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Editorial

Editorial for the Special Issue “Design and Application of
Combined Catalysis”

Feng Wang

School of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, China; fengwang@ujs.edu.cn

The global community is currently confronting the dual challenges of energy shortages
and environmental degradation, underscoring an urgent need for green and sustainable
technological solutions [1,2]. To break away from dependence on fossil resources and
build a resilient energy system, green catalytic processes are regarded as a transformative
pathway [3]. These processes can meet energy demands while simultaneously alleviating
environmental pressures [4]. Green catalytic technologies have been widely applied in
the chemical industry, pharmaceuticals, the energy sector, and environmental protection.
However, conventional single-catalytic modes—such as photocatalytic, electrocatalytic,
enzymatic, or chemocatalytic approaches—though promising, often suffer from inherent
limitations, including low efficiency, poor stability, unsatisfactory selectivity, or high costs,
which severely hinder their large-scale implementation [5,6].

To overcome these barriers, the field is increasingly turning to combinatorial cataly-
sis. This innovative approach integrates distinct catalytic modalities, such as enzymatic,
chemical, photocatalytic, electrocatalytic, and others, to create synergistic effects that are
unattainable by any single system alone [7,8]. By uniting, for example, photocatalysis
with electrocatalysis, enzymatic with heterogeneous catalysis, or whole-cell systems with
synthetic catalysts, it becomes possible to orchestrate reaction networks that leverage the
unique advantages of each component [9,10]. These strategies not only enhance reaction
activity, selectivity, and durability but also create novel reaction pathways. Furthermore,
integrated catalysis contributes to reduced energy consumption and minimized waste
generation, aligning perfectly with the core objectives of sustainable chemistry [11].

This Special Issue, titled “Design and Application of Combined Catalysis”, high-
lights the expanding role of combinatorial catalysis in addressing the inefficiencies of
single-catalytic modes and reducing catalysis costs across diverse fields. Bringing together
advances in catalyst design (e.g., magnetic immobilization and doping modification), in-
novative synthesis strategies, and mechanistic insights into multi-catalysis synergy, this
Special Issue exhibits the dynamic evolution of combinatorial catalysis systems. Beyond
showcasing technical progress, it underscores the importance of combinatorial catalysis as
a key tool for achieving efficient compound production through sustainable approaches.
The research presented in this Special Issue vividly demonstrates how the synergistic
interplay between different catalysts can lead to remarkable enhancements in activity,
stability, and selectivity, thereby paving the way for more sustainable and economically
viable chemical processes.

In Contribution 1, a systematic study of two glycosidase immobilization methods—
cross-linked enzyme aggregates (CLEAs) and magnetic cross-linked enzyme aggregates
(MCLEAs)—revealed that MCLEAs eliminate the need for ultrafiltration, enhance im-
mobilization efficiency and catalytic activity (approximately 30% higher than CLEAs),

Catalysts 2025, 15, 1167 https://doi.org/10.3390/catal15121167
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and maintain over 70% activity after 10 reuse cycles, providing an efficient and stable
biocatalytic strategy for icaritin production.

Contribution 2 employed ion beam sputtering as a post-synthesis surface modification
technique to enhance the low-temperature activity of commercial Pt/CeO2–ZrO2 catalysts.
Using low-energy Ar+ ions, the authors selectively generated oxygen vacancies and im-
proved Pt dispersion without altering the bulk structure. The treated catalysts showed a
progressive reduction in light-off temperatures for CO and C3H6 oxidation, with the most
extensively irradiated samples achieving 13 and 22 K decreases, respectively, highlight-
ing the potential of ion beam processing to address the persistent challenge of cold-start
emissions in high-efficiency diesel and lean-burn engines.

In Contribution 3, Aleithan et al. synthesized MoS2 nanohybrids via chemical vapor
deposition and combined them with Au nanoparticles to construct MoS2/Au hybrid
materials for enhancing the performance of the electrocatalytic hydrogen evolution reaction
(HER). They found that Au incorporation significantly enhances the conductivity and
active sites of composites, enabling outstanding HER activity in neutral media. The onset
potential reaches as low as −0.152 V with an exchange current density of 0.22 mA/cm2,
accompanied by excellent long-term stability. This work provides a viable strategy for
developing efficient, stable non-precious metal-assisted electrocatalysts.

Contribution 4 investigated Mg-doped β-Bi2O3 nanoparticles prepared using sol–
gel synthesis. The sol–gel-synthesized Mg-doped Bi2O3 samples showed a reduction in
crystallite size from 79 to 13 nm and bandgap narrowing from 3.8 to 3.08–3.3 eV. The
optimized Mg0.075Bi1.925O3 catalyst achieved a high photodegradation rate constant of
0.0217 min−1 for methylene blue and exhibited enhanced hydrogen evolution due to the
optimal band alignment structure. This study highlights the role of alkaline earth metal
doping in designing efficient photocatalysts for environmental and energy applications.

Contribution 5 employed density functional theory (DFT) to explore the oxygen evo-
lution reaction (OER) mechanism on NiP surfaces, revealing synergistic catalysis. P atoms
stabilized O* intermediates, while Ni-induced electron donation enhanced the O*-P in-
teraction. Moreover, Lewis acidic sites (from electron loss at adsorption sites) reduced
overpotential by up to 0.61 V, with the Ni4P2 surface showing the lowest overpotential
(0.78 V) via the single-site pathway. This study establishes a valuable framework for
guiding base metal catalyst design.

Contribution 6 reported reduced graphene oxide (RGO)-coated ZrO2 heterostructures
synthesized by sol–gel combustion and ultrasonic mixing, where synergistic catalysis be-
tween RGO and ZrO2 led to a reduced ZrO2 bandgap from 5.6 to 3.87 eV and ZrO2@4%RGO
achieved 80% methylene blue (MB) degradation in 120 min under sunlight, while the reac-
tion rate constant was nearly twice that of pure ZrO2 (65%).

In Contribution 7, TiO2/(MA)2SnCl4 nanocomposite films were synthesized via
sunlight-driven drop-casting, where the synergistic effects of structural modification, op-
timized charge dynamics, and defect-mediated electronic interactions between TiO2 and
(MA)2SnCl4 led to a narrowed bandgap (from 3.1 to 2.6 eV) and enhanced visible-light
absorption. The composite achieved 90% MB degradation in 60 min, outperforming pure
TiO2 (75%) due to Sn-O-Ti interactions and oxygen vacancies.

Contribution 8 demonstrated that Gd-doped ZnO nanocomposites, synthesized via
sol–gel combustion, exhibit enhanced photocatalytic activity. Gd doping (0.025–0.075)
modulated the bandgap (with a minimum of 3.07 eV for the 0.075 sample) and inhibited
electron–hole recombination, with 0.075 Gd-doped ZnO degrading 89% MB in 120 min
under UV light (40% for pure ZnO) and maintaining stability over five reuse cycles.

The final contribution (Contribution 9) established the optimal conditions for the
laccase-catalyzed degradation of 2-MIB (pH 4.0, 25 ◦C, 150 rpm, 0.1 U/mL laccase, and 200
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ng/L 2-MIB), achieving a degradation efficiency of approximately 78% within 4 h. The
degradation efficiency was further elevated to 90.78% upon the application of a micro-
electric field (0.04 A), demonstrating a notable synergistic effect between the enzymatic
and electrocatalytic processes.

Taken together, the contributions in this Special Issue provide mechanistic insights,
practical knowledge, and technological innovations that advance the field of combinatorial
catalysis. They demonstrate how multi-catalysis synergy, material modification, and
process optimization can improve catalytic efficiency and reduce costs.

I wish to extend my deepest and most sincere gratitude to all the authors for their
invaluable contributions, without which this Special Issue would not have been possible. I
hope that the original articles included in this issue will help advance the understanding
of and resolve the current challenges in the field. I also sincerely thank MDPI’s journal
Catalysts for the opportunity to serve as a Guest Editor, and I appreciate the dedicated
efforts of the assistant editors and reviewers in enhancing the quality of this Special Issue.
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Highly Efficient Degradation of 2-Methylisoborneol by Laccase
Assisted by a Micro-Electric Field

Ling Xu 1,†, Beidian Li 1,†, Tingting Liu 1, Anzhou Ma 2, Guoqiang Zhuang 2,3, Jingya Qian 1, Yi Cui 1,
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Abstract: Taste and odor (T&O) compounds have emerged as crucial parameters for assessing
water quality. Therefore, identifying effective methodologies for the removal of these compounds
is imperative. In this study, an effective approach utilizing laccase assisted by a micro-electric field
was developed for the degradation of 2-methylisoborneol (2-MIB). For this purpose, the optimal
conditions for the laccase-catalyzed degradation of 2-MIB were determined, and they were pH 4.0,
25 ◦C, 150 rpm, 0.1 U/mL of laccase, and 200 ng/L of 2-MIB. Under these specified conditions, the
degradation efficiency of 2-MIB was approximately 78% after a 4 h reaction period. Subsequently, the
introduction of an electric field yielded a synergistic effect with the enzyme for 2-MIB degradation.
At an electric current intensity of 0.04 A over a 4 h duration, the degradation efficiency increased to
90.78%. An analysis using SPME-GC/MS provided information on the degradation intermediates of
2-MIB resulting from laccase-catalyzed degradation, electrocatalytic degradation, and micro-electric-
assisted laccase degradation. The potential degradation pathways of 2-MIB illustrated that these
three methods result in common degradation products, such as capric aldehyde, nonylaldehyde, and
2-ethylhexanol, and their final products include 3-pentanone, acetone, and 2-butanone. This study
provides an enzyme–electrochemical method for the efficient and rapid degradation and removal of
2-MIB. The strategy of laccase catalysis assisted by a micro-electric field has good potential for the
removal of pollutants from the natural environment.

Keywords: 2-methylisoborneol; laccase; micro-electric field; oxidation degradation; possible degradation
pathway

1. Introduction

Taste and odor (T&O) compounds not only jeopardize the safety of drinking water
but also increase the operational costs of water treatment processes. These compounds can
significantly impact the palatability of water, prompting consumer dissatisfaction and neces-
sitating additional measures to ensure water quality and safety [1]. T&O compounds origi-
nate from two primary sources. One source is the improper disposal of water resources by
individuals, which can introduce odoriferous substances into natural water bodies, includ-
ing chemicals, mineral salts, inorganic nitrides, and sulfides. The other source is excretions
from algae, actinomycetes, fungi, and organic materials such as humus, which contribute
diverse odors to water [2,3]. Various T&O compounds are present in natural water, such
as geosmin (GSM), 2-methylisoborneol (2-MIB), 2-isopropyl-3-methoxypyrazine (IPMP),
2-isobutyl-3-methoxypyrazine (IBMP), and 2,4,6-trichloroanisole (TCA) [2–4]. Among these

Catalysts 2024, 14, 649. https://doi.org/10.3390/catal14090649 https://www.mdpi.com/journal/catalysts5
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compounds, 2-MIB is particularly noteworthy as a significant odorant in drinking water
sources, characterized by a musty, earthy odor primarily originating from blue-green algae
and actinomycetes [5].

2-MIB is considered a typical T&O compound due to its exceedingly low odor de-
tection threshold in the ng/L range [6], which poses significant challenges to its effective
removal using conventional water treatment methods [3,7]. While T&O substances in
drinking water typically do not pose a direct health threat to humans, their presence can
lead individuals to reject water due to the undesirable taste, potentially resulting in refusal
to consume or utilize it. Consequently, the removal of 2-MIB from drinking water has
garnered significant attention in recent years. The removal of 2-MIB from water involves
a combination of physical, chemical, and biological methods [3,8,9]. Traditional physical
water treatment techniques such as coagulation, precipitation, sand filtration, and activated
carbon adsorption have exhibited minimal efficacy and notable instability in their capacity
to eliminate these compounds [10]. Likewise, conventional chemical oxidation processes
such as chlorination and permanganate oxidation have not only demonstrated low effi-
ciency but also possess a limited capability to oxidize odorous compounds, potentially
yielding hazardous by-products [11,12]. Biological methods have shown greater promise
for the removal of 2-MIB, with studies indicating that specific aquatic and soil bacteria
can effectively biodegrade this compound [13,14]. Bacteria are crucial in the degradation
of 2-MIB, breaking down, co-metabolizing, and enzymatically degrading the compound
through diverse metabolic processes [15]. Additionally, enzymes isolated from 2-MIB
degraders have been shown to effectively reduce 2-MIB concentrations [16].Nevertheless,
research into enzymatic degradation methods for 2-MIB remains limited, underscoring the
significant potential of enzymatic approaches in tackling the challenge of 2-MIB removal.

Laccase, a widely distributed multicopper glycoprotein enzyme, is renowned for
its capability to oxidize a diverse range of both phenolic and non-phenolic compounds.
Enzymatic degradation utilizing laccase has garnered significant attention due to its high
removal efficiency and environmentally friendly characteristics. This enzyme has demon-
strated the ability to oxidize a broad spectrum of substrates, encompassing environmental
contaminants such as pharmaceuticals, dyes, pesticides, phenols, and components com-
monly found in wastewater [17–19]. Enhancing laccase catalytic efficiency through the use
of mediators and immobilization techniques and exploring laccase from diverse sources
are promising strategies to improve the bioremediation of environmental pollutants [20].
These strategies can enhance the performance of laccase in degrading various pollutants,
positioning it as a promising tool for environmental remediation efforts.

Electrochemical water treatment technology utilizes an applied potential or current
to facilitate electron transfer and multi-proton-coupled electron transfer processes [21].
This process leads to the oxidation, reduction, adsorption, and migration of pollutants [22].
Electrocatalysis has sparked significant interest in the field of electrochemical oxidation [23].
On the one hand, it follows non-radical pathways, involving direct electron transfer pro-
cesses, where pollutants act as electron donors or acceptors, leading to direct oxidation or
reduction [24]. On the other hand, it can generate powerful oxidants, such as hydroxyl rad-
icals, at the catalytic electrode surface through radical pathways. These oxidants effectively
oxidize and decompose pollutants, leading to efficient water purification. Most reviews on
electrocatalysis technology have focused on specific areas, with some studies exploring the
co-catalytic oxidation of various oxidants and peroxides [25].

This study aimed to explore how different reaction conditions affect the free laccase-
catalyzed degradation of 2-MIB, optimize these conditions, and investigate the mechanism
under optimal settings. To enhance electron transfer during the laccase-catalyzed oxidation
process, this research examined the influence of an external micro-electric field on 2-
MIB degradation by laccase. This study compared the efficiency of 2-MIB degradation
catalyzed by laccase alone, a micro-electric field alone, and micro-electric-field-assisted
laccase. Additionally, the potential degradation pathways of 2-MIB were also analyzed.
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2. Results and Discussion

2.1. Effects of Reaction Parameters on Degradation of 2-MIB Catalyzed by Laccase
2.1.1. Effect of pH on Catalytic Degradation of 2-MIB by Laccase

At pH 4.0, the degradation efficiency of 2-MIB was optimal, achieving a degradation
efficiency of 77.80% (Figure S1). Deviations from this optimal pH significantly reduced the
degradation efficiency of 2-MIB, particularly under alkaline conditions. For instance, at pH
8.0, laccase catalyzed the degradation of 2-MIB at only 27.46% of the rate observed at pH 4.0.
The efficacy of the biocatalysts was notably compromised under both acidic and alkaline
conditions, with a more pronounced effect observed in alkaline environments. This was
because pH influenced not only the substrate’s ionization but also the spatial arrangement
of the enzyme molecules and the ionization state of their surface-active groups [26]. Under
alkaline conditions, the diminished degradation efficiency of 2-MIB could be attributed to
the strong electrostatic repulsion between the oppositely charged groups at the enzyme’s
active site, leading to structural alterations that impacted its functionality [27].

According to the results in Figure 1a, linear fitting of the degradation efficiency plot
was performed (Figure 1a), and the apparent rate constant for 2-MIB was calculated
(Figure 1b). As shown in Figure 1b, the rate constant (k) at pH 4.0 was 0.0091 min−1,
representing the maximum reaction rate. Deviations from pH 4.0, either lower or higher,
resulted in a decreased reaction rate. Laccase exhibited higher biological activity at the
optimal pH, as different pH levels affected the charged states of both the substrate and the
enzyme, influencing their binding interaction [28]. In this reaction, laccase primarily served
as a catalyst, and changes in pH impacted its activity, thereby affecting the overall reaction
rate. Similarly, Onaizi and Alshabib also found a non-linear trend in the conversion rate of
bisphenol A catalyzed by laccase, where the rate first increased and then decreased with
rising pH levels, indicating an optimal pH value [29].

 

Figure 1. Fitting linear plots (a) and apparent rate constants (b) of 2-MIB degradation efficiency at
different pH values (laccase dosage: 0.1 U/mL, 2-MIB concentration: 200 ng/L, 25 ◦C, 150 r/min).

2.1.2. Effect of Temperature on Catalytic Degradation of 2-MIB by Laccase

As shown in Figure S2, the degradation efficiency of 2-MIB reached 78.24% at 25 ◦C,
indicating optimal efficiency. When the temperature exceeded 25 ◦C, the degradation
efficiency of 2-MIB significantly decreased, dropping to 37.84% at 40 ◦C. Temperature
affected the degradation of 2-MIB in two main ways: Firstly, the degradation efficiency of
2-MIB catalyzed by laccase increased with respect to the temperature. This was because the
enzymes had an optimal temperature for their best activity, and the enzyme activity was
suppressed at lower temperatures [30,31]. Secondly, the degradation efficiency of 2-MIB
decreased when the temperature increased to more than 25 ◦C; this could be due to the
heat-induced conformational changes in the enzyme at higher temperatures, leading to
enzyme inactivation [29]. Based on the results in Figure S2, linear fitting of the degradation
efficiency plot was performed (Figure 2a), and the apparent rate constant of 2-MIB was
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calculated (Figure 2b). At 25 ◦C, the k value was 0.0089 min−1, reaching the maximum
reaction rate. In the ascending region below the optimal temperature, the increase in
the reaction rate constant due to the rising temperature was moderate. Conversely, in
the descending region above the optimal temperature, the rate of enzyme deactivation
due to heat became more significant, leading to a substantial decrease in the efficiency of
2-MIB degradation. It was reported that the reaction rate for the degradation of polycyclic
aromatic hydrocarbons catalyzed by laccase exhibited an initial incline followed by a
decline as the temperature increased, consistent with the results of this study [32].

 

°
°
°
°
°
°

Figure 2. Fitting linear plots (a) and apparent rate constants (b) of 2-MIB degradation efficiency at
different temperatures (laccase dosage: 0.1 U/mL, 2-MIB concentration: 200 ng/L, pH 4.0, 150 r/min).

2.1.3. Effect of Stirring Speed on Catalytic Degradation of 2-MIB by Laccase

Upon increasing the agitation speed from 75 r/min to 150 r/min, the degradation effi-
ciency of 2-MIB increased from 40.72% to 78.28% (Figure 3a). Agitation served to improve
the mixing of the substrate and enzyme in the reaction system, enhancing their interaction
frequency and thereby facilitating the reaction [33]. At lower rotational speeds, the rate
of the entire process is governed by mass transfer, whereas increasing the agitation speed
consistently enhances the mass transfer rates, thereby boosting degradation efficiency [34].
However, further escalation of the agitation speed to 200 r/min resulted in a decline in
the degradation efficiency of 2-MIB. In the degradation of ciprofloxacin hydrochloride
catalyzed by laccase assisted by ultrasound, a higher stirring rate resulted in worse degra-
dation, which is similar to the trend observed in this study [35]. Therefore, an agitation
speed of 150 r/min was chosen for the optimal degradation of 2-MIB. Based on the results
in Figure S3, linear fitting of the degradation efficiency plot was performed (Figure 3a),
and the apparent rate constant of 2-MIB was calculated (Figure 3b). In Figure 3b, it is
evident that, with an increasing agitation speed, the reaction rate initially increased and
then decreased, peaking at 150 r/min with a k value of 0.0081 min−1.

 

Figure 3. Fitting linear plots (a) and apparent rate constants (b) of 2-MIB degradation efficiency at
different stirring speeds (laccase dosage: 0.1 U/mL, 2-MIB concentration: 200 ng/L, 25 ◦C, pH 4.0).
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2.1.4. Effect of Enzyme Dosage on Catalytic Degradation of 2-MIB by Laccase

As shown in Figure S4, when the concentration of laccase was 0.01 U/mL, the degra-
dation efficiency of 2-MIB after 4 h was only 25.69%. An insufficient enzyme dosage likely
reduced the frequency of substrate–enzyme interactions, thereby hindering the degradation
of 2-MIB [36]. Increasing the laccase concentration to 0.1 U/mL significantly boosted the
degradation efficiency to the maximum of 78.24%. The optimal enzyme concentration
enhanced the reaction rate by maximizing the frequency of substrate–enzyme interactions,
thereby facilitating the degradation of 2-MIB. In the case of 0.1 U/mL, the concentration of
laccase was 1.3 nM, and the concentration of 2-MIB was 1.2 nM. However, further increases
in the laccase concentration to 0.15 U/mL and 0.2 U/mL did not significantly enhance the
degradation efficiency beyond that achieved at 0.1 U/mL. At a higher enzyme concentra-
tion, the binding of the substrate with the enzymes was saturated, and the enzyme was
redundant [37,38]. Therefore, a laccase concentration of 0.1 U/mL appeared to be optimal
for efficiently degrading 200 ng/L of 2-MIB.

Based on the results in Figure S4, linear fitting of the degradation efficiency plot was
performed (Figure 4a), and the apparent rate constant of 2-MIB was calculated (Figure 4b).
It is evident in Figure 4a that increasing the enzyme dosage from 0.01 U/mL to 0.1 U/mL
resulted in a significant increase in the k value to 0.0081 min−1, thereby substantially
enhancing the reaction rate of 2-MIB. However, further increasing the enzyme dosage to
0.2 U/mL only slightly raised the k value from 0.0083 min−1 to 0.0097 min−1, representing
a minor increase of 0.0014 min−1, with no significant improvement in the reaction rate
of 2-MIB. Therefore, the enzymatic dosage of 0.1 U/mL was selected as the appropriate
condition for 2-MIB degradation.

 

Figure 4. Fitting linear plots (a) and apparent rate constants (b) of 2-MIB degradation efficiency at
different laccase dosages (2-MIB concentration: 200 ng/L, 25 ◦C, pH 4.0, 150 r/min).

2.1.5. Effect of Initial 2-MIB Concentration on Its Degradation Catalyzed by Laccase

In Figure S5, as the initial concentration of 2-MIB increased from 50 ng/L to 200 ng/L,
the degradation efficiency rose from 51.49% to 78.34%. This was due to the enhanced
opportunities for laccase–2-MIB interactions at higher concentrations, thereby augmenting
degradation. However, when the initial concentration was further elevated to 500 ng/L,
the degradation efficiency declined to 69.14%. Although the degradation efficiency was
the highest at 200 ng/L, the actual degradation amount of 2-MIB increased with respect to
the substrate concentration. These results indicate that, within a certain range, increasing
the 2-MIB concentration could enhance the reaction rate, but high concentrations may
negatively impact degradation efficiency [39,40]. This decrease was attributed to the
limited availability of active sites on laccase at higher 2-MIB concentrations. Additionally,
the higher initial 2-MIB concentration resulted in an increased production of degradation
by-products, which may compete with the substrate for the binding sites of laccase or
inhibit enzyme activity, thus reducing the overall degradation efficiency [41]. In the case
of 500 ng/L, the concentration of laccase was 1.3 nM, and the concentration of 2-MIB was
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3.0 nM. Based on the results in Figure S5, linear fitting of the degradation efficiency was
performed (Figure 5a), and the apparent rate constant of 2-MIB was calculated (Figure 5b).
It is evident in Figure 5b that, with an increase in the initial 2-MIB concentration, the
reaction rate initially increased and then decreased. The peak reaction rate was observed
at an initial 2-MIB concentration of 200 ng/L, with a rate constant (k) of 0.0089 min−1. At
the same time, under our reaction conditions, we found that there was no loss of enzyme
activity after 4 h. In order to better understand the data, the kinetic parameters of laccase
in the catalysis of 2-MIB were determined (Figure S6), where Km was 3.75 mmol/L, and
Kcat was 1.27 × 103 (Table S1).

 

Figure 5. Fitting linear plots (a) and apparent rate constants (b) of 2-MIB degradation efficiency at
different initial 2-MIB concentrations (laccase dosage: 0.1 U/mL, 25 ◦C, pH 4.0, 150 r/min).

2.1.6. Effect of Electric Field Intensity on 2-MIB Degradation Catalyzed by Laccase

The catalytic mechanism of laccase involved sequential stages: substrate binding,
electron transfer resulting in the formation of intermediates and reduction of the intermedi-
ates [40]. Research has highlighted that the rate-limiting step in the oxidation of various
substrates by laccases is the transfer of substrate electrons to the type I copper (Cu) center
of the enzyme’s native intermediate [42,43]. The impact of a direct current electric field on
laccase activity in aqueous systems was investigated, and an enhancement in laccase activ-
ity was observed near the positive electrode, resulting in the acceleration of the catalytic
reaction rate [44]. This study’s results showed that the application of an external electric
field increased the degradation efficiency of 2-MIB catalyzed by laccase. As the applied
current increased from 0.01 A to 0.04 A, the degradation efficiency of 2-MIB increased
to 90.78% (Figure 6). This was likely due to the enhanced electron transfer between the
electrode, solution, and laccase with the increased current. The higher current generated
a large number of highly oxidative free radicals, thereby promoting the degradation of
2-MIB [45]. However, an incremental gain in degradation efficiency occurred when the
current increased from 0.04 A to 0.08 A. In fact, the application of an external electric
field induced a gradual rise in pH in the cathode region (pH 4.2) and a decline in pH in
the anode region (pH 3.8). Thus, the anode region became marginally acidic, while the
cathode region became more alkaline with a higher current, influencing laccase activity. As
depicted in Figure 7, the application of a micro-electric field alone in the degradation of
2-MIB provided a degradation efficiency of only 8.15% after a 4 h reaction. In contrast, the
degradation catalyzed by laccase resulted in a degradation efficiency of 77.65% for 2-MIB.
These results indicate that the degradation efficiency of 2-MIB catalyzed by laccase assisted
by a micro-electric field was higher than the sum of the degradation efficiencies obtained
using a micro-electric field and laccase. Therefore, the catalytic reaction by laccase assisted
by a micro-electric field exhibited a synergistic effect, which could be due to the electric
field’s acceleration of electron transfer [44,46], facilitating the laccase-catalyzed reaction.
The combination of an electric field and bioremediation was used to degrade aliphatic
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hydrocarbons and achieved good degradation efficiency [47]. The application of an appro-
priate direct current can stimulate microbial activity and accelerate the biodegradation of
petroleum pollutants [48]. A large-scale electro-biological method was utilized to repair soil
contaminated by PAHs, where the degradation degree of PAHs was significantly enhanced
compared with that achieved by bioremediation alone [49]. These results indicate that the
combined strategy of an electric field and biological treatment has good potential for the
removal of pollutants.

Figure 6. Time profile of 2-MIB degradation by laccase at different electric field intensities.

Figure 7. Time profile of 2-MIB degradation by micro-electric field, laccase, and laccase assisted
by a micro-electric field (current intensity: 0.04 A, laccase dosage: 0.1 U/mL, 2-MIB concentration:
200 ng/L).

2.2. Analysis for the Intermediates of 2-MIB Degradation

Through an SPME-GC/MS analysis, the degradation intermediates of 2-MIB resulting
from different reaction processes were identified and are listed in the Supplementary
Materials (Tables S1–S3). Based on the information, the potential degradation pathways of
2-MIB catalyzed using different strategies were deduced and are illustrated in Figures 8–10.
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Figure 8. Possible degradation pathways of 2-MIB catalyzed by laccase.
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Figure 9. Possible degradation pathways of 2-MIB catalyzed by a micro-electric field.
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Figure 10. Possible degradation pathways of 2-MIB catalyzed by laccase assisted by a micro-electric field.
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2.2.1. Possible Degradation Pathway of 2-MIB Catalyzed by Laccase

Figure 8 depicts the potential degradation pathways of 2-MIB catalyzed by laccase
under previously optimized conditions. Products (1) and (2), comprising ten carbons,
were likely formed through the oxidation of 2-MIB. Further oxidation by laccase may
have led to the formation of the nine-carbon monocyclic compound 6-ethoxy-6-methyl-
2-cyclohexenone (Product 4). Alternatively, 2-MIB may have undergone ring-opening
and recombination reactions, directly yielding the ten-carbon linear compound decanal
(Product 3). Due to the instability of linear chains relative to branched structures, further
C-C bond cleavage resulted in the formation of the nine-carbon linear compound nonanal
(Product 5). Products (4) and (5), each containing nine carbons, underwent additional
oxidation or monocyclic cleavage to yield four linear compounds with eight carbons:
6-methyl-5-hepten-2-one, 2-ethyl-1-hexanol, octanal, and 1-octanol (Products 6–9). This
degradation pathway involved oxidation, ring-opening, and recombination reactions,
ultimately yielding a shorter-chain compound with fewer carbons (Product 15), namely,
3-pentanone. Enzymes from Pseudomonas mandelii were used for 2-MIB degradation, and
the final degradation product of 2-methyl-2-bornene was detected [16]. In the catalytic
degradation process of cyclic compounds (bisphenol A) using laccase as a catalyst, similar
reactions occurred, including oxidation and ring-opening reactions [50].

2.2.2. Possible Degradation Pathways of 2-MIB by Electrocatalysis

Figure 9 shows the possible degradation pathways of 2-MIB under a current of 0.04 A.
Initially, 2-MIB underwent oxidation processes generating a spectrum of five-membered
rings, six-membered rings, and bicyclic compounds (1–6). These intermediates subse-
quently underwent further oxidation or demethylation to yield three five-membered rings
(7–9) and ring-opening compounds (10). Further oxidation or C-C bond cleavage resulted
in the formation of diverse alcohols, ketones, esters, and other intricate branched-chain com-
pounds. This degradation pathway encompassed reactions such as oxidation, ring-opening,
and cleavage reactions, ultimately resulting in the production of the small molecule acetone.
In contrast, previous investigations into the electrocatalytic degradation of 2-MIB have
observed its ultimate transformation into carbon dioxide and water [50]. Notably, this
distinction may be attributed to the elevated current density employed in those studies
(2.5 mA cm−2), markedly differing from the lower current density of 0.08 mA cm−2 utilized
in this study, thereby yielding different final degradation products [51].

The chemical transformations that occurred in the presence of an electric field were
notably complex. Typically, the degradation of pollutants under electrocatalytic conditions
primarily proceeded through anodic oxidation, which encompassed both direct oxidation
reactions and indirect oxidation mediated by hydroxyl radicals [52]. Direct oxidation
entailed the potential adsorption of pollutants onto the electrode surface, where they
interacted with active oxygen species adsorbed on the electrode [52,53]. Indirect oxidation,
facilitated by hydroxyl radicals, involves generating these radicals through the oxidation of
water on the anode surface under the influence of the electric field. These hydroxyl radicals
subsequently participated in the oxidation of pollutants [52]. Guided by the principles of
electrocatalysis, the degradation of 2-MIB involved the cleavage of chemical bonds and
electron transfer processes, leading to the gradual transformation of the compound into
lower-molecular-weight intermediates.

2.2.3. Possible Degradation Pathways of 2-MIB Catalyzed by Laccase Assisted by a
Micro-Electric Field

Figure 10 integrates the potential degradation pathways of 2-MIB via laccase-catalyzed
degradation assisted by a micro-electric field. Initially, 2-MIB underwent oxidation to form
cyclic compounds (1) or dehydrogenation to yield compounds (2). These intermediates
could be further oxidized to two cyclic compounds, namely, 4,4-Dimethyl-cyclohex-2-en-1-
ol (3) and 2-Methylidene-cyclohexan-1-one (4), both comprising two cyclic units. Alterna-
tively, ring-opening reactions may have generated branched ketone compounds containing
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10 carbons, such as Octan-2-one, 3,6-dimethyl- (5). Subsequently, C-C bond cleavage
and successive oxidation led to the formation of shorter-chain compounds. Moreover,
2-MIB underwent ring-opening and recombination reactions, directly forming long-chain
compounds with 10 carbons (5, 6). These long-chain compounds, unstable in structure,
further underwent C-C bond cleavage to generate ketones, alcohols, and esters with nine
or eight carbons. This degradation process involved oxidation, dehydrogenation, and ring-
opening reactions, ultimately resulting in the formation of the small-molecule compounds
2-butanone (28) and acetone (29).

By comparing these three degradation pathways, it was observed that 2-MIB degra-
dation generated some common degradation products, such as decanal, nonanal, and
2-ethylhexanol. Additionally, while electro-assisted enzyme catalysis accelerated the degra-
dation of 2-MIB by promoting enzyme-catalyzed reactions, the enhancement effects were
more complex, resulting in a greater variety of degradation intermediates than enzymatic
degradation alone.

3. Materials and Methods

3.1. Chemicals

The 2-MIB standard (98% purity) was procured from Wako Pure Chemicals, Ltd.
(Osaka, Japan). It was dissolved in methanol to prepare as a stock solution with a concen-
tration of 20 mg/L. Laccase derived from Trametes versicolor, with an enzymatic activity of
≥0.5 U/mg, was obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA). All other
materials were of analytical grade and were provided by Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).

3.2. Experimental Procedure for 2-MIB Degradation
3.2.1. Preparation of Laccase Stock Solution

A specific amount of laccase was dissolved in 0.1 mol/L pH 3.5 acetic acid–sodium
acetate buffer solution. After stirring for 30 min, the solution was filtrated through a
0.22 μm filter and stored at 4 ◦C until further experimentation.

3.2.2. Degradation of 2-MIB Catalyzed by Laccase

The degradation experiment was carried out in a 2-MIB (200 ng/L) solution with
0.1 U/mL of laccase. The experiment was conducted in a shaker at 25 ◦C and 150 r/min.
Samples were taken during the reaction, and a certain amount of 6 mol/L NaOH solution
was added to the samples to stop the reaction. Finally, headspace solid-phase microextrac-
tion gas chromatography–mass spectrometry (SPME-GC/MS) was used to determine the
residual 2-MIB in the samples.

The effects of pH on the degradation efficiency and kinetics of 2-MIB were studied
by adjusting the initial pH to different levels (3.0, 4.0, 5.0, 6.0, 7.0, 8.0). To determine the
influence of temperature and shaking speed on 2-MIB degradation, different temperatures
(15, 20, 25, 30, 35, 40 ◦C) and various shaking speeds (75, 100, 125, 150, 175, 200 r/min)
were tested. The effects of laccase dosage (0.01, 0.05, 0.1, 0.15, 0.2 U/mL) and initial 2-MIB
concentration (50, 100, 150, 200, 500 ng/L) on degradation were also investigated.

