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Preface

This Reprint, entitled Advanced Materials for Solar Energy Utilization, brings together a

collection of high-quality research and review articles that reflect the current progress and emerging

trends in solar-driven technologies. The subject of this Reprint spans a broad interdisciplinary scope,

covering the synthesis, characterization, and application of advanced materials for photocatalysis,

photovoltaics, solar fuel production, and environmental remediation.

The motivation behind compiling this Reprint stems from the global urgency to develop clean,

sustainable energy solutions and environmentally friendly technologies. Solar energy, as one of

the most promising renewable resources, offers immense potential for addressing critical challenges

related to energy scarcity and pollution. However, its efficient conversion and utilization require the

development of novel functional materials with tailored properties and enhanced performance.

This Reprint is intended for researchers, engineers, and graduate students working in materials

science, chemistry, environmental science, and renewable energy. It provides readers with a

comprehensive overview of recent advances in solar energy utilization, highlighting innovative

approaches to material design and system integration. We hope this collection will inspire further

exploration and collaboration in the field.

We thank all contributing authors for their valuable submissions and the editorial team for their

support in making this Reprint possible. Financial support from the Publication Fund of Yangzhou

University is gratefully acknowledged.

Xingwang Zhu and Tongming Su

Guest Editors
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Editorial

Advanced Materials for Solar Energy Utilization

Xingwang Zhu 1,* and Tongming Su 2,*

1 School of Environmental Science and Engineering, Institute of Technology for Carbon Neutralization,
Yangzhou University, Yangzhou 225009, China

2 School of Chemistry and Chemical Engineering, Guangxi Colleges and Universities Key Laboratory of New
Technology and Application in Resource Chemical Engineering, Guangxi University, Nanning 530004, China

* Correspondence: zxw@yzu.edu.cn (X.Z.); sutm@gxu.edu.cn (T.S.)

In the context of sustainable societal development, exploring novel, environmentally
sustainable energy sources has emerged as a pivotal global concern [1–3]. As an inex-
haustible, environmentally friendly, renewable and clean energy source, solar energy has
been studied by a wide range of researchers [4–8]. Photocatalytic technology is predicated
on advanced light-conversion materials, which efficiently drive the conversion of solar into
chemical energy. They generate active species under light to degrade pollutants [9–12],
convert energy [13–17], pursue environmental remediation [18–21], etc., so as to promote
green industry chain development.

This Special Issue comprises a total of eleven original research articles authored by
scientists from a variety of international backgrounds. The research presented here focuses
on photocatalytic carbon dioxide (CO2) reduction, photocatalytic hydrogen production
from water decomposition, the development of new and advanced photocatalytic materi-
als, photocatalytic pollutant degradation, the preparation of photovoltaic materials, and
photoelectron catalytic oxidation. This Special Issue provides a platform for scientists to
present their original research on “Advanced Materials for Solar Energy Utilization”. The
following brief synopses outline the papers that we have been honored to include, with the
aim of highlighting advanced materials that have recently enabled solar energy conversion
for use.

The substantial discharge of industrial CO2 has been identified as pivotal in the
genesis of numerous ecological issues, with the mitigation of CO2 through photocatalysis
emerging as a compelling technological solution in addressing the prevailing challenge of
carbon emissions. Xu et al. [22] synthesized oxygen vacancy-modified MIL-125(Ti) with a
high specific surface area via calcination in a hydrogen–argon mixture and applied it in
photocatalytic CO2 conversion. The introduction of oxygen vacancies (OVs) resulted in an
increase in the surface area and internal pores of the material, as well as in the Ti3+/Ti4+

ratio. The presence of OVs facilitated electron transfer from the Ti sites on MIL-125(Ti) to
CO2, while lowering its activation energy barrier. The results demonstrate that the OV-
modified MIL-125(Ti) performs exceptionally, at almost 100% selectivity in photocatalytic
CO2 reduction.

The efficiency of visible light-driven photocatalytic CO2 reduction is relatively low
when photogenerated carriers in photocatalysts are recombined. Li et al. [23] prepared
WO3/BiOBr composite catalysts with fast charge separation performance to increase the
efficiency of photogenerated carrier separation. This was attributed to the formation of a
compact S-scheme heterojunction between WO3 and BiOBr, which has been demonstrated
to accelerate photogenerated charge separation. The yield of CO2 photoreduced to CO by
WO3/BiOBr was found to be 1.56 times higher than that of BiOBr in the visible light range
and without the assistance of a sacrificial agent.

