stable photocatalytic materials and promote the further development of photocatalytic
technology in the field of environmental purification.

2. Experiments
2.1. Preparation of CeO2

Dissolve 7.2 g of NaOH in 20 milliliters of deionized water. Mark the resulting
solution as Solution A and set it aside for later use. Then, pour 2.21 g of Ce(NO3)3·6H2O
into 30 milliliters of deionized water. After the solution becomes uniform, slowly add
Solution A drop by drop while stirring continuously and then keep stirring for 30 min.
Subsequently, subject the mixed solution to a hydrothermal treatment at 100 ◦C for 24 h.
Once the hydrothermal synthesis is completed, wash the product alternately with water
and ethanol, then dry it at 100 ◦C overnight. Finally, place the dried sample in a muffle
furnace and calcine it at 600 ◦C for 2 h to obtain CeO2.

2.2. Synthesis of CeO2/AgCl Photocatalyst

Dissolve 1.18 g of AgNO3 in 30 milliliters of deionized water. Subsequently, add a
certain amount of CeO2 and stir for 1 h. Then, add 3 mL of 36% hydrochloric acid and
stir in the dark for 3 h. Finally, wash the obtained sample alternately with water and
ethanol, then place it in oven and dry it overnight at 60 ◦C. Mark the obtained samples
as CeO2/AgCl. The amounts of CeO2 are 0.1 g, 0.3 g and 0.5 g, and corresponding
sample names are CeO2/AgCl-10, CeO2/AgCl-30 and CeO2/AgCl-50. AgCl is synthesized
following the aforementioned procedure, with the sole exception that CeO2 is not added
during the process.

The details regarding the characterization, the photocatalytic degradation experiment,
and the electrochemical measurement can be found in the Supplementary Information.
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3. Results and Discussion
Figure 1 presents the XRD measurements for the CeO2, AgCl, and CeO2/AgCl sam-

ples with different ratios. It is distinctly observable from Figure 1 that both the CeO2/AgCl
composite materials and AgCl have a relatively narrow full-width at half-maximum, indi-
cating good crystallinity [15]. The diffraction peaks at 27.8◦, 32.2◦, 46.2◦, 54.8◦, 57.5◦, 67.5◦,
74.5◦, 76.8◦ and 85.7◦ correspond to the (111), (200), (220), (311), (222), (400), (331), (420)
and (422) crystal planes of AgCl, which is consistent with the XRD standard card of AgCl
(JCPDS No. 85-1355) [16]. Meanwhile, it can be observed that after CeO2 is introduced into
the material, the composite material still has identical peak positions and diffraction peaks
that are comparable to those of AgCl. This observation implies that the crystal structure of
AgCl remains stable [17]. The XRD signal of pure AgCl can be observed to have relatively
high noise. This may be due to the fact that the particle size of AgCl prepared individually
is relatively large, and there may be some potential agglomeration phenomena. At the
same time, the FTIR spectra of these materials are shown in Figure S1. It can be observed
that compared with AgCl, CeO2 exhibits an obvious absorption peak at 500–600 cm−¹,
which is caused by the vibration of the Ce–O bond [18]. However, in the CeO2/AgCl
composite, obvious absorption peaks appear at 500–600 cm−¹, which further demonstrates
the successful introduction of CeO2.
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Figure 1. XRD patterns of the AgCl, CeO2 and composites with different proportions.