3.2.3. Degradation of 2-MIB Catalyzed by Micro-Electric Field

The degradation of 2-MIB catalyzed by a micro-electric field with/without laccase
was carried out in the electrocatalysis device described in our previous research with
some modifications [54]. For this test, graphite–graphite plate electrodes were used, and a
magnetic agitator was applied to ensure mixing during catalysis. For the degradation of
2-MIB, the optimized conditions obtained in Section 3.2.2 were used.
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3.3. Analysis
3.3.1. Determination of Laccase Activity

An appropriate amount of laccase was added to 3 mL of 0.1% (w/v) catechol solution
prepared in 0.1 mol/L pH 3.0 tartaric acid buffer. The reaction was carried out at 25 ◦C
for 5 min, and the change in absorbance at 450 nm was measured. The amount of laccase
required to oxidize one micromole of catechol per minute was defined as one enzyme
activity unit (U).

3.3.2. Analysis of 2-MIB and Its Intermediate Degradation Products

The analysis and identification of 2-MIB and its potential degradation products
were carried out using SPME-GC/MS. The headspace extraction time was 50 min, and
the injection was performed manually. The chromatographic column used was HP-
5MS (30 m × 0.25 mm × 0.25 μm). Helium was used as the carrier gas at a flow rate
of 1 mL/min. The injection temperature was set to 270 ◦C. The column temperature was
initially maintained at 60 ◦C for 1 min, then increased to 150 ◦C at a rate of 5 ◦C/min, and
finally increased to 270 ◦C at a rate of 20 ◦C/min and maintained for 5 min. The mass
spectrometry conditions were set as follows: the ion source temperature was 280 ◦C, the
quadrupole temperature was 300 ◦C, the ionization mode was Electron Impact (EI), and
the mass range was 50 m/z to 300 m/z. The mass spectra of all detected compounds were
compared with those in NIST spectral library 2.0.

3.3.3. Calculation of 2-MIB Degradation Rate

The degradation rate of 2-MIB was calculated according to the following formula:

Degradation Rate = (1 − C0/Ct) × 100%. (1)

In Formula (1), Ct represents the residual concentration of 2-MIB (ng/L), and C0
represents the initial concentration of 2-MIB (ng/L).

The degradation reaction of 2-MIB followed first-order reaction kinetics:

Ln(C0/Ct) = kt. (2)

In Formula (2), t is the reaction time, and k is the reaction rate constant.

4. Conclusions

In this study, the conditions for the laccase-catalyzed degradation of 2-MIB were
successfully optimized, achieving a degradation efficiency of approximately 78% under
the optimal conditions of pH 4.0, 25 ◦C, 150 r/min, and 0.1 U/mL after 4 h. Compared
with the degradation processes of laccase catalysis and electrochemical oxidation alone,
laccase catalysis assisted by a micro-electric field exhibited a synergetic effect for 2-MIB
degradation and improved the degradation efficiency to 90.78%. The application of an
external micro-electric field may have accelerated electron transfer during oxidation. The
degradation pathways of these three catalytic strategies were suggested based on the SPME-
GC/MS results. Some degradation intermediate products appeared in all three pathways,
and their final degradation products were ketone compounds. This study provides new
insights into the degradation of T&O substances catalyzed by laccase, highlighting the
innovative approach of combining enzymatic catalysis with electrocatalysis for enhanced
degradation efficiency and reduced odor intensity. Future research will focus on developing
new methods or optimizing conditions for the complete degradation of 2-MIB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14090649/s1, Figure S1: Time profile of 2-MIB degra-dation
rate at different pH; Figure S2: Time profile of 2-MIB degradation by laccase at different temperature;
Figure S3: Time profile of 2-MIB degradation by laccase at different stirring rate; Figure S4: Time
profile of 2-MIB degradation by laccase at different laccase dosage; Figure S5: Time profile of 2-
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MIB degradation by laccase at different initial 2-MIB concentration; Figure S6: Lineweaver-Burk
plots of free laccase. Table S1: Kinetic parameters of laccase; Table S2: Summary of intermediates
determined by SPME-GC/MS in 2-MIB degradation catalyzed by laccase; Table S3: Summary of
intermediates determined by SPME-GC/MS in 2-MIB degradation catalyzed by laccase assisted with
micro-electric field.
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Abstract: This research aims to analyze the improvement in the photocatalytic properties of ZnO
nanoparticles by incorporating Gd. In order to understand the influence of incorporating Gd into
the ZnO matrix, the photocatalytic activity of the material is compared at various Gd concentrations.
Different doping concentrations of Gd ranging from 0 to 0.075 are incorporated into ZnO and the
synthesized ZnO-Gd nanocomposites are investigated using structural, morphological, and optical
analyses using XRD, SEM, and UV-vis spectroscopy, respectively. The photocatalytic performance of
the synthesized ZnO-Gd nanocomposites is determined via the degradation of organic contaminants
under visible light. Regarding the latter, the results suggest that photocatalytic efficiency increases
with increasing Gd doping levels up to an optimal doping concentration. The enhancement of the
photocatalytic performance of Gd-doped ZnO is explained, along with the mechanism related to
the availability of new pathways for charge carrier recombination. Among all of them, the 0.075 Gd-
doped ZnO catalyst exhibits the highest photocatalytic activity which degrades 89% of MB dye after
being irradiated with UV light for 120 min. However, pure ZnO degrades only 40% of MB dye
within the same testing conditions. In closing, this work confirms the applicability of Gd-doped ZnO
nanocomposites as photocatalysts in cleaning up the environment and in wastewater treatment.

Keywords: ZnO nanoparticles; photocatalysis; Mott–Schottky; band gap; sol–gel

1. Introduction

Polluted water is any water that is harming the environment or has the potential to
harm it and the effects of this pollution necessitate immediate action [1–3]. One of the lead-
ing causes of this pollution is the release of variable and hazardous organic pollutants, such
as organic dyes and pharmaceutical waste effluent, in the wastewater stream [4,5]. These
pollutants lead to deforestation, reduced clean and drinkable water, dire environmental
consequences, gruesome sicknesses, and even genetic alterations in the long run [6,7]. Most
of the conventional physical and chemical treatment methods, such as flocculation, coag-
ulation, reverse osmosis, filtration, etc., are limited in the sense that they cannot remove
the persistent dyes in water effectively [8,9]. Innovative solutions are needed to alter these
dyes into non-hazardous byproducts, and photocatalysis appears to be a viable option for
the remediation of this sort of wastewater [10–12]. Contaminant dyes have been degraded
by photocatalytic processes using different semiconductor materials, such as Cu2O, ZnO,
TiO2, and CuO [13–15]. Of all these materials, zinc oxide (ZnO) is preferred because it is
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cheap, environmentally friendly, available, and possesses desirable physical and chemical
characteristics [16,17].

Zinc oxide nanoparticles (NPs) are easily available wide-band-gap semiconductor
materials that have potential applications in electronic, cosmetic, and biomedical industries
and environmental remediation [18–21]. Besides their inherent characteristics, such as
crystal structure, morphology, and bulk composition, defects also have critical roles in
determining any of their properties. In general, defects in ZnO NPs are unfavorable from
a crystallography point of view; however, defects can be useful for new applications,
such as ferromagnetism, p-type conductivity, spintronics, optoelectronics, etc. [22,23]. In
ZnO, various other structure defects such as zinc interstitial (Zni), oxygen interstitial
(Oi), zinc vacancy (VZn), and oxygen vacancy (Vo) are also present [24,25]. These defects
can change the physical nature of ZnO, for example, by converting diamagnetic ZnO into
ferromagnetic, changing its photoluminescence properties, or tailoring the band gap [26,27].
The electron energy levels related to intrinsic defects in ZnO can affect the photoinduced
transitions, thus affecting the probability of electron transition photoconductivity and the
photocatalytic activity of ZnO NPs [28,29].

Numerous studies have shown that the photocatalytic properties of ZnO can be
improved by doping with rare-earth elements (Ce, Eu, Sr, La, Gd, etc.) and transition
metals (Mn, Ni, Cr, Cu, etc.), and by forming composites such as ZnO/ZnS, ZnO/SnO2,
ZnO/CuO, ZnO/Fe2O3, etc. [30–33]. Young-Hoon Kim et al. [34] and Danilenko et al. [35]
have demonstrated the enhanced photocatalytic performance of ZnO by increasing the
density of Vo, which is also supported by several publications. As the active sites of ZnO
NPs are locally influenced by these defects, the effect of dopant types and doping levels on
tuning ZnO’s photocatalytic properties remains a challenging research area. Doping with
rare earth ions has attracted significant interest due to the electronic transitions occurring
within their 4f energy shells. Gd-doped ZnO NPs offer greater advantages and application
potential due to their temperature-independent UV and visible luminescence, which is
applicable in light-emitting displays, optical storage systems, drug delivery, and catalysis.
Magnetic fields and temperature have been found to significantly impact Gd-doped ZnO.
Another important property of Gd-doped ZnO is that, in addition to electron conductivity
in ZnO, hole conductivity is also enhanced, as holes are more active in the 4f orbital of Gd
than electrons. Gd-doped ZnO with varying dopant concentrations (GdxZn1−xO, where
x = 0.00, 0.025, 0.05, and 0.075) was synthesized using the sol–gel combustion method, and
its efficiency in degrading MB under UV-light illumination was investigated. The process
of doping has significant effects on the size, shape, and photocatalytic performance of
ZnO NPs.

2. Result and Discussion

2.1. XRD Analysis

Figure 1 shows the XRD profiles of the synthesized Zn1−xGdxO samples (x = 0, 0.025,
0.05, and 0.075). Herein, we identified the hexagonal phase structure for the samples: pure
ZnO and ZnO doped with different concentrations of Gd. It is also called the hexagonal
phase and is set in the space group of P63mc. This structure has been found to consist
of a series of Zn–O columns with tetrahedral coordination that repeat along a c-axis. For
ZnO doped with Gd, the phase structure investigated will be hexagonal, as with pure ZnO,
but with some Zn ions replaced by Gd ions. This has been categorized as a substitutional
doping mechanism. When Gd ions are incorporated into the ZnO lattice, the lattice strain
and defects such as vacancies or interstitials can be generated, altering the physical and
chemical properties of the material. Rietveld refinement is a simple technique of studying
the crystal structures of materials, such as ZnO and ZnO-Gd. In this case, the program
models the crystal structure, compares it with the X-ray diffraction pattern observed, and
calculates the changes in lattice parameters, atomic positions, and thermal vibrations.
Rietveld refinement of the XRD data allows estimates of the phase purity, crystallite size,
and lattice strain of the material needed to assess the impact of doping on the crystal
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structure to be obtained. Consequently, the structure properties of the synthesized pure
ZnO and ZnO doped with Gd are expected to have a hexagonal phase structure, and, based
on this structure, the Rietveld refinement analysis can be employed to compare the crystal
structure. The incorporation of rare earth ions (Gd3+/Gd2+) into the ZnO lattice resulted
in a subtle shift towards lower 2θ angles in the XRD pattern, observed primarily in the
dominant (101) diffraction peak. The larger size of introduced rare earth ions compared
to Zn2+ acts like a crowbar, stretching the ZnO crystal lattice (unit cell expansion) and
disrupting its perfect order (reduced crystallinity). This effect manifests as broader peaks
in the X-ray data, similar to findings by Suneel Kumar et al. [34].

Figure 1. XRD patterns of (a) ZnO, (b) 0.025 Gd-doped ZnO, (c) 0.05 Gd-doped ZnO, and (d) 0.075 Gd-
doped ZnO.

2.2. FTIR Analysis

The FTIR spectroscopy route was utilized to verify the existence of functional groups
in both pristine and ZnO doped with Gd, as depicted in Figure 2a,b. The FTIR peak
observed at around 443 cm−1 in pure ZnO is assigned to the lattice metal–oxygen bond
(Zn-O), as shown in Figure 2b. Upon the analysis of FTIR, the peak detected at around 2924
cm−1 is associated with symmetric and asymmetric stretching vibrations of CH2 adsorbed
on the surface [36]. The widened peak observed in the range of 3100–3658 cm−1 signifies
the stretching vibration of the O-H hydroxyl group due to surface-adsorbed water. In
contrast to pristine nanoparticles, the ZnO doped with 5% Gd displays a broadening of
the peak at the 417 cm−1 band position, indicating lattice distortion at the bond of Zn-O
due to the presence of Gd dopant ions. Moreover, the introduction of Gd doping causes
a shift in the FTIR spectrum towards higher wave numbers, signifying changes in bond
length resulting from the substitution of Zn through Gd3+ ions. There are two extra peaks
detected in the spectrum at 1388 and 1519 cm−1, confirming the presence of Gd.

2.3. UV-Vis Spectrum

The optical characteristics of the nanoparticles produced were examined using UV-vis
spectroscopy. The spectrum of the UV absorption of both the pristine and Gd-doped
ZnO preparations is depicted in Figure 3a. Analysis of the UV-vis spectrum indicates that
the intensity of the absorption cut-off peak diminishes with higher concentrations of Gd,
indicative of reduced crystallinity. Pure ZnO exhibits an absorption wavelength at around
94 nm, corresponding to a band gap of 3.15 eV. In comparison, 2.5, 5, and 7.5% Gd-doped
ZnO display a redshift, with cut-off wavelengths around 400 and 403 nm and energy gaps
of 3.1 eV and 3.07 eV, correspondingly. The decrease in the band gap of Gd-doped ZnO
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is ascribed to the formation of narrow (medium) energy levels involving the ZnO band
gap energy levels [14]. The shift towards longer wavelengths in the absorption peak of
2.5, 5, and 7.5% Gd-doped ZnO is ascribed to alterations in the defect structure within
the lattice crystal and the formation of oxygen vacancies within the ZnO system of the
crystal. However, ZnO doped with 0.05 Gd exhibits a blue shift relative to pristine zinc
oxide through an absorption peak at around 390 nm and an energy gap of around 3.17 eV,
as shown in Figure 3b. The augmented energy gap observed in ZnO doped with 0.05 Gd
suggests a reduction in crystallite size compared to pristine zinc oxide [16]. The findings
suggest that the heightened band gap in ZnO doped with 0.05 Gd is a consequence of the
quantum confinement effect. Typically, as the crystallite size rises, the direct energy gap
energy of nanostructured materials also grows, and noticeable changes in the morphology
of the nanoparticles are observed in comparison to pure ZnO.

Figure 2. FTIR spectroscopy of (a) ZnO, 0.05 Gd-doped ZnO, and 0.075 Gd-doped ZnO and (b) se-
lected peaks at around 417, 419, 443 cm−1 for ZnO, 0.05 Gd-doped ZnO, and 0.075 Gd-doped ZnO.

Figure 3. UV-vis spectroscopy (a,b) energy gap calculated of ZnO, 0.025 Gd-doped ZnO, 0.05 Gd-
doped ZnO, and 0.075 Gd-doped ZnO.

Variations in the nanoparticle energy gap energy depend on various factors such as
preparation conditions, shape, grain size, and alterations in lattice parameters within the
crystal structure. While bulk ZnO possesses a direct energy gap of around 3.14 eV, in nanos-
tructured zinc oxide, electronic states become discrete at the level of individual molecules
and atoms. Consequently, the red shift of the energy gap and electronic transitions is
restricted when electronic populations occupy discrete states, leading to a notable blue
shift with an increase in the energy gap. The observed increase in the band gap of ZnO
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doped with 0.05 Gd is primarily attributed to the quantum confinement effect, where the
forbidden bandwidth enlarges as crystal size decreases. At the nanoscale, ZnO crystals
exhibit high densities in the UV region and maximum transparency in the visible region
due to electronic transitions from O2p to Zn3d orbitals. The introduction of Gd into ZnO
alters the optical band gap, largely due to surface defects or oxygen vacancies within the
ZnO crystal system. These vacancies or defects decrease crystal size, effectively widening
the forbidden band gap. UV studies reveal that ZnO doped with 0.05 Gd exhibits increased
photon absorption efficiency compared to pristine ZnO during photocatalysis.

2.4. Morphological Properties

Figure 4 demonstrates the scanning electron microscopy (SEM) photos of synthesized
Zn1−xGdxO (x = 0, 0.025, 0.05, and 0.075) samples. SEM is a helpful method that can be used
to investigate the morphology and microstructure of materials, in particular Zn1−xGdxO
(x = 0, 0.025, 0.05, and 0.075). These characterizations using SEM give information on the
particle size, shape, and distribution of the material, which may be altered by the doping
concentration of Gd. Using SEM images, the as-prepared pure ZnO (x = 0) consists of hexag-
onal platelets or rods that have smooth surfaces and almost similar sizes. The platelets or
rods are generally of the order of several microns in length and a few hundred nanometers
in breadth; they adhere remarkably closely together and are arranged randomly. A high
percentage of Gd added into the ZnO lattice brings about a change in the morphology and
microstructure of the material. At low doping concentrations (x = 0.025, 0.05) in the SEM
images, the dopant may elicit hexagonal platelet or rod-like morphology similar to that of
ZnO, but with a smaller particle size and distorted forms. The particle size is anticipated to
decrease with increasing Gd concentration because the lattice strain and defects created
by the dopant ions lead to a reduction in particle size. The surface of the particles may
also change toward being rougher and/or more porous, reflecting the development of
defects and/or secondary phases. However, at higher doping concentrations (x = 0.075),
SEM images may possess a higher degree of structural complexity with the presence of
agglomerates, clusters, or secondary phases. This will probably coalesce into larger and
more random-shaped particles, and there may be less distinct hexagonal platelet or rod-
like shapes. These X-ray diffractions may be due to the limited solubility of Gd in ZnO,
suggesting the possible existence of Gd-rich regions or compounds.

Figure 4. SEM photos of (a) ZnO, (b) 0.025 Gd-doped ZnO, (c) 0.05 Gd-doped ZnO, (d) 0.075 Gd-
doped ZnO.

25



Catalysts 2024, 14, 946

2.5. Photocatalytic Activity of Zn1−xGdxO (x = 0, 0.025, 0.05 and 0.075)

The photodegradation of MB under UV light was investigated for the following
Zn1−xGdxO samples: ZnO, Zn0.975Gd0.025O, Zn0.95Gd0.05O, and Zn0.925Gd0.075. In a normal
experiment, 0.025 g of zinc oxide, gadolinium oxide, or Zn1−xGdxO (x = 0, 0.025, 0.05,
and 0.075) was mixed with 10 ppm of MB dye solution with a volume of 50 mL. Finally,
the sample was filtered and centrifuged for 10 min at 5000 r.p.m, after which the sample
was measured using UV-vis spectroscopy. Then, 30 min dark pre-illumination was carried
out to achieve adsorption equilibrium between Zn1−xGdxO (where x = 0, 0.025, 0.05, and
0.075) photocatalyst and MB solution. These MB molecules, which were adsorbed onto the
Zn1−xGdxO surface (with x = 0, 0.025, 0.05, and 0.075), interacted with the electron–hole
pairs activated by UV light. A closed dark reactor with a 10 cm gap between the UV lamp
and the MB-Zn1−xGdxO (where x = 0, 0.025, 0.05, and 0.075) beaker was used. Conse-
quently, the percent photodegradation of the MB solution was determined by measuring
its absorbance at 665 nm. The photodegradation/removal efficiency was calculated using
the following equation:

Removal% =

(
Ci − Cf

)
Ci

× 100

Following the completion of the photocatalytic degradation process, the starting and
final MB concentrations (Ci and Cf) were calculated.

2.6. Photocatalytic Activity and Mechanism of the Reaction

We investigated the photocatalytic degradation of methylene blue (MB) dye in ZnO
suspension using the photo-Fenton reaction and compared its efficiency with ZnO-doped
Gd prepared through the co-precipitation route. ZnO is a promising candidate for photo-
catalysts used in practical and large-scale applications, as it can be produced at a low cost
from non-toxic materials exhibiting a high level of activity. Nevertheless, the photocatalytic
ability of ZnO can be enhanced by doping it with rare-earth metal similar to Gd. For this
investigation, ZnO pristine and 0.025, 0.05, and 0.075 Gd ZnO photocatalysts were based
on a sol–gel method. These catalysts were tested by degrading MB dye under UV light
irradiation. Figure 5a–d shows the photocatalytic performance of pure and Gd-doped ZnO
catalysts.

Figure 5. Photocatalytic degradation of (a) ZnO, (b) 0.025 Gd-doped ZnO, (c) 0.05 Gd-doped ZnO,
and (d) 0.075 Gd-doped ZnO.

Among all, 0.075 Gd-doped ZnO catalyst exhibited the highest photocatalytic activity
which degraded 89% of MB dye after being irradiated with UV light for 120 min, as
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shown in Figure 6. However, pure ZnO degraded only 40% of MB dye within the same
testing conditions. The increase in the photocatalytic activity of Gd-doped ZnO catalysts
is associated with a defect band caused by introduced gadolinium ions, which serve as
electron traps that can inhibit charge recombination [11]. To assess the photocatalytic
efficiency of a catalyst, the kinetic rate constant turned out to be a useful parameter. In
this study, a series of experiments for the degradation of methylene blue (MB) dye using
pure ZnO and different Gd-doped ZnO photocatalysts (0, 0.025, 0.05, and 0.075 wt%) were
investigated using the Langmuir–Hinshelwood kinetic model to calculate the kinetic rate
constants. The kinetic rate constant for pure ZnO was determined to be 0.0065 min−1 and
that for 0.025 Gd-doped ZnO was found to be 0.0068 min−1. Nonetheless, the kinetic rate
constant was found to rise with increasing Gd doping concentration, up to its maximum
of 0.00723 min−1 using 0.075 Gd-doped ZnO, as demonstrated in Figure 7. As mentioned
earlier, the increase in the kinetic rate constant with Gd doping may be explained by the
better photocatalytic activity of Gd-doped ZnO. The Gd ions play the role of electron trap
centers and the inhibition of electron–hole recombination leads to the formation of ROS.
ROS are involved in the degradation of MB dye; the higher the concentration of ROS, the
higher the rate of degradation. The kinetic rate constant of 0.075 Gd-doped ZnO-NPs is
more than that of pure ZnO which shows that this catalyst has high efficiency in degrading
the MB dye. The increase in the rate constant for kinetics also confirms that 0.075 Gd-doped
ZnO possesses superior photocatalytic activity due to the inserted Gd ions, as demonstrated
in Table 1.

Figure 6. Removal efficiency of ZnO, 0.025 Gd-doped ZnO, 0.05 Gd-doped ZnO, and 0.075 Gd-doped
ZnO.

Figure 7. –ln Ct/C0 vs. time of ZnO, 0.025 Gd-doped ZnO, 0.05 Gd-doped ZnO, and 0.075 Gd-doped
ZnO.

Impedance spectroscopy is a potent means for investigating the electrical characteris-
tics of materials, such as semiconductors and photocatalysts. In this work, the impedance
of pure ZnO, as well as 0, 0.025, 0.05, and 0.075 Gd-doped ZnO nanoparticles, was recorded
at room temperature as a function of frequency. The impedance spectra were fitted with
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the equivalent circuit model, and the charge transfer resistance (Rct) was obtained. Pure
ZnO has a higher impedance, which suggests a lower charge transfer rate along with
high electron–hole pair recombination. On the other hand, it was observed that with
an increased concentration of Gd doping, higher impedance values are obtained, which
indicates an increase in the rate of charge transfer and a decrease in the probability of
recombination between electron–hole pairs. The highest resistance against charge trans-
fer between electrode and material is referred to as charge transfer resistance (Rct). The
impedance spectra were analyzed using the equivalent circuit model to extract Rct values
of pure ZnO, as well as 0, 0.025, 0.05, and 0.075 Gd-doped ZnO nanoparticles, as shown in
Figure 8. The high Rct value of pristine ZnO reflects a low charge transfer rate, together
with the large recombination process of electron–hole pairs. In contrast, the Rct value
decreases remarkably with rising Gd doping levels, which can be attributed to faster charge
transfer and lower electron–hole pair recombination, as exhibited in Figure 8.

Table 1. Rate constant values of ZnO, 0.025 Gd-doped ZnO, 0.05 Gd-doped ZnO, and 0.075 Gd-doped
ZnO.

Samples Rate Constant R2

ZnO 0.00654 98
2.5% Gd-doped ZnO 0.00683 96
5% Gd-doped ZnO 0.00696 99

7.5% Gd-doped ZnO 0.00723 99

Figure 8. EIS of (a) ZnO (in set equivalent circuit), (b) 0.025 Gd-doped ZnO (in set equivalent circuit),
(c) 0.05 Gd-doped ZnO (in set equivalent circuit), and (d) 0.075 Gd-doped ZnO (in set equivalent
circuit).

Cole–Cole analysis, which is missing in previous studies but was carried out in this
study, shows that the Rct value decreases during the spectral analysis of the impedance
semicircle and increases in the Gd doping concentration, therefore reducing the rate of
recombination of electron–hole pairs and improving charge transfer. It can be inferred
from these results that the electrical properties of ZnO nanoparticles can be improved
through Gd doping to enhance its photocatalytic activity. Mott–Schottky analysis is a
comparative technique largely employed in the investigations of electric semiconductor
materials, including zinc oxide and its nanoparticles, as shown in Figure 9.
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Figure 9. Mott-Schotky plot of (a) ZnO, (b) 0.025 Gd-doped ZnO, (c) 0.05 Gd-doped ZnO, and
(d) 0.075 Gd-doped ZnO.

The Mott–Schottky analysis of pure ZnO and 0.025, 0.05, and 0.075 Gd-doped ZnO
nanoparticles was carried out in order to find their flat-band potential (Vfb) and donor
density (Nd) values. The Mott–Schottky plot is a graphical representation of the capacitance
of the space charge region as a function of the applied voltage. In this work, Mott–Schottky
plots were obtained by applying an oscillating voltage to the sample and measuring the
capacitance at a frequency of 500 Hz. The Mott–Schottky plot depicts the variations of
Nd while the intercept with the plot’s vertical axis depicts the Nfb. The Mott-Schottky
plots obtained for 0, 0.025, 0.05, and 0.075 Gd-doped ZnO show a positive slope, indicating
the expansion of p-type semiconductors. The values of the flat-band potential (Vfb) and
density of donor ions (Nd) were calculated from the graphs of the Mott–Schottky plots. For
pure ZnO, Vfb = −0.31 V/Ag/Agcl; however, Vfb drops as the Gd doping concentration
increases.

The flat-band potential (Vfb) for undoped ZnO was determined to be −0.31 V versus
Ag/AgCl; in contrast, the value of flat-band potential (Vfb) was found to increase with
an increase in the concentration of Gd dopant. The flat-band potential (Vfb) values of
0.025 Gd/doped ZnO, 0.05 Gd/doped ZnO, and 0.075 Gd-doped samples were −0.33,
−0.37, and −0.30 V, respectively. The increase in Vfb with an increase in Gd concentration
can be attributed to the addition of Gd ions, which introduce a distorted structure in the
lattice of ZnO and modify the electronic structure. The enhancement of donor density (Nd)
with Gd concentration also supports the fact that Gd ions replace some ions in the lattice of
ZnO, thus creating an electronic state within the band gap. This finding indicates that Gd
dopants exhibit potential for improving the electrical conductivity of ZnO nanoparticles
and their effectiveness as photocatalysts.

2.7. Photocatalyst Growth Mechanism

This proposed degradation mechanism for Gd co-doped ZnO is described in Figure 10
below. This is true when light with a wavelength equal to or greater than the bandgap
energy of ZnO interacts with the material when electrons and holes are created. By
doping the Gd, the generated electrons are effectively annihilated, hence reducing the
recombination rate. These trapped electrons are then able to react with oxygen, forming
superoxide radicals. At the same time, hydroxyl ions interact with holes forming hydroxyl
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radicals. The generated OH• and O2•− radicals that are formed play a role in breaking
the dye molecules. Gd co-doped ZnO exhibits a higher degradation rate compared to
pure ZnO due to two primary factors: decreased recombination rate and the enhanced
generation of OH• and O2•− radicals.

 

Figure 10. Photocatalytic reaction mechanism.

To assess the stability of the synthesized photocatalysts, a recycling experiment was
conducted under UV-vis light irradiation, and the results are presented in Figure 11. Five
consecutive cycles of MB dye degradation were performed using Gd/ZnO nanoparticles.
After each cycle, the photocatalyst was recovered through ultracentrifugation, washed
with acetone and deionized water, and dried at 60 ◦C for 1 h. To compensate for the
approximately 17% weight loss during the recycling process, a small amount of fresh
photocatalyst was added to the recovered sample for each subsequent cycle. The recycling
experiment demonstrates the high stability of Gd/ZnO nanoparticles, making them a
promising candidate for organic pollutant degradation.

Figure 11. Recycle test of 0.075 Gd-doped ZnO.

3. Experimental Work

3.1. Zn1−xGdxO Synthesis

All the required chemicals for our research study were identified by Loba Company,
including zinc nitrate, citric acetate, samarium oxide, and isopropanol. As part of our
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research study, Zn1−xGdxO (x = 0, 0.025, 0.05, and 0.075) nanoparticles were synthesized
using the sol–gel combustion method. In this typical procedure, a precursor solution con-
taining zinc nitrated, gadolinium oxide, and citric acid dissolved into isopropanol (50 mL)
was prepared in a beaker. The citric acid solution was also stirred at room temperature
until homogeny without losing the stoichiometric ratios of citric acid to metal cation. The
mixture was then heated on a magnetic stirrer up to approximately 80 ◦C and stirred until
it transformed into a gel. When heated further to the ignition point, the material burst into
flames and resulted in large lightweight ash. The obtained material was heat-treated to a
temperature of around 600 ◦C and then milled to a very fine particle size. The gel combus-
tion technique has benefits over other methods because of its easiness and cheapness, in
addition to high rates of yield. Moreover, this approach aligns well with the principles of
the circular economy, emphasizing effectiveness and sustainability.

3.2. Characterization

Phase- and micro-characterization studies of Zn1−xGdxO (x = 0, 0.025, 0.05, and 0.075)
nanoparticles were conducted using XRD, FTIR, and SEM analyses. FTIR analysis was
carried out using a BRUKER Tensor 37 FTIR spectrophotometer, with a scan at wave
number intervals of 4 m−1 to 40 m−1. Electron microscopy was performed on the Jeol JFC
1100 E at a scale of 20,000 times and an accelerating voltage of 25 KV. The XRD patterns
were obtained with the LAN Scientific diffractometer equipped with a monochromatized
Cu-kα radiation source operating at 30 kV and 16 mA. The optical parameters of the
synthesized Zn1−xGdxO were analyzed using a UV–visible spectrophotometer (JASCO, V
570) in the range of 200 to 1000 nm. The impedance and Mott–Schottky tests were studied
using workstation Cortest Cs305. The photocatalysis experiment was conducted with a
xenon lamp of 500 watts, with 25 mg of photocatalyst materials.

4. Conclusions

Zn1−xGdxO (0, 0.025, 0.05, and 0.075) was synthesized via the sol–gel combustion
route. The XRD proved that all materials have the same structural phase (hexagonal phase)
and do not appear as a new additional phase from other impurities. UV-vis spectrum
analysis indicates that the intensity of the absorption cut-off peak diminishes with higher
concentrations of Gd, indicative of reduced crystallinity. Pure ZnO exhibits an absorption
wavelength at around ~394 nm, corresponding to a band gap of 3.15 eV. In comparison,
0.025, 0.05, and 0.075 Gd-doped ZnO display a redshift, with cut-off wavelengths around
400 and 403 nm and energy gaps of 3.1 eV and 3.07 eV, correspondingly. The decrease in the
band gap of Gd-doped ZnO is ascribed to the formation of narrow (medium) energy levels
involving the ZnO band gap energy levels. Using SEM images, the as-prepared pure ZnO
(x = 0) consists of hexagonal platelets or rods that have smooth surfaces and almost similar
sizes. The platelets or rods are generally of the order of several microns in length and a few
hundred nanometers in breadth; they adhere remarkably closely together and are arranged
randomly. A high percentage of Gd added into the ZnO lattice brings about a change in the
morphology and microstructure of the material. Among them all, the 0.075 Gd-doped ZnO
catalyst exhibits the highest photocatalytic activity, which degrades 89% of MB dye after
being irradiated with UV light for 120 min. However, pure ZnO degrades only 40% of MB
dye within the same testing conditions. It was observed that with increased concentrations
of Gd doping, higher impedance values are obtained, which indicates an increase in the rate
of charge transfer and a decrease in the probability of recombination between electron–hole
pairs.
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Abstract: In this study, a TiO2/(MA)2SnCl4 nanocomposite film was synthesized using
a sustainable, sunlight-driven approach, demonstrating enhanced photocatalytic perfor-
mance for environmental remediation. TiO2 nanoparticles (TiO2-NPs) were dispersed in
ethanol and mixed with a methylammonium (MA) and SnCl2 precursor solution, followed
by drop-casting onto a glass substrate and exposure to direct sunlight for 2 h. Sunlight
served as an energy source, facilitating in situ structural modifications and leading to
the formation of a well-integrated TiO2/(MA)2SnCl4 hybrid structure, where TiO2 was
effectively encapsulated. Characterization revealed a band gap reduction from 3.1 eV (TiO2-
NPs) to 2.6 eV in the nanocomposite, extending light absorption into the visible range. The
formation of Sn–O–Ti interactions enhanced charge separation, minimized electron–hole
recombination, and improved charge carrier dynamics. Photocatalytic degradation tests
using methylene blue (MB) under sunlight showed that the nanocomposite film achieved
90% MB degradation within 60 min, outperforming TiO2-NPs, which achieved only 75%
degradation. The presence of oxygen vacancies (OVs) generated during sunlight exposure
further enhanced photocatalytic efficiency by acting as charge traps and reaction sites. This
study introduces a green synthesis strategy leveraging sunlight as a renewable energy
source, marking the first integration of (MA)2SnCl4 with TiO2-NPs for enhanced photo-
catalysis. The synergistic effects of extended visible-light absorption, defect engineering,
and efficient charge separation make TiO2/(MA)2SnCl4 nanocomposite films a scalable,
cost-effective solution for water purification applications, offering a promising solar-driven
approach to addressing global water contamination challenges.

Keywords: photocatalysis; TiO2/(MA)2SnCl4 nanocomposite film; sunlight-driven synthe-
sis; visible light absorption; environmental remediation

1. Introduction

The growing global demand for clean water has sparked extensive research into
sustainable water purification technologies. Among these, photocatalysis has emerged as

Catalysts 2025, 15, 214 https://doi.org/10.3390/catal15030214
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a promising solution due to its ability to utilize sunlight to drive chemical reactions that
degrade pollutants in water. Photocatalysis relies on photocatalyst materials that absorb
light and generate reactive species capable of breaking down harmful contaminants. This
process is not only effective but also environmentally friendly, leveraging solar energy,
an abundant and renewable resource. By converting solar energy into chemical energy,
photocatalysis offers a cost-effective and sustainable approach to water decontamination,
making it a standout method for addressing water pollution on a large scale [1–5].