Materials 2025, 18, 3511 https://doi.org/10.3390/ma18153511
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Crystalline phase engineering represents a highly efficacious method for modifying
electron transfer pathways and regulating the internal electronic structure and separa-
tion efficiency of electron photocatalysts. Sun et al. [24] prepared Ru cocatalysts with
face-centered cubic (fcc) and hexagonal close-packed (hcp) structures, modifying C3N4 by
precisely adjusting the ratio of the Ru precursor and reducing solvent. Compared with
fcc-Ru, hcp-Ru/C3N4 exhibited superior charge separation and transfer efficiency. More-
over, Gibbs free energy calculations demonstrated that the hydrogen adsorption energy
(ΔGH* = −0.14 eV) of hcp-Ru was more closely aligned with the optimal value than that of
fcc-Ru (−0.32 eV). The process of hydrogen production by hydrolysis achieved through
the utilization of hcp-Ru has been demonstrated to be both efficient and highly stable.

Chalcogenide quantum dots have been shown to exhibit fluorescence properties due to
their ultrasmall size, with surface and quantum confinement effects being the main factors
in this regard. Li et al. [25] successfully prepared uniformly dispersed and size-tunable
CsPbBr3 QDs by changing the halogens in metal halide chalcogenides on the basis of the
theory of LaMer nucleation and growth, and creating a Br−-rich reaction environment
using the thermal injection method. This study demonstrated that CsPbBr3 QDs exhibit
specific optical properties when their size reaches the critical Bohr exciton radius value. A
further decrease in size results in a photoluminescence wavelength shift to the deep blue
band, as well as the manifestation of distinct fluorescence properties. This creates potential
for the construction of novel composite catalysts for applications in photocatalysis.

The extensive utilization of antibiotics has the potential to compromise ecological
balance and human health. Consequently, researchers have explored the photocatalytic
degradation of antibiotics, a process that offers numerous environmental advantages,
among others. Su et al. [26] synthesized a CdxMn1−xS solid solution with precise control
over the ratio of Mn2+ and Cd2+ ions and prepared C@CdxMn1−xS composite catalysts by
compositing CdxMn1−xS with biomass-gasified carbon slag using a hydrothermal method.
The active species of •O2

− and H+ produced in C@CdxMn1−xS were directly involved
in the photocatalytic degradation reactions of tetracycline (TC), with the degradation
efficiency reaching 90.35% within 60 min.

Wang et al. [27] prepared an environmentally friendly polyacrylonitrile (PAN)-based
Janus-structured composite membrane by adjusting the asymmetric wettability through
electrostatic spinning; they improved the thickness of both by employing TiO2-modified
PAN as a hydrophilic base layer and PCL as a hydrophobic layer. The prepared PAN/TiO2-
PCL20 composite membranes demonstrated optimal oil–water separation performance for
oil emulsions stabilized with various surfactants. In addition, these membranes exhibited
both excellent and stable Rhodamine B (RhB) adsorption performance and removal capacity.

Rychtowski et al. [28] prepared TNR@Ni-foam structures via the alkaline hydrothermal
method, which uses TiO2 with two different structures. In situ FTIR spectroscopy was used
to assess the photodegradation properties of acetaldehyde in the TNR@Ni-foam structures.
The results demonstrated that P25 facilitated the binding of Na species, thereby contributing
to the formation of a layered Na2Ti3O7 structure and Ni(OH)2 species. This process resulted
in a reduction in the electron transfer barrier and an increase in the separation of charge
carriers, consequently achieving efficient photocatalytic acetaldehyde degradation.

Wang et al. [29] prepared n+-poly-Si layers with thicknesses ranging from 30 to 100 nm
via low-pressure chemical vapor deposition (LPCVD). The thickness of the n+-poly-Si
layer substantially suppressed metallization-induced recombination under metal interface
contact, as well as on the contact resistivity of the cells. To circumvent the detrimental
effects of Ag particle corrosion, low passivation metal values and resistivity under metal
contact were ensured by optimizing the thickness of the n+-poly-Si layer to 70 nm with

2
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a surface atomic concentration of 5 × 1020/cm3. This optimization reduces the cost of
n+-poly-Si layers for commercial applications in the photovoltaic industry.