To explore the alterations in the chemical states of different elements within the
materials, X-ray photoelectron spectroscopy (XPS) analysis was conducted on the AgCl,
CeO2, and CeO2/AgCl-30. Figure 2 analyzes four elements, namely Ag, Cl, O, and Ce.
Figure 2A shows the Ag 3d spectrum. The characteristic peaks located at 366.7 eV and
372.7 eV can be identified as the Ag 3d5/2 and Ag 3d3/2 of Ag+ [19]. Similarly, in the
CeO2/AgCl-30, Ag 3d5/2 and Ag 3d3/2 correspond to 367.2 eV and 373.2 eV. Figure 2B
shows two peaks of Cl− in AgCl, with 197.0 eV corresponding to Cl 2p1/2 and 198.6 eV
corresponding to Cl 2p3/2 [20]. In the CeO2/AgCl-30, the binding energies corresponding
to Cl 2p1/2 and Cl 2p3/2 are 197.6 eV and 199.2 eV, respectively. It is worth noting that by
comparing the spectra of the above-mentioned AgCl and CeO2/AgCl-30, the overall Ag
3d and Cl 2p in the CeO2/AgCl-30 shift toward the direction of increased relative binding
energy. This is because after CeO2 is loaded onto AgCl, the electron cloud density around
the Ag+ and Cl− decreases, and the attraction of the atomic nucleus to the outermost
electrons relatively increases, thus causing the binding energy to shift toward the higher
binding energy direction [21,22]. Continuing to observe the O1s spectrum (Figure 2C),
the O 1s spectrum is capable of being deconvoluted into two peaks. For CeO2, the peak
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located at 528.9 eV is attributed to the Ce–O bond, while the peak of 531.6 eV originates
from surface-adsorbed O [23]. In the CeO2/AgCl-30, the corresponding peaks are 528.7 eV
and 531.2 eV. In the Ce 3d spectrum (Figure 2D), the peaks at 897.6 eV and 916.2 eV in
CeO2 can be identified as Ce (IV) 3d5/2 and Ce (IV) 3d3/2, and the corresponding binding
energies in the CeO2/AgCl-30 are 897.3 eV and 915.6 eV. Meanwhile, the spectral peaks
of Ce (III) 3d5/2 and Ce (III) 3d3/2 in CeO2 are 882.3 eV and 887.8 eV, as well as 900.4 eV
and 906.6 eV [24,25], and the corresponding binding energies in the CeO2/AgCl-30 are
881.9 eV and 887.2 eV, as well as 900.2 eV and 906.4 eV. By observing the changes in the
binding energies of O 1s and Ce 3d in the CeO2 and CeO2/AgCl-30, it can be found that the
binding energies of O 1s and Ce 3d in the CeO2/AgCl-30 shift in the direction of relatively
decreased binding energy, which echoes the changes in the binding energies from Ag 3d
and Cl 2p. Based on the changes in the binding energy observed in the XPS analysis above,
it is indicated that an S-scheme heterojunction has formed between the two and chemical
bonding exists.
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Figure 2. XPS of the AgCl, CeO2 and CeO2/AgCl-30: (A) Ag 3d, (B) Cl 2p, (C) O 1s, and (D) Ce 3d.

The morphologies of the AgCl, CeO2 and CeO2/AgCl-30 were observed by SEM. As
shown in Figure 3A, AgCl appears as relatively large granular particles with a smooth
surface. In contrast, in Figure 3B, CeO2, as the core, presents nanoparticles with relatively
small particle sizes. Through the preparation process for the above-mentioned CeO2/AgCl
composite material, AgNO3 and HCl will take CeO2 as the core to generate and encapsu-
late AgCl. Subsequently, due to the characteristic that AgCl is easily photodecomposed,
silver nanoparticles will be formed on the surface of the composite material, as shown
in Figure 3C,D. In the composite material CeO2/AgCl-30, CeO2 and AgCl form a core–
shell structure, establishing a close interfacial connection and accompanied by the surface
plasmon resonance (SPR) effect of the Ag particles on the surface, which may accelerate
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the transfer of photogenerated electrons and improve the photocatalytic efficiency of the
composite material [26].
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Meanwhile, the elemental distribution of the CeO2/AgCl-30 was observed through
Figure S2, and the response signals of the elements Ag, Cl, O and Ce could be observed. It
should be noted that no strong signals of O and Ce were observed from the EDS mapping
and elemental distribution diagrams, which further verifies that CeO2, as the core of the
composite material, is encapsulated by AgCl. The relatively stronger signal of Ag also
proves that silver nanoparticles are attached to the surface of the composite material [27].