Titanium dioxide (TiO2) is one of the most extensively researched photocatalysts,
praised for its excellent oxidation capabilities, chemical stability, non-toxicity, and cost-
effectiveness [6,7]. Despite these advantages, TiO2 has a significant drawback, namely
its relatively large band gap of around 3.2 eV (in the anatase form), which restricts its
light absorption to the ultraviolet (UV) range, accounting for only about 5% of the solar
spectrum [8,9]. As a result, the photocatalytic activity of TiO2 under natural sunlight is
limited, making it less effective for practical environmental applications. This narrow UV
absorption hampers its ability to harness the full potential of solar energy, thus reducing its
overall efficiency for photocatalytic processes.

To address the limitations of TiO2, numerous strategies have been explored, including
doping TiO2 with metal or nonmetal ions, generating oxygen vacancies (OVs), and coupling
TiO2 with visible-light-responsive materials [10–13]. These modifications aim to extend
the absorption of TiO2 from the UV region into the visible range, thereby enhancing its
photocatalytic performance under sunlight. Metal halide perovskites have emerged as
promising candidates to improve photocatalytic efficiency due to their tunable band gaps,
exceptional light absorption capabilities, and excellent charge carrier mobility [14,15]. Well-
studied examples include methylammonium lead iodide (CH3NH3PbI3) [16,17] and cesium
lead bromide (CsPbBr3) [18]. Despite their remarkable optoelectronic properties, their use
in practical applications is limited due to concerns related to lead toxicity and chemical
instability [19]. Methylammonium tin chloride ((MA)2SnCl4) is a non-toxic alternative
to conventional lead-based perovskites, mitigating concerns about lead contamination.
It offers multiple benefits, such as tunable band gaps, excellent visible light absorption,
and high charge carrier mobility. Additionally, its ability to form a heterojunction with
other semiconductors enhances photocatalytic efficiency by promoting effective charge
separation and reducing recombination rates. These qualities make (MA)2SnCl4 an ideal
material for significantly boosting the photocatalytic performance of TiO2 [20,21].

There are different approaches to synthesizing TiO2-based nanocomposites, including
sol–gel methods, hydrothermal synthesis, chemical vapor deposition, and impregnation
techniques [22,23]. However, many of these methods involve complex setups, high en-
ergy consumption, and the use of hazardous chemicals, which can hinder scalability and
sustainability. This study employs a green, sunlight-driven synthesis method to create
TiO2/(MA)2SnCl4 nanocomposite films, offering a scalable and eco-friendly method for
photocatalyst production without the need for complex, energy-intensive processes. Utiliz-
ing sunlight as the energy source, this in situ synthesis method aligns with green chemistry
principles, presenting an effective, sustainable alternative for large-scale photocatalyst
development.

The synthesis of the TiO2/(MA)2SnCl4 nanocomposite involves dispersing TiO2

nanoparticles (TiO2-NPs) in ethanol and mixing them with a precursor solution containing
methylammonium (MA) and SnCl2. The resulting mixture is drop-cast onto a glass sub-
strate and exposed to direct sunlight for 2 h, enabling the in situ formation of (MA)2SnCl4,
which effectively encapsulates TiO2-NPs. This hybrid structure combines the extended
light absorption capabilities of Sn- and MA-incorporated phases with the efficient electron
transport properties of TiO2-NPs, enhancing photocatalytic degradation of pollutants under
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sunlight. Additionally, the immobilization of the photocatalyst on a solid substrate offers
ease of reuse, making it a practical solution for scalable environmental applications.

Photocatalytic tests using methylene blue (MB) degradation under sunlight demon-
strated that the nanocomposite film achieved 90% degradation within 60 min, significantly
surpassing the 75% degradation observed in TiO2-NPs. This improvement is attributed
to band gap reduction (2.6 eV vs. 3.1 eV for TiO2-NPs), enhanced charge separation, and
the presence of OVs that facilitate charge trapping and reactive species generation. The
novelty of this study lies in the successful integration of Sn and MA into TiO2-NPs through
a simple, sunlight-driven synthesis approach, utilizing renewable solar energy to drive the
formation and interaction of (MA)2SnCl4 with TiO2. This cost-effective, scalable synthesis
method provides a sustainable pathway for solar-driven water purification, demonstrat-
ing the potential of TiO2/(MA)2SnCl4 nanocomposite films for practical environmental
remediation applications.

2. Results and Discussion

Figure 1 presents Raman spectroscopy and SEM analysis of TiO2-NPs and TiO2/
(MA)2SnCl4 nanocomposite films, highlighting the structural and morphological modifica-
tions induced by Sn and MA incorporation, as well as the integration of the (MA)2SnCl4
phase into the TiO2-NPs framework. Raman spectra (Figure 1a,b) reveal that TiO2-NPs
exhibit distinct anatase peaks at 144, 197, 396, 515, and 640 cm−1, confirming their high crys-
tallinity [24]. In contrast, TiO2/(MA)2SnCl4 shows broadened peaks with reduced intensity,
suggesting Sn substitution within the TiO2 lattice, TiO2 encapsulation, and structural
reorganization induced by (MA)2SnCl4 incorporation.

 

Figure 1. (a) Raman spectra of TiO2-NPs and TiO2/(MA)2SnCl4 nanocomposite. (b) Magnified Ra-
man spectra in the low-frequency region (100–700 cm−1), highlighting the weakening and broadening
of char-acteristic TiO2 peaks upon interaction with Sn and MA. (c) SEM images of TiO2-NPs, TiO2

mixed with MA and SnCl2, and TiO2/(MA)2SnCl4, illustrating the morphological transformation
from agglomerated TiO2 nanoparticles to a smooth and compact nanocomposite film, confirming
en-capsulation and structural reorganization.
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The appearance of additional peaks in the 1000–3500 cm−1 range, corresponding
to C-H, N-H, and CH3 vibrational modes from MA [25], confirms the successful inte-
gration of methylammonium into the hybrid structure, further validating the structural
impact of (MA)2SnCl4 on TiO2-NPs. The modifications in the low-frequency Raman region
(144–640 cm−1) suggest strong interactions between Sn and TiO2, leading to lattice distor-
tions, defect formation, and heterostructure evolution. These structural transformations,
along with weakened TiO2 vibrational modes, indicate that Sn incorporation and MA stabi-
lization influence the electronic structure and bonding environment, potentially enhancing
charge carrier mobility and interfacial charge transfer dynamics. The SEM images support
these findings, revealing a transition from agglomerated TiO2 nanoparticles to a smoother,
well-integrated nanocomposite film, confirming the formation of a refined hybrid structure
with improved material homogeneity and interfacial interactions.

The SEM images (Figure 1c) illustrate the morphological transformation from ag-
glomerated TiO2-NPs to a smooth and compact TiO2/(MA)2SnCl4 nanocomposite film,
confirming structural modifications induced by Sn and MA incorporation. The TiO2-NPs
exhibit a rough, highly agglomerated morphology with loosely packed particles and visible
voids, corresponding to the sharp anatase Raman peaks (144, 197, 396, 515, and 640 cm−1),
which indicate high crystallinity. As MA and SnCl2 are introduced, the middle-stage sam-
ple displays reduced agglomeration and enhanced particle connectivity, signifying initial
interactions between TiO2, MA, and Sn, which are reflected in Raman peak broadening in
the 144–640 cm−1 range, indicative of lattice distortions and TiO2 encapsulation effects.

The final TiO2/(MA)2SnCl4 nanocomposite exhibits a uniform, dense, and well-
organized film-like structure, confirming successful TiO2 encapsulation within the
(MA)2SnCl4 matrix, as supported by weakened TiO2 Raman peaks and the emergence
of new organic vibrational modes in the 1000–3500 cm−1 region. These morphological
refinements indicate improved material homogeneity, enhanced interfacial interactions,
and better charge transport dynamics, making the nanocomposite an ideal candidate for
photocatalytic and optoelectronic applications. The combined findings from SEM and Ra-
man spectroscopy validate that Sn incorporation and MA stabilization lead to a structurally
refined hybrid system with superior functional properties.

The XPS data in Figure 2 provides crucial insights into the elemental composition,
chemical states, and interactions in the TiO2/(MA)2SnCl4 nanocomposite film compared
to the TiO2-NPs film. The survey scan (Figure 2a) confirms the successful incorporation
of Sn, Cl, C, N, and O in the nanocomposite, indicating the effective integration of the
(MA)2SnCl4 phase into the TiO2-NPs matrix. In contrast, the TiO2-NPs spectrum primarily
shows Ti and O, with a small C 1s peak attributed to surface contamination. The additional
peaks for Sn 4d, Cl 2p, N 1s, Sn 3d, and Sn 3p in the nanocomposite confirm that Sn, MA,
and Cl have effectively interacted with TiO2, forming a stable hybrid structure even after
sunlight exposure.

Figure 2b presents the high-resolution XPS spectra for the N 1s, Cl 2p, and Sn 3d
regions, further verifying the integration of (MA)2SnCl4 into the TiO2 framework. The
N 1s spectrum exhibits three distinct peaks: N1 (398.2 eV), corresponding to nitrogen in
a reduced environment (likely associated with MA+) [26,27], N2 (398.8 eV), attributed
to nitrogen involved in hydrogen bonding or interaction with TiO2 surface groups; and
N3 (401.5 eV), linked to nitrogen in a more oxidized environment. The Cl 2p spectrum
shows two characteristic peaks, Cl 2p3/2 (201.7 eV) and Cl 2p1/2 (199.9 eV), confirming the
presence of chloride ions from the (MA)2SnCl4 phase [28]. The Sn 3d spectrum deconvolutes
into two pairs of peaks, corresponding to Sn2+ (485.4 eV for Sn 3d5/2 and 494.0 eV for
Sn 3d3/2) and Sn4+ (486.8 eV for Sn 3d5/2 and 495.7 eV for Sn 3d3/2), confirming the
coexistence of multiple oxidation states [29]. This suggests partial oxidation of Sn2+ to
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Sn4+ during synthesis, likely facilitated by sunlight exposure and atmospheric oxygen,
which could impact the material’s optoelectronic properties. The combined evidence from
the N 1s, Cl 2p, and Sn 3d spectra strongly supports the formation of an (MA)2SnCl4-
based hybrid material, effectively encapsulating the TiO2-NPs and modifying its surface
chemistry. These modifications are expected to enhance interfacial charge transfer and
improve the nanocomposite’s stability and functional performance in photocatalytic and
optoelectronic applications.

Figure 2. XPS analysis of TiO2-NPs film and TiO2/(MA)2SnCl4 film after sunlight exposure.
(a) Survey spectra showing Ti, O, C, Sn, Cl, and N. (b) High-resolution XPS spectra of N 1s, Cl 2p,
and Sn 3d, confirming chemical states and bonding in TiO2/(MA)2SnCl4 nanocomposite post-exposure.

The XPS data in Figure 3 compares the C 1s, Ti 2p, and O 1s core-level spectra for
TiO2-NPs and TiO2/(MA)2SnCl4 nanocomposite films after sunlight exposure, providing
insights into the chemical bonding, surface interactions, and modifications induced by
incorporating the (MA)2SnCl4 phase into TiO2-NPs. As shown in Figure 3a, both TiO2-NPs
and the nanocomposite exhibit three main C 1s peaks [30,31]: C1 (284.5 eV), attributed
to adventitious carbon from surface contamination, corresponding to C–C or C–H bonds;
C2 (286.0 eV), associated with C–O or C–OH bonds, likely resulting from atmospheric
exposure; and C3 (288.3 eV), representing higher oxidation states of carbon (C=O or O=C–O
bonds), possibly from adsorbed CO2. In the TiO2/(MA)2SnCl4 nanocomposite, the C 1s
spectrum exhibits a shift to lower binding energies and the emergence of additional carbon
environments, confirming the presence of the methylammonium (MA) group. The C1 peak
shifts slightly to 284.0 eV, corresponding to C–C or C–H bonds, likely originating from
the organic MA group. A new C2 peak at 285.6 eV, attributed to C–N bonds, confirms the
incorporation of the MA cation into the nanocomposite [32,33]. The C3 peak remains at
288.3 eV, reflecting oxidized carbon species (C=O or O=C–O), which may arise from surface
oxidation or partial degradation under sunlight exposure. These spectral modifications
suggest that MA integration significantly alters the nanocomposite’s surface chemistry,
enhancing interfacial interactions and modifying the electronic environment, which may
contribute to improved photocatalytic and optoelectronic properties.
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Figure 3. High-resolution XPS spectra of (a) C 1s, (b) Ti 2p, and (c) O 1s for TiO2-NPs film and
TiO2/(MA)2SnCl4 film after sunlight exposure, showing changes in carbon bonding, titanium oxida-
tion states, and OVs in samples.

In the TiO2-NPs (Figure 3b), the Ti 2p spectrum exhibits two distinct peaks for Ti
2p3/2, with a dominant peak at 458.6 eV corresponding to Ti4+ in the anatase phase, and a
secondary peak at 457.4 eV, attributed to Ti3+, indicating the presence of intrinsic lattice
defects associated with oxygen vacancies (OVs), which are known to enhance photocatalytic
activity. Additional peaks for Ti 2p1/2 at 464.2 eV (Ti4+) further confirm the presence of
titanium in its oxidized state, while the peak at 462.7 eV (Ti3+) signifies titanium in a reduced
state, reinforcing the existence of OVs and defect-induced electronic states in TiO2 [34].
In contrast, the Ti 2p signal is notably absent in the TiO2/(MA)2SnCl4 nanocomposite,
indicating complete encapsulation of TiO2 by the (MA)2SnCl4 phase. This encapsulation
effectively masks the TiO2 core from detection, supporting the formation of a uniform
hybrid coating that integrates the nanocomposite’s components and influences its surface
chemistry [35,36].

The O 1s spectrum (Figure 3c) provides further insights into the oxygen environment
of both TiO2-NPs and TiO2/(MA)2SnCl4 nanocomposite after sunlight exposure. In TiO2-
NPs, the peak at 529.8 eV corresponds to lattice oxygen (Ti–O bonds) in the anatase crystal
structure [37], eflecting a highly ordered lattice with minimal defects. However, in the
nanocomposite, this peak shifts slightly to 530.2 eV with reduced intensity, suggesting
lattice reorganization due to (MA)2SnCl4 integration. A peak at 531.4 eV in TiO2-NPs,
associated with defective oxygen sites due to intrinsic lattice defects [38,39], shifts to
531.6 eV in the nanocomposite, with a significant increase in intensity, confirming a higher
concentration of OVs. This increase in OVs can be attributed to the dual oxidation states of
Sn (Sn2+ and Sn4+), which play a critical role in defect formation.

The presence of Sn2+ and Sn 4+ in the nanocomposite promotes oxygen vacancy gen-
eration through a charge compensation mechanism. Sn2+, with a lower oxidation state
than Ti4+, induces local charge imbalance when substituting Ti sites, leading to oxygen
vacancy formation to maintain charge neutrality. Additionally, the partial oxidation of Sn2+

to Sn4+ during synthesis or sunlight exposure causes the release of lattice oxygen, further
increasing the concentration of OVs. These vacancies play a crucial role in facilitating
charge separation, reducing electron–hole recombination, and improving overall electronic
conductivity, contributing to enhanced functionality. The peak at ~532.8 eV, corresponding
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to surface hydroxyl groups or adsorbed water, is intensified and broadened in the nanocom-
posite, indicating an increase in hydroxyl species and adsorbed moisture, which enhances
surface reactivity and catalytic performance [40].

The notable rise in OVs and surface defects in the TiO2/(MA)2SnCl4 nanocompos-
ite after sunlight exposure suggests structural modifications that contribute to improved
charge transport, interfacial charge transfer, and electronic interactions [41]. These ob-
servations highlight the profound structural and electronic changes induced by Sn2+ and
Sn 4+ incorporation, supporting the formation of a refined hybrid system with enhanced
functional properties.

The synthesis of the TiO2/(MA)2SnCl4 nanocomposite film (Figure 4) involves a series
of chemical interactions and sunlight-driven transformations, ensuring the successful
integration of Sn, MA, and TiO2 into a hybrid structure. Initially, TiO2 nanoparticles
(TiO2-NPs) are dispersed in ethanol to create a stable colloidal suspension, where ethanol
prevents agglomeration by forming hydrogen bonds with surface hydroxyl groups on TiO2,
promoting uniform dispersion. This suspension is then mixed with a precursor solution of
methylammonium chloride (MA) and SnCl2, facilitating initial interactions between Sn2+

ions and TiO2 surfaces. The mixture is drop-cast onto a clean glass substrate and dried
under ambient conditions, allowing ethanol evaporation, which concentrates MA+ and Sn
ions around TiO2-NPs, promoting further interactions and nucleation. The dry film is then
exposed to direct sunlight for 2 h, utilizing solar energy to drive photochemical reactions
and oxidation processes.

 

Figure 4. A schematic illustration of the synthesis mechanism for the TiO2-(MA)2SnCl4 nanocompos-
ite film under sunlight exposure, highlighting the encapsulation of TiO2-NPs by the (MA)2SnCl4.

During the synthesis process, SnCl2 undergoes oxidation and hydrolysis, where Sn2+

is partially oxidized to Sn4+ due to interactions with photogenerated charge carriers in
TiO2, with holes driving the oxidation reaction. Atmospheric oxygen further facilitates
Sn2+ to Sn4+ conversion, leading to an increased Sn2+/Sn4+ ratio, which enhances OVs
formation [42]. The coexistence of Sn2+ and Sn 4+ generates OVs in TiO2, which serve as
active sites for charge transport and electronic interactions. In the nanocomposite, Sn–O
bonds dominate, forming strong covalent or ionic linkages between Sn4+ and oxygen atoms
on TiO2, including lattice oxygen and hydroxyl groups, ensuring structural stability and
efficient charge transfer, while MA+ interacts through hydrogen bonding and electrostatic
forces.
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Unlike a simple surface modification, TiO2 is embedded within the composite, forming
a well-integrated hybrid structure. This Sn–O-Ti interaction optimizes charge carrier
dynamics, facilitating electron transfer from (MA)2SnCl4 to TiO2 while holes migrate in
the opposite direction, reducing charge recombination. The presence of OVs stabilizes
this heterostructure, enhancing charge mobility and improving photocatalytic efficiency.
This synergistic interaction between TiO2, Sn species, and MA significantly enhances
light absorption and charge separation, making the nanocomposite highly effective for
photoactive applications [43].

Figure 5 presents the optical properties of TiO2-NPs and TiO2/(MA)2SnCl4 nanocom-
posite films, comparing their absorbance spectra and Tauc plots for band gap estimation.
Figure 5a shows that the TiO2-NPs film exhibits an absorption edge at approximately
386 nm [30], corresponding to a band gap energy of ~3.1 eV, which is characteristic of
UV-light-active TiO2-NPs. In contrast, the TiO2/(MA)2SnCl4 nanocomposite demonstrates
a red-shifted absorption edge, extending into the visible region up to ~480 nm. This
enhanced visible-light absorption results from the incorporation of Sn and MA, which
introduce intermediate electronic states within the band gap, modifying the optical transi-
tion pathways [44]. The Tauc plots (Figure 5b) reveal a band gap reduction from 3.1 eV in
TiO2-NPs to approximately 2.6 eV in the nanocomposite, attributed to defect engineering
and structural modifications.

 

Figure 5. An overview of the optical properties and photocatalytic performance of TiO2-NPs film
and TiO2-(MA)2SnCl4 nanocomposite film. (a) UV-Vis absorbance spectra showing the extended
absorption edge of TiO2-(MA)2SnCl4 towards the visible region. (b) Tauc plots indicating band
gap reduction in the nanocomposite. (c) The degradation of MB under sunlight, showing the
superior photocatalytic efficiency of TiO2-(MA)2SnCl4 film compared to TiO2-NPs film and photolysis.
(d) The proposed mechanism illustrating improved charge separation and electron transfer between
TiO2-NPs film and (MA)2SnCl4, facilitated by the heterojunction structure.
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The presence of Sn2+ and Sn 4+ induces OVs, which introduce additional electronic
states within the TiO2 band gap, effectively narrowing the band gap and improving visible-
light absorption. The broader absorbance spectrum observed in the nanocomposite, com-
pared to TiO2-NPs, signifies improved light-harvesting capabilities, particularly in the
visible range, which is advantageous for photocatalytic applications by enabling more
efficient utilization of solar energy. The enhanced absorption is further supported by the
formation of OVs during sunlight exposure [36,39], which generate localized energy levels,
extending light absorption into the visible region and acting as active sites for catalytic
reactions [39]. This combination of band gap narrowing, defect engineering, and extended
absorption range significantly enhances the photocatalytic efficiency of the nanocomposite,
making it a promising material for solar-driven applications.

The photocatalytic efficiency of TiO2-NPs and TiO2/(MA)2SnCl4 nanocomposite films
was evaluated using methylene blue (MB) dye degradation under direct sunlight, assess-
ing their ability to facilitate photodegradation. The TiO2-NPs film exhibited moderate
performance, achieving 75% MB degradation within 60 min, primarily due to its UV-
light absorption, enabled by its band gap of 3.1 eV. In contrast, the TiO2/(MA)2SnCl4
nanocomposite demonstrated superior photocatalytic activity, reaching 90% MB degrada-
tion within the same timeframe. Figure 5c highlights this enhanced efficiency, showing
that the nanocomposite significantly outperforms TiO2-NPs and the control experiment
(photolysis without a catalyst), which exhibited negligible MB degradation, confirming the
critical role of the photocatalyst in effective sunlight-driven degradation.

The improved photocatalytic performance of the TiO2/(MA)2SnCl4 nanocomposite
can be attributed to several key factors: (1) The incorporation of Sn and MA modifies
the electronic structure, extending light absorption into the visible region and reducing
the band gap to ~2.6 eV, enabling better solar energy utilization; (2) The formation of
a Sn–O–Ti interaction within the nanocomposite facilitates charge transfer and efficient
charge separation, minimizing electron–hole recombination and increasing the number of
reactive charge carriers; and (3) The generation of OVs during sunlight exposure serves
as active sites and electron traps, further enhancing photocatalytic activity by promoting
interfacial charge transfer and surface redox reactions [45,46]. This synergistic combination
of extended light absorption, effective charge separation, and active defect sites makes
TiO2/(MA)2SnCl4 a highly efficient material for solar-driven environmental remediation,
offering significant advantages over conventional TiO2-based photocatalysts.

The enhanced photocatalytic performance of the TiO2/(MA)2SnCl4 nanocomposite,
as illustrated in Figure 5d, results from a combination of synergistic effects, including
extended light absorption, efficient charge separation, and structural modifications induced
by sunlight exposure. The formation of Sn–O–Ti interactions within the nanocomposite
facilitates strong interfacial bonding, significantly reducing the band gap to 2.6 eV com-
pared to 3.1 eV for TiO2-NPs. This reduction expands the absorption spectrum into the
visible range, increasing the generation of photogenerated electron–hole pairs under solar
irradiation. Upon sunlight exposure, both TiO2 and Sn-containing species absorb photons,
leading to electron excitation from the valence band to the conduction band, enabling
efficient photocatalytic activity [20,21].

The band alignment between TiO2 and Sn-containing phases promotes efficient charge
transfer, where photoexcited electrons migrate to the conduction band of TiO2, while holes
move in the opposite direction, effectively minimizing recombination losses. This direc-
tional charge migration is driven by an internal electric field at the interface, a phenomenon
observed in heterojunction-based photocatalysts such as S-scheme catalysts (e.g., N-doped
CeO2-δ@ZnIn2S4 and TiO2/g-C3N4 heterojunctions) [47,48]. The internal charge redistri-
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bution ensures higher availability of charge carriers, which participate in surface redox
reactions critical for pollutant degradation [45,46].

Furthermore, OVs generated during sunlight exposure play a pivotal role in enhancing
charge carrier dynamics. These OVs serve as electron traps, further reducing electron–hole
recombination, while also introducing intermediate states within the band gap, improv-
ing visible light absorption and adsorption of oxygen molecules and organic pollutants.
During the photocatalytic reaction, photoexcited electrons in the TiO2 conduction band
reduce O2 to superoxide radicals (•O2

−), while holes in the valence band oxidize water or
hydroxyl groups to generate hydroxyl radicals (•OH). These highly reactive species drive
the degradation of pollutants such as MB, facilitating efficient photocatalytic performance.

The synergistic combination of band gap reduction, heterojunction-driven charge
separation, OVs formation, and efficient reactive oxygen species (ROS) generation explains
the superior photocatalytic activity of the TiO2/(MA)2SnCl4 nanocomposite. These interac-
tions enable the nanocomposite to outperform pure TiO2 in organic pollutant degradation
under sunlight, aligning with recent heterostructure-based charge transfer mechanisms
that enhance photocatalytic efficiency.

3. Method Preparation and Characterization

3.1. Materials

The materials used in this study were utilized as received without any further purifi-
cation. Titanium dioxide nanoparticles (TiO2-NPs) were sourced as commercial TiO2 P25
(99.5%, Evonik, Mount Waverley, VIC, Australia), known for exhibiting a small number of
intrinsic defects. Methylammonium chloride (MA) (99%, Sigma-Aldrich, St. Louis, MO,
USA), tin(II) chloride (SnCl2) (≥98%, Sigma-Aldrich, St. Louis, MO, USA), hydrochloric
acid (HCl, 37%, Fisher Scientific, Hampton, NH, USA), and ethanol (≥99.8%, Sigma-
Aldrich, St. Louis, MO, USA) were also employed in the synthesis and preparation pro-
cesses.

3.2. Preparation of MA and SnCl2 Mixture

MA and SnCl2 were dissolved in ethanol to prepare the precursor solution, maintain-
ing a molar ratio of 2:1 for MA to SnCl2. Before dissolving MA, HCl was added to the MA
solution. This step was performed carefully to prevent over-acidification, ensuring that
only a stoichiometric amount of HCl was used. After that, the SnCl2 solution was added to
the MA solution to form the MA and SnCl2 mixture.

3.3. Synthesis of TiO2/(MA)2SnCl4 Nanocomposite Film

TiO2-NPs were dispersed in ethanol to form a stable colloidal suspension, which
was then mixed with a 20% solution of MA and SnCl2 precursor mixture at a 0.454:1
volume ratio. This mixture was drop-cast onto a pre-cleaned glass substrate and allowed to
evaporate under ambient conditions, forming a uniform thin film. The resulting films were
exposed to direct sunlight for 2 h to facilitate the reaction between MA and SnCl2, resulting
in the formation of (MA)2SnCl4 and the synthesis of the TiO2/(MA)2SnCl4 nanocomposite
film. This sunlight exposure was carried out under midday conditions in Al-Kharj City,
Saudi Arabia. After sunlight exposure, the films were washed with ethanol to remove any
unreacted precursors and dried under ambient conditions.

3.4. Characterization

The Raman spectroscopy was conducted using a SENTERRA II Compact Raman
Microscope (Houston, TX, USA) with a 532 nm laser (2 mW power, 1 cm−1 resolution) to
identify the vibrational modes of TiO2-NPs and TiO2/(MA)2SnCl4 films, providing insights
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into structural modifications and chemical interactions. Scanning electron microscopy
(SEM) was performed with an FEI Quanta 250 instrument (Hillsboro, OR, USA) to examine
surface morphology and nanoparticle distribution, revealing changes in film uniformity
and particle agglomeration. Elemental composition and chemical states were analyzed
through X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha system
(Waltham, MA, USA) with an Al Kα source (1486.6 eV, 400 μm spot size), employing C
1s (284.5 eV) for charge correction to ensure accurate binding energy calibration. UV-Vis
spectroscopy, conducted with a UV-5200 spectrophotometer (Shanghai Xiwen Biotech Co.,
Ltd., Shanghai, China), was used to assess the optical absorption properties of the films,
evaluating their light-harvesting efficiency and band gap modifications.

3.5. Photocatalytic Performance Method

A 5 ppm aqueous solution of methylene blue (MB), used as a model organic pollutant,
was prepared and placed in a stationary photocatalytic reactor and a magnetic stirrer set
to 300 r.p.m. The TiO2/(MA)2SnCl4 films, each with an area of 4 cm2, were submerged
2 mm deep in 10 mL of the MB solution. To ensure adsorption/desorption equilibrium,
the setup was kept in the dark for 30 min prior to sunlight exposure. The reactor was
then exposed to direct sunlight, and control experiments using TiO2-NPs films and no
catalyst were conducted for comparison. Each experiment was repeated at least three
times for reproducibility. Photocatalytic tests were carried out in midday sunlight in Al-
Kharj City, Saudi Arabia. Samples were collected every 15 min during irradiation, and the
concentration of MB was analyzed using UV-Vis spectroscopy by recording absorbance at
665 nm. The degradation efficiency was calculated using the following formula:

Degradation efficiency (%) = (C0 − C/C0) ×100

where C0 is the initial concentration of the pollutant and C is the concentration at time t.
This approach enabled a detailed comparison of the photocatalytic performance between
the TiO2-NPs and TiO2/(MA)2SnCl4 films.

4. Conclusions

The TiO2/(MA)2SnCl4 nanocomposite film developed in this study demonstrates
significant advancements in photocatalytic performance, making it a promising material
for water purification applications. The enhanced photocatalytic activity is attributed to
the effective integration of Sn and MA components into the TiO2-NPs framework, lead-
ing to extended light absorption into the visible region and improved charge separation
via strong Sn–O–Ti interactions. UV-Vis spectroscopy confirmed a substantial band gap
reduction from 3.1 eV in TiO2-NPs to approximately 2.6 eV in the nanocomposite, improv-
ing visible-light utilization. XPS analysis further revealed the critical role of OVs, which
facilitated charge trapping, minimized recombination, and enhanced catalytic efficiency.
The TiO2/(MA)2SnCl4 nanocomposite film achieved ~90% degradation of MB dye un-
der sunlight within 60 min, outperforming the TiO2-NPs film, which achieved only 75%
degradation, underscoring the effectiveness of defect engineering and interfacial charge
transfer. The synergistic effects of structural modification, optimized charge dynamics,
and defect-mediated electronic interactions contribute to the nanocomposite’s superior
photocatalytic efficiency. The use of sunlight as a renewable energy source enhances sus-
tainability, making this approach not only cost-effective and scalable but also a viable
solution for addressing global water contamination challenges. These findings demonstrate
that rational material design, incorporating controlled structural and electronic modifica-
tions, can significantly improve photocatalytic performance, paving the way for advanced
environmental remediation technologies.
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Abstract: Semiconductor photocatalytic technology demonstrates strong potential as a
solution to defend environmental systems while converting energy. The photocatalytic
behavior of traditional ZrO2 catalysts suffers a major disadvantage because their activity
remains low in visible light applications. XRD together with SEM, as well as EDX and EIS
techniques, were utilized to evaluate the synthetic materials. This study demonstrated that
the development of RGO-modified ZrO2 heterostructures delivered substantial increases
in photocatalytic functionality through effective photogenerated charge separation mecha-
nisms. Tests showed the RGO/ZrO2 heterostructures exhibited outstanding photocatalytic
behavior that led to an 80% MB solution breakdown in 120 min while exceeding electro-
catalytic parameters in multiple tests. The experimental data from UV–vis spectroscopy
combined with electrochemical analysis and radical trapping methods demonstrated that
heterostructure improvement resulted from higher light absorption rates and effective
active site exposure while providing better electron/hole pair separation. This research
establishes S-scheme heterostructures to enable advancements in environmental protection
alongside energy conversion technologies.

Keywords: ZrO2 nanoparticles; reduced graphene oxide; photocatalysis; Mott–Schottky; MB

1. Introduction

Recently, ecologists have focused their attention on water-soluble and volatile com-
pounds, especially dyes [1,2]. Wastes from the dye and textile industries are very harmful
to aquatic life [3,4]. These residues represent a substantial danger to human health and can
cause cancer. The release of dyes into bodies of water is the primary cause of eutrophication,
the contamination of water, and aquatic ecosystem disruption [5,6]. Extensive efforts in the
last few years to tackle these environmental issues have focused mostly on the photocat-
alytic process as the best method for successful dye repair in the presence of light [7,8]. The
study of photocatalytic techniques is closely linked to the examination of materials used
in photocatalysis. ZrO2 is a transition metal oxide that is environmentally friendly, as it
has low toxicity and is chemically stable [9,10]. Furthermore, it is biobased, inexpensive,
and exhibits outstanding thermal stability as well as electrochemical characteristics [11,12].
Because of its exceptional electrocatalytic characteristics, It works well as an active elec-
trode material in crucial electrocatalytic investigations [13,14]. Currently, semiconductor

Catalysts 2025, 15, 289 https://doi.org/10.3390/catal15030289
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elements, such as ZnO, TiO2, and ZrO2, are now the most common materials utilized in
photocatalysts, serving as the catalyst’s primary component [15–17]. Among these, ZrO2 is
known as the only metal having oxidizing and reducing properties due to its acidic nature
and properties [18].

Since ZrO2 is sorted as a semiconductor with the p-type, it readily generates oxygen
holes, which can carry excitation and promote the interaction between active layers [19–21].
Consequently, it shows improved viability as a photocatalyst when contrasted with elective
materials [9,22]. The zirconia experiences difficulties when utilized as an independent
semiconductor, for example, a high pace of transporter recombination and diminished
quantum proficiency, which to some degree limits its down-to-earth utility [23,24]. The
broadband hole limitation of zirconia materials restricts their ability to absorb UV radiation
while blocking out nearly 96% of sunlight across the spectrum. Thus, its far-reaching
application is restricted [23,25]. Currently, numerous research studies center on improving
the photocatalytic effectiveness of zirconia through various techniques, including doping,
incorporating carbon nanotubes, and employing several other methods [26,27]. Researchers
have found the last method to be the most effective, resulting in the creation of composites
by various scientists in order to enhance their photocatalytic activity in visible light [28–30].
Previous studies have shown that when exposed to UV light, ZrO2 can effectively break
down textile dyes, for instance, rhodamine B, reactive yellow, and 2,2,4-diphenoxyacetic
through a process known as photodegradation [31]. The improved reactivity observed
in the UV light in the previous examples can be attributed to two factors, either the
catalyst’s stability or an enlargement of the surface area. Another contributing factor is
the charge transfer process facilitated by ZrO2, which benefits from its small particle size,
large surface area, and a large number of surface hydroxyl (OH) groups. In recent times,
there has been significant emphasis from researchers on enhancing the photocatalytic
capabilities of carbon-based nanocomposites [32]. As a result, graphene, an exceptionally
appealing component, was specially chosen for the production of these composites [33].
This is attributed to its large specific surface area and a two-dimensional p-p conjugation
structure with outstanding electron conductivity [34]. Previous research has examined
the characteristics of transporters in pure graphene layers, revealing that they exhibit
similarities to massless Dirac fermions. As an example, when TiO2 nanocrystals are mixed
with graphene, electrons from the band of conduction (CB) that are stimulated by TiO2

can transfer to go by means of a percolation procedure [35]. The Schottky barrier is
a heterojunction generated at the interface that effectively distinguishes photo-induced
electron–hole pairs, limiting charge recombination [36]. Several techniques have been
used to produce RGO; in our investigation, the RGO is produced using waste bottle
plastics. ZrO2 was covered with RGO using an affordable and efficient process. The
morphological and structural qualities were examined. For the first time, electrocatalysis
and photocatalysis were investigated in ZrO2@%RGO.

2. Result and Discussion

Figure 1 displays the XRD patterns of pure ZrO2 and ZrO2 covered with various RGO
concentrations. It was found by X’pert HighScore search–match analysis that the tetragonal
phase of ZrO2 “(P 42/n m c:1) is present. The widening of peaks observed in all the patterns
indicates that the powders synthesized have a noncrystalline structure. Coated samples
indicate that RGO has an amorphous phase compared to the pure sample. Moreover,
the distinct and sharp diffraction peaks clearly support the successful synthesis to pure
ZrO2 tetragonal through calcination. Furthermore, for the remaining groups, significantly
different peaks were recorded at “28.2◦, 31.5◦, 34.1◦, 35.3◦, and 50.1◦, which can be directly
attributable to the tetragonal ZrO2”.
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Figure 1. (a) The XRD analysis displayed patterns for ZrO2, RGO and ZrO2 covered with various
amounts of RGO. (b) The rietveld refinement of pure ZrO2.

SEM images observed from pure ZrO2 and covered with varying percentages of RGO
nanocomposites are shown in Figure 2. The pure ZrO2 demonstrates a surface that is
smooth and does not have any additional substances added to it, as demonstrated in
Figure 2a. However, Figure 2b,c shows SEM images of the RGO-ZrO2 nanocomposite,
which demonstrates the formation of a several-layer structure made up of RGO sheets.
Furthermore, larger accumulated ZrO2 particles were seen on the surface of the RGO
sheets. The created ZrO2 has an irregular shape, with particle sizes less than 100 nm. This
combination results from heterogeneous solid nucleation among RGO and ZrO2. Figure 3a
shows the results of EDAX analysis, which was used to determine the elements present in
the nanocomposite. EDAX data analysis “showed Zr, C, and O contents of 64, 25.2, and
10.0%”, correspondingly. The elements C, O, and Zr, in this distribution, grant confirmation
for the formation of RGO-ZrO2 nanocomposites. When a single layer of RGO is combined
with a metal oxide to form a nanocomposite, a multilayer structure is formed. Additionally,
due to the limitations of SEM, it can also be viewed as multidimensional.

Figure 2. (a) SEM photo of pure ZrO2, (b) ZrO2@1%rGO, and (c) ZrO2@4%rGO.
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Figure 3. (a) EDX of pure ZrO2, (b) ZrO2@1%rGO, and (c) ZrO2@4%rGO.

The band gap “Eg” that characterizes the electronic configuration of both pristine
ZrO2 and covered ZrO2 with various amounts of RGO is determined by the lowest possible
energy transfer between their valence and conduction bands. The metal oxide nanoparticles
triggered the production of reactive oxygen species (ROS) in the photocatalysis mechanism.
The creation of ROS—such as ·OH− and O2 that occur using ZrO2-coated ZrO2 with
different concentrations of RGO materials—depends on the energy band gap and redox
potential of the variations among reactive species. The energy band gap (Eg) value is
extracted from the extrapolation of the linear section of a plot of (α.hν)2 vs. photon energy
(eV), as presented in Figure 4. “The energy band gap (Eg) values for ZrO2 nanoparticles
and ZrO2 coated with different concentrations of RGO nanocomposites were decreased
from 5.6 and 3.9 eV, respectively. The energy band gap value obtained for ZrO2/RGO
closely matched the value reported by Braj Raj Singh and colleagues [37].” Compared
to ZrO2, ZrO2/RGO has a lower energy band and displays a higher electronic surface
area, indicating its potential as a photoconductor that is more active when exposed to
sunlight. The low surface area of ZrO2/RGO is due to its good crystallinity and lack of
oxygen vacancies. One possible explanation for the band gap lowering is the chemical
bonding among ZrO2 and certain carbon sites through the production method. When ZrO2

was placed on the prepared RGO sheets, the Eg value decreased to 3.86 eV, showing that
ZrO2@%RGO can absorb visible light. The decrease in band ratio can be ascribed to the
Zr-C and Zr-O-C bonds among ZrO2 and RGO. These results indicate that ZrO2@%RGO
nanocomposites “NCs” have good photocatalytic activity.

The flat band potential of each semiconductor was determined using Mott–Schottky
analysis as described in Supplementary Information. The electrical band structures of pure
ZrO2 and ZrO2@%RGO were investigated and shown in Figure 5a–d. Based on the plot
features, it is possible to conclude that the positive slope found in both pure ZrO2 and
ZrO2@%RGO indicates the presence of n-type behavior. The Mott–Schottky performance
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of all semiconductor devices was analyzed at a frequency of 500 Hz. “As-synthesized
photocatalysts’ flat band potential is 0.17, 0.20, 0.53, and 0.29 eV vs. SCE for ZrO2 and
coated with different concentrations of 0.01, 0.03, and 0.04 RGO, correspondingly.”

Figure 4. The optical energy gap of (a) ZrO2, (b) ZrO2@1%RGO, (c) ZrO2@3%RGO, and
(d) ZrO2@4%RGO.

Figure 5. Mott–Schottky plots of (a) ZrO2, (b) ZrO2@1%RGO, (c) ZrO2@3%RGO, and
(d) ZrO2@4%RGO.
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The effectiveness of photogenerated exciton separation and the resistance of the inter-
face layer in pristine ZrO2 and ZrO2@%RGO photocatalysts was evaluated utilizing EIS, as
depicted in Figure 6, depicting the electrolyte system due to the electrolyte and electronic
resistance of the photoelectrodes. The low-frequency portion pertains to the Warburg
resistance. It is noted that ZrO2@4% RGO is smaller compared to pure ZrO2 and other pho-
tocatalysts, suggesting its effective interfacial charge separation and superior conductivity
characteristics. The high electrical conductivity facilitates electron flow at the electrode–
electrolyte solution interface. The preceding analysis confirms the crucial contribution of
ZrO2 in the composite to prolong the lifespan of photoinduced charge carriers.

Figure 6. Electrochemical impedance (EIS) spectra of pristine ZrO2, ZrO2@1%RGO, ZrO2@3%RGO,
and ZrO2@4%RGO.

Photocatalytic Performance

The study of the optical characteristics of a photocatalyst is largely defined by the
ability to promote the absorption of UV-Vis light. There is no significant change in the dye
degradation without a catalyst as, demonstrated in Figure S2. UV-Vis absorption spectra
of ZrO2 nanoparticles (NM) and ZrO2@%RGO composites are given in Figure 7a–d. The
photocatalytic activity of synthesized ZrO2 and ZrO2@%RGO was analyzed by checking
the decolorization of methylene blue (MB) dye solution exposed to 120 min of sunlight.
The results showed that the ZrO2@%RGO sample had higher photocatalytic activity than
ZrO2 because of the better sunlight absorption and fewer electron–hole recombination
rates in the metal oxides due to the incorporation of reduced graphene oxide. The photo-
catalytic tests were conducted after the dye molecules were absorbed into the composite
material to the greatest extent. When this concentration was associated with light, minimal
degradation for the dye was recorded when the solution was in the dark. Likewise, the
percentage of MB changed very little when the sample was put under sunlight in the
absence of the photocatalyst. In the final 120 min after the samples had been exposed
to sunlight, there was negligible photolysis of the dye. The degradation efficiencies of
MB for ZrO2 and ZrO2@%RGO are demonstrated at Figure 8a under sunlight irradiation
of 65% and 80%, respectively. In Figure 8b, the photocatalytic decomposition of MB be-
tween ZrO2 and ZrO2@%RGO under sunlight irradiation was compared. “Furthermore,
the degradation kinetics of MB have been modelled and plotted based on the principles
of pseudo-first-order kinetics theory (ln (C0/Ct)) = kt, where k represents the apparent
first-order rate constant, as shown in Figure 8b.” It may be shown that the rate constants
for ZrO2, ZrO2@1%RGO, ZrO2@3%RGO, and ZrO2@4%RGO are 0.00886, 0.00975, 0.00999,
and 0.0119 min−1, respectively. The ZrO2@4%RGO sample exhibits the greatest k value,
which is around twice as large as that of ZrO2.
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Figure 7. Photocatalytic degradation performance for (a) pristine ZrO2, (b) ZrO2@1%RGO,
(c) ZrO2@3%RGO, and (d) ZrO2@4%RGO.

Figure 8. (a) Photocatalytic efficiency of pure ZrO2, ZrO2@1%RGO, ZrO2@3%RGO, and
ZrO2@4%RGO and (b) Ln(Co/C) vs. time for pure ZrO2, ZrO2@1%RGO, ZrO2@3%RGO, and
ZrO2@4%RGO.

Light exposure failed to initiate significant dye breakdown in the observations. Methy-
lene blue (MB) showed a minimal photolysis reaction in the absence of a photocatalyst
under sunlight exposure which lasted up to 120 min. Figure 9a displays MB degradation
levels at 65% with ZrO2 and 80% with ZrO2/rGO composite under sunlight irradiation. The
light stability of these photocatalysts was assessed through recurring tests under sunlight
irradiation, as shown in Figure 9b. For ZrO2@4%rGO, the recycling test was performed
over four cycles using the same sample with a fresh dose of dye introduced for degradation
in each cycle. Between cycles, the samples were washed and dried prior to the next run.

54



Catalysts 2025, 15, 289

Over the first three cycles, the degradation percentage remained consistent; however, after
the fourth cycle, there was a decrease in degradation efficiency, likely due to sample loss
during washing. This confirms that ZrO2@4%rGO exhibits excellent recycling efficiency
and maintains stability throughout the process. Table 1 shows a comparative evaluation of
ZrO2 structures that degrade MB dye through photocatalysis.

Figure 9. (a) Degradation rate of pristine ZrO2, ZrO2@1%RGO, ZrO2@3%RGO, and ZrO2@4%RGO.
(b) Stability of the ZrO2@4%RGO for MB removal.

Table 1. A comparative evaluation of ZrO2 structures that degrade MB dye through photocatalysts.

Catalyst Synthesis Method Dye Irradiation Source Efficiency, % References

t-ZrO2 Green method MB UV light 68 [38]

ZrO2 Biogenic MO UV light 69 [39]

Nd-ZrO2 Polymer assisted MB Visible light 68 [40]

ZrO2 NPs Hydrothermal MB Sunlight 80 [41]

ZrO2 Sol–gel combustion MB Sunlight 65 Our work

ZrO2@4%RGO Sol–gel combustion MB Sunlight 82 Our work

The process of photodegradation for MB dye on the surface of a photocatalyst en-
tails the creation of electron–hole pairs. To enhance the photocatalytic activity of the
ZrO2/RGO photocatalyst, it needs to absorb photons from UV-Vis light irradiation. The
energy absorbed by the photocatalyst should be equal to or greater than its band gap energy.
Consequently, this results in the excitation of electrons moving from the valence band (VB)
to the conduction band (CB), leaving behind holes in the VB and generating electrons in the
CB. The conduction band (CB) edge level of ZrO2 is higher than the Fermi energy of RGO,
causing excited photoelectrons to transfer from the CB of ZrO2 to the surface of RGO. This
movement of electrons helps RGO reduce the recombination rate of photoinduced charge
carriers and prolongs the lifetime of the electron–hole pairs. As a result, RGO significantly
enhances the photocatalytic activity of ZrO2. The electrons transferred to rGO can then be
captured by dissolved O2 molecules, forming superoxide radicals (O2

−•). Meanwhile, the
photo-induced holes in ZrO2 may react with adjacent hydroxyl groups (OH−) or adsorbed
H2O molecules to produce hydroxyl radicals (•OH). These reactive oxygen species are
responsible for the photodegradation of MB, as illustrated in Figure 10.
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Figure 10. Reported process for ZrO2/RGO photocatalyzed degradation of MB.

Figure 11 depicts the extent of the photocatalytic degradation of MB dye both with
and without scavengers. In the absence of any quencher, the dye degradation achieved
84%. However, this percentage reduced to 58% and 48% when P-BQ and AO were present,
respectively. Notably, the degradation of MB significantly declined to 19% in the presence
of t-BuoH, suggesting that electrons play a main role in the photodegradation of MB dye
through the formation of ˙O2

− radicals.

Figure 11. The influence of different scavengers on the photocatalytic degradation of MB.

3. Experimental Work

3.1. Preparation Technique of ZrO2

Zirconium dioxide (ZrO2) nanoparticles were made using a method called the com-
bustion of sol–gel. All the chemicals used in this study, including citric acetate, zirconium
nitrate, and DMF, were obtained from Sigma Aldrich, St. Saint Louis, MO, USA. To main-
tain a consistent citric acid-to-metal cation ratio, the solution was thoroughly mixed at room
temperature. To remove the solvent and form a gel, the solution was vigorously stirred at
150 ◦C while being frequently swirled. The gel precipitate was centrifuged and repeatedly
cleaned with ethanol and water in order to cleanse it. Finally, it was heated to 650 ◦C and
ground into a fine powder. Compared to other techniques, sol–gel combustion is a more
attractive choice for material synthesis because it is easy to implement, requires minimal
resources, and delivers high yields. Because it minimizes waste and maximizes resource
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utilization, the sol–gel combustion technique complements the closed-loop approach of the
circular financial system.

3.1.1. Reduced Graphene Preparation from PET Water Bottle Waste

Wastewater bottles composed of polyethylene terephthalate (PET) were mechanically
broken down and sieved using a standard sieve shaker to obtain particles within the
size range of 1–3 mm. A 2 g portion of the untreated PET waste was then placed into a
50 mL stainless steel autoclave reactor (SS316). The sealed reactor was positioned in the
center of an oven and heated at a rate of 8 ◦C/min until it reached 800 ◦C, a temperature
maintained for 1 h. Following the annealing treatment, the system was permitted to
undergo spontaneous cooling over a 12-h periods. The resulting dark product was collected,
characterized, and subsequently crushed. The yield is RGO as shown in Figure S1. The
PET waste bottles acted as a precursor material for graphene fabrication, as depicted in
Scheme 1.

Scheme 1. The PET waste bottles acted as a precursor material for reduced graphene fabrication.

3.1.2. Synthesis ZrO2@%RGO

Photocatalysts ZrO2@%RGO were produced through an ultrasonic mixing technique.
0.05 g of ZrO2 was disappeared in 30 DI water for several minutes. Following the addition
of different concentrations of RGO (0, 0.01, 0.03, and 0.04) and 1 h sonication, the ZrO2

mixture was centrifuged, cleaned, and dried (60 ◦C, 24 h) to yield ZrO2@%RGO.

3.2. Characterization

Produced via a straightforward chemical route (sol–gel combustion), the nanoparticles
were probed employing “a Philips PW 1710 X-ray” diffractometer with “CuKα radiation.
(λ = 1.5405 Å)”, EDAX, and SEM). The JASCO 670 UV-Vis double-beam spectrophotometer
was used to measure the transmittance spectra. Characterization was performed across the
UV-Vis spectrum, from 200 nm to 1000 nm. The degradation of MB was used to test the
materials’ photocatalytic capability, a representative organic pollutant. Degradation of the
catalyst under light irradiation (photodegradability) was assessed using UV–visible spec-
troscopy. An analysis of impedance and Mott–Schottky measurements occurred through
the Cortest Cs305 workstation system. A 500-watt xenon lamp worked together with 25 mg
of photocatalyst material for conducting the photocatalysis experiment.
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4. Conclusions

In summary, the ZrO2 coated with various concentrations of RGO compounds is
successfully made by the sonication technique. The XRD analysis via X’pert HighScore
search reveals that the tetragonal phase of ZrO2 (P 42/nm c:1) is present in all the con-
centrations of RGO. The peak broadening of all patterns is visible for the synthesized
powders when compared to the pure ones, which indicates that they are all noncrystalline.
The coated sample relates to the amorphous phase of RGO. The pure ZrO2 without any
additives exhibits a smooth surface when compared to the coating of RGO. The multilayer
structure of rGO sheets is clearly seen in the SEM image of the RGO-ZrO2 nanocomposite.
A sequence of larger aggregated ZrO2 particles is seen on the surface of RGO. The catalytic
efficiency of ZrO2 is improved by the formation of ZrO2/RGO composites. Studies revealed
ZrO2@4%RGO demonstrated the maximum photocatalytic efficiency among all the weight
percentage tests for ZrO2/RGO. The nanocomposite presents a reduced bandgap value that
falls from 5.6 eV to 3.87 eV. The Mott–Schottky performance of all semiconductor devices
was analyzed at a frequency of 500 Hz. As-synthesized photocatalysts’ flat band potential
is 17 × 10−2, 20 × 10−2, 53 × 10−2, and 29 × 10−2 eV vs. SCE for pristine ZrO2 and covered
with different amount of 0.01, 0.03, and 0.04 RGO, correspondingly. The ZrO2@4%RGO
composite shows a 1.5 times higher MB photocatalytic rate because its reduced band gap
allows for effective charge carrier separation and enables enhanced charge transfer through
increased surface area. The reduced graphene oxide nanocomposites prove to be ideal
materials for sustainable water pollution remediation. The debasement efficiencies of MB
utilizing ZrO2 and ZrO2@%RGO under sunshine irradiation were estimated at 65% and
80%, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15030289/s1, Figure S1: The XRD patterns of RGO and SEM
photo of RGO (in set), Figure S2: The Uv-vis spectra of MB in 120 min.
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16. Kubiak, A.; Siwińska-Ciesielczyk, K.; Jesionowski, T. Titania-based hybrid materials with ZnO, ZrO2 and MoS2: A review.
Materials 2018, 11, 2295. [CrossRef]

17. Li, Y.; Wang, X.; Liu, M.; Luo, H.; Deng, L.; Huang, L.; Wei, S.; Zhou, C.; Xu, Y. Molybdenum Disulfide Quantum Dots Prepared
by Bipolar-Electrode Electrochemical Scissoring. Nanomaterials 2019, 9, 906. [CrossRef]

18. Sharaf, I.M.; Laifi, J.; Alraddadi, S.; Saad, M.; Koubesy, M.S.I.; Elewa, N.N.; Almohiy, H.; Ismail, Y.M.; Soldatov, A.; Aboraia, A.M.
Unraveling the effect of Cu doping on the structural and morphological properties and photocatalytic activity of ZrO2. Heliyon
2024, 10, e23848. [CrossRef]

19. Mishra, K.; Devi, N.; Siwal, S.S.; Gupta, V.K.; Thakur, V.K. Hybrid semiconductor photocatalyst nanomaterials for energy and
environmental applications: Fundamentals, designing, and prospects. Adv. Sustain. Syst. 2023, 7, 2300095. [CrossRef]

20. Zhang, X.; Li, L.; Zhou, Q.; Liang, X.; Liu, D. Facile synthesis of novel gully-like double-sized mesoporous structural Sr-doped
ZrO2–TiO2 composites with improved photocatalytic efficiency. J. Solid State Chem. 2019, 269, 375–385. [CrossRef]

21. Wang, Z.; Nayak, P.K.; Caraveo-Frescas, J.A.; Alshareef, H.N. Recent developments in p-Type oxide semiconductor materials and
devices. Adv. Mater. 2016, 28, 3831–3892. [CrossRef] [PubMed]

22. Selvam, N.C.S.; Manikandan, A.; Kennedy, L.J.; Vijaya, J.J. Comparative investigation of zirconium oxide (ZrO2) nano and
microstructures for structural, optical and photocatalytic properties. J. Colloid Interface Sci. 2013, 389, 91–98. [CrossRef]

23. Gatti, T.; Lamberti, F.; Mazzaro, R.; Kriegel, I.; Schlettwein, D.; Enrichi, F.; Lago, N.; Di Maria, E.; Meneghesso, G.; Vomiero, A.
Opportunities from doping of non-critical metal oxides in last generation light-conversion devices. Adv. Energy Mater. 2021,
11, 2101041. [CrossRef]

24. Zhang, Y.; Jie, W.; Chen, P.; Liu, W.; Hao, J. Ferroelectric and piezoelectric effects on the optical process in advanced materials and
devices. Adv. Mater. 2018, 30, 1707007. [CrossRef]

25. Wang, W.; Tadé, M.O.; Shao, Z. Research progress of perovskite materials in photocatalysis-and photovoltaics-related energy
conversion and environmental treatment. Chem. Soc. Rev. 2015, 44, 5371–5408. [CrossRef]

26. Kumari, N.; Sareen, S.; Verma, M.; Sharma, S.; Sharma, A.; Sohal, H.S.; Mehta, S.K.; Park, J.; Mutreja, V. Zirconia-based
nanomaterials: Recent developments in synthesis and applications. Nanoscale Adv. 2022, 4, 4210–4236. [CrossRef]

59



Catalysts 2025, 15, 289

27. Batool, S.S.; Saleem, R.; Khan, R.R.M.; Saeed, Z.; Pervaiz, M.; Summer, M. Enhancing photocatalytic performance of zirconia-based
nanoparticles: A comprehensive review of factors, doping strategies, and mechanisms. Mater. Sci. Semicond. Process. 2024,
178, 108419. [CrossRef]

28. Zhang, S.; Li, B.; Wang, X.; Zhao, G.; Hu, B.; Lu, Z.; Wen, T.; Chen, J.; Wang, X. Recent developments of two-dimensional
graphene-based composites in visible-light photocatalysis for eliminating persistent organic pollutants from wastewater. Chem.
Eng. J. 2020, 390, 124642. [CrossRef]

29. Porcu, S.; Secci, F.; Ricci, P.C. Advances in hybrid composites for photocatalytic applications: A review. Molecules 2022, 27, 6828.
[CrossRef]

30. Chatterjee, D.; Dasgupta, S. Visible light induced photocatalytic degradation of organic pollutants. J. Photochem. Photobiol. C
Photochem. Rev. 2005, 6, 186–205. [CrossRef]

31. Gurushantha, K.; Anantharaju, K.S.; Renuka, L.; Sharma, S.C.; Nagaswarupa, H.P.; Prashantha, S.C.; Vidya, Y.S.; Nagabhushana,
H. New green synthesized reduced graphene oxide–ZrO2 composite as high performance photocatalyst under sunlight. RSC Adv.
2017, 7, 12690–12703. [CrossRef]

32. Li, Z.; Li, K.; Du, P.; Mehmandoust, M.; Karimi, F.; Erk, N. Carbon-based photocatalysts for hydrogen production: A review.
Chemosphere 2022, 308, 135998. [CrossRef] [PubMed]

33. Osman, A.; Elhakeem, A.; Kaytbay, S.; Ahmed, A. A comprehensive review on the thermal, electrical, and mechanical properties
of graphene-based multi-functional epoxy composites. Adv. Compos. Hybrid Mater. 2022, 5, 547–605. [CrossRef]

34. Sambyal, S.; Sharma, R.; Mandyal, P.; Balou, S.; Gholami, P.; Fang, B.; Shandilya, P.; Priye, A. Advancement in two-dimensional
carbonaceous nanomaterials for photocatalytic water detoxification and energy conversion. J. Environ. Chem. Eng. 2023, 11, 109517.
[CrossRef]

35. Liu, X.; Li, S.; Yu, J.; Zhu, Y.; Lin, K.; Wang, B.; Cai, R.; Ekren, D.; Lewis, D.; Kinloch, I.A. Enhancing the thermoelectric properties
of TiO2-based ceramics through addition of carbon black and graphene oxide. Carbon 2024, 216, 118509. [CrossRef]

36. Purohit, S.; Yadav, K.L.; Satapathi, S. Metal halide perovskite heterojunction for photocatalytic hydrogen generation: Progress
and future opportunities. Adv. Mater. Interfaces 2022, 9, 2200058. [CrossRef]

37. Singh, B.R.; Shoeb, M.; Khan, W.; Naqvi, A.H. Synthesis of graphene/zirconium oxide nanocomposite photocatalyst for the
removal of rhodamineB dye from aqueous environment. J. Alloys Compd. 2015, 651, 598–607. [CrossRef]

38. Sikdar, S.; Banu, A.; Ali, S.; Barman, S.; Kalar, P.L.; Das, R. Micro-structural Analysis and Photocatalytic Properties of Green
Synthesized t-ZrO2 Nanoparticles. ChemistrySelect 2022, 7, e202103953. [CrossRef]

39. Shinde, H.M.; Bhosale, T.T.; Gavade, N.L.; Babar, S.B.; Kamble, R.J.; Shirke, B.S.; Garadkar, K.M. Biosynthesis of ZrO2 nanoparticles
from Ficus benghalensis leaf extract for photocatalytic activity. J. Mater. Sci. Mater. Electron. 2018, 29, 14055–14064. [CrossRef]

40. Dhandapani, C.; Narayanasamy, R.; Karthick, S.N.; Hemalatha, K.V.; Selvam, S.; Hemalatha, P.; Kumar, M.S.; Kirupha, S.D.; Kim,
H.J. Drastic photocatalytic degradation of methylene blue dye by neodymium doped zirconium oxide as photocatalyst under
visible light irradiation. Optik 2016, 127, 10288–10296. [CrossRef]

41. Aljawrneh, B.; Ocak, Y.S.; Albiss, B.A.; Dwiri, A.; Tawalbeh, M.; Al-Othman, A. ZrO2 nanoparticles for effective dye degradation
in wastewater: Synthesis, characterization, and photocatalytic performance under sunlight. J. Alloys Compd. 2024, 1008, 176522.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

60



Article

Unlocking Synergistic Catalysis in NiP: Dual Role of Electronic
Structure and Lewis Acidity for Enhanced Oxygen
Evolution Reaction

Jiazhou Liang 1, Jiawei Li 1, Jiani Yan 1, Andrew M. Rappe 2,* and Jing Yang 1,*

1 School of Chemical Engineering and Technology, Sun Yat-sen University, Zhuhai 519082, China
2 Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104-6323, USA
* Correspondence: rappe@sas.upenn.edu (A.M.R.); yangjing25@mail.sysu.edu.cn (J.Y.)

Abstract: Nickel phosphides (NixPy) are recognized as promising alternatives to noble-
metal catalysts for the oxygen evolution reaction (OER). NiP, consisting of the equal
stoichiometric ratio of Ni and P, could help quantify the catalytic effect of P and Ni. In this
work, density functional theory (DFT) is employed to investigate the OER mechanism on
NiP surfaces. We found that P atoms help stabilize O* at the adsorption sites. The rich
electron donation from the Ni atom can alter the local charge distribution and enhance the
interaction between O* and P atoms. Both oxygen intermediate adsorption energy and
OER overpotential exhibit linear correlations with the charge of adsorption sites. Electron
loss at the site induces the overall system to exhibit Lewis acidic characteristics, facilitating
the OER and leading to a substantial overpotential reduction of up to 0.61 V compared to
Lewis basic structures. Leveraging electronic structure theory and Lewis acid–base theory,
we offer a new insight into the OER mechanism on the NiP surface, demonstrating that the
catalytic activity of bulk metallic surface materials like NiP can be optimized by tailoring
the local surface chemical environment.

Keywords: NiP; oxygen evolution reaction; surface site charge; surface adsorption; density
functional theory

1. Introduction

The global surge in energy demand, coupled with the depletion of fossil fuel reserves
and their severe environmental impact, has intensified the urgency for researchers to
explore green energy alternatives and develop more efficient sustainable energy conversion
technologies [1–3]. Hydrogen is widely recognized as a clean and renewable energy
carrier due to its high energy density and zero carbon emissions. The most promising
hydrogen production method thus far is water electrocatalytic decomposition [4–7]. In
the water-splitting reaction, the OER is a critical bottleneck, as it entails a complex four-
electron process that is often regarded as the rate-limiting step of the entire catalytic
cycle. Consequently, the development of efficient OER electrocatalysts is of paramount
importance [8–10].

Precious metals and their oxides, particularly Ru, Ir, RuO2, and IrO2, demonstrate
superior OER electrocatalytic performance. However, their widespread adoption is severely
limited by their prohibitive cost. For instance, in highly efficient acidic proton exchange
membrane water electrolyzers (PEMWEs), recognized as a premier hydrogen production
technology, anode OER electrocatalysts are still limited to precious Ir and Ru oxides [11].

Catalysts 2025, 15, 457 https://doi.org/10.3390/catal15050457
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Developing highly active and noble-metal-free electrocatalysts is critical for the large-
scale application of PEMWEs [12–15]. Earth-abundant transition-metal catalysts have
garnered significant attention in recent years for their potential in electrocatalytic water
splitting [16–18]. Nickel phosphides, a representative transition-metal phosphide, have
emerged as a notable contender. The favorable combination of their low preparation costs
and high catalytic activity renders them promising candidates for OER catalysis [19–21]. It
has been reported that the dissolution step in pulsed reverse electrodeposition (PRED) reg-
ulates the chemical state of phosphorus in NiP films, where increased dissolution promotes
the formation of removable phosphates to enhance the OER activity of NiP films, achieving
an average reduction of 55.1 mV in overpotential at a current density of 10 mA/cm2 com-
pared to constant potential deposition (CPD) results; XPS spectra reveal that the removal of
phosphates exposes more active nickel oxide sites, thereby improving OER activity [22].
Notably, NixPy with a relatively high metal content exhibits superior activity towards OER,
as exemplified by Ni12P5, whose OER performance surpasses that of Ni2P due to its higher
Ni content facilitating the formation of a more catalytically active NiOOH/Ni(OH)2 shell
layer on the surface [23–29]. Phosphorus within NiP functions as an excellent supporting
layer beneath the surface of nickel oxide or oxyhydroxide during the OER, enhancing
the stability of the catalyst [29,30]. In addition, under actual reaction conditions, solid
surfaces undergo geometric, atomic, and electronic reconstructions to minimize surface
free energy. The reconstructed atomic surface stoichiometry may either mirror the bulk
termination stoichiometry or differ from it [31–33]. Under practical conditions, nickel
phosphides have been proven to undergo various surface reconstructions, including the
formation of oxide layers, which significantly alter their catalytic performance compared
to the bulk-terminated surfaces [34,35]. However, in our case of exploring the OER mech-
anism with the material stoichiometric ratio effect, we will focus more on the primitive
surface and figure out the actual role of P element in the material. Therefore, it is essential
to systematically investigate the NiP surface structural reconstructions and thoroughly
explore the OER mechanism. Notably, transition-metal phosphides, including NiP, offer
abundant metal and nonmetal adsorption sites for OER intermediates, introducing addi-
tional complexity beyond traditional metal-based systems. Most researchers believe that
conventional descriptors, such as the d-band model-related features, prove insufficient
in providing comprehensive insights into these complex systems [36–38]. Therefore, a
systematic analysis of the OER reaction mechanism at different active sites is crucial for the
rational design of efficient OER catalysts.

In this work, we investigate the surface reconstruction and OER activity of NiP(100),
(010), and (001) using DFT. We identified the most stable surfaces among the various
surface reconstructions of those low index surfaces. During the investigation of OER
activity, we found that the charges at the adsorption sites are linearly correlated with the
oxygen adsorption intermediates and even the OER overpotential. The results show that
the charge transfer at the site can regulate the adsorption energy of the intermediate and
impact the performance of the catalysts. We hope that our results can provide a reference
for the design of base-metal catalysts.

2. Results and Discussions

2.1. Stability of NiP Surfaces

To identify the most stable surface, we computed the surface energies of various
NiP slab models with different surface terminations. Here, we have studied the surface
stability of (100)-Pris: P2, (100)-C1:Ni4P2, (100)-C2:Ni2P2, (001)-Pris: Ni2P2, (001)-C1:Ni2P2,
(010)-Pris: Ni2P2, (010)-C1:P4, and (010)-C2:P2, where the symbol is defined as (facet)-
Reconstructions: termination (Pris represents the pristine bulk structure termination, C1
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represents the cutting of one layer of the top surface atoms, C2 represents the cutting of
two layers of the top surface atoms).

Based on our calculations, we have found that P-rich surface terminations are the most
energetically favorable for NiP among the low-index surfaces, which is consistent with
previous theoretical and experimental studies [39–42]. The surface energy diagram of the
slabs of all three lattice planes showed that the surfaces with P atom terminations have low
surface energies, indicating that they are thermodynamically stable. Before the formation
of bulk NiP region (−1.2 eV < ΔμP < 0 eV), four stable surface terminations with lower
surface energy ((010)-C1:P4, (010)-C2:P2, (001)-C1:Ni2P2, and (100)-C1:Ni4P2) are shown in
Figure 1b. Among these surfaces, NiP(010) exhibits the lowest surface energy, indicating
the most stable surface termination.

Figure 1. (a) Ball-and-stick diagram of the crystal structure of NiP. (b) Surface energies of surfaces
(010)-C1:P4, (010)-C2:P2, (001)-C1:Ni2P2, and (100)-C1:Ni4P2 as a function of P chemical potential
(ΔμP). (c) Ball-and-stick representation of (100)-C1: Ni4P2 surface termination atoms distribution.
(d) DOS analyses of (100)-C1: Ni4P2 surface termination atoms. In the ball-and-stick images, Ni
atoms are light gray, and P atoms are pink.

2.2. Stability of the Adsorption Structures

To investigate the relationship between the catalytic activity and surface active sites,
we constructed multiple adsorption systems of the OER intermediates on the various
adsorption sites of the surfaces. Judging by the surface density of states (DOSs), we found
that many surface sites are similar in terms of geometric position and electronic structure.
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Taking (100)-C1:Ni4P2 as an example, the surface layer consists of four Ni atoms and two P
atoms (Figure 1c). Ni1 and Ni3 are completely equivalent due to the full overlap of the DOS
(see Figure 1d). The same applies to Ni2 and Ni4, as well as P1 and P2. For the NiP(001)-C1:
Ni2P2 surface, both the two Ni and P sites are equivalent, leading to one set of Ni-P sites.
For (010)-C1:P4 and (010)-C2:P2 surfaces, the topmost layer only contains P atoms, and they
are all equivalent within the surfaces correspondingly (Figure S5).

Given the equivalency of the surface sites, we considered a one monolayer (1 ML)
adsorption condition of the OER cycle species. Due to the simple structure of the adsorbates,
such as O*, HO*, and HOO*, we chose the on-top adsorption site for each case. To determine
stable adsorption structures, we tested four adsorption distances: 1.3 Å, 1.5 Å, 2 Å, and 2.5 Å.
Our findings reveal that the diverse adsorption sites on the surfaces create a complicated
atomic interaction for adsorbed OER intermediates. Notably, the available adsorption sites
encompass Ni2P-hollow, Ni on-top, P on-top, as well as the bridge sites between Ni-Ni
and Ni-P atoms (see the adsorption energy (Eads) for various sites in Table S3). The stable
oxygen intermediate adsorption sites are Ni2P-hollow, Ni on-top, P on-top, and the Ni-Ni
and Ni-P bridge sites. For the HO* group, the stable sites are P on-top and the Ni-Ni bridge
sites. Similar to the O* group, the HOO* can be stably adsorbed on Ni on-top, P on-top,
and the Ni-Ni bridge sites.