The optical traits of the AgCl, CeO2, and CeO2/AgCl composite materials with differ-
ent ratios were detected by ultraviolet–visible diffuse reflectance spectroscopy (Figure 4A).
Compared to AgCl, the light absorption capacity of the CeO2/AgCl composite materials
has been remarkably enhanced. An increase in absorption toward longer wavelengths can
be observed, which confirms the red-shift phenomenon [28,29]. The red-shift phenomenon
observed in the spectra of the nanocomposites confirms the formation of an S-scheme
heterojunction between CeO2 and AgCl through chemical bonds [30]. Meanwhile, an un-
structured tailing phenomenon was observed in the visible-light region, which is attributed
to the photodissociation of AgCl into Ag [31,32], as shown in the following equation:

2AgCl hv→ 2Ag + Cl2

It was found that compared with pure AgCl, the composite material exhibited a weak
broad absorption band, which is attributed to the surface plasmon resonance response (SPR)
of the silver nanoparticles [33,34]. This result further confirms the formation of metallic
silver species during the synthesis of the composite material. In Figure 4B, the Eg of AgCl
was calculated to be approximately 3.25 eV using the Kubelka–Munk formula [35,36], and
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the band gaps of CeO2 and the composite material CeO2/AgCl-30 were also calculated,
which were 3.15 eV (Figure S3B) and 3.19 eV (Figure S3C), respectively
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To probe the charge separation efficiency of pure AgCl and the composites, we tested
the PL spectrum to characterize the radiative charge recombination. In Figure 5, two
strong absorption peaks can be observed at 481 nm and 435 nm. The peak at 481 nm can
be attributed to the PL signal contributed by the Ag+-Ag0 complex defects during the
photodecomposition of AgCl and the SPR effect of the generated Ag0 [37]. Meanwhile, the
peak at 435 nm may be related to the absorption centers near the Cl− vacancies [38]. For the
composite materials with different proportions, the peak intensities all decreased to varying
degrees. Among them, the CeO2/AgCl-30 exhibited the lowest PL signal, indicating that it
had the highest separation efficiency of the e−-h+ pairs. Specifically, the intensity of the
emission peak decreases after CeO2 combines with AgCl to form a composite material. This
phenomenon can be ascribed to the establishment of an S-scheme heterojunction spanning
CeO2 and AgCl, which can inhibit the recombination of photogenerated h+ and e− [39,40].
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The photocurrent density can directly reflect the transfer characteristics of photogener-
ated electrons. The higher the photocurrent density, the higher the separation efficiency
of photogenerated carriers [41]. The magnitudes of the transient photocurrents in pure
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AgCl as well as in the CeO2/AgCl composite materials with different ratios during the
light switch cycle were determined for testing and the outcomes are presented in Figure 6A.
All of the samples produced a photocurrent when exposed to visible-light irradiation,
which suggests that they are capable of generating electrons and holes. In contrast, the
CeO2/AgCl-30 showed the highest photocurrent intensity, demonstrating that it has the
best separation efficiency of the photogenerated electron–hole pairs. It is worth noting
that it can be observed that after the light is turned on, the photocurrent of the composite
material shows a continuous upward trend. This may be attributed to the dynamic process
in which AgCl continuously decomposes into Ag nanoparticles under light irradiation.
The newly generated Ag continuously, due to its SPR effect, forms a more efficient charge
transfer, resulting in the continuous increase of the photocurrent [42]. In addition, with the
increase in the proportion, a large amount of agglomeration will occur in the composite
material, leading to a decrease in Ag species. This will impede the transfer of electrons and
weaken the SPR effect. Therefore, the photocurrent intensity of the sample CeO2/AgCl-
50 decreases significantly. To further study the charge transfer ability of the samples in
visible-light irradiation, the electrochemical impedance spectroscopy (EIS) was recorded.
It is widely recognized that a smaller arc radius implies a higher charge separation effi-
ciency [43,44]. In Figure 6B, the order of the arc radius sizes from the samples is as follows:
AgCl > CeO2/AgCl-10 > CeO2/AgCl-50 > CeO2/AgCl-30. Apparently, the CeO2/AgCl-30
sample exhibits the smallest arc radius, meaning it has a minimum resistance to charge
transfer, which further indicates the formation of an S-scheme heterojunction between CeO2