2.3. OER Pathways on NiP Surfaces

To understand the mechanism of OER on the NiP surface, we investigated the OER
process on the four stable NiP surfaces, as determined in the previous section (Figure 1b).
We found that on the four stable surfaces, there are two reaction pathways for the OER,
which are described as the single-site pathway and the dual-site pathway. The single-site
refers to all the intermediate species adsorbing on the same site, whereas the dual-site
pathway introduces a second adsorption site of the oxygen intermediate during the reaction
cycle (Figure 2). A simplified version of the proposed OER mechanism as the reference
pathway is provided in Figure S7. The single-site pathway occurs on all four stable
surfaces, whereas the dual-site reaction can happen only on Ni4P2 and P2 surfaces. For
each intermediate, the preferred adsorption location can be determined by comparing
the adsorption energy at various adsorption sites. For the Ni4P2 surface, the preferred
adsorption site for HO* and HOO* is the Ni-Ni bridge. The energetically favored adsorption
site for O* is Ni2P-hollow instead of Ni-Ni bridge, which converts the pathway from single-
site to dual-site (Figure 2a). The adsorption energy difference between O* adsorption
on Ni-Ni bridge and Ni2P-hollow is 1.84 eV, according to our calculation. The dual-site
pathway usually involves sublayer atoms and includes both P and Ni atoms. For the P2

surface, both HO* and HOO* are stably adsorbed on the P atom top site. O* is preferentially
adsorbed on a Ni-P bridge site, forming another dual-site pathway with the adsorption
energy 0.42 eV lower than the O* adsorbed onto the P atom (Figure 2b). For the P4 and
Ni2P2 surface, all the OER intermediates adsorb more strongly onto the P on-top site than
onto other sites, which can be described as a single-site pathway (Figure S6). A similar dual-
site pathway can be found in the NiN4C4 moiety, where HO* and O* preferentially adsorb
onto the C atom, whereas HOO* tends to reside on the central Ni atom, as demonstrated by
Fei and coworkers [43]. However, in our dual-site case, HO* and HOO* are both adsorbed
onto metal or non-metal sites (Ni-Ni bridge and P atom), while O* prefers the P-containing
site (Ni2P-hollow and Ni-P bridge). We subsequently evaluated the OER catalytic activity
of various sites based on the established reaction paths.
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Figure 2. Proposed mechanism of the OER as our reference pathway. The single-site and dual-site
pathways towards OER of (a) Ni4P2 surface and (b) P2 surface. In the ball-and-stick images, Ni atoms
are light gray, P atoms are pink, O atoms are purple, and H atoms are white.

2.4. Investigation of Electrocatalytic OER Mechanism

To investigate the relationship between the nature of surface active sites and catalytic
activity, we calculated the Gibbs free energy of the OER intermediates at U = 0 V and
U = 1.23 V according to the proposed reaction pathways (Figure 3a–c). One important
parameter used to evaluate catalytic activity is the OER overpotential, which is determined
by the free energy of the rate-determining step (RDS). For the single-site OER pathway
of P4 and Ni2P2 surfaces, the RDS is O* oxidation to HOO* with overpotentials as large
as 1.54 V and 1.57 V (U = 0 V) (Figure 3c). Moreover, the adsorption energies of the O*
on P4 and Ni2P2 surfaces are very similar (Figure 3d), which leads to the overpotential
being pretty similar to each other. For the P2 surface, the RDS is the oxidation of O* to
HOO* for both the single-site and dual-site reaction pathways (Figure 3b). Notably, the
overpotential for the single-site pathway is 1.68 V, whereas the overpotential is significantly
lower, at 1.07 V, for the dual-site pathway. Therefore, the OER prefers the dual-site pathway
on the P2 surface. Furthermore, the involvement of the Ni atom enhances the adsorption
of O* on the P2 surface (Eads(O∗) = −4.56 eV) compared to the single-site pathway with
the P atom-only interaction. However, the joint interaction between Ni and P can cause
too strong adsorption of the O*, hindering the OER cycle. In the case of the Ni4P2 dual-
site pathway, O* adsorbs onto the Ni2P-hollow site with a strong adsorption energy of
−5.16 eV and an overpotential of 1.30 V, hindering the participation of O* in subsequent
reactions. By contrast, Ni4P2 with the single-site pathway shows the lowest overpotential
of 0.78 V amongst all the surfaces, featuring the oxidation of HOO* to O2 as the RDS
(Figure 3a) rather than the more common RDS of O* to HOO*. The metal atom site
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(Ni-Ni bridge site) provides moderate adsorption to the intermediates and activates the
reaction cycle (Figure 3d). According to the Sabatier principle, the adsorption energy of the
intermediate needs to fall within an appropriate range to ensure the equilibrium between
the adsorption and desorption of the intermediate [44]. Given that O* exhibits a strong
adsorption affinity to the Ni2P-hollow site, more energy is required to desorb O*, resulting
in a larger overpotential and shifting the RDS to the oxidation of O* to HOO*; therefore,
it hinders subsequent reactions. Consequently, for the Ni4P2 surface, the OER prefers a
single-site pathway (Figure 2a) rather than a dual-site one.

Figure 3. Free energy diagrams of OER for (a) Ni4P2 and (b) P2 with single-site and dual-site
pathways, and (c) Ni2P2 and P4 with single-site pathway at U = 0 V and 1.23 V. (d) O* adsorption
energy for the available adsorption sites.

While energetic analysis is helpful for explaining the OER catalytic activity at various
active sites, we present an analysis grounded in electronic structure theory to elucidate the
relationship between the catalytic activity and the adsorption site characteristics.

Focusing on the RDS investigations, we found that the interaction between O* and
the sites encompassing Ni and P atoms is usually stronger than in other cases. In the
case of the P2 surface, the differential charge density depicts that O* adsorption reveals
a significant redistribution of charge between O* and various surface sites (Figure 4a–d).
The adsorbed O* induces electron accumulation at both the Ni-P bridge site and the P site.
Due to the high electronegativity of oxygen, O* tends to obtain electrons from Ni and P
atoms within the adsorption sites. In the single-site pathway, O* adsorbs onto the P site
and obtains electrons from the P atoms in the adsorption site. In the dual-site pathway, O*
interacts with the Ni-P bridge site, and the electronic interaction between the O* and the P
atoms on the Ni-P bridge site is stronger than that on the P site. Meanwhile, O* exhibits a
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larger charge accumulation at the Ni-P bridge site compared to that at the P site. All these
phenomena can be attributed to the additional electron donation from the Ni atom, which
alters the local charge distribution and enhances the interaction between O* and P atoms.
The electronic interaction of O* on the Ni4P2 surface is similar to that on the P2 surface
(Figure S8). In the single-site pathway, strong charge accumulation and depletion can be
observed between O* and Ni atoms at the Ni-Ni bridge site. In the dual-site pathway, O*
acquires electrons from both the Ni atoms and the P atom residing within the Ni2P-hollow
site. Notably, on the Ni2P-hollow site, a relatively stronger electron dissipation occurs
between O* and P atoms as compared to that between Ni atoms. The strong electronic
interaction between O* and P engenders a more negative adsorption energy of O* at the
Ni2P site (Eads(O∗) = −5.16 eV) in comparison to that of the Ni-Ni bridge site composed
solely of Ni atoms (Eads(O∗) = −3.32 eV), thereby conferring enhanced adsorption stability.

Figure 4. Differential charge density distribution of O* adsorbed onto the (a) Ni-P bridge site and (c) P
site of the P2 surface (isosurface value = 0.007 eÅ−3). The yellow regions represent electron charge
accumulation, whereas the blue regions indicate charge depletion. (b,d) Cross-sectional views of the
differential charge density in Figure 4a,c, respectively. The scale bar represents the magnitude of the
electronic charge density difference; blue represents electronic charge depletion, and red represents
electronic charge accumulation.

Thoroughly analyzing the density of states (DOSs) of the various adsorption structures
among different surface terminations, we found that P atoms tend to assist in stabilizing O*
at the adsorption sites. When Ni and P combine at the site, such a P involvement can further
activate the Ni sites in the catalytic cycle, driving Ni as an electron donor. The interaction
of O* at P sites of various surfaces presents a similar behavior in that the major oxygen p
orbital peak lies around −5 eV and overlaps with the phosphorus p orbital, indicating a
strong and stable chemical bond formation between O* and P. The non-bonding oxygen
p orbital peak can be found around −2.5 eV with an almost half-full occupation, making
it difficult for the O* to propagate further reactions (Figure 5b,d). This phenomenon is
attributed to relatively low adsorption energy and high overpotential compared to other
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cases. When O* adsorbs onto the Ni-Ni bridge site found on the Ni4P2 surface (Figure 5a),
the oxygen p orbital shifts to the higher energy region in general compared to O*-P case
(Figure 5b), and the previous non-bonding part hybridizes with the Ni d orbital crossing
the Fermi level, forming an active state to proceed the further reaction along the OER
cycle. When a P atom presents within the adsorption site, as is the case for the Ni-P bridge
site (Figure 5c), the major p contribution of the O* falls back to around −5 eV, and the
reduced overlap between the oxygen p orbital and Ni d orbital suggests a weakened O*-Ni
interaction. However, the d band center of Ni shifts higher to be close to the Fermi level,
which activates the Ni atom in the Ni-P bridge site for the next reaction step. In this case,
the Ni atom provides its excess d electrons to O* (Figure 4a), leaving the unsaturated site
for the opportunity of a second water molecule to break to form HOO* (SI Equation (S3)).
Hence, the dual-site pathway is preferred on the P2 surface.

Figure 5. PDOS analyses of O* adsorbed onto (a) Ni-Ni bridge site of the Ni4P2 surface and (b) P site
of the P4 surface. PDOS analyses of O* adsorbed onto (c) Ni-P bridge site in the dual-site pathway
and (d) P site in the single-site pathway of the P2 surface.

Except for the Ni4P2 surface, the RDS of the OER reaction on P4, P2, and Ni2P2

consistently involves the oxidation of O* to HOO*. Therefore, we performed Bader charge
analysis on adsorption sites and oxygen intermediates to investigate the charge transfer
(Table S4). Previous studies have demonstrated that substantial charge transfer between
active sites and adsorbates typically correlates with lower adsorption energy [45–48]. To
investigate the potential mechanism of the RDS on various NiP surfaces, we calculated
the adsorption energy of O* and the amount of charge transferred at the adsorption site.
We observed a strong linear correlation between the amount of charge transferred at the
adsorption site and the adsorption energy of O* (Figure 6a). Within the charge range of
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1 to 2 |e| for the adsorption site, the adsorption energy of O* exhibits a decreasing trend
with increasing charge, indicating that charge transfer occurring at the adsorption sites can
effectively modulate the adsorption energy of O*, which provides insights for optimizing
intermediate adsorption to regulate the performance of OER catalysts [49,50]. In addition,
we calculated the Bader charge of the sites before adsorption. We found that the charge
of the adsorption site and the OER overpotential are linearly related. The overpotential
decreases as the charge lost from the adsorption site increases (Figure 6b). It is accepted
that the adsorption properties of reaction intermediates are closely linked to the catalytic
activity of the reaction [51,52]. Thus, the binding energy differences of intermediates
(ΔGO∗ −ΔGHO∗) are widely used to evaluate the OER activity. However, directly regulating
the value of ΔGO∗ − ΔGHO∗ to improve catalytic performance is impractical. Our discovery
establishes a direct linear relationship between the charge of the adsorption site and OER
overpotential, indicating that catalytic performance can be directly optimized by regulating
the charge of the adsorption site, thus providing a more precise electronic regulation
strategy for catalyst design. Moreover, we observed that the adsorption sites containing
Ni atoms tend to form a Lewis acid system (Figure 6b). Previous studies have shown that
OER intermediates exhibit behaviors similar to Lewis bases with lone electron pairs [53–55].
When the adsorption site loses electronic charge, the electron cloud density around the
site atoms decreases relatively, enhancing its electron-accepting ability, making the overall
structure exhibit Lewis acid characteristics, which is conducive to the formation and
adsorption of oxygen-containing intermediates, thereby promoting the progress of OER. In
this study, compared to structures with Lewis basic characteristics, those exhibiting Lewis
acidity show a remarkable decrease in overpotential by up to 0.61 V. Moreover, the charge of
the adsorption sites can directly influence the performance of the NiP catalysts, indicating
that even though NiP exhibits metallic properties, the local chemical environment can
still determine the catalytic activity. In other words, the catalytic activity of bulk metallic
surface material, such as NiP, can be optimized by tailoring the local chemical environment
on the surface.

Figure 6. (a) The relationship between adsorption energy (O*) and Bader charge of the adsorption
atoms (Ni and P). (b) The relationship between the charge of the sites before adsorption and OER
overpotential ηOER. The gray dashed lines are the linearly fitted lines.

3. Computational Methods

For the DFT calculations, we use the Quantum ESPRESSO software package (ver-
sion 7.1) with a plane-wave basis set [56,57]. The exchange-correlation energy was calcu-
lated using the Perdew–Burke–Ernzerhof (PBE) formulation of the generalized gradient
approximation (GGA) [58]. Non-local norm-conserving pseudopotentials constructed with
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the OPIUM code are used [59,60]. The van der Waals interaction (vdW) was approximated
using the DFT-D3 method [61]. During NiP slab and the adsorption structure optimization,
only the top half of the atoms are relaxed, keeping the lower half fixed. The convergence
accuracy of the total energy of the system is 10−5 eV, and the convergence accuracy of the
forces is set to 10−4 eV/Å. The k-point sampling in the first Brillouin zone for the supercells
is shown in Table S2.

The NiP cell structure in the international crystal structure database (ICSD; collection
code 27159, space group Pbca) is selected as the bulk structure for NiP calculation [62]. The
lattice parameters of completely relaxed NiP are a = 6.103 Å, b = 4.929 Å, and c = 6.905 Å,
which are within 1% of the experimental values (a = 6.050 Å, b = 4.881 Å, and c = 6.890 Å).
We construct a slab model to simulate the surface structures. The (2 × 1 × 1) supercell with
two formula units of NiP along the z-direction ensures the decoupling of the continuous
plates. Adsorption was allowed on one side of the slab, and to ensure the decoupling of
the consecutive slabs, a 15 Å-thick vacuum region is employed, with an artificial dipole
correction inserted into the center of the vacuum layer [63]. This work studies three surface
directions of NiP: (001), (010), and (100), and uses a fully relaxed unit cell to construct
the supercell structure to construct the slab model. Interface tailoring can effectively
improve the activity and stability of the catalyst [64–66]. Judging by the pristine surface
slab geometry directly generated from the bulk, the slab layer geometry repeats itself within
two layers. Therefore, our search for low-energy reconstructions starts with one or the
other layer of the original crystal structure to ensure that the search covers the possible
reconstructions (see the Supporting Information (SI) for more details).

The catalytic activity of OER catalysts depends on the Gibbs free energies of interme-
diates (ΔGHO∗, ΔGO∗, and ΔGHOO∗) [67]. For an ideal OER cycle, the Gibbs free energy
change between two adjacent intermediates should be 1.23 eV (U = 0 V). By calculating
the free energy of each OER reaction step, we can use the calculated OER overpotential to
evaluate the catalyst’s OER performance. More computational details are provided in the
Supporting Information.

4. Conclusions

In summary, we systematically investigated the OER mechanism on NiP surfaces
using DFT calculations. Electronic structure theory analysis reveals that the surface P atoms
work as stabilizers to stabilize O* at the adsorption sites. The excessive electrons from Ni
atoms can alter the local charge distribution and enhance the interaction between O* and P
atoms. Moreover, we found that the charge of the adsorption sites can be linearly correlated
with both the adsorption energy of oxygen intermediates and the OER overpotential. When
the site undergoes charge loss, the entire system demonstrates Lewis acid characteristics,
making it favorable for OER. Compared to structures with Lewis basic characteristics,
those exhibiting Lewis acidity show a remarkable decrease in overpotential by up to 0.61 V.
This work elucidates the OER mechanism on the NiP surface, demonstrating that the
catalytic activity of bulk metallic surface materials like NiP can be optimized by tailoring
the local chemical environment through strategies such as doping-induced Lewis acid
site engineering. These findings establish a valuable framework for guiding base metal
catalyst design. Future work could explore doping strategies to introduce Lewis acidic
sites and investigate surface oxidative reconstruction under high anodic potentials and
low-pH conditions to better evaluate and enhance catalyst performance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal15050457/s1, Figure S1: (a) (100)-Pris; (b) (100)-C1;
(c) (100)-C2. Pris represents the original surface, C1 represents the cutting of one layer of surface
termination atoms, and C2 represents the cutting of two layers of surface termination atoms. The
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pink sphere represents P atoms and the gray sphere represents Ni atoms. Figure S2: Side view of
NiP(100) terminations. (a) (100)-Pris terminations P2 (b) (100)-C1 terminations Ni4P2. (c) (100)-C2
terminations Ni2P2. (d) Surface energy of different terminations. Figure S3: Side view of NiP(010)
terminations. (a) (010)-Pris terminations Ni2P2. (b) (010)-C1 terminations P4. (c) (010)-C2 termina-
tions P2. (d) Surface energy of different terminations. Figure S4: Side view of NiP(001) terminations.
(a) (001)-Pris terminations Ni2P2. (b) (001)-C1 terminations Ni2P2. (c) Surface energy of different
terminations. Figure S5: surface termination atoms distribution of (a) (001)-C1: Ni2P2, (c) (010)-C2: P2,
and (e) (010)-C1: P4. DOS analyses of (b) (001)-C1: Ni2P2, (d) (010)-C2:P2, and (f) (010)-C1: P4 surface
atoms. Figure S6: The single-site pathway towards OER of (a) Ni2P2 surface and (b) P4 surface. In
the ball-and-stick images, Ni atoms are in light gray, P atoms are in pink, O atoms are in purple, and
H atoms are in white. Figure S7: (a) Surface site schematic. (b) A schematic depiction of single-site (L)
and dual-site (R) mechanism. Figure S8: Differential charge density distribution of O* adsorbed onto
the (a) Ni-Ni bridge site and (c) Ni2P-hollow site of the Ni4P2 surface (Isosurface value = 0.007 eÅ−3).
(b) and (d) Cross-sectional views of the differential charge density in Figure S8a and S8c, respectively.
The scale bar represents the magnitude of the charge density difference; the blue ends stand for charge
depletion, whereas the red ends represent charge accumulation. Figure S9: Differential charge density
distribution of O* adsorbed onto the P site of the (a) Ni2P2 and (b) P4 surface. Table S1: Magnetic
moments of the system. Table S2: k-points setting for different structures. Table S3: O*, HO*, and
HOO* adsorption energies for the available adsorption sites. Table S4: Calculated Bader charge of the
adsorption systems formed by O* at different adsorption sites. Refs. [68,69].
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Abstract: Bismuth oxide (β-Bi2O3) is a promising visible-light-driven photocatalyst due to
its narrow direct bandgap, but its practical application is hindered by rapid electron–hole
recombination and limited surface active sites. This study demonstrates a sol-gel synthesis
approach to tailor β-Bi2O3 nanoparticles through magnesium (Mg) doping, achieving
remarkable enhancements in the photocatalytic degradation of organic pollutants and
hydrogen evolution. The structural analysis through XRD, SEM, and EDX confirmed
Mg-doping concentrations of 0.025 to 0.1 M led to crystallite size reduction from 79 nm
to 13 nm, while the UV–Vis bandgap measurement showed it decreased from 3.8 eV to
3.08–3.3 eV. The photodegradation efficiency increased through Mg doping at a 0.1 M
concentration, with the highest rate constant value of 0.0217 min−1. The doping process
led to VB potential reduction between 3.37 V (pristine) and 2.78–2.91 V across the doped
samples when referenced to SCE. The photocatalytic performance of Mg0.075Bi1.925O3

improved with its 3.2 V VB potential because the photoelectric band arrangement enhanced
both light absorption and charge separation. The combination of modifications through Mg
doping yielded an enhanced photocatalytic performance, which proves that magnesium
doping is a pivotal approach to modifying β-Bi2O3 suitable for environmentally and
energy-related applications.

Keywords: nanoparticles; Mg-doped Bi2O3; methylene blue; kinetics; hydrogen evaluation;
photodegradation

1. Introduction

Extensive research into advanced wastewater treatment approaches has grown due
to two parallel factors: rising global water cleanliness needs, together with environmental
pollution concerns [1,2]. Semiconductor-based photocatalysis represents a leading wastewater
degradation technology because it achieves efficient organic pollutant elimination through
sustainable solar-powered solutions [3–5]. Bismuth oxide (Bi2O3) stands as a popular semi-
conductor material that scientists have widely examined because of its appropriate bandgap
energy, durable photostability, and strong visible light sensitivity [6]. The practical usage of
pure Bi2O3 faces two main challenges since it recycles electron–hole pairs at high speed and
allows minimal sunlight absorption [7,8]. Different researchers have examined the photocat-
alytic performance of Bi2O3 by implementing three main strategies that included doping with
other elements, along with oxygen vacancy development and nanostructure design [9–11].

The process of incorporating metal ions functions as a successful technique for altering
both the electronic characteristics and optical properties of semiconductor materials [12,13].
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The alkaline earth metal magnesium represents a viable dopant option since it introduces
both defect states and enables specific crystal phase stabilization [14,15]. The introduction of
Mg into the material structure creates oxygen vacancies that act as primary facilitators for in-
creased charge-carrier separation and improved photocatalytic performance [16,17]. When
Mg is incorporated into the Bi2O3 lattice structure, it affects the bandgap properties, which
enables more efficient visible light absorption, ideal for solar-powered applications [7].

β-Bi2O3 demonstrates excellent potential for photocatalysis because of its narrow
bandgap (~2.3–2.8 eV) and strong absorption of visible light [18,19]. The β-phase has a
short-lived existence since it transforms to alternate phases when heat exposure increases,
thus restricting its potential practical applications [20,21]. Bismuth oxide (Bi2O3) functions
as an effective photocatalyst under visible light irradiation, owing to its direct bandgap of
2.8 eV [7]. Research indicates that its photocatalytic efficiency can be significantly enhanced
through metal ion doping [22,23]. For instance, Hameed et al. [24] demonstrated improved
degradation of methyl orange, methylene blue, and phenol using Zn-modified Bi2O3.
Similarly, Anandan et al. [25] explored the photocatalytic behavior of Au–Bi2O3 nanorods.
Additionally, Xie et al. [26] reported that Bi2O3 doped with transition metals such as
vanadate (VV), lead (PbII), silver (AgI), and cobalt (CoII) exhibited superior photocatalytic
activity compared to undoped Bi2O3 under visible light irradiation [7]. Mg doping stabilizes
the β-phase structure of Bi2O3 by making it suitable for photocatalytic utilization. Mg
doping leads to oxygen-vacancy formation, which creates new locations for pollutant
interaction as well as enhancing general photocatalytic capabilities [27,28].

Methylene blue (MB) serves as a widespread organic dye used in textile and printing
operations, which substantially pollutes water [29,30]. The durability of methylene blue in water
bodies leads to significant environmental dangers, together with health risks for humans [31].
The removal methods for methylene blue utilizing adsorption and biological treatment effec-
tively fail to provide suitable results while creating additional pollutants [32]. Photocatalysis
serves as a sustainable treatment method because it transforms organic dyes into harmless
substances such as CO2 and H2O through light-powered reactions [29,33]. The development of
efficient, cost-effective sunlight-responsive photocatalysts exists as an essential obstacle.

This work describes how new Mg-doped β-Bi2O3 nanoparticles with oxygen vacancies
were synthesized through a simple sol-gel combustion approach. Systematic investigation
of the Mg incorporation in β-Bi2O3 lattices used different analytical tools, including X-ray
diffraction and scanning electron microscopy. Herein, we studied the bandgap modifi-
cations together with the optical properties of nanoparticles through UV–Vis absorption
spectroscopy. An evaluation of Mg-doped β-Bi2O3 nanoparticles took place through the
use of MB solutions under sunlight illumination for photocatalytic testing. The labora-
tory results show that β-Bi2O3’s photocatalytic behavior improves because Mg-doping
brings together three key effects, which boost charge-carrier separation and oxygen va-
cancy formation and extend the light absorption range. This study presents novel insights
into using alkaline earth metals for improving photocatalytic material performance while
demonstrating Mg-doped β-Bi2O3 nanoparticles as an effective, sustainable photocatalyst
for environmental cleanup. Furthermore, this work aims to create advanced enhanced
photocatalytic materials which combine Bi2O3 methods with Mg-doping benefits to address
real applications in solar energy use and wastewater treatment.

2. Results and Discussion

2.1. Structural Study of Bi2O3 and Mg-Doped Bi2O3

The XRD patterns of Bi2O3 doped with magnesium exist at various molar ratios
as shown in Figure 1. The prepared samples demonstrate high crystallinity because of
their distinct reflectivity peak pattern. The number of diffraction peaks decreased as the
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magnesium content in the solution grew. The XRD patterns from both undoped and doped
samples matched the tetragonal β-phase Bi2O3 structure, which belongs to the space group
P-421c (JCPDS Card No. 27-0050), while displaying lattice parameters of a = 7.7425 Å and
c = 5.6313 Å. Analysis through X-ray diffraction confirmed complete phase purity for the
synthesized samples, since the Mg ion peaks as well as other impurity peaks were absent.
The tetragonal Bi2O3 crystal structure showed its main characteristic peaks at angular
positions which matched with the reflections of the diffraction planes (−1 1 1), (0 2 0),
(−1 0 2), (0 0 2), (−1 1 2), (−1 2 1), (−2 0 2), (−2 1 2), (−1 1 3), (0 4 1), (−1 0 4), (−2 4 1), and
(−2 2 4). The results of this study match those from past studies that discuss how Bi2O3

allotropes form differently based on synthesis temperature ranges [7,34]. The different
radii of the ions between bismuth and magnesium indicate that magnesium inserts itself
partly into places where bismuth ions exist in the Bi2O3 crystal framework. XRD analysis
demonstrates that very little Mg substitution of Bi occurs, although the crystal compositions
show minimal differences.

Figure 1. XRD patterns of Bi2−xMgxO3 (x = 0, 0.025, 0.05, 0.075, and 0.1).

The average crystallite size and microstrain ε were calculated using the W.H. equation
(Equation (1)) based on the most intense XRD peak [35].

β cos θ =
kλ

D
+ 4ε sinθ (1)

Here, k = 0.9 represents the numerical shape factor, a constant value; D denotes the
crystallite size; λ is the wavelength of the incident radiation; β is the full width at half
maximum (FWHM) in radians; and θ is the Bragg angle measured in radians.

After knowing the crystallite size, the dislocation density δ of the material was esti-
mated as given in Equation (2).

δ =
1

D2 (2)

Table 1 indicates the materials crystallite size, the lattice strain, and the dislocation
densities. The introduction of magnesium and different crystallite sizes explained the
variable lattice constants and dislocation densities. Table 1 shows that the crystallite size
and microstrain reduced with the increasing incorporation of Mg in Bi2O3 until 5% of
Mg doping; however, the increase up to 7.5% Mg doping led to an increase in the size
and strain, as demonstrated in Figure 2. Moreover, the increase up to 10% of Mg doping
allowed a decrease in size to around 30 nm may be due to lattice distortion and strain
relaxation caused by the smaller ionic radius of Mg2+; the inhibition of crystal growth
due to the introduction of defects and boundaries; the formation of oxygen vacancies and
defects that promote smaller crystallite formation; the stabilization of the β-phase leading
to a more uniform and less strained crystal structure; and the enhanced nucleation rate,
favoring the formation of smaller crystallites. These combined effects result in a reduction
in both crystallite size and microstrain as the Mg-doping concentration increases.
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Figure 3a–c exhibits the FESEM images of how Mg-doped Bi2O3 particles become
smaller in size while their morphology changes with increasing Mg material concentration.
The transformation of crystal growth and nucleation properties and the development of
lattice defects follow the effects of Mg doping in Bi2O3. The higher Mg concentrations
enable small particle dimensions as well as superior surface properties which benefit
photocatalyst systems that require large surface areas and many defects. The FSEM-EDX
mapping technique of the Bi1.9Mg0.1O3 material demonstrates the distribution of Bi, Mg,
and O with smaller particles showing rough surface characteristics due to the presence of
Mg atoms, as shown in Figure 4a–d. The uniform distribution of Mg between the Bi2O3

lattice crystals verifies the successful incorporation of Mg while no impurity phases indicate
the synthesized material remains pure. The observations line up with the anticipated Mg
doping outcomes that cause Bi1.9Mg0.1O3 to become a material suitable for photocatalyst
applications through its smaller crystallites, increased defects, and better surface properties.

Table 1. The calculated crystalline size, microstrain, dislocation density, and energy gap via change
in concentrations of Mg-doped Bi2O3 nanoparticles.

Samples 2θ, ◦
D-Crystalline

Size
(nm)

Microstrain
(ε)

Dislocation
Density × 10−4

(nm−2)

Bandgap Energy
(eV)

Bi2O3

27.943
29.076
31.393
32.772
32.772
45.852
47.015
53.599
55.408
57.453
74.290

79.7 74.23 1.8145 3.8

Mg0.025Bi1.975O3

27.943
29.076
31.393
32.772
32.772
45.852
47.015
53.599
55.408
57.453
74.290

18.1 36.741 7.407 3.08

Mg0.05Bi1.95O3

27.943
29.076
31.393
32.772
32.772
45.852
47.015
53.599
55.408
57.453
74.290

43.9 35.307 8.0217 3.13
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Table 1. Cont.

Samples 2θ, ◦
D-Crystalline

Size
(nm)

Microstrain
(ε)

Dislocation
Density × 10−4

(nm−2)

Bandgap Energy
(eV)

Mg0.075Bi1.925O3

27.943
29.076
31.393
32.772
32.772
45.852
47.015
53.599
55.408
57.453
74.290

27.2 45.096 4.91714 3.3

Mg0.1Bi1.9O3

27.943
29.076
31.393
32.772
32.772
45.852
47.015
53.599
55.408
57.453
74.290

12.3 29.542 0.00115 3.14

Figure 2. Variation in crystallite size and microstrain of Bi2−xMgxO3 (x = 0, 0.025, 0.05, 0.075, and
0.1).

 
Figure 3. FSEM photos of (a) Bi2O3, (b) Bi1.975Mg0.025O3, and (c) Bi1.9Mg0.1O3.
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Figure 4. FSM-EDX mapping of Bi1.9Mg0.1O3.

2.2. UV–Visible Spectroscopy

Catalyst material responses toward UV or visible light illumination and their light
absorption properties, which activate catalyst particles, need thorough examination. The
maximum absorbance measurement of Mg-doped Bi2O3 nanoparticles used UV–Vis spec-
troscopy through exposure to wavelengths from 200 to 800 nm. Figure 5a shows that pure
Bi2O3 absorbs visible light with a maximum absorption edge at 300 nm, but Mg-doped
Bi2O3 nanoparticles absorb light at a longer wavelength of 425 nm. When Mg is used to
modify Bi2O3, the material shows two distinct peaks located at 290 and 350 nm. Although
pure Bi2O3 shows the same level of absorption as Mg-doped Bi2O3, the dopant material
demonstrates stronger absorption across the visible light spectrum, suggesting its potential
for use in photocatalytic systems. The improved light absorption capability of this material
enhances visible light usage for the generation of additional charge carriers from photon
absorption. Mg incorporation and the production of oxygen vacancies in the bandgap
enhance Mg-doped Bi2O3 nanoparticles by broadening their wavelength absorption ca-
pabilities and raising their absorption intensity. Oxygen vacancies in Mg-doped Bi2O3

introduce shallow-trap levels inside the bandgap that trap excited electrons according
to Singh [36].

Determining the optical bandgap energy (Eg) is essential to understanding which
portion of the solar spectrum can be absorbed by a semiconductor. The optical bandgap (Eg)
was calculated by analyzing the fundamental absorption associated with the excitation of
electrons from the valence band to the conduction band. The bandgap (Eg) can be derived
from a plot of (αhν)2 versus photon energy (hν) using the well-known Tauc relation [37]:

(αhν)2 = A
(
hν − Eg

)
(3)

where α is the absorption coefficient, A is a constant, Eg is the energy gap, and ν is the light
frequency, respectively.
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The energy gaps were determined by drawing (αhν)2 versus hν plots, followed by
extrapolation of the linear parts to the x-axis. The series of bandgaps extending from
pristine Bi2O3 to magnesium-doped Bi2O3 (0.025 to 0.1 M) provided various values of
3.8 eV, 3.08 eV, 3.13 eV, 3.3 eV, and 3.14 eV. The results showed a decrease in the energy gap
size of magnesium-doped samples when compared to pure Bi2O3.

Figure 5. (a) The ultraviolet–visible (UV–Vis) absorption spectrum of Bi2−xMgxO3; (b) Tauc’s plot of
pure bismuth oxide and various concentrations of Mg-doped Bi2O3.

During these experiments, the bandgap values generated corresponded to the findings
documented by Wang et al. [38]. Umebayashi et al. [39] demonstrated that dopant intro-
duction creates occupied electronic states within the valence band or bandgap, along with
a dependency on alkaline earth metal oxidation states and the composition of their cationic
sublattices. This research added Mg2+ ions into the material structure, which generated
impurity states in the forbidden zone that modified both donor energy levels above the
valence band and acceptor energy levels below the conduction band. Bi2O3 experienced a
decrease in its bandgap to 3.08 eV because of this occurrence. The photocatalytic properties
of Bi2O3 become stronger after magnesium doping because the resulting bandgap reduction
improves its visible light sensitivity.

2.3. Photocatalytic Activity

The spectrum demonstrates that MB exhibits a powerful initial absorption at 665 nm.
Undoped Bi2O3 exhibits a slow peak intensity reduction over time because of its restricted
photoactivity. Powdered Bi2O3 exhibits a slow reaction speed because its wide bandgap
prevents it from efficiently absorbing visible light and creating electron–hole pairs. Pure
Bi2O3 demonstrates weak photocatalytic activity since MB decomposition reaches a small
extent after 120 min of exposure to radiation, as shown in Figure 6a. The MB absorption
peak starting at 665 nm shows similar strength to that of the undoped material. The
photocatalytic activity increases in the sample because the peak reduction happens faster
than in pure Bi2O3. The performance enhancement comes from Mg introducing defects that
shrink the bandgap and enable better visible light absorption and charge-carrier separation.
Low Mg doping leads to a major reduction in MB over 120 min, thus demonstrating its
positive effects. The UV–Vis absorption spectra confirm that dye-degradation efficiency
increases with rising Mg concentration to reach its highest point, except for the 0.75 Mg
doping, as shown in Figure 6c. The photocatalytic improvements come from narrow
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bandgap structures and improved visible light absorption ability while producing efficient
charge-carrier separation. Tests have established the value of Mg-doped Bi2O3 as a highly
potent photocatalytic agent under visible light conditions for environmental cleansing
applications, as demonstrated in Figure 6d.

Figure 6. UV–Vis absorption spectra for the degradation of MB dye after irradiation for two hours of
the prepared (a) 0, (b) 0.025, (c) 0.05, and (d) 0.1 Mg-doped Bi2O3.

The efficacy of both undoped and Mg-doped Bi2O3 photocatalysts increases propor-
tionally with the amount of Mg-doping element; the best performance belongs to the sample
with the highest Mg content. The time-dependent MB concentration changes provided an
assessment of the efficiency, as shown in Figure 7. When Mg is incorporated into Bi2O3, it
forms new electronic states that enable additional interband sites. The photocatalyst surface
maintains effective charge-carrier separation because electrons become trapped inside sites
that create new electronic states along the bandgap. The presence of oxygen vacancies in
Mg-doped Bi2O3 impedes electron (e−) and hole (h+) recombination because they enhance
the separation of photogenerated charge carriers. The photocatalytic efficiency of 0.5% Mg-
doped Bi2O3 proves to be lower than other samples which indicates excessive electron–hole
recombination takes place. Greater amounts of Mg in the doping process enable enhanced
photoproduction of electrons and holes which boosts photocatalytic reaction efficiency.
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Figure 7. Contrast the degradation effectiveness of a catalyst at various concentrations of magnesium
(Mg) doping with bismuth oxide (Bi2O3) under simulated sunlight.

2.4. Kinetics Study for the Degradation of MB

The photodegradation of dyes follows pseudo-first-order kinetics and is expressed in
the following equation:

Ln
(

Co

Ct

)
= K1·t (4)

Co and Ct stand for the initial and remaining concentrations of MB at the particular
illumination time before determining K1, which represents the first-order rate constant.
Research data on dye degradation underwent linear least squares analysis to obtain the
primary parameters k and R2. The experimental data fitted precisely against the model
through the presented method, which produced accurate parameter values from the analy-
sis in Figure 8. The model shows excellent effectiveness for describing how the dye reacts
to light exposure through its strong correlation with experimental data. Figure 8 shows
that Mg/Bi2O3 NPs displayed maximum photocatalytic activity by producing the highest
K value compared to single Bi2O3 and other doping samples. The rate constants k exist as
listed values in Table 2. The rate constants determined through pseudo-first-order analysis
corresponded with experimental photodegradation output at x = 0, 0.025, 0.05, 0.075, and
0.1, resulting in values of 0.0105, 0.02, 0.0146, 0.0182, and 0.0217, respectively. The photocat-
alytic efficiency reaches its peak when Mg doping achieves its optimal concentration level
according to the increasing rate constant data. The fitting accuracy of experimental data
by the pseudo-first-order model appears through its R2 coefficient of determination. The
pseudo-first-order model prediction strength indicated by R2 was higher in (ln(Co/Ct) vs. t)
than the corresponding value from the pseudo-second-order model (1/Ct vs. t). The data
variances explainable by the model reflect its strong representative power for degradation
behavior through the high R2 value.

The research demonstrates that Bi2O3 nanoparticles with added Mg perform outstand-
ingly when used to break down methylene blue and other organic pollutants through
photocatalytic processes. The material demonstrates exceptional properties because it
possesses a narrow bandgap as well as improved charge-carrier separation and structural
robustness, which allows its use in prolonged wastewater applications. Congruent re-
search indicates that Mg doping establishes oxygen vacancies for charge preservation,
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which form small energy levels between the valence band and conduction band states.
Photogenerated electrons follow a new excitation path by moving from the VB to oxygen
vacancy states while leaving behind holes in the VB. Additionally, the position of the CB in
Mg-Bi2O3 facilitates the formation of superoxide radicals (O2−) from molecular oxygen in
the solution. The photoexcited holes from the catalyst function as highly oxidizing agents,
which form hydroxyl radicals (OH) alongside oxygen near the surface. Reactive radicals
originating from the catalyst break organic methylene blue molecules in their chemical
bonds to produce fragmentary products.

 
Figure 8. An examination of methylene blue (MB) degradation kinetics using Bi2−xMgxO3 at various
doping levels (x = 0, 0.025, 0.05, 0.075, and 0.1) employing pseudo-first-order kinetic models.

Table 2. Parameters related to pseudo-first-order kinetic models for the photodegradation of methy-
lene blue using Bi2−xMgxO3 with varying dopant concentrations (x = 0, 0.025, 0.05, 0.075, and 0.1) as
the photocatalyst.

Samples Removal Efficiency, % k R2

Bi2O3 73 0.0105 0.96
Mg0.025Bi1.975O3 91 0.02 0.979
Mg0.05Bi1.95O3 82 0.0146 0.995

Mg0.075Bi1.925O3 92 0.0182 0.98
Mg0.1Bi1.9O3 93 0.0217 0.979

The evaluation of different catalyst efficiencies for separating charge carriers used
photocurrent measurements. The chronoamperometric test of photoelectrochemical ex-
periments yielded results that are shown in Figure 9a. The serial on-off changes oper-
ated for five seconds revealed a direct and stable current transformation in each switch.
The sample Mg0.075Bi1.925O3 showed a remarkably lower photocurrent than each of its
composition counterparts. Another parameter measured from the photoelectrochemical
experiments was photocurrent density represented by 7, 9, 13, 40, and 12 μA/cm2 for Bi2O3,
Mg0.025Bi1.975O3, Mg0.05Bi1.95O3, and Mg0.075Bi1.925O3, respectively. Photocurrent density
analysis showed that Mg0.025Bi1.975O3 achieved the most extensive photocurrent value of
40 μA/cm2, surpassing every other sample tested.

The findings confirm that heterostructure formation, the Bi2O3 electron sink nature,
and Mg incorporation enhance charge-carrier separation efficiency as well as electron-
transfer rates. Mott–Schottky measurements confirmed the band structure of Bi2O3

along with its Mg-doped variants Mg0.025Bi1.975O3, Mg0.05Bi1.95O3, Mg0.075Bi1.925O3, and
Mg0.1Bi1.9O3, thus validating the previous results. The researchers determined freely
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mobile charge-carrier concentrations that were equivalent to normal-condition donor
densities, after considering Mg-doping effects on phase transitions. Measurement proce-
dures took place under dark conditions at a 500 Hz measurement frequency. Figure 9b
demonstrates that pure Bi2O3 functions as an n-type semiconductor, given its positive
slope in the Mott–Schottky analysis. EIS spectra of Bi2O3 and fabricated Mg0.025Bi1.975O3,
Mg0.05Bi1.95O3, Mg0.075Bi1.925O3, and Mg0.1Bi1.9O3 samples are presented in Figure 9c.
Posterior to Bi2O3, the radius of the EIS arc diminishes sequentially through the follow-
ing materials: Mg0.075Bi1.925O3, then Mg0.05Bi1.95O3, then Mg0.1Bi1.9O3, culminating in
Mg0.025Bi1.975O3. The semicircle diameter in the Nyquist plot acts as an inverse indicator
for material charge transport efficiency. The smaller proportion of the EIS arc demonstrates
useful characteristics, including better photogenerated charge separation and accelerated
interfacial charge routes, and slower electron–hole (e−/h+) pair recombination. The op-
timal electrical conductivity emerges from the Mg0.075Bi1.925O3 compound as revealed in
Figure 9c through its minimal charge-transfer resistance values. The optimized Mg doping
creates conditions that lead to the reduced carrier recombination of photogenerated carriers.
Among the tested samples, Mg0.075Bi1.925O3 stands out as the most effective photocatalyst
because it shows superior performance in morphological analysis, together with structural
and optoelectronic analysis. The authors selected Mg0.075Bi1.925O3 for detailed examination
because this composition demonstrated the best performance.

Figure 9. (a) Transient photocurrent responses, (b) Mott–Schottky, (c) EIS, and (d) LSV polarization curves
of Bi2O3, Mg0.025Bi1.975O3, Mg0.05Bi1.95O3, Mg0.075Bi1.925O3, and Mg0.1Bi1.9O3 nanocomposite samples.

The efficiency of photocatalysts used for hydrogen production depends heavily on
the value of their hydrogen evolution reaction potential (HER). A photocatalytic system
for H2 generation shows better prospects when the overpotential remains low. A linear
sweep voltammetry analysis illustrates that Mg0.075Bi1.925O3 possesses the most favorable
hydrogen evolution overpotential of −1.34 V vs. SCE among Bi2O3, Mg0.025Bi1.975O3,
Mg0.05Bi1.95O3, Mg0.075Bi1.925O3, and Mg0.1Bi1.9O3. Mg0.075Bi1.925O3 demonstrates the most
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suitable conditions for photocatalytic H2 production because of its optimal HER overpoten-
tial value of −1.34 V vs. SCE when compared to virgin Bi2O3 with a greater overpotential
of −1.87 V vs. SCE. The obtained bandgap structures for all samples stemmed from Tauc’s
plot analysis and are displayed as conduction band (CB) values in Figure 10. The va-
lence band (VB) potential readings for the samples Bi2O3, Mg0.025Bi1.975O3, Mg0.05Bi1.95O3,
Mg0.075Bi1.925O3, and Mg0.1Bi1.9O3 were 3.37 V, 2.8 V, 2.78 V, 3.2 V, and 2.91 V (vs. SCE),
respectively, with CB values. The optimized band arrangement of Mg0.075Bi1.925O3 helps
to enhance the efficiency of charge separation and light trapping which leads to a better
performance in breaking down organic pollutants through photocatalysis.

Figure 10. Band diagram derived by assuming the flat band potential of the films as the potential of
the conduction band (CB). The valence band (VB) position was estimated by adding the measured
bandgap energy.

3. Materials and Methods

3.1. Synthesis of Mg-Doped Bismuth Oxide NPs

Bi2O3 nanoparticles were prepared by the solution combustion method using urea
as fuel. A cylindrical crucible took the stoichiometric quantities of a mixture containing
Bi(NO3)3·5H2O (99.999% Loba Co., Mumbai, India) and fuel urea [CH4N2O] (99.999%
Loba Co. India). The mixture in the crucible was stirred well to obtain homogeneity for
10 min at 400 rpm, and a clear, transparent solution was formed. This crucible was placed
in a muffle furnace and heated to 600 ◦C for two hours. The resulting product was cooled to
room temperature overnight and collected. A yellow powder was obtained, crushed using
a pestle and mortar, and characterized. To prepare the samples for doping with different
concentrations of Mg, the same procedure was followed for undoped Bi2O3 as for doping
with varying ratios of molar Mg(NO3)3·9H2O (99.999% Loba Co., India). The molar ratios
of Mg/Bi were 0%, 0.25%, 0.5%, 0.75%, and 1%, respectively. Finally, a pale yellow powder
with an increase in Mg2+ content was easily ground into a powder.

3.2. Characterization

The crystalline structure and morphology of a series of Bi2-xMgxO3 (x = 0, 0.025, 0.05,
0.075, and 0.1) samples were considered by employing XRD, SEM, EDX, and X-ray diffrac-
tion (XRD) analysis was performed using a LANScientific instrument (Suzhou, China)
with a wavelength (λ = 0.15418 nm) with diffraction peaks recorded between 10◦ and 80◦

(2θ), and a step of 0.06 degree/s was exploited to investigate the crystal structure. The
morphology, particle size, and elemental concentration were investigated using a scanning
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electron microscope (SEM, a JEOL JSM 5910, Tokyo, Japan) with an accelerating voltage of
20 kV. Energy-dispersive X-ray (EDX) spectroscopy (JSM-5910, Tokyo, Japan) was used to
study the manufactured material’s compositional features. The bandgap energy was mea-
sured with a JASCO 670 UV–visible spectrophotometer (Tsukuba-shi, Japan). The acquired
materials were examined for their photocatalytic efficacy using organic dye pollutants,
specifically methylene blue (MB). The electrochemistry measurements were carried out by
Corretest Cs 305 (Wuhan, China). To perform the photocatalysis experiment, 20 milligrams
of photocatalyst material was combined with a 500-watt xenon lamp.

3.3. Photocatalytic Performance of Bi2−xMgxO3

The photocatalytic assessment of synthesized Bi2O3 particles occurred through the
investigation of their ability to break down methylene blue (MB) in water. The UV–
Vis spectrophotometer (JASCO 670) determined that the MB absorbance peak existed
within the visible spectrum range from 400 to 800 nm while analyzing the absorbance
spectrum. The reaction monitoring required the usage of 665 nm as the wavelength where
the maximum absorbance was detected. The experiments used visible light illumination,
which included a Pyrex-glass-made immersion well photochemical reactor as the light
source. A cylindrical reactor contained the light source and had a water-cooling jacket
for experimental temperature management. Each test used 0.02 g of photocatalyst, either
from Bi2O3 or Mg-doped Bi2O3, with 50 mL of MB solution at a 10 ppm concentration,
which was stirred at 600 rpm. The solution underwent 30 min sonication under dark
conditions before irradiation for the achievement of adsorption–desorption equilibrium.
The chemical degradation of the dye solution was measured through absorbance detection
at 665 nm. The photocatalysis process indicated its dye-removal efficiency through the
implementation of this specific calculation [40,41]:

Removal % =
(Co − Ct)

Co
× 100 (5)

After resolving the complex process of photocatalytic degradation, the initial (C0)
and final (Ct) concentrations of the pollutant are accurately measured. The catalyst
is separated via centrifugation and then re-dispersed in the dye solution for further
recycling evaluations.

4. Conclusions

The sol-gel synthesized Mg-doped β-Bi2O3 nanoparticles brought about significant
photocatalytic enhancements because of their optimized structural properties along with
their adjusted electronic features. The addition of Mg doping at concentrations between
0.025 and 0.1 M resulted in crystallite sizes decreasing from 79 nm (pristine Bi2O3) down
to 13 nm, together with a decrease in bandgap from 3.8 eV to 3.08–3.3 eV. The modi-
fied bandgap and optimized valence band potential levels between 2.78 and 2.91 V vs.
SCE improved the separation of charges and absorption of sunlight. The sample with
Mg0.075Bi1.925O3 composition displayed the optimal band alignment structure that enabled
excellent light-trapping abilities and superior charge-transfer capabilities which resulted in
a high organic pollutant photodegradation rate constant of 0.0217 min−1 and superior hy-
drogen evolution performance. Research indicates that Mg doping represents an essential
method to design β-Bi2O3 materials for the continued development of sustainable environ-
mental cleanup systems and renewable energy solutions. The researchers should study
scalability and long-term stability for practical implementation in future investigations.
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Abstract: Extensive research has been conducted on the catalytic properties of molybde-
num disulfide (MoS2) materials in the context of the hydrogen evolution reaction (HER).
This study focuses on exploring hybrid MoS2/Au structures as a catalyst for HER, utilizing
linear sweep voltammetry as the experimental methodology. Firstly, 2D-MoS2 flakes were
synthesized by the chemical vapor deposition (CVD) approach and directly added to gold
nanoparticles during or after their preparation process. The prepared nanocomposites
were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), Raman spectroscopy, and scanning electron microscopy with energy-dispersive
X-ray analysis (SEM/EDX). The HER performance was tested for the two resulting samples
to show that the preparation of gold nanoparticles with the coexistence of CVD-MoS2 flakes
produces a superior electrocatalytic performance of the sample in a neutral medium. No-
tably, the onset potential was measured as −0.152 V (versus reversible hydrogen electrode
(RHE)) with an exchange current density (j0) of 0.22 mA/cm2. Chronoamperometric data
show that all composites retained initial current densities for 15 hours, confirming stable,
efficient HER performance post-decay.

Keywords: MoS2 flaks; Au nanoparticles; electrocatalysis; hydrogen evolution reaction

1. Introduction

As the challenges of energy shortages, environmental degradation, and pollution
persist, there has recently been increased interest in exploring clean and sustainable energy
sources, such as hydrogen. Electrochemical water splitting technology stands out as a
highly efficient and promising approach for environmentally friendly hydrogen production.
This process comprises a cathodic hydrogen evolution reaction (HER) and an anodic
oxygen evolution reaction (OER) [1]. The electrocatalyst plays a crucial role in facilitating
these reactions and minimizing power consumption [2–8]. Conventional electrocatalysts
predominantly rely on nanomaterials derived from rare precious metals. For the hydrogen
evolution reaction (HER), platinum (Pt), ruthenium (Ru), rhodium (Rh), and palladium
(Pd) are widely used due to their high catalytic activity. In contrast, materials such as
ruthenium dioxide (RuO2) and iridium dioxide (IrO2) are primarily employed for the
oxygen evolution reaction (OER) owing to their excellent oxidative stability and efficiency.
However, their constrained availability and elevated costs have impeded broad-scale
industrial implementation. Consequently, there has been growing interest in transition
metal dichalcogenides (TMDs), particularly molybdenum disulfide (MoS2), valued for its
cost-effectiveness and efficacy as an electrocatalyst for the HER. MoS2 possesses a hexagonal

Catalysts 2025, 15, 550 https://doi.org/10.3390/catal15060550
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tri-layered structure characterized by van der Waals interactions between individual tri-
layers, employing versatile applications in energy storage, semiconductors, biomedicine,
and electrocatalysis [2,9,10].

In response to the catalytic activity observed at the edge sites of MoS2, recent research
has focused on either enhancing active edge site generation or improving the reactivity
of the inert basal planes. Strategies such as chemical methods, including doping, and the
manipulation of structural properties, such as crystallinity and nano-structuring, have
been explored to expose more active edge sites. However, achieving these desired struc-
tures often requires using energy-intensive techniques, including atomic layer deposition,
chemical vapor deposition, and hydrothermal methods. An alternative strategy involves
the integration of MoS2 with other materials to form hybrids with enhanced electrical
conductivity [2,11–13].

Metal nanoparticles, such as platinum (Pt), palladium (Pd), nickel (Ni) and gold (Au),
have been successfully integrated into MoS2 nanosheets to enhance their catalytic activity,
particularly in the hydrogen evolution reaction (HER) [14]. Pt and Pd incorporation have
proven effective in improving MoS2 activity, while MoS2 decorated with Au nanoparticles
has demonstrated exceptional efficacy for the HER. Gold nanoparticles have demonstrated
unique catalytic properties, especially at the nanoscale, including high selectivity, excellent
stability, and resistance to toxicity, particularly in reactions involving oxygen-containing
functional groups. These properties make gold catalysts preferable in some hybrid material
systems where long-term stability and low activation energy are critical, even with high
raw material costs [15–20]. The notable effectiveness of Au-decorated MoS2 is attributed
to the robust Au-S interaction and the outstanding stability of the gold nanoparticles.
This targeted decoration results in an improvement in the charge transport properties of
MoS2, consequently leading to an enhancement in the catalytic efficiency for the hydrogen
evolution reaction (HER) [15–20].

In this study, molybdenum disulfide (MoS2) nanosheets were first synthesized using
the chemical vapor deposition (CVD) technique, followed by different methods to incorpo-
rate gold nanoparticles (Au NPs). The primary objective of this research was to explore
the influence of Au nanoparticle intercalation on the hydrogen evolution reaction (HER)
activity of MoS2. To characterize the sample, a comprehensive set of analytical techniques
was employed, including FTIR, XRD, Raman spectroscopy, and SEM/EDX. These analyses
aimed to provide a detailed understanding of the structural and compositional aspects of
the synthesized nanocomposites. Subsequently, the HER activity of each specimen was
evaluated, revealing a significant improvement in the performance of the hydrogen evolu-
tion reaction. This improvement was attributed to the presence of Au nanoparticles, which
contributed to the increased surface area and improved electrical conductivity of MoS2.

2. Results and Discussion

2.1. FTIR Spectra

Figure 1a shows absorption peaks in a range from 470 to 1400 cm−1, which are related
to MoS2. The peaks near 1600 cm−1 and ~ 3000 cm−1 are associated with hydroxyl groups’
stretching and bending vibrations. The peak at 1400 cm−1 corresponds to the stretching
vibration of S–Mo–S bonds. The Mo–S stretching vibration mode is between 490 and
620 cm−1 [21–23].
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Figure 1. (a) The FTIR spectrum of the CVD-MoS2 composite. (b) The XRD pattern of the CVD-MoS2

composite. (c) The Raman spectrum of the CVD-MoS2 composite.
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2.2. XRD Spectra

The X-ray diffraction (XRD) analysis of MoS2 powder synthesized via chemical vapor
deposition (CVD) confirms its crystalline structure. The XRD patterns, measured within
the 2θ range of 10◦–60◦, exhibit diffraction peaks characteristic of 2H-MoS2, as identi-
fied by ICCD card numbers 37-1492. Peaks appear at 2θ values of 14.6◦, 44.3◦, and 60◦,
corresponding to the (002), (006) and (008) crystallographic planes, respectively [24–31].

The sharp and narrow XRD peaks suggest that the samples possess high crystallinity
(Figure 1b) [32–34].

2.3. Raman Spectra

Raman spectroscopy serves as a reliable and non-destructive method for analyzing lattice
vibrations and phonon modes in materials. Figure 1c presents the Raman spectra of the as-
synthesized CVD-MoS2, showing two prominent peaks at approximately 383 cm−1 and 403
cm−1, corresponding to the E2g (in-plane) and A1g (out-of-plane) vibrational modes, respectively.
The 20 cm−1 separation between these peaks confirms the monolayer nature of MoS2 flakes.
The E2g mode arises from opposite vibrations of Mo and S atoms in the plane, while the A1g

mode is attributed to sulfur atoms vibrating out-of-plane. The sharp and intense E2g and A1g

peaks reflect high crystallinity and the formation of the 2H phase [28,35].

2.4. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) was employed to assess the size distribution of gold
nanoparticles (AuNPs) synthesized via the Turkevich method, revealing an average hydro-
dynamic diameter of approximately 26 nm (Figure 2).
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Figure 2. Dynamic light scattering of Au nanoparticles: (Q3) Cumulative Volume Distribution, and
(q3) Volume Density Distribution.

2.5. SEM and EDS

The morphology of the sample was examined using scanning electron microscopy (SEM)
at various magnifications, as shown in Figure 3. The SEM images (Figure 3a,b) illustrate the
existence of expansive flakes characterized by irregular morphologies. These flakes display a
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micro-scale lateral dimension spanning from 1 to 100 μm, elucidating the superior crystalline
structure and well-defined XRD peaks observed in this sample (Figure 1b).

Figure 3. SEM images of the CVD-MoS2 sample were captured at various magnifications, denoted as
(a–d). (e) The EDS spectrum of CVD-MoS2. (f) The EDS map of CVD-MoS2. EDS maps of Mo and S
elements in samples (g) and (h), respectively.
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EDX data were utilized to determine the elemental composition of the samples (Figure 3c,
Table 1). The analysis revealed prominent peaks indicating the presence of Mo and S. Neverthe-
less, the utilization of the EDX spectrum was not viable for accurately determining the precise
composition ratio due to the overlapping peaks of S (K = 2.31 keV) and Mo (L = 2.29 keV) [36].

Table 1. Atomic composition of MoS2 flakes.

Element At. No. Mass [%] Atom [%]

Oxygen 8 28.88 2.24

Sulfur 8 22.35 1.59

Molybdenum 42 48.76 2.63

Sum 100.00

2.6. HER Activity of CVD-MoS2/Au in Neutral Medium

In this study, the hydrogen evolution reaction (HER) performances of CVD-MoS2, CVD-
MoS2 + Au, and CVD-MoS2 + prepared Au electrodes in a 1M KCl electrolyte are assessed,
and the results are shown in Figure 4. In a neutral medium, the CVD-MoS2 electrode exhibits
an onset potential of 0.215 V (Figure 4a) at a current density of 1 mA/cm2. The maximum
current density achieved is 4.3 mA/cm2 at an overpotential of 0.372 V, with an exchange
current density (j0) of 0.149 mA/cm2 at 0.0 V. The addition of prepared gold to CVD-MoS2

results in an increase in the onset potential to 0.289 V, with a cathodic current of 5.2 mA/cm2

and a j0 of 0.186 mA/cm2. The CVD-MoS2 + Au electrode shows the best HER performance,
with an onset potential of 0.152 V (Figure 4a) at 1 mA/cm2, a j0 of 0.22 mA/cm2, and a
maximum current density of 8.4 mA/cm2 at an overpotential of 0.372 V.
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Figure 4. HER activity in neutral medium: (a) polarization curve; (b) Tafel plot of the Au, CVD-MoS2,
CVD-MoS2 + Au, and CVD-MoS2 + prepared Au composites in KCl.

The Tafel slopes, presented in Figure 4b, are 0.308 V/dec for CVD-MoS2, 0.126 V/dec
for CVD-MoS2 + prepared Au, and 0.255 V/dec for CVD-MoS2 + Au. The CVD-MoS2 +
prepared Au catalyst demonstrates the fastest HER kinetics, as evidenced by the lowest
Tafel slope of 0.126 V/dec (Table 2).
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Table 2. The electrochemical parameters were calculated to evaluate the HER performances of all the
prepared MoS2 catalysts in KCl.

Catalyst Onset Potential (V)
Cathodic Current *

(mA/ cm 2)
Tafel (sV/dec)

Exchange Current
mA cm−2 (j0)

Au 0.357 1.4 0.191 0.111

CVD-MoS2 0.215 4.3 0.308 0.149

CVD-MoS2 +
prepared Au 0.289 5.2 0.126 0.186

CVD-MoS2 + Au 0.152 8.4 0.255 0.22

* at 0.372 V

As shown in Figure 5a, the polarization curve for CVD-MoS2 (red curve) reveals
an onset potential—defined here as the potential at which a noticeable catalytic current
starts to appear, specifically when the current density exceeds 1.0 mA/cm2—of 0.311 V,
accompanied by a steep rise in current density as the overpotential increases. The current
density increases with rising overpotential, reaching 2.60 mA/cm2 within the measured
range. The exchange current density (j0), corresponding to the current density at 0.0 V, is
0.11 mA/cm2, indicating moderate intrinsic HER activity. Upon the incorporation of Au
nanoparticles, the onset potential is reduced to 0.304 V, and the cathodic current improves
significantly, reaching 7.48 mA/cm2 for CVD-MoS2 + prepared Au and 7.27 mA/cm2 for
CVD-MoS2 + Au, while enhancing the j0 value to around 0.199 mA/cm2 (green curve).
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Figure 5. (a) The polarization curves of the Au, CVD-MoS2, CVD-MoS2 + Au, and CVD-MoS2 +
prepared Au. (b) The Tafel plot of the Au, CVD-MoS2, CVD-MoS2+ Au and CVD-MoS2 + prepared
Au composites in H2SO4.

The corresponding Tafel plots in Figure 5b and values in Table 3 support these obser-
vations. The Tafel slope is a key indicator of hydrogen evolution reaction (HER) kinetics,
with lower values denoting more favorable catalytic performance. As shown, the pristine
CVD-MoS2 electrode exhibits a Tafel slope of 0.488 V/dec, while the hybrid catalysts show
lower slopes of 0.212 V/dec for CVD-MoS2 + prepared Au and 0.185 V/dec for CVD-MoS2

+ Au, indicating more favorable HER kinetics. Although the exchange current densities for
the hybrids (0.199 and 0.0123 mA/cm2, respectively) are lower than that of unmodified
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MoS2, the reduced Tafel slopes and higher current densities reflect an overall enhancement
in HER activity. In contrast, the Au-only catalyst shows poor performance, with a high
onset potential of 0.492 V, a cathodic current of only 1.15 mA/cm2, a Tafel slope of 0.204
V/dec, and the lowest j0 value (0.0027 mA/cm2). These findings suggest that the controlled
synthesis of hybrid materials combining Au and MoS2 can significantly enhance HER
efficiency by leveraging beneficial electronic interactions and robust performance across
various environments.

Table 3. Electrochemical parameters were calculated to evaluate the HER performances of all the
prepared MoS2 catalysts in H2SO4.

Catalyst Onset Potential (V)
Cathodic Current *

(mA/ cm 2)
Tafel (V/dec)

Exchange Current
mA cm−2 (j0)

Au 0.492 1.15 0.204 0.0027

CVD-MoS2 0.311 2.6 0.488 0.11

CVD-MoS2 +
prepared Au 0.304 7.48 0.212 0.199

CVD-MoS2 + Au 0.304 7.27 0.185 0.0123

The enhanced HER activity observed in the Au-modified MoS2 flakes can be directly
correlated with their physicochemical characteristics. SEM imaging confirms the preserva-
tion of the flake-like morphology after Au nanoparticle deposition, while XRD patterns and
Raman spectra indicate high crystallinity and a well-defined 2H-MoS2 phase. This struc-
tural order is crucial for maintaining efficient charge carrier pathways. The introduction
of Au nanoparticles provides additional active sites and improves electrical conductivity,
which facilitates faster electron transfer, particularly at the MoS2–Au interface. This is
evidenced by the decreased onset potential and increased exchange current density. Further-
more, the Tafel slope of ~126 mV/dec suggests that the HER follows a Volmer–Heyrovsky
mechanism, with the Heyrovsky step being the rate-limiting process. The presence of Au
likely accelerates this step by enhancing surface electron availability, leading to improved
overall kinetics. Thus, the synergistic effect between MoS2 flakes and Au nanoparticles
underpins the superior catalytic performance.

2.7. Chronoamperometry Studies of the MoS2+ Au Sample

The stability levels of all prepared samples were evaluated using chronoamperometric
measurements. To assess the stability of Au, CVD-MoS2, CVD-MoS2 + Au, and CVD-MoS2

+ prepared Au composites, chronoamperometry was conducted at a fixed potential of
0.5 V vs. RHE for up to 1000 min in neutral medium, as shown in Figure 6. The results
demonstrate that the electrodes modified with Au, CVD-MoS2, CVD-MoS2 + Au, and CVD-
MoS2 + prepared Au composites exhibited stable and continuous current responses with
minimal decline over time. The gradual decrease in current density observed in Figure 6
can be primarily attributed to the rapid diffusion of electroactive species at the electrode
interface. After an initial current drop during the first 5 min, the current stabilized and
remained nearly constant for the remainder of the test duration (up to 1000 minutes). This
sustained current output highlights the electrochemical stability of the electrodes. Overall,
the chronoamperometric data indicate that all tested composites effectively retained their
initial current densities for up to 15 h, demonstrating consistent performance and high
efficiency in promoting hydrogen evolution reaction (HER) activity following the initial
decay phase. The constant and consistent current densities over a long period of time
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strongly indicate that any potential gold leaching was very small and negligible and did
not affect the catalytic performance.
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Figure 6. The chronoamperometry of the Au, CVD-MoS2, CVD-MoS2 + Au and CVD-MoS2 +
prepared Au composites in neutral medium at the applied potential of 0.5 V vs. RHE.

2.8. Comparative Study of Recent Literature on the Use of MoS2/Au as a Catalyst for the HER

As presented in Table 4, the electrochemical performance of the synthesized com-
posite was benchmarked against data from prior studies. While the observed Tafel slope
exceeded the typical range reported for MoS2-based catalysts, this discrepancy may have
arisen from inherent material properties or synthesis-induced variations that impeded
charge transfer kinetics. Despite this, the composite exhibited a markedly enhanced onset
potential of 154 mV, which is substantially lower than previously reported values. This
improvement suggests more favorable initial proton adsorption and earlier activation of the
hydrogen evolution reaction (HER). Collectively, our results highlight the enhanced HER
performance of the MoS2/Au hybrid system, particularly in neutral media, and underscore
the critical role of gold nanoparticle incorporation in improving both catalytic efficiency
and operational durability. While gold is indeed a precious metal, its overall contribution
to the cost of the MoS2/Au catalyst is modest due to the low loading and high catalytic
efficiency achieved. Notably, our catalyst exhibits superior electrocatalytic performance
in a neutral medium, significantly reducing the actual cost per application. Furthermore,
with continued developments in scalable synthesis technologies and gold nanoparticle
extraction methods, the economic barriers associated with gold are expected to decrease,
enhancing the feasibility of the MoS2/Au system for broader practical applications.
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Table 4. A comparison of recent literature on the use of MoS2/Au as a catalyst for the HER.

Catalyst
Supporting
Electrode

Electrolyte HER onset (V) Tafel (mV/dec) Ref

MoS2-Au GC H2SO4 0.2 50 [11]

MoS2-Au GC KCl 0.27 71 [37]

MoS2-Au Si substrate H2SO4 0.340 99.8 [12]

W- MoS2-Au Si substrate H2SO4 0.190 86.9 [12]

CVD-MoS2 GC H2SO4 0.31 488 This work

CVD-MoS2/Au GC H2SO4 0.304 185 This work

CVD-
MoS2/Prepared

Au
GC H2SO4 0.306 212 This work

CVD-MoS2 GC KCl 0.215 308 This work

CVD-MoS2/Au GC KCl 0.152 255 This work

CVD-
MoS2/Prepared

Au
GC KCl 0.289 126 This work

3. Experimental Procedures

3.1. Materials and Reagent

The chemicals were of analytical grade and utilized as received without further purifi-
cation. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O- Sigma Aldrich Ltd.,
St. Louis, MI, USA), Trisodium citrate (C6H5Na3O7- Sigma-Aldrich, St. Louis, MI, USA),
MoO3 (99.5% AlfaAesar, Heysham, UK), S powders (99.9%, VWR Chemicals, San Diego,
CA, USA), and NaCl were employed. All solutions were prepared using double-distilled
water at room temperature (25 ◦C).

3.2. Synthesis of Au

A total of 2.0 mL of trisodium citrate solution (0.01M) was added to a 250 mL round-
bottom flask containing 50 mL of water and stirred with a magnetic stirrer. Upon reaching
boiling point, 1 mL of the 0.01 M prepared HAuCl4 solution was swiftly added to the boiling
mixture. Over 5 min, the solution transitioned in color from light purple, indicative of larger
particle sizes, to ruby red, signaling the formation of nano-sized particles. Following 10 min
of boiling, the heating source was turned off, allowing the colloid to cool naturally [38–40].

3.3. Synthesis of CVD-MoS2

A water solution containing sodium chloride (NaCl) and molybdenum trioxide (MoO3)
in a 40% ratio was prepared and subjected to sonication for 45 min. A small amount of this
solution was dropped onto a quartz boat and heated to 323 K to remove the water content,
leaving homogenous coverage. It was placed in a 1.5-inch quartz tube furnace positioned
18 cm from a 200 mg sulfur powder. Initially, the tube was cleansed by purging with a high
flow rate of nitrogen gas (N2) before reducing it to 5 SCCM to maintain the sublimated
vapor until the growth temperature was reached. The temperature of the furnace was
subsequently elevated to 780 ◦C. Meanwhile, sulfur was heated externally to 250 ◦C and
introduced into the system at a flow rate of 20 standard cubic centimeters per minute
(SCCM) for a 20-minute growth period. Then, the furnace cooled down naturally to reach
room temperature. The resulting flakes material was collected from the boat in powdered
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form, which was then dispersed in distilled water and sonicated for 3 hours to yield a
solution of 2D MoS2 flakes [41].