and AgCl, which promotes electron migration and corresponds to the XPS results presented
in this article. A lower resistance implies that the sample has a better transfer efficiency in
terms of the photogenerated electron–hole pairs, which also verifies the statement about
the above-mentioned SPR effect. The EIS diagrams of the best samples, CeO2/AgCl-30
and AgCl, were fitted to suitable equivalent circuit diagrams through Zview, and the data
are shown in Table S1. The proposed equivalent circuit model (Figure S4) consists of four
series components: a constant resistor Rs and two resistors R1 and R2 connected in parallel
with the constant phase elements (CPE1, CPE2). The results show that the charge transfer
resistance of the CeO2/AgCl-30 is significantly lower than that of the AgCl, indicating that
its electrochemical performance has been significantly improved. It can effectively separate
e−–h+ pairs under light irradiation and promote charge transfer.
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Figure 6. (A) Transient photocurrent characteristics and (B) electrochemical impedance spectroscopy
of AgCl and composites with different proportions.

The photocatalytic performance of the AgCl and CeO2/AgCl composite materials
was investigated through the degradation of RhB. Under acidic conditions, a large number
of hydrogen ions (H+) in the solution will bind to basic sites such as the nitrogen atoms
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in rhodamine B molecules, causing them to protonate. Protonated rhodamine B carries a
positive charge, increasing its ionization degree and making it more soluble in water. As the
pH value increases and the alkalinity increases, the concentration of hydroxide ions (OH −)
in the solution increases, and the rhodamine B molecules will gradually lose their protons,
resulting in a decrease in the ionization degree. To reduce the experimental interference, we
used neutral deionized water to prepare the RhB solution. In Figure 7A, the photocatalytic
degradation performance of the pure AgCl, CeO2, and CeO2/AgCl composite materials
with different ratios was tested in RhB solution with a concentration of 10 mg/L. It can
be observed that pure CeO2 has relatively weak degradation performance under these
conditions, and AgCl also does not exhibit high photocatalytic activity. However, after
introducing CeO2 into AgCl, the photocatalytic performance of the composite materials
has been significantly improved. Meanwhile, combined with Figure 7B, it can be observed
that the degradation rates of the three composite materials have increased significantly.
Among them, the composite material CeO2/AgCl-30 with a CeO2 loading of 30% has the
best degradation rate, reaching 99%. It is worthy of note that the optimal degradation rate
did not attain 100%. This could be attributed to the presence of a certain degree of error
in the experimental apparatus. Additionally, a certain adsorption–desorption dynamic
equilibrium might exist between the material and the dye. During the entire decomposi-
tion process of the RhB probe molecules, superoxide radicals first attack the conjugated
chromophore structure of the RhB molecules, such as adding carbon–carbon double bonds
to the RhB molecules, triggering ring-opening reactions. This process disrupts its color
structure, causing the color of RhB solution to gradually fade. Subsequently, hydroxyl
radicals with strong oxidizing properties and no selectivity begin to take effect. They can
attack other chemical bonds in the RhB molecules, such as removing hydrogen atoms from
the alkyl chain to form alkyl groups, which are then further oxidized to gradually oxidize
the RhB molecules into small organic acids, aldehydes, and other intermediate products.
Meanwhile, voids also oxidize the intermediate products that have already been produced,
promoting their mineralization. As the reaction continues, these intermediate products
are eventually completely mineralized into small molecules such as carbon dioxide CO2