CVD-MoS2/Au: A total of 1 mL of suspension CVD-MoS2 was added to a 10 mL glass
bottle, then 1 mL of HAuCl4 solution was gradually added during magnetic stirring. The
mixture was ultrasonicated for 5 min to ensure uniformity. Subsequently, a volume of 3 mL
of sodium citrate solution was introduced into the mixture, and the glass container was
transferred to a water bath set at a temperature of 96 ◦C while being subjected to magnetic
stirring. This process continued until a homogeneously distributed black–purple mixture
was achieved [9,42].

CVD-MoS2/prepared Au: A total of 1 mL of suspension CVD-MoS2 was added into
a 10 mL glass bottle, then 4 mL of prepared Au solution (mentioned previously) was
gradually added during magnetic stirring. The mixture was ultrasonicated for 5 min to
ensure uniformity. Then, it was transferred to a water bath set at a temperature of 96 ◦C
while being subjected to magnetic stirring. This process continued until a homogeneously
distributed black–purple mixture was achieved.

3.4. Fabrication of MoS2 Modified GCE

The electrode was prepared using the following steps: First, 5 mL of CVD-MoS2

solution and 30 μL of Nafion solution were mixed and dispersed at room temperature,
followed by a 1-hour ultrasonic treatment. Then, 5 μL of the resulting dispersion was
drop-cast onto the surface of a 3 mm glassy carbon electrode (GCE). The modified GCE
was left to dry at room temperature for 24 h [43].

3.5. Samples Characterization

The samples were analyzed using FTIR spectroscopy. X-ray diffraction (XRD) anal-
ysis (Malvern, GH Eindhove, Netherlands), with Cu Kα radiation (λ = 0.154 nm), was
conducted to assess crystallinity. Raman spectroscopy was performed with a Raman mi-
croscope operating at an excitation wavelength of 445 nm. The sample morphologies
were characterized using scanning electron microscopy (SEM) (Tescan Vega 3 SBU, Czech
Republic), and the energy-dispersive X-ray (EDX) spectra were obtained with the same
SEM instrument. Dynamic light scattering (DLS) analysis was also performed to determine
the size of the Au particles.

3.6. Electrochemical Measurements

All electrochemical measurements were conducted at room temperature in either
0.5 M H2SO4 or 1.0 M KCl solutions using a PGSTAT204 electrochemical potentiostat
(Metrohm Autolab, Netherlands). A three-electrode system was used, where the fabricated
electrode served as the working electrode, Ag/AgCl/KCl(sat.) served as the reference
electrode, and a Pt wire served as the counter electrode. Linear sweep voltammetry
(LSV) was performed in the potential range of −1 to 0.3 V at a scan rate of 0.1 V/s.
Chronoamperometry measurements were conducted by applying a constant potential
of +0.5 V versus a saturated Ag/AgCl reference electrode (Ag/AgCl/KCl(sat.)) using a
standard three-electrode electrochemical cell configuration. The working electrode was held
at this fixed potential throughout the experiment to monitor the resulting current response
over time, allowing for the analysis of electrochemical kinetics and diffusion-controlled
processes. All potential values were recorded for the Ag/AgCl reference electrode and
then calibrated to the reversible hydrogen electrode (RHE).

4. Conclusions

In this study, we synthesize CVD-MoS2 flakes, modify the sample with Au nanoparti-
cles, and evaluate their performance for the hydrogen evolution reaction (HER). All the
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analysis tools, such as SEM, XRD, and Raman spectroscopy, confirm the 2D MoS2 flake
structure with high crystalline. The HER performance of the CVD-MoS2 and Au-modified
MoS2 flakes is assessed through polarization techniques in both acidic and neutral elec-
trolytes. The Au-MoS2 flakes exhibit a significant reduction in onset potential (0.152 V at
1.0 mA/cm2), a higher exchange current density (j0 = 0.22 mA/cm2), and a maximum cur-
rent density of 8.4 mA/cm2 at an overpotential of 0.372 V, demonstrating superior catalytic
activity. These findings highlight the fact that integrating Au nanoparticles with MoS2 can
effectively enhance catalytic efficiency, offering a promising approach for efficient hydrogen
production. The observed Tafel slopes (~126 mV/dec) suggest that the HER proceeds via a
Volmer–Heyrovsky mechanism, wherein the initial proton adsorption (the Volmer step)
is relatively fast and the electrochemical desorption of hydrogen (the Heyrovsky step)
governs the overall kinetics. The enhanced performance upon Au integration indicates
improved charge transfer at the MoS2–Au interface, likely accelerating the Heyrovsky step.
Chronoamperometry at 0.5 V vs. RHE for 1000 min shows that all electrodes maintain
stable current with minimal decay, confirming their electrochemical stability and efficiency
for sustained HER activity.
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Abstract: High-efficiency diesel and lean-burn engines produce lower exhaust tempera-
tures, which can delay the activation of after-treatment catalysts such as Diesel Oxidation
Catalysts (DOCs). This study explores ion beam sputtering as a post-synthesis strategy to
enhance the low-temperature activity of commercial Pt/CeO2–ZrO2 catalysts. Low-energy
ions (0.5–1.5 keV) were applied with controlled variations in treatment number, beam
current, and exposure time to selectively generate oxygen vacancies and improve Pt dis-
persion. Structural and chemical effects were characterized using X-ray diffraction (XRD),
BET surface area measurements, X-ray photoelectron spectroscopy (XPS) and extended
X-ray absorption fine structure (EXAFS). Catalytic performance was evaluated through
CO and C3H6 oxidation under conditions mimicking lean-burn engine exhaust. Increasing
the number of ion treatments progressively lowered light-off temperatures, correlating
with enhanced Pt–Ce3+ interactions and improved surface reducibility. Variations in beam
current and exposure time further modulated these surface effects, confirming the tunable
nature of the approach. The results demonstrate that ion beam sputtering selectively modi-
fies the catalyst surface without altering the bulk structure, directly linking atomic-scale
modifications to improved low-temperature activity. This strategy offers a promising route
to overcome delayed light-off issues in modern high-efficiency engines, providing a precise,
controllable method to optimize emission control catalysts.

Keywords: ion beam sputtering; Pt/CeO2–ZrO2 catalysts; automotive emission control;
light-off temperature; CO and hydrocarbon oxidation; post-synthesis surface modification

1. Introduction

Since the early 1990s, the European Commission’s Thematic Strategy on Air Pollu-
tion has progressively introduced more stringent standards to reduce transport-related
emissions (CO, hydrocarbons, NOx, PM, etc.), as part of a broader effort to improve air
quality and, more broadly, to support the EU’s long-term objective of achieving carbon
neutrality by 2050, in line with ongoing research and strategies for sustainable energy and
low-carbon technologies [1–4]. The transition from Euro 5 in 2009 to Euro 6/VI in 2014
marked a significant tightening of NOx emission limits for diesel engines: from 0.18 g/km
(Euro 5) to 0.08 g/km (Euro 6) for light-duty vehicles and from 2.0 g/kWh (Euro V) to
0.4 g/kWh (Euro VI) for heavy-duty vehicles. This regulatory change accelerated the
adoption of advanced after-treatment technologies, including Selective Catalytic Reduction
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(SCR), Lean NOx Traps (LNT), and Diesel Oxidation Catalysts (DOC). Building on this
trajectory, the forthcoming Euro 7 regulation—scheduled to apply from 2027—further
strengthens emission limits across all vehicle categories. Unlike previous standards, Euro 7
introduces a unified framework for light- and heavy-duty vehicles, expands testing condi-
tions (e.g., real-world driving emissions over a wider temperature and lifetime range), and
places stricter durability requirements on emission-control systems. These measures are
expected to drive the next generation of catalyst technologies and integrated powertrain
solutions [1,5,6].

Many of these catalytic converters, particularly DOCs, are based on Pt–ceria/zirconia
materials, where the complementary functionalities of ceria and Pt play a pivotal role. In
particular, the incorporation of ZrO2 into CeO2 has been widely recognized as a strategy to
enhance both the structural and functional properties of ceria-based catalysts. Zirconium
addition improves the thermal stability of the mixed oxide, reducing the propensity for
sintering at high operating temperatures, which is critical for maintaining the dispersion
of noble metal nanoparticles under harsh exhaust conditions. Moreover, the formation of
CeO2–ZrO2 solid solutions enhances the oxygen storage capacity (OSC) of the support, a
key property for dynamic oxygen buffering during rich–lean cycling, which in turn facili-
tates the reversible Ce4+/Ce3+ redox transition. This increase in OSC not only improves
the redox flexibility of the support but also provides a greater density of surface defects
and oxygen vacancies, which act as preferential anchoring sites for Pt atoms. By stabilizing
Pt species and preventing their migration or sintering, the addition of ZrO2 effectively sup-
ports higher metal dispersion and stronger metal–support interactions, thus contributing to
the overall catalytic efficiency and durability of the system [7,8]. These advantages explain
why Pt–ceria/zirconia catalysts remain the benchmark for modern automotive DOCs and
provide the rationale for their widespread use in emission-control applications.

The remarkable performance of ceria arises from its redox flexibility, enabled by the
facile and reversible transition between Ce4+ and Ce3+, which confers a substantial oxygen
storage capacity (OSC). This dynamic oxygen buffering, facilitated by the formation of
oxygen vacancies, allows ceria to repeatedly adsorb and release O2−, thereby promoting
the oxidation of exhaust gases under transient rich–lean conditions [9]. At the same time, Pt
provides exceptionally high oxidation activity, particularly toward NOx. When combined,
the oxygen-buffering capacity of ceria-based supports and the intrinsic oxidation activity
of Pt create a synergistic system that underpins the effectiveness of modern automotive
emission-control catalysts [10].

A critical performance parameter of Diesel Oxidation Catalysts (DOCs) is the so-called
light-off temperature, defined as the temperature at which catalytic reactions begin and,
in practice, as the catalyst inlet temperature at which 50% of a given pollutant species is
converted. Below this threshold, catalytic activity is minimal, while above it, the reaction
rate increases exponentially with temperature. Achieving rapid light-off is therefore essen-
tial to ensure efficient pollutant conversion, particularly during the cold-start phase, when
emissions are most severe [11,12].

The challenge, however, lies in the fact that modern diesel and lean-burn engines
are designed for high thermal efficiency, which inherently results in lower exhaust gas
temperatures. While this trend improves fuel economy and reduces CO2 emissions, it
simultaneously delays—or even prevents—after-treatment systems from reaching their
activation threshold under certain operating conditions [13,14]. Technologies such as DOCs,
Diesel Particulate Filters (DPFs), Lean NOx Traps (LNTs), and Selective Catalytic Reduction
(SCR) all depend on surpassing their respective light-off temperatures to function effectively.
During cold-start and low-load operation, however, the exhaust often remains below
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these critical temperatures, leaving the catalysts largely inactive and causing substantial
emissions of NOx and particulate matter [15].

This limitation has become particularly critical under Euro 6/VI regulations, which
enforce stringent emission limits not only under controlled laboratory tests but also in
real driving conditions. As a result, significant research efforts are currently directed
toward lowering the light-off temperature of catalytic materials or developing strategies to
accelerate catalyst heating, thereby ensuring compliance with these demanding standards
while preserving engine efficiency.

In this context, interface engineering using ion beam techniques has emerged as
a powerful approach to tailor catalytic properties at the atomic scale, enabling precise
structural modifications that can directly influence the catalyst’s light-off temperature [16].
Among the different strategies, ion beam sputtering has attracted growing interest as a
versatile tool to modify the nanoscale surface structure of advanced catalytic materials,
particularly in the development of automotive after-treatment systems [17,18]. The use
of low-energy accelerated ions (0.5–10 keV) enables controlled interactions with surface
atoms of the catalyst without penetrating deeply into the bulk [19]. This process results in
a “non-reactive removal” of atoms—commonly referred to as sputtering—where surface
atoms are displaced without undergoing chemical reactions with the incident ions [20].

Beyond these general advantages, the selectivity of ion-beam sputtering can be par-
ticularly beneficial in mixed Pt–CeO2 oxides. In this case, oxygen can be sputtered more
readily than either Pt or ceria, thereby generating oxygen vacancies (V_O). These defects
increase the concentration of Ce3+ in the structure, making the surface more reducible and
receptive toward Pt, ultimately leading to stronger Pt–support interactions [21,22]. Several
studies in the literature [22–24] have demonstrated that the creation of surface defects,
including oxygen vacancies (V_O), can act as “energetic traps” for Pt atoms. Owing to
the reducing nature of Ce3+, the oxidation state of Pt can be modulated, which stabilizes
Pt atoms on the surface, prevents their migration and sintering, and thus enhances their
dispersion across the support [25].

Nevertheless, as with any emerging technique, some critical issues have also been
raised. Wolf et al. [26] pointed out a potential limitation of ion sputtering and ion im-
plantation for metal deposition: the reduction in the surface-active area caused by atoms
being buried beneath the substrate. This observation underscores the need to carefully
optimize ion beam parameters in order to exploit the advantages of the technique without
compromising catalytic efficiency.

Yet, these challenges also highlight an underexplored opportunity. Only a limited
number of studies have investigated the use of ion beams as a post-synthesis modification
strategy, and here ion beam sputtering offers a distinctive advantage over other ion beam
methods: it allows selective tuning of surface properties while leaving the bulk structure
largely unaffected. This unique capability opens the way to targeted improvements in
catalytic activity and stability. For example, Machida et al. [27] demonstrated the potential
of post-synthesis ion implantation by employing O+ and N+ ions to modify noble metal
catalysts supported on Al2O3 for methane oxidation, thereby providing experimental
evidence of the effectiveness of ion-based surface processing.

In this study, we explore ion beam sputtering as a post-synthesis modification of
commercial Pt/CeO2–ZrO2 catalysts for automotive emission control. Using low-energy
ions, the surface is selectively modified to generate oxygen vacancies and enhance Pt
dispersion, promoting a strong synergy between Pt and the redox-active ceria. Surface
changes were characterized by XPS and EXAFS and complemented with SRIM simulations
to elucidate the structural effects induced by sputtering.
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Catalytic performance was evaluated via CO and hydrocarbon oxidation under con-
ditions mimicking lean-burn engine exhaust. The enhanced interaction between Pt and
Ce3+–rich sites facilitates pollutant activation at lower temperatures, effectively addressing
the delayed light-off issue associated with modern high-efficiency engines.

This work demonstrates that ion beam sputtering is an effective post-treatment strat-
egy to tune catalyst surfaces, directly linking atomic-scale modifications to improved
low-temperature activity in real-world emission control applications.

2. Results and Discussion

The structural stability of the Pt/Ce0.5Zr0.5O2 catalyst after ion beam treatment was
first assessed by X-ray diffraction (XRD) (Figure 1). All irradiated samples exhibited
diffraction patterns consistent with the cubic fluorite-type Ce0.5Zr0.5O2 solid solution,
showing reflections at 2θ = 29.2◦, 33.8◦, 48.6◦, 57.1◦, 60.5◦, 71.1◦, and 78.7◦, corresponding to
the (111), (200), (220), (311), (222), (400), and (331) planes, respectively [28]. No appreciable
changes in peak positions, intensities, or widths were observed, even in samples exposed to
the most severe bombardment conditions (Pt1.5(16 × 4)), which accumulated 64 irradiation
cycles. These results clearly indicate that ion beam sputtering does not compromise the
long-range crystallinity of the Ce0.5Zr0.5O2 lattice, supporting the hypothesis that structural
modifications are confined to the near-surface region.

Figure 1. XRD patterns of the fresh 1 wt.% Pt/Ce0.5Zr0.5O2 catalyst compared with those of the
ion-bombarded samples. The number of irradiation treatments ranged from 8 cycles for Pt1.5(8) to 64
cumulative cycles for Pt1.5(16 × 4).

BET N2 physisorption measurements further corroborated the bulk stability of the
catalysts (Table 1). The fresh sample displayed a specific surface area of 88.2 m2 g−1,
and all treated materials retained values in the range of 86.7–89.9 m2 g−1, well within
the experimental error. This invariance confirms that ion bombardment does not affect
textural properties such as porosity or accessible surface area. Together, the XRD and BET
data establish that ion sputtering introduces subtle modifications localized at the surface
without altering the overall framework of the mixed-oxide support.

Importantly, no Pt reflections were detected in any of the XRD patterns, as expected
given the low noble metal loading (1 wt.%) and the high dispersion of Pt species, which
lie below the detection limit of conventional diffractometry. Although XRD alone can-
not provide direct evidence of enhanced dispersion upon ion treatment, complementary
spectroscopic and structural data—including the downward shift of the PtOx reduction
peak in TPR, the decreased accessible Pt signal in XPS, and the reduction of surface Pt
measured by XRF—indicate stronger metal–support interaction and redistribution of Pt
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species. This interpretation is further supported by our previous study on N+-irradiated
Pt/Ce0.68Zr0.32O2 [16], where high-resolution TEM revealed a finer Pt particle distribu-
tion and partial embedding into a defect-rich oxide surface, providing direct microscopic
confirmation that ion irradiation can stabilize highly dispersed Pt species. Together, these
observations suggest that the current Ar+ treatment induces similar defect-mediated re-
distribution and anchoring of Pt nanoparticles. This observation is also consistent with
prior reports on Pt/ceria–zirconia materials [29], in which Pt is generally present as highly
dispersed oxidic clusters or atomically anchored species rather than crystalline nanoparti-
cles detectable by XRD. The combination of these findings strengthens the conclusion that
the observed decrease in surface Pt measured by XRF does not imply detrimental loss of
catalytic functionality, but rather a reorganization toward more active Pt sites.

Table 1. Ion beam treatment parameters applied to the post-synthesis modification of the fresh
Pt/Ce0.5Zr0.5O2 catalyst (1 wt.% Pt).

Sample
Energy

keV
Current (mA)

No. of
Treatments

Duration of Each
Treatment (mins)

BET Surface
Area (m2 g−1)

Fresh - - - - 88.2
Pt1.5(16 × 4) 1.5 20 16 × 4 100 mg batches 15 87.3

Pt1.5(32) 1.5 20 32 15 86.8
Pt1.5(16) 1.5 20 16 15 86.7
Pt1.5(8) 1.5 20 8 15 89.7

Pt1.2(16) 1.2 20 16 15 88.2
Pt1.5(8)-10 1.5 10 8 15 87.2
Pt1.5(16)-2 1.5 20 16 2 89.9

While the bulk remained unchanged, temperature-programmed reduction (TPR) ex-
periments revealed significant modifications in redox properties induced by ion sputtering
(Figure 2). The fresh catalyst exhibited a well-defined H2 consumption peak centered at
~415 K, attributable to the reduction of surface PtOx species [30,31]. Given that the reduc-
tion of Ce0.5Zr0.5O2 occurs above 773 K, no support-related features were detected in the
investigated temperature range. Upon ion bombardment, this reduction peak progressively
shifted toward lower temperatures, with onsets as low as 395 K. This indicates that Pt
species became more easily reducible after irradiation, suggesting a modified electronic
environment and stronger coupling with the support. Interestingly, the integrated H2

uptake decreased systematically from 61.3 μmol g−1 in the fresh sample to 41–46 μmol g−1

in treated catalysts. This reduced hydrogen consumption is consistent with partial removal
or redistribution of Pt during sputtering. Indeed, XRF analysis confirmed a measurable
decrease in Pt loading at the surface after irradiation. Thus, although a fraction of Pt is
lost, the remaining species become more reducible and more strongly interacting with the
modified support. These TPR results are fully consistent with our recent findings on N+-
irradiated Pt/Ce0.68Zr0.32O2 catalysts [16], where a comparable downward shift (~180 K)
of the PtOx reduction peak was observed. In that study, operando FTIR spectra in the νOH
region provided direct spectroscopic evidence of oxygen vacancy formation, confirming
that ion irradiation promotes selective oxygen removal and defect generation within the
ceria–zirconia lattice. The parallel behavior observed here under Ar+ sputtering further
supports the conclusion that the enhanced reducibility originates from vacancy-mediated
activation of the Pt–CeO2 interfacial redox couple, rather than from a simple weakening of
metal–support interactions.
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Figure 2. TPR profiles of the fresh 1 wt.% Pt/Ce0.5Zr0.5O2 catalyst compared with those of the ion-
bombarded samples, treated with increasing numbers of irradiation cycles ranging from 8 [Pt1.5(8)]
to 32 [Pt1.5(32)].

X-ray photoelectron spectroscopy (XPS) provided further evidence of these changes
(Figure 3). The Pt 4f spectra (Figure 3a) of all samples revealed predominantly oxidic
Pt species, with Pt2+ as the dominant component. However, in the case of prolonged
irradiation (Pt1.5(32)), a small fraction of metallic Pt0 emerged, suggesting that extensive
sputtering can locally alter the oxidation state of Pt. Moreover, overall Pt content (Figure 3b)
decreased with increasing irradiation cycles, consistent with either partial Pt removal
during sputtering or the formation of oxidic overlayers that attenuate the XPS signal [30].
More revealing were the modifications in the Ce 3d region (Figure 3c). Curve fitting of
the multiplets, following the methodology of Romeo et al. [32], indicated a progressive
increase in the fraction of Ce3+ with increasing ion exposure (Figure 3d). This trend
aligns closely with the generation of oxygen vacancy (V_O), consistent with the expected
preferential sputtering of oxygen atoms from the ceria lattice. A similar evolution of
the Ce 3d spectra was also observed in our previously published work on N+-irradiated
Pt/Ce0.68Zr0.32O2, where an increased Ce3+ contribution was attributed to partial lattice
reduction and the formation of Ce3+–V_O pairs at the surface. These defect sites were
shown to act as preferential anchoring centers for Pt species, facilitating stronger metal–
support coupling and enhancing interfacial redox flexibility. This interpretation is in
excellent agreement with the mechanism proposed by Clark et al. [21], who reported that
ion bombardment in Pt/CeO2 systems generates surface oxygen vacancies that strengthen
interfacial interactions. Therefore, the consistent evolution of both TPR and XPS features
in our Ar+- and N+-irradiated catalysts strongly supports the conclusion that ion-beam-
induced defect formation represents a general and reproducible mechanism to modulate
the electronic and redox behavior of ceria–zirconia-supported systems. The formation of
Ce3+–V_O pairs is known to increase the reducibility of ceria and to provide anchoring
sites for noble metals, thereby strengthening metal–support interactions. Such defect
engineering has been widely reported as a key factor in enhancing the catalytic activity and
stability of ceria-based materials [21,33,34].

The preferential generation of oxygen vacancies was further corroborated by SRIM-
2013 simulations (Figure 4). At ion energies of 1.5 keV, the simulations predict that nearly
78% of sputtered atoms correspond to oxygen, a value significantly higher than the 66.7%
expected from the stoichiometry of Ce0.7Zr0.3O2. This selective oxygen removal, compared
with only ~16–17% Ce and ~5% Zr, explains the enrichment in Ce3+ observed by XPS
and the enhanced reducibility evidenced in TPR profiles. Importantly, the simulations
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confirm that oxygen depletion is not random but preferential, directly linking ion bombard-
ment with the creation of catalytically relevant surface defects. This preferential vacancy
formation provides the structural basis for the observed stabilization of Pt species and
the enhanced interfacial redox activity, consistent with mechanisms involving hydrogen
spillover and Ce3+–V_O pairing described in Clark et al. [21] and supported by our previous
N+-irradiation study [16].
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Figure 3. (a) Pt 4f XP spectra, (b) At% of Pt and deconvolution quantification of Pt metal content,
(c) Ce 4f XP spectra, and (d) quantification of Ce3+ and Ce4+ in Pt Fresh, Pt8, Pt16, and Pt32 materials.

To confirm that these modifications were confined to ceria, the Zr 3d spectra were also
examined (Figure 5).

Across all samples, zirconium remained fully oxidized as Zr4+, unaffected by irradia-
tion. This observation reinforces that ion sputtering selectively targets oxygen atoms in the
ceria component while leaving the zirconia lattice chemically unaltered, in agreement with
its lower sputtering yield.

The catalytic consequences of these surface modifications were evaluated under sim-
ulated lean-burn exhaust conditions. CO and C3H6 light-off curves are presented in
Figure 6A and Figure 6B, respectively. The fresh catalyst exhibited T50 values of 513 K (CO)
and 546 K (C3H6). Upon ion treatment, both light-off temperatures decreased progressively
with the severity of irradiation. The most extensively bombarded catalyst, Pt1.5(16 × 4),
achieved T50 values of 500 K for CO and 524 K for C3H6, representing improvements
of 13 K and 22 K, respectively. Although modest in absolute numbers, these shifts are
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highly relevant in the context of automotive emission control, where lowering the light-off
temperature by even a few tens of degrees can markedly reduce cold-start emissions. The
correlation between increased Ce3+–V_O populations and decreased light-off temperatures
supports the mechanistic hypothesis that these vacancies enhance Pt–ceria interfacial redox
synergy, promoting more efficient CO and hydrocarbon oxidation.

0 20 40 60 80 100

a.
u.

DEPTH (Ang.)

 N (1.5 keV)
 Recoil (1.5 keV)
 N (0.6 keV)
 Recoil (0.6 keV)

Figure 4. SRIM depth distribution profiles of incident N+ ions and recoiled atoms within a 10 nm
Ce0.7Zr0.3O2 layer for two ion energies, 1.5 keV and 0.6 keV.

Figure 5. Zr 3d XPS spectra of Pt fresh, Pt8, Pt16, and Pt32 Pt/CeO2–ZrO2 catalysts after ion beam
treatment. Red line is the fitted profile of Zr 3d XPS spectra.

Figure 6. CO (A) and C3H6 (B) light-off curves obtained over a fresh Pt 1 wt.% Ce0.5Zr0.5O2 catalyst
compared to those of the samples that had been modified by ion bombardment. The number of
treatments given to the samples ranges from 8 (Pt1.5(8)) to 64 (Pt1.5(16 × 4)).
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The enhanced performance directly correlates with the increase in Ce3+ concentration
and the improved reducibility observed by XPS and TPR, confirming that oxygen vacancies
generated by sputtering enhance the activation of CO and hydrocarbons at lower temper-
atures. Interestingly, CH4 oxidation remained largely unaffected by ion treatment, with
T50 values unchanged relative to the fresh catalyst. This behavior is consistent with the
inherently higher activation barrier for methane oxidation [27], which requires more drastic
modifications (e.g., higher Pt loadings or different promoters) to be significantly improved.

To gain mechanistic insight, the influence of beam energy, current, and exposure time
was systematically investigated. Variation of the accelerating voltage between 1.2 and
1.5 keV (Figure 7) produced essentially identical CO and C3H6 light-off temperatures,
indicating that within this narrow energy window, the penetration depth of the ions does
not play a dominant role. Similarly, reducing the beam current from 20 to 10 mA (Pt1.5(8)
vs. Pt1.5(8)-10, Figure 8) resulted in nearly overlapping light-off curves, suggesting that
moderate variations in ion flux density are not decisive for the catalytic outcome.

 

Figure 7. CO (A) and C3H6 (B) light-off curves over fresh Pt 1 wt.% Ce0.5Zr0.5O2 catalyst compared
with samples treated with an ion beam of 1.2 keV and 1.5 keV.

A B 

Figure 8. Comparison of light-off curves for samples treated with eight ion beam sputtering cycles at
1.5 keV and a current of 10 mA Pt1.5(8)-10 (A) and the sample treated under the same conditions
with 20 mA (Pt1.5(8)) (B).

These experimental findings are consistent with the SRIM depth distribution profiles
(Figure 9), which show that at 1.5 keV, atomic mixing extends throughout an entire 10 nm
grain, whereas at 0.6 keV, the effect is largely confined to the outermost surface layers. Since
catalytic activity is governed by near-surface phenomena, both energies were sufficient
to induce the oxygen vacancy formation necessary for activity enhancement, explaining
why small variations in beam energy within the tested range did not produce significant
differences in light-off curves.
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Figure 9. Correlation between SRIM simulations and experimental data, evidencing preferential
oxygen sputtering and the stabilization of Ce3+–V_O sites as the key factor behind the observed
catalytic enhancement.

By contrast, the duration of each treatment emerged as a critical factor. When 16 treat-
ments were applied with standard 15-min exposures (Pt1.5(16)), significant improvements
were observed (CO T50 = 502 K, C3H6 T50 = 532 K). However, shortening the exposure to
only 2 min per cycle (Pt1.5(16)-2) almost completely suppressed the beneficial effect, with
light-off values (CO T50 = 514 K, C3H6 T50 = 546 K) close to the fresh catalyst (Figure 10).
These findings confirm that a sufficient ion–surface interaction time is required to generate
a meaningful concentration of oxygen vacancies and to stabilize Pt at the interface.

 

A B 

Figure 10. CO (A) and C3H6 (B) light-off curves over fresh Pt 1 wt.% Ce0.5Zr0.5O2 catalyst compared
with Pt1.5(16) and Pt1.5(16)-2, which had been exposed to the ion beam for 15 min and 2 min,
respectively, during each treatment.

Taken together, these results establish a clear structure–activity correlation. Ion beam
sputtering selectively removes oxygen atoms from the ceria lattice, generating oxygen
vacancies and increasing the Ce3+ fraction. These defects act as anchoring sites for Pt,
preventing migration and sintering, while simultaneously enhancing the reducibility and
oxygen mobility of the support. The resulting Pt–Ce3+ interfacial synergy lowers the
activation barrier for CO and hydrocarbon oxidation, leading to earlier light-off under lean-
burn conditions. The fact that bulk crystallinity, surface area, and zirconia oxidation state
remain unaffected highlights the surface-confined and tunable nature of this modification.

The simulations also provided quantitative estimates consistent with the experimental
mass loss of treated samples, confirming that oxygen removal dominates the sputtering
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process under the tested conditions. The preferential sputtering of oxygen promotes the
stabilization of Ce3+–V_O sites, which act as anchoring points for Pt species and enhance
Pt–ceria interfacial synergy. Together with the experimental evidence, the simulation results
reinforce the conclusion that catalytic improvement arises from controlled, surface-confined
oxygen depletion rather than bulk structural changes.

Moreover, the parameter study demonstrates that catalytic improvements are con-
trolled by the extent of surface exposure—dictated by the number and duration of
treatments—rather than by small variations in beam energy or current. This confirms
that the decisive factor is the accumulation of sufficient surface defects rather than changes
in penetration depth or ion flux density.

The present findings align with previous literature on [35], but extend this knowledge
to a commercially relevant Pt/Ce–Zr system under realistic lean-burn exhaust conditions.
By demonstrating reproducible and controllable reductions in light-off temperature, ion
beam sputtering emerges as a promising post-synthesis strategy to fine-tune the surface
chemistry of existing catalysts. Crucially, this approach provides a scalable means of
addressing the persistent challenge of cold-start emissions in high-efficiency diesel and lean-
burn engines, offering a pathway towards the development of next-generation emission-
control systems.

3. Materials and Methods

3.1. Catalyst Preparation

A commercial Pt/Ce0.5Zr0.5O2 catalyst (1 wt.% Pt, “Fresh”), commercially supplied
by Rhodia (now Solvay, Brussels, Belgium), with detailed characterization in [36], was
subjected to ion beam irradiation under controlled conditions. A 600 mg sample was
placed in a 2 cm2 holder and irradiated in a vacuum chamber using a Kaufman ion
source (monoenergetic beam, 90◦ incidence). To ensure uniform exposure, the catalyst
was periodically mixed between irradiation cycles to present fresh surface areas to the
beam. The irradiation parameters—ion energy, beam current, exposure time, and number
of treatment cycles—were systematically varied, as summarized in Table 1. The resulting
samples were designated as PtX(Y), where X corresponds to the applied ion energy (keV)
and Y to the number of irradiation treatments.

Specifically, the notation Pt1.5(16 × 4) indicates that four independent batches of
approximately 100 mg each were irradiated under identical conditions (beam current
20 mA, ion energy 1.5 keV). Each batch underwent 16 consecutive irradiation runs of
15 min, ensuring reproducibility and providing sufficient treated material for subsequent
analyses. Representative examples include Pt1.5(16 × 4), Pt1.5(8)-10, and Pt1.5(16)-2.

3.2. Catalytic Testing

Catalytic performance was assessed under conditions representative of lean-burn
engine exhaust. Light-off experiments were conducted to determine the T50 values for
CO and C3H6 oxidation. Tests were carried out in a fixed-bed quartz microreactor (inner
diameter: 0.6 cm; length: 30 cm) loaded with 0.1 g of catalyst and housed in a tubular
furnace. Reactor temperature was regulated using a Eurotherm (Ashburn, VA, USA) PID
controller and monitored by a K-type thermocouple positioned at the center of the catalyst
bed. The feed gas composition was maintained at a total flow rate corresponding to
16.7 cm3 g−1 s−1, consisting of 10% O2, 4.5% H2O, 2000 ppm CO, 2000 ppm CH4, 2000 ppm
C3H6, and 200 ppm NO, with Ar as the balance gas. The reactor temperature was ramped
from 313 to 773 K at a heating rate of 0.083 K s−1. Product gases were continuously analyzed
using a Pfeiffer OmniStar (Asslar, Germany) quadrupole mass spectrometer. To ensure
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reproducibility, three consecutive light-off cycles were performed; catalytic data presented
herein correspond to the third cycle.

To complement the experimental characterization, simulations of N+ ion bombardment
were performed using SRIM-2013 (Stopping and Range of Ions in Matter—James F. Ziegler,
Newtown, PA, USA). A Ce0.7Zr0.3O2 lattice model was used to approximate the mixed
oxide support composition. Ion energies of 0.6 and 1.5 keV were selected to reproduce
the experimental conditions applied during ion beam sputtering, with normal incidence
(90◦) and a fluence consistent with the number of treatment cycles reported in Table 1. The
simulations provided depth profiles of implanted ions and recoil distributions, as well as
sputtering yields for O, Ce, and Zr atoms. These data were used to quantify the preferential
removal of oxygen compared to the cations, to estimate the degree of atomic mixing within
~10 nm grains, and to rationalize the experimental findings of enhanced reducibility and
increased Ce3+ concentration.