and H2O that are harmless to the environment. Subsequently, Figure 7C illustrates the
first-order kinetic model applicable to the materials and calculates the rate constant K [45].
The Ks the for AgCl, CeO2/AgCl-10, CeO2/AgCl-30, CeO2/AgCl-50, and CeO2 are 0.012,
0.067, 0.11, 0.084, and 0.0073 min−¹, respectively. The K value for the CeO2/AgCl-30 is the
uppermost, being 9.17 times that of pure AgCl. It is worth noting that UV-Vis spectroscopy
can be employed to study the decolorization of organic dye solutions. However, due to
the generation of numerous by-products during the photocatalytic degradation process,
it cannot conclusively prove that the dyes have been degraded. In contrast, total organic
carbon (TOC) analysis serves as an effective method for evaluating the degradation degree
of organic dyes. Figure 7D illustrates the TOC removal rates of RhB after 60 min of light
irradiation under the action of different photocatalysts. It can be observed that for the
five samples of AgCl, CeO2, CeO2/AgCl-10, CeO2/AgCl-30, and CeO2/AgCl-50, the TOC
removal rates after 60 min of light irradiation are 13%, 5%, 42%, 61%, and 50%, respectively.
This result further confirms that the synthesized CeO2/AgCl-30 composite material is a
highly efficient photocatalyst for the degradation of organic dyes.

To test the stability of the sample performance, four degradation cycle tests were
carried out on the CeO2/AgCl-30 material, as shown in Figure 8A. After four cycles of
degradation tests, the photocatalytic degradation performance of the material decreased
slightly, but the performance was still relatively excellent. Subsequently, XRD and FTIR
tests were carried out on the cycled samples. It was found that compared with the fresh
samples before the reaction, there was no significant change in their signals. At the same
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time, combined with the SEM of the cycled samples in Figure 8D, it can be found that
the chemical structure and surface characteristics of the cycled samples did not change
significantly.
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To verify whether the CeO2/AgCl composite prepared in this work can maintain
excellent performance under different environments, a 10 mg/L RhB solution was prepared
using seawater to simulate the marine environment. The CeO2/AgCl-30 was selected as
a representative sample for photocatalytic degradation. Similarly, as can be observed in
Figure 9A, compared with CeO2 and AgCl, the CeO2/AgCl-30 composite still exhibits
excellent degradation performance. By observing Figure 9B, it can be known that the
degradation rate of the CeO2/AgCl-30 can reach 96%. Judging from the above results,
it can be demonstrated that the CeO2/AgCl catalyst can degrade pollutants in different
environments and maintain excellent degradation performance simultaneously.

To determine whether the CeO2/AgCl composite exhibits photocatalytic degradation
performance toward other pollutants, the photocatalytic degradation properties of the
AgCl, CeO2, and the CeO2/AgCl composite on methyl orange (Figure 10A,B) and crystal
violet (Figure 10C,D) were also investigated. Under identical conditions, the CeO2/AgCl-30
continued to exhibit outstanding photocatalytic degradation performance. It can be clearly
observed in Figure 10A,C that the performance of the CeO2/AgCl-30 was still significantly
superior to that of the AgCl. Moreover, the degradation rates of the CeO2/AgCl-30 for
methyl orange (Figure 10B) and crystal violet (Figure 10D) reached 82% and 88%, respec-
tively. Comparing the degradation effects of the samples on the above-mentioned simulated
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pollutants indicates that the CeO2/AgCl-30 composite can maintain excellent performance
for different pollutants and holds great promise in the field of photocatalytic degradation.
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patterns, (C) FTIR of the CeO2/AgCl-30 composite before and after photodegradation of RhB, and
(D) SEM image used for CeO2/AgCl-30.
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The reactive species that played a major role in the degradation process were deter-
mined by adding different scavengers. Disodium ethylenediaminetetraacetate, ascorbic acid,
methanol, and dimethyl sulfoxide were used to scavenge h+, ·O2