3.3. Material Characterization

The structural and physicochemical properties of the catalysts were investigated using
a combination of ex situ techniques. X-ray diffraction (XRD) patterns were collected on
a PANalytical (Malvern, UK) X’Pert Pro diffractometer equipped with Cu Kα radiation
(40 kV, 40 mA), scanning over the 2θ range of 15–90◦ with a step size of 0.017◦, with
samples mounted on quartz zero-background holders. Textural properties, including
specific surface area, pore volume, and pore size distribution, were determined by N2

adsorption–desorption at 77 K using a Micromeritics (Norcross, GA, USA) ASAP 2010
instrument after sample degassing at 393 K under vacuum for 24 h. Platinum loading was
quantified by energy-dispersive X-ray fluorescence (EDXRF) using a Rigaku (Tokyo, Japan)
NEX QC+ QuantEZ analyzer. Temperature-programmed reduction (TPR) experiments
were conducted following pretreatment in 3% O2 (ambient temperature to 773 K, 5 K min−1,
90 min isothermal hold), cooling under Ar, and subsequent exposure to 4000 ppm H2 in Ar
at a flow rate of 16.7 cm3 g−1 s−1. X-ray photoelectron spectroscopy (XPS) was performed
on a Kratos Axis SUPRA instrument (Kratos Analytical Ltd., Manchester, UK) with Al Kα

excitation (1486.69 eV, 12 mA, 15 kV, 700 × 300 μm analysis area). High-resolution spectra
were acquired at a pass energy of 20 eV with 0.1 eV step size and 60 s acquisition time,
employing an electron flood gun for charge compensation. Binding energies were calibrated
to the C 1s peak at 284.8 eV, and data analysis was conducted using CasaXPS (v2.3.19PR1.0).
Extended X-ray absorption fine structure (EXAFS) spectroscopy was performed at the Pt
L3-edge at the Diamond Light Source (UK), with first-shell fitting applied to determine
Pt–O coordination environments.

4. Conclusions

This work demonstrates the effectiveness of ion beam sputtering as a post-synthesis
surface engineering strategy for Pt/Ce0.5Zr0.5O2 catalysts employed in automotive emission
control. Comprehensive structural and spectroscopic analyses confirmed that low-energy
ion irradiation selectively modified the near-surface region by generating oxygen vacancies
and increasing the Ce3+ fraction, while preserving the bulk crystallinity and textural
properties of the support. These surface modifications enhanced Pt–ceria interactions
and improved redox behavior, as evidenced by shifts in TPR profiles and XPS analysis.
Catalytic testing under lean-burn exhaust conditions revealed consistent reductions in
light-off temperatures for CO and C3H6 oxidation, with the extent of improvement directly
correlated to the cumulative ion exposure (number and duration of treatments). In contrast,
variations in beam energy and current within the investigated ranges had negligible effects
on performance, underscoring that surface activation is primarily governed by the degree

116



Catalysts 2025, 15, 1018

of exposure rather than the specific irradiation parameters. Overall, the findings establish
ion beam sputtering as a reproducible and controllable approach to fine-tune catalyst
surfaces at the atomic scale. By directly linking surface defect engineering to measurable
enhancements in low-temperature activity, this study highlights the potential of ion beam
processing to address the persistent challenge of cold-start emissions in high-efficiency
diesel and lean-burn engines. The strategy provides a precise, non-synthetic route to
optimize existing commercial catalysts, offering new opportunities for the design of next-
generation emission-control materials compliant with forthcoming Euro 7 regulations.
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The following abbreviations are used in this manuscript:

BET Brunauer–Emmett–Teller (surface area measurement)
DPF Diesel Particulate Filter
DOC Diesel Oxidation Catalyst
EXAFS Extended X-ray Absorption Fine Structure
HC Hydrocarbons
LNT Lean NOx Trap
OSC Oxygen Storage Capacity
SCR Selective Catalytic Reduction
SRIM Stopping and Range of Ions in Matter
TPR Temperature-Programmed Reduction
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
XRF X-ray Fluorescence
V_O Oxygen vacancy
PID Proportional–Integral–Derivative (temperature controller)
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Abstract: With the booming development of natural anticancer agents, icaritin has been
widely used in clinical liver cancer treatment due to the smaller number of side effects.
Among them, enzymes as catalysts for producing icaritin have attracted considerable
attention. Industrial production remains in its infancy due to the poor reusability of free
enzymes, despite enzymes possessing favorable efficiency and green catalytic effects. The
present study investigated two immobilization methods, including cross-linked enzyme
aggregates (CLEAs) and magnetic cross-linked enzyme aggregates (MCLEAs). The optimal
temperature and pH for the two hydrolases were determined, followed by characterization
using VSM, XRD, FT-IR, and TEM techniques. The experiments have demonstrated that
MCLEAs eradicate the need for ultrafiltration; MCLEAs are beneficial for enhancing
fixation efficiency. Additionally, MCLEAs exhibited significantly higher catalytic activity,
which raised the catalytic activity by approximately 30% compared with CLEAs. Moreover,
after 10 consecutive reuse cycles, the catalytic activity of MCLEAs remained above 70%,
maintaining a conversion rate of epimedin C at 61.59%. To summarize, MCLEAs offer an
efficient strategy for enzyme immobilization. MCLEAs not only significantly enhanced both
the enzyme’s ability to catalyze and resist but also eliminated the necessity for ultrafiltration
as well as enabled rapid product separation.

Keywords: glycosidase; immobilized enzyme; magnetic nanoparticles

1. Introduction

Globally, hepatocellular carcinoma is ranked as the sixth most common cancer and
holds the fourth position in terms of causing mortality related to cancer [1]. The pre-
dominant strategy for most cancer management is chemotherapy, which relies on the
potent cytotoxicity of chemotherapeutic agents against malignant cells. However, the
inherent limitations and significant side effects of conventional chemotherapy drugs have
consistently been demonstrated [2]. In an endeavor to mitigate the side effects and ad-
verse reactions associated with chemotherapeutic medications, researchers are currently
exploring the potential of harnessing natural anticancer compounds derived from diverse
botanical origins and organisms. Their primary objective is to attain optimal efficacy while
minimizing toxicity levels [3]. Epimedium, a well-known herbal medicine in China, is
frequently used as a tonic and treatment for rheumatism [4]. Icaritin (ICT), a primary
flavone compound with an 8-prenyl group, has been identified as a significant component
found in medicinal plants belonging to the Epimedium genus. Its effectiveness in cancer
treatments has been demonstrated through mechanisms associated with apoptosis [5]. In
the year 2022, a molecular-level immunomodulatory drug in the form of an icaritin soft
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capsule was introduced to the market, offering a viable therapeutic option for individuals
suffering from hepatocellular carcinoma and unfavorable prognosis. Icaritin soft capsules
significantly improved the standard of life in individuals diagnosed with hepatocellular
carcinoma [6]. Icaritin showed satisfactory clinical performance and possessed great global
market prospects; thus, icaritin has attracted widespread attention from both academia
and medicine.

Due to the significantly limited presence of icaritin (less than 1%) in epimedium, the
direct extraction method is considerably tough to prepare icaritin on a large scale. In
addition, the synthesis of icaritin through chemical means is inefficient because of the costly
catalysts, harsh conditions, intricate procedure, and complex byproducts [7,8]. Natural
enzymes as green catalysts are a promising method for producing icaritin. At present, the
enzymes have been used to prepare icaritin, mainly including glucosidase, rhamnosidase,
snail enzyme, cellulase, pectinase, and naringinase [9–11].

As the majority of published research used icariin as a substrate, while the extraction
method of icariin is complicated, and the yield is not high. In contrast to icariin, epimedin
C is more abundant in epimedium, so the cost of preparing icaritin can be greatly de-
creased by using epimedin C as a substrate [12,13]. Although epimedin C is present at a
relatively high content level, its hydrolysis is hindered by the two rhamnose molecules
at the C3 position, making it a less explored target. Recently, Xie et al. were the first to
report the use of β-glucosidase and α-rhamnosidase to achieve the stepwise hydrolysis
of epimedin C, ultimately yielding icaritin [9]. β-glucosidase (G4, MT779019) causes the
hydrolysis of epimedin C by clearing the glycosidic bond at the C7 position. Additionally,
α-rhamnosidase (R2, MT779021) possesses the ability to remove rhamnose moieties at
the C3 position. The icaritin production from epimedin C uses R2 and G4 by a two-step
catalysis. However, the reusability and operational stability of free enzymes were relatively
restricted, which limited their potential industrial application [14]. Therefore, it is imminent
to find a suitable approach to immobilization [15].

The immobilization of enzymes has gained significant attention because of its benefits
in overcoming the demerits of free enzymes [16]. The past few decades have witnessed a
growing body of investigation into the immobilization of enzyme methods, for example,
carrier-bound immobilization methods including entrapment, adsorption, and covalence,
which have several demerits [17]. In contrast, the benefits of the carrier-free immobilization
approach were more obvious. Particularly, cross-linked enzyme aggregates (CLEAs) tech-
nology had arose as a viable option due to its reusability, ease of preparation, and capability
to be detached from reactions in industrial applications [18]. Thus, it offers significant
technical and economic benefits.

Application of CLEAs is constrained by certain limitations, which hinder its further
implementation. One of the reasons is that the enhanced size (clumping phenomenon) of
CLEAs clusters occurs as a result of their separation from a mixture of reactions through
centrifugation or filtration. This phenomenon may potentially impair the mass transfer
efficiency of enzymes, and such an effect is more prominent when enzymes act on macro-
molecular substrates [19]. The mechanical instability of CLEAs poses another concern, as it
leads to the loss of enzyme activity during filtration and centrifugation [20].

To overcome this, iron oxide magnetic nanoparticles (MNPs) have attracted much
interest. The immobilization of CLEAs using MNPs has been extensively employed in
numerous studies to prepare magnetic cross-linked enzyme aggregates (MCLEAs) [21].

In addition to the added advantage of facile separation and recovery from reaction
media, MNPs lower operating costs compared to traditional methods like filtration and
centrifugation [22]. The aforementioned nanomaterials exhibit distinctive characteristics of
biocompatibility and non-toxicity. MNPs are superior supports for enzyme immobilization,
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offering a substantial area on the surface for potentially elevated enzyme loading [23]. The
choice of a cross-linking agent plays a vital role in the formation of enzyme aggregates [24].
Glutaraldehyde, known for its remarkable versatility, high reactivity, and stability, is widely
used as a cross-linking agent to immobilize various types of enzymes [25]. Through
covalent bonds formed by cross-linking, it has the potential to decrease thermal oscillation
and limit conformational adaptability, thereby mitigating the denaturation and unfolding
of enzymes [26]. To summarize, these magnetic cross-linked enzyme aggregates (MCLEAs)
have demonstrated enhanced stability against pH and temperature variations, reduced
inhibition effects, and high activity levels [27]. This makes them an indispensable strategy
in improving enzymatic processes.

This study investigated various immobilization techniques for glycosidases, including
the synthesis of cross-linked enzymatic aggregates (CLEAs) and magnetic cross-linked
enzyme aggregates (MCLEAs). CLEAs were prepared by ammonium sulfate (NH4)2SO4

precipitation, glutaraldehyde cross-linking, and centrifugation. For MCLEAs, magnetic
nanoparticles (MNPs) were used, and the aggregates were collected by magnetic separation
after (NH4)2SO4 precipitation and glutaraldehyde cross-linking (without ultrafiltration,
Scheme 1).

 

Scheme 1. Flow chart of the two preparation routes.

The optimization of preparation conditions for immobilizing R2 and G4 was conducted
by factors such as precipitation, cross-linking conditions, and preparation pH on activity
recovery. Furthermore, a systematic comparison was made between the enzyme properties
of CLEAs and MCLEAs.

2. Results

2.1. Optimization and Characterization of CLEAs

The addition of salts to aqueous protein solutions resulted in the precipitation of physi-
cal aggregates, which remained together due to non-covalent bonding without causing any
disruption to their tertiary structure [28]. The precipitation of enzymes using ammonium
sulfate is a widely employed purification method. Thus, the precipitant chosen for the
subsequent experiment was saturated ammonium sulfate. The correct dosage of precipitant
was determined by investigating various volume ratios of ammonium sulfate. As shown
in Figure 1A, the ratio gradient of the fermentation broth to ammonium sulfate was from
1:0.25 to 1:3. The highest enzyme activity recovery was achieved when the ratio reached 1:2.
As ammonium sulfate continued to increase, the enzyme activity gradually decreased. A
reduced dosage will result in ineffective enzyme precipitation, while an increased dosage
may lead to enzyme denaturation due to the removal of the hydration layer, resulting in
the loss of enzymatic activity [29].
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Figure 1. Optimization of CLEAs preparation. Impact of different concentrations of (NH4)2SO4

(A) and glutaraldehyde (B) on enzyme.

Glutaraldehyde is a powerful cross-linking agent due to its cost-effectiveness, ready
availability in large quantities for commercial purposes, and status as one of the most
popular reagents in biocatalytic design [30]. When utilized at various concentrations
(0.25–2%) to form CLEAs, the activity recovery of CLEAs increased most substantially as
the GA concentration was elevated to 1% (Figure 1B). Nevertheless, with further increases
in the GA concentration, we observed a sharp decline in activity recovery, which may be
owing to the infiltration of GA into the protein core, resulting in an adverse interaction
with crucial catalytic amino acids [31,32]. The other factors contributing to the decrease
in enzymatic activity at elevated GA concentrations may be the diminishment of enzyme
flexibility or more compact CLEAs, which result in the limited diffusion of coarse substrates
to the catalytic site [32,33].

The CLEAs can form either regular spherical aggregates (type 1) or asymmetric cross-
linked aggregates (type 2) [34]. To investigate the structure of the CLEAs, SEM was used to
capture micrographs. As depicted in Figure S1A, CLEAs G4 exhibited a relatively uniform
structure comprising numerous small globular particles. This spherical morphology offers
an increased specific surface area and a higher catalytic site per unit area, thereby facilitating
their application as biocatalysts [10]. Conversely, CLEAs R2 (Figure S1B) displayed a less
spherical morphology where proteins interlinked to create porous networks resembling
type II structures. Furthermore, both types of CLEAs exhibited highly porous network
structures, which enhance the connection between substrates and the active sites of enzymes
for improved efficiency [35].

To further investigate the interaction between free enzymes and CLEAs, the secondary
structure of CLEAs was analyzed using FT-IR spectroscopy, which was a crucial technique
for monitoring the reconfiguration of protein conformational alterations in protein struc-
tures [16]. As shown in Figure S2, the characteristic peaks observed at 1510 cm−1 and
1560 cm−1 are attributed to the protein amide II band, which results from the coupled vibra-
tions of C=N stretching and N–H bending [36]. The absorption at 1150 cm−1 is associated
with C–O stretching vibrations originating from amino acid residues [37]. Additionally,
the broad spectral feature in the 3400–3300 cm−1 region corresponds to O–H stretching
vibrations, likely introduced by glutaraldehyde-mediated cross-linking [38]. Together, these
spectral signatures provide clear evidence for the successful immobilization of glycosidases
onto the magnetic nanoparticle support.

2.2. Optimization and Characterization of MCLEAs

The requirement for centrifugation to recover the immobilized enzyme remains one of
the drawbacks associated with conventional CLEAs [39]. To solve this issue, we introduced
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magnetic Fe3O4 nanoparticles as cores, which were co-precipitated with the aggregated
enzyme and then cross-linked, thus achieving the results of recycling with a magnet [40].
The magnetic cross-linked enzyme aggregate comprises an enzyme aggregate and a surface-
functionalized magnetic particle, which are cross-linked together by glutaraldehyde [28].
The preparation method is to mix the enzyme solution and the surface-functionalized
magnetic particles evenly, then add ammonium sulfate to make the enzyme form an
enzyme aggregate, and finally add glutaraldehyde, serving as a cross-linking agent to
cross-link the enzyme aggregate and the surface-functionalized magnetic particles to form
the magnetic cross-linked enzyme aggregate [41]. In this experiment, we used 4 mg
of carboxylated ferric oxide with 0.2U of R2 and G4 to prepare magnetic cross-linked
enzyme aggregates.

First, we optimized the preparation conditions. Compared to CLEAs, MNPs offer a
multitude of surface regions for enhanced enzyme loading, thereby obviating the need for
ultrafiltration. MCLEAs were prepared by initially physically aggregating enzymes using
precipitants and subsequently establishing chemical bonds between them through cross-
linking agents. The optimization of the ammonium sulfate concentration is also crucial, as
it can induce varying degrees of enzyme aggregation during precipitation. As shown in
Figure 2A, when the volume fraction of the precipitant increased, the precipitated protein
increased, and the enzyme activity recovery gradually increased. However, after reaching
a certain ratio (1:3), even though the content of ammonium sulfate exhibited a continuous
increase, the recovery of enzyme activity did not increase but began to decrease. High
concentrations of ammonium sulfate enriched the solution with hydroxyl groups, which
adversely affected the protein’s tertiary structure and resulted in the reduced catalytic
activity of glycosidases [42,43].

Figure 2. Optimization of MCLEAs preparation. Impact of different concentrations of (NH4)2SO4

(A) and glutaraldehyde (B) on enzyme.

The concentration of GA is an important factor affecting the recovery of MCLEAs
activity as well. At lower cross-linker concentrations, inadequate cross-linking occurs,
releasing the enzyme into the reaction medium as a consequence of unstable CLEAs and
MCLEAs [41]. The relative activity of MCLEAs was the highest at a final glutaraldehyde
concentration of 1% (Figure 2B). However, when the glutaraldehyde concentration contin-
ued to improve, the relative activity of MCLEAs began to decrease. The reason for this is
that elevated concentrations of glutaraldehyde can induce conformational changes in the
active sites of enzymes [44]. Furthermore, in high concentrations of glutaraldehyde, the
increased rigidity of enzymes lead to the loss of flexibility of the enzymes; therefore, the
catalytic activity decreases [45].
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The formation of MCLEAs was verified by performing TEM on carboxyl-functionalized
Fe3O4 nanoparticles and MCLEAs. Panel A shows the magnetic nanoparticles, panel B
shows the G4 on magnetic nanoparticles (MCLEAs G4), and the TEM of MCLEAs R2 is
shown in the Figure S3. The electron beam in TEM analysis passes through a thin sample,
and the contrast between denser and less dense regions is formed by the variation in
electron density of the elements present in the sample, resulting in darker contrasts for
higher electron densities [46]. As shown in Figure S3A, Fe3O4 nanoparticles are granular,
uniformly dispersed, smooth, clearly delineated, and bright. In contrast, as shown in
Figure S3B, after MCLEAs G4 formation, the contours were not clear, and overall transmit-
tance decreased due to the encapsulation of surface proteins, proving that proteins were
successfully attached to the MNPs surface.

The FTIR analysis (Figure S4) confirmed the presence of MNPs within the structure
of MCLEAs, but the presence of proteins gives identifiable differences in their charac-
teristic peaks. The absorption peaks observed at 570 cm−1 in the FT-IR spectrum of
MCLEAs correspond to the stretching vibrations of Fe–O bonds, providing evidence for
MNP incorporation into MCLEAs [47,48]. The confirmation of the enzyme’s presence
was established through the characteristic peak of the N-H bond at 3145 cm−1 and the
characteristic peak of the C-O bond at 1082 cm−1 [49,50]. There are characteristic peaks
at 1395 cm−1 and 1554 cm−1, which are mainly formed by the amide bond after enzyme
cross-linking [21,46]. Thus, the successful immobilization of enzymes onto magnetic
nanoparticles can be confirmed.

The X-ray diffraction (XRD) technique was commonly employed to investigate the
crystalline arrangement of magnetic nanoparticles, both prior to and subsequent to the
immobilization process [51]. As depicted in Figure S5, the powder XRD patterns of the
synthesized samples exhibited a close match in terms of the peak positions and relative
intensities with the reference magnetite Fe3O4 pattern (JCPDS card 19-0629) [52,53]. These
findings indicate that the cross-linking steps did not induce any structural alterations
in MNPs.

The nanoparticles used in this study have the added advantage of easy separation. The
magnetic behavior was assessed through VSM analysis (Figure S6). Based on the findings,
it was observed that MNPs exhibit a saturation magnetization value of 62.88 emu/g,
indicating their super magnetic property [48]. Additionally, the saturation magnetization
values of MCLEAs G4 and MCLEAs R2 were measured to be 41.54 emu/g and 33.45 emu/g,
respectively. The decline in the saturation magnetization value of MNPs indicates successful
enzyme loading on MNPs. Despite the decline in the magnetic saturation value following
immobilization, the prepared MCLEAs are quickly attracted towards the applied magnet.

2.3. Assays of the Optimal pH and Temperature

After determining the optimal cross-linking conditions, we investigated the optimal
pH and temperature changes in MCLEAs and CLEAs. The activity of MCLEAs and CLEAs
was investigated across a broad temperature range (30–80 ◦C) and pH range (3.0–7.0).
Relative activity was achieved by establishing the maximum activity at 100%.

As shown in Figure 3A, G4 demonstrated its highest level of activity when the pH
value was set at 4.0, and the optimum pH value remained unchanged before and after
fixation. However, at pH 5.0 to 7.0, the relative activity of CLEAs G4 was above 20%, while
the catalytic activity of the free G4 was significantly reduced, indicating that immobilized
enzymes had a wider pH adaptability. Meanwhile, Figure 3B shows that the activity
of R2 was the highest at pH 4.5, and the optimal pH did not change before and after
fixation; however, the activity of immobilized enzymes was higher than free enzymes
across various pH conditions. The alteration of the pH in the enzyme solution may induce
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subunit dissociation of the multimeric enzyme, thereby exerting a significant impact on
its enzymatic activity [54]. At extreme pH, CLEAs can maintain greater activity than free
enzymes because cross-linking enhanced the stability of enzyme structures and protected
enzyme subunits from dissociation [55]. Next, we compared the change in the optimal
temperature of the two enzymes before and after immobilization. As shown in Figure 3C, at
a temperature of 55 ◦C, CLEAs R2 exhibited the greatest relative activity as the free enzyme.
CLEAs R2 retained above 30% of its relative enzyme activity at various temperatures
from 65 ◦C to 80 ◦C, indicating that CLEAs R2 has good thermal adaptability. For CLEAs
G4, the optimum temperature was elevated to 10 ◦C compared to that of free G4, and
its catalytic activity was still above 50% even at 75 ◦C. After immobilization, the enzyme
exhibits enhanced rigidity and reduced molecular mobility, which is crucial for protecting
the enzyme structure under harsh acidic and alkaline conditions [56]. In addition, the
application of elevated temperatures can enhance the solubility of the substrate, which
helps to accelerate the hydrolysis reaction and reduce the production cost [57].

 
Figure 3. Effect of pH (A,B) and temperature (C,D) on free enzymes and CLEAs. The relative activity
was expressed as the percentage of control activity.

In general, although the enzymatic properties of CLEAs are better than those of
free enzymes, they do not perform particularly well. In contrast, MCLEAs has a better
performance. The enzyme activity of MCLEAs was significantly improved under the
extreme conditions of pH 3.0 and 7.0, as shown in Figure 4. In terms of the optimal
temperature, MCLEAs also have a relatively good performance. This may be due to
covalent binding to carboxylated ferric oxide, which may limit conformational changes and
thus lead to higher relative activity over a wide pH range [40,58].The optimum temperature
of R2 was raised from 55 ◦C to 60 ◦C. Under an extremely high temperature of 75 ◦C, the
activity of free G4 was less than 30%, while that of MCLEAs G4 was nearly 60%, indicating
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that the enzyme activity was significantly increased. The observed enhancement may
be attributed to the presence of nanoparticle pores that trap water molecules, thereby
preserving their structure and improving enzyme stability [55].

 
Figure 4. Effect of pH (A,B) and temperature (C,D) on MCLEAs and free enzymes. The relative
activity was expressed as the percentage of control activity.

2.4. Stability and Reusability

Inactivation of enzymes under harsh conditions posed a crucial limitation to their
widespread implementation in the industry. We conducted an investigation into the stability
of cross-linked enzyme aggregates (CLEAs), magnetic cross-linked enzyme aggregates
(MCLEAs), and free enzymes under varying pH conditions.

The residual activity of MCLEAs and CLEAs remained stable and did not exhibit a
significant decrease across the tested pH range (Figure 5A,B) following a 2 h incubation.
The incubation at a high temperature of 65 ◦C for 30–90 min, as depicted in Figure 5C,D,
immobilized enzymes exhibited a significantly greater level of activity compared to free
enzymes; however, MCLEAs demonstrated superior stability when compared to CLEAs.
The significant residual activity in MCLEAs could potentially be ascribed to the sufficient
cross-linking of the enzyme with MNPs [59]. The process of cross-linking increased the
rigidity of the enzymes, resulting in a prominent improvement in protein’s tolerance to
its surrounding environment. The reusability of biocatalysts is a crucial element deciding
industrial applicability, serving as a significant indicator of the effectiveness of immobi-
lized enzymes.
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Figure 5. Evaluation of enzyme stability at different pH and high-temperature conditions. (A) Resid-
ual activity of R2 under different pH conditions. (B) Residual activity of G4 under different pH
conditions. (C) Residual activity of G4 incubated at 65 ◦C for different times. (D) Residual activity of
R2 incubated at 65 ◦C for different times.

Figure 6 indicated that CLEAs had only 20% activity after six cycles of utilization.
However, MCLEAs retained above 70% activity after 10 cycles of utilization. For MCLEAs
G4, residual activity reached 83% for 10 consecutive batches, indicating good reusability.
The above results indicate that MCLEAs are more conducive to improving the stability of
the enzyme.

 

Figure 6. Reusability of MCLEAs (A) and CLEAs (B) in buffer.

2.5. Application in Icaritin Biosynthesis

As shown in Figure 7, 0.2U G4 can completely hydrolyze 1mg/mL of epimedin C
within 30 min. Compared with free enzymes, MCLEAs G4 are significantly improved and
can reach 129.71% of free enzymes, while the activity of CLEAs (98.27%) is basically the
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same as that of free enzymes. At 20 min, the conversion rate of G4 reached 80%, while
MCLEAs G4 were already close to saturation. For R2, the enzyme activity was not signifi-
cantly increased after fixation but decreased to a certain extent. In the optimal preparation
conditions, enzyme activity recovery rates of CLEAs R2 and MCLEAs R2 were 62.93% and
92.56%, respectively. It may be owing to the relatively small pore size of rhamnosidase
during immobilization, which may lead to the difficult access of macromolecular substrates
and limited diffusion, resulting in decreased catalytic efficiency [41].

Figure 7. Conversion of epimedin C with free enzymes, CLEAs, and MCLEAs (A,B). Conversion of
various concentrations of epimedin C (C).

The one-pot biosynthesis of icaritin was achieved by adding MCLEAs R2 and MCLEAs
G4 to the optimal reaction system in a ratio of 2:1 based on the molar ratio of glucose residues
and rhamnose residues present in icaritin, resulting in the conversion rate of epimedin C at
61.59%. This approach exhibits significant advantages compared to those reported in the
other literature. Wang et al. utilized crude glycosidase derived from Aspergillus, strain y848,
for the synthesis of icaritin from icariin, achieving a weight yield of 50.4% under optimized
conditions [60]. A whole-cell catalytic experiment demonstrated that Escherichia coli, strain
WPE4, exhibited an efficiency of 46.4% in converting kaempferol to icaritin [61]. Xie et al.,
after incubating a reaction mixture containing 1 g/L epimedin C and TpeRha at a temperature
of 90 ◦C for 100 min, introduced Tpebgl1 into the mixture and further incubated it for an
additional 50 min. Ultimately, with optimal conditions, the conversion rate of 1 g/L epimedin
C reached 0.4337 g/L [9]. The efficiency of icaritin production by MCLEAs at different
concentrations of epimedin C is illustrated in Figure 7C. There was no apparent substrate
inhibition observed with the increasing substrate concentration.
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3. Materials and Methods

3.1. Chemicals and Reagents

Epimedin C was obtained through Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China. p-nitrophenyl-β-D-glucopyranoside (PNPG) and p-nitrophenyl-α-
rhamnopyranoside (PNPR) were obtained though Beijing Solarbio Science&Technology Co.,
Ltd., Beijing, China. Glutaraldehyde (GA), FeCl2·4H2O, and FeCl3·6H2O were obtained
from Macklin. Ammonium sulfate was purchased from Beijing Chemical Works (Beijing,
China). The reagents employed in the subsequent experiment were of analytical purity.

3.2. Expression of Rhamnosidase and Glucosidase

In Pichia pastoris, rhamnosidase (R2) and glucosidase (G4) were overexpressed.
pPIC9K-R2 and pPIC9K-G4, recombinant plasmids, were electroporated into P. pastoris
GS115, followed by cultivation of the resulting recombinant cells in buffered glycerol-
complex medium at 30 ◦C for 24 h. Enzyme expression was carried out in buffered
methanol-complex medium at 30 ◦C by providing a daily addition of 1% methanol for
5 days, ultimately leading to the collection of R2 and G4 through centrifugation at 6000 rpm
for 10 min. The enzymes were obtained from the strains cultivated and stored in our labo-
ratory in previous work.

3.3. Enzyme Activity Assay

The enzymatic activity of R2 and G4 was assessed using 1 mg/mL PNPG or pNPR
as substrate in 50 mM buffer (pH 5.0) at 55 ◦C. The reaction system was pre-incubated at
the target temperature before the enzyme was added to initiate the timing. The reaction
was conducted for 30 s and terminated by adding an equal volume of sodium carbonate
solution. The absorbance of the released p-nitrophenol (pNP) was measured at 405 nm.
One unit (U) of enzyme activity was defined as the amount of enzyme required to release
1 μmol of pNP per minute.

The concept of relative activity was introduced to provide a more accessible approach
for assessing the catalytic activity of enzymes. It was quantified using the following
equation: relative activity = A0/AX (where A0 represents the highest activity within a
specific group, and Ax denotes the activities of other groups).

3.4. Preparing Carboxyl-Functionalized Magnetic Fe3O4 Nanoparticles

On this basis, some modifications were made to prepare carboxyl-functionalized
magnetic Fe3O4 nanoparticles [62]. We dissolve 1.195 g of FeCl2·4H2O and 3.25 g of
FeCl3·6H2O in 50 mL of deionized water, which was transferred into a three-necked, round-
bottomed flask with a volume of 100 mL, heating to 50 ◦C with vigorous agitation for a
duration of 30 min. When the temperature was elevated to 75 ◦C, 6.25 mL of NH3·H2O
was added into the system and mixed for an hour. When the system temperature was
raised to 85 ◦C, the system was supplemented with 6.25 mL (1.5 mol/L) trisodium citrate.
The reaction continued for 90 min with continuous stirring until the completion of the
preparation. Magnetic nanoparticles were magnetically immobilized and subsequently
subjected to multiple washes with saturated sodium chloride, deionized water, and pure
ethanol. Ultimately, magnetic nanoparticles were stored in 20% ethanol solution at low
temperature until use.

3.5. Preparation of CLEAs and MCLEAs

CLEAs are prepared in two steps. Beforehand, the collected fermentation broth was
concentrated with an ultrafiltration centrifuge tube (Solarbio Science, Beijing, China, 50
mL, and 30 kDa), and its unit activity was determined for subsequent experiments. In the
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first step, protein was precipitated by the addition of saturated ammonium sulfate solution
in different volume ratios to form enzyme aggregates. In detail, the crude enzyme solution
containing 0.25U remained at 4 ◦C for 2–5 h with saturated ammonium sulfate solutions
in different ratios. In the subsequent phase, different glutaraldehyde concentrations were
added to the formed enzyme aggregates to gain water-insoluble cross-linked enzyme
aggregates. The CLEAs R2 and CLEAs G4 were finally obtained by adding glutaraldehyde
to an ultimate concentration from 0.2% to 3% and cross-linking for 3 h at 16 ◦C.

The MCLEAs were prepared with Fe3O4 using the same strategy of CLEAs, but one
can just use fermentation broth instead of ultrafiltrate. A total of 200 μL of fermentation
broth (0.4 U/mL) and 4 mg of Fe3O4 were mixed with different volume ratios of saturated
(NH4)2SO4 solution; mixture was incubated at a temperature of 4 ◦C for a duration of 2–5 h.
Eventually, different concentrations of GA were utilized to cross-link Fe3O4 and enzymes
for a duration of 3 h at a temperature of 16 ◦C. The resulting precipitate was separated
by magnet, then washed three times with phosphate-buffered solution (pH 5, 20 mM) to
eliminate unfixed glycosidases, and stored at 4 ◦C.

3.6. Stability Evaluation of Free Enzymes and Immobilized Enzymes

To assess stability of pH and thermal stability, phosphate buffers with pH gradients
from 3 to 7 and temperature gradients from 40 ◦C to 75 ◦C were prepared. Immobilized
enzymes and free enzymes were incubated for 2 h in this phosphate buffer described
above, and the residual activities of both the free enzymes and immobilized enzymes were
assessed. Reusability of MCLEAs and CLEAs was investigated by determining the relative
activity following hydrolysis of epimedin C. After every determination, MCLEAs and
CLEAs were recovered through magnet or centrifugation and washed with 20 mmol/L
phosphate buffer at pH 5.0.

3.7. Characterizations

The scanning electron microscopy (SEM, Hitachi S-4700, Hitachi, Tokyo, Japan) was
utilized to document the morphologies and dimensions of CLEAs, and observation of
MCLEAs was conducted using transmission electron microscopy (TEM, JEOL-JEM 2100F,
JEOL-JEM 2100F) on samples that were coated with a layer of gold via sputter-coating.
The magnetic properties of the samples were determined though vibrating sample magne-
tometer (VSM, Lake Shore 8600, Lake Shore Cryotronics, Westerville, OH, USA) under a
magnetic field ranging from −15 kOe to 15 kOe at 25 ◦C. Participating in the immobiliza-
tion process of free enzymes, CLEAs, MCLEAs, and MNPs were characterized by Fourier
transform infrared (FT-IR, Shimadzu IRAffinity-1, Shimadzu Corporation, Kyoto, Japan) in
the gradients of 4000–400 cm−1. The identification of phases was conducted using X-ray
diffraction analysis (XRD, Shimadzu XRD-6000, Shimadzu Corporation, Kyoto, Japan). The
diffracting angles 2θ were scanned from 3◦ to 90◦ with a step size of 10◦ and a measurement
time of 10 min per step.

4. Conclusions

This study systematically evaluated two immobilization techniques, cross-linked en-
zyme aggregates (CLEAs) and magnetic cross-linked enzyme aggregates (MCLEAs), for
the enzymatic hydrolysis of epimedin C. The MCLEA system demonstrated a superior
catalytic performance relative to CLEAs. Specifically, the activity of MCLEAs G4 reached
129.71%, representing a 1.4-fold increase over that of CLEAs G4 (98.27%). Similarly, the
activity of R2 increased from 62.53% in CLEAs to 92.56% in MCLEAs, corresponding to
a 1.56-fold enhancement. Under the optimized MCLEAs conditions, a hydrolysis conver-
sion rate of 61.59% for epimedin C was achieved, leading to a markedly improved yield
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of the target product icaritin. Moreover, the immobilized enzymes exhibited enhanced
operational stability and reusability, along with facile separation from the reaction system.
These findings support MCLEAs as an efficient and practical strategy for the biocatalytic
production of high-value natural products such as icariin.
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