−, ·OH and e− [46–49]. In
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Figure 11, taking the degradation of RhB as an example, the four substances played different
degrees of major roles. Notably, compared with the blank, following the addition of AA,
the rate of degradation decreased significantly from 99% to 39%, and in the test with MeOH
added, the degradation rate decreased to 51%, demonstrating that ·O2

− and ·OH were the
principal reactive species. Meanwhile, after scavenging h+ and e−, the degradation rates
decreased to 71% and 84%, respectively, suggesting that h+ and e− also played secondary
roles in the degradation.
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To further verify that large amounts of ·O2
− and ·OH are evoked amidst the photo-

catalytic degradation process of the CeO2/AgCl, with DMPO as the trapping agent, the
CeO2/AgCl-30 composite was selected as an instance for ESR testing. It can be observed in
Figure 12A,B that, under dark reaction conditions, no signal peaks indicating the generation
of free radicals were detected. However, after ten minutes of illumination, distinct signal
peaks of ·O2

− and ·OH were detected. This confirms that the CeO2/AgCl composite can
generate a large number of ·O2

− and ·OH under illumination conditions [50,51].
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CeO2/AgCl-30 composite.

Since the activity of photocatalysts is related to their semiconductor type, conduction
band (CB) and valence band (VB), the Mott–Schottky measurement method can be used
to determine their band potentials and semiconductor types. Figure S5 shows the Mott–
Schottky plots of the pure AgCl as well as the CeO2 measured at frequencies of 1000,
1500, and 2000 Hz, respectively. The slopes of the tangents are all positive, indicating
that both AgCl and CeO2 belong to the n-type semiconductors [52]. The intercepts of
the Mott–Schottky curves with the abscissa are EFB. The EFB values of AgCl and CeO2

relative to the Ag/AgCl electrode are −0.21 VSCE and −1.59 VSCE, respectively. For n-
type semiconductors, the CB is 0.1 V more negative than the EFB. Using the formula
ENHE = EAg/AgCl + 0.198 V [53], the ECB values relative to the normal hydrogen electrode
(NHE) are −0.112 VNHE and −1.492 VNHE. In the equation EVB = ECB + Eg [54], the VB
potentials of AgCl and CeO2 are 3.138 VNHE and 1.658 VNHE, respectively.

The electron band structure of CeO2 prior to its contact with AgCl is depicted in
Figure 13A. Generally, for the S-scheme heterojunction formation, the Fermi level (Ef) and
the conduction band (CB) of the reducing semiconductor CeO2 are positioned higher than
those of the oxidizing semiconductor AgCl. Once in contact, because of the distinct electron
density distributions within the bulk phases and at the interfaces of the CeO2 and AgCl, the
Ef in the CeO2 and AgCl diverge (Figure 13B). At the AgCl interface, an augmentation of
the electron density results in an elevation of the Ef, while at the CeO2 interface, a decline in
the electron density causes a reduction in the Ef. Consequently, the band edges of CeO2 and
AgCl bend separately in the interfacial zone, thereby creating a built-in electric field [55].
As illustrated in Figure 13C, when the incident light energy exceeds the bandgap of both
CeO2 and AgCl, electrons in the valence band (VB) are photoexcited to the conduction
band (CB), respectively. The valence band potential of CeO2 is 1.658 V, which is more
negative compared to the potential of the ·OH/H2O couple (2.40 V), making it challenging
to generate ·OH [56]. The valence band potential of AgCl is 3.138 V, significantly higher
than the potential of the ·OH/H2O couple (2.40 V). Thus, H2O can be oxidized to ·OH
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by the photogenerated holes (h+) in the valence band of AgCl, and ·OH can efficiently
decompose RhB. Nevertheless, the conduction band potential of AgCl is −0.112 V, which is
higher than the potential of the O2/·O2

− couple (−0.33 V). As a result, the O2 in the reaction
system cannot be reduced to ·O2

− by the electrons (e−) photoexcited in the conduction
band of AgCl, which severely impedes the photocatalytic activity of AgCl. Therefore,
the photocatalytic degradation efficiency of either pure CeO2 or AgCl for RhB is quite
low. After the establishment of the S-scheme heterojunction between CeO2 and AgCl, the
photogenerated electrons in the conduction band of AgCl recombine with the holes in the
valence band of CeO2 at the interface, preserving the e− (CeO2) and h+ (AgCl) with robust
redox capabilities. CeO2 has a relatively negative conduction band potential (−1.492 V), so
the e− in the CB of CeO2 can reduce the adsorbed O2 to generate ·O2

−. AgCl has a relatively
positive VB potential (+3.138 V), enabling the h+ with strong oxidation ability remaining
in the VB of AgCl to oxidize H2O to produce ·OH. Both ·O2

− and ·OH can facilitate the
decomposition of RhB and the h+ in the valence band of AgCl can also directly degrade
RhB molecules [57]. In addition, due to the photodissociation of AgCl, silver is formed on
the surface. Silver nanoparticles can be excited through the SPR effect, thereby generating
electrons and holes [58]. On the one hand, the excited electrons can be transferred to the
conduction band of CeO2, promoting the generation of superoxide radicals. On the other
hand, the holes formed on Ag NPs can also be transferred to the surface of AgCl.
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Through the above mechanisms, not only are electrons and holes effectively separated
in the composite material but also more reactive oxygen species can be formed. This is
beneficial for improving the photocatalytic activity of the CeO2/AgCl composite material.

Finally, Figure 14 shows the possible degradation intermediate products and final
products of RhB on the composite material CeO2/AgCl-30 during the photocatalysis pro-
cess. According to the previous literature [4,59], the photocatalytic degradation process of
RhB mainly includes four steps, namely N-demethylation, chromophore cleavage, open-
ing ring, and mineralization. The final degradation products are CO2 and H2O. In our
photocatalytic degradation process, no obvious organic compounds were detected either,
indicating that the final degradation products of RhB are carbon dioxide and water.
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4. Conclusions
A novel CeO2/AgCl photocatalyst was successfully synthesized through a one-step

chemical precipitation technique. By combining CeO2 with AgCl to construct an S-scheme
heterojunction, the recombination of photogenerated charges and holes can be strongly
restrained, reducing the charge transfer resistance, and the photocatalytic ability can be
enhanced. The photocatalytic degradation exhibited by the CeO2/AgCl composite of
various organic pollutants is superior to that of pure AgCl. The highest degradation rate
can reach 99% within 40 min, and it is not affected by environmental changes. Meanwhile,
experiments have proven that ·O2

− and ·OH are the key reactive species, and they can
efficiently decompose organic dyes and ultimately obtain small molecules that are harmful
to the environment. The photocatalytic stability was also demonstrated in four cyclic
experiments and via XRD, FTIR, SEM analysis, which is of great significance for the
practical application of the materials. These results demonstrate the application potential
of CeO2/AgCl in water treatment, clarify the preparation of highly efficient photocatalysts,
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and may solve the problem of pollutant degradation. This broadens the application scope
of photocatalytic technology in the field of environmental remediation. Secondly, the
deeper understanding of the interaction mechanism between CeO2 and AgCl, as well as
the photocatalytic degradation mechanism of RhB, has enriched the theoretical knowledge
in the field of photocatalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano15070537/s1, Figure S1. FTIR spectra of AgCl, CeO2/AgCl-
10, CeO2/AgCl-30, CeO2/AgCl-50 and CeO2. Figure S2. EDS elemental mapping of Ag, Cl, O and Ce
and EDS spectrum of CeO2/AgCl-30. Figure S3. (A) UV-vis DRS over CeO2, (B) band gap of CeO2

and (C) band gap of CeO2/AgCl-30. Figure S4. Equivalent circuit for EIS. Table S1. Fitted Results of
EIS Spectra. Figure S5. Mott-Schottky tangent plots of (A) AgCl and (B) CeO2.
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