Perovskite solar cell (PSC) stability can be improved through reducing the number of
interfacial defects present at the interface between the perovskite and the electron transport
layer. Du et al. [30] mixed two self-assembled molecules with different functional groups to
form SnO2/perovskite interlayers, where -H2PO3 and -COOH improved the anchoring and
carrier transport at the buried interface, respectively, as well as enhancing the photovoltaic
performance. Furthermore, the amine group (-NH2) of the two small molecules has been
shown to interact effectively with the uncoordinated Pb2

+ in the perovskite layer, thereby
enhancing the quality of the perovskite film and potentially reducing interfacial defects.
This complementary synergistic passivation strategy has been demonstrated to enhance
the stability of PSCs while concomitantly increasing their power conversion efficiency.

Selective emitter (SE) technology substantially influences the passivation and contact
performance of n-TOPCon solar cells. To achieve the objective of clean production without
the introduction of nitrogen, SiOx is the optimal choice for large-scale production. n-
TOPCon solar cells with different back-side phosphorus (P)-SE structures were prepared by
Liu et al. [31] via three- and four-step methods, respectively. A comparison revealed that
the four-step method exhibited higher performance and stability than that of the three-step
method. However, with respect to full-scale electrical properties, both methods could yield
results comparable results. This is highly important for improving the backside technology
of n-TOPCon solar cells in mass production, improving the efficiency of solar cells and
lowering energy usage.

Sn3O4 has emerged as a promising semiconductor material due to its excellent visible
light absorption properties. Gribov et al. [32] prepared Sn3O4, SnO2 and Sn3O4/SnO2

using a hydrothermal method and investigated the photo-electrooxidation of a sequence of
organic substrates with RHE under UV and visible light irradiation over a range of poten-
tials from 0.6 to 1.4 V. The Sn3O4 exhibited a high level of activity in photo-electrooxidation
reactions involving acetone and formic acid under visible-light conditions. The photo-
electrooxidation of these substances exhibited high activity, whereas Sn3O4/SnO2 only
demonstrated significant activity in formic acid oxidation. The occurrence of SnO2 particles
within the Sn3O4/SnO2 composite enhances the photocurrent when subjected to UV irradi-
ation. However, this phenomenon is accompanied by a substantial decline in oxidation
efficiency under visible-light conditions.

Author Contributions: X.Z.: Writing—original draft, Supervision, Resources, Funding acquisition.
T.S.: Writing—review & editing, Resources, Funding acquisition. All authors have read and agreed to
the published version of the manuscript.

Funding: This Special Issue was funded by the National Natural Science Foundation of China
(22308300, 22208065), the Natural Science Foundation of Jiangsu Province (BK20220598), and the
Key Laboratory of Electrochemical Energy Storage and Energy Conversion of Hainan Province
(KFKT2022001).

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The shortage of freshwater resources has become the core bottleneck of global
sustainable development. Traditional freshwater harvesting technologies are restricted by
geographical conditions and environmental limitations, making them increasingly difficult
to satisfy the growing water demand. In this study, based on the synergistic coupling
mechanism of photothermal conversion and radiative cooling, a solar auto-tracking assisted
selective solar absorber and radiative cooling all-weather freshwater harvesting device was
innovatively developed. The prepared selective solar absorber achieved a high absorptivity
of 0.91 in the solar spectrum (0.3–2.5 μm) and maintained a low emissivity of 0.12 in
the mid-infrared range (2.5–20 μm), significantly enhancing the photothermal conversion
efficiency. The radiative cooling film demonstrated an average cooling effect of 7.62 ◦C
during typical daytime hours (12:00–13:00) and 7.03 ◦C at night (22:00–23:00), providing
a stable low-temperature environment for water vapor condensation. The experimental
results showed that the experimental group equipped with the solar auto-tracking system
collected 0.79 kg m−2 of freshwater in 24 h, representing a 23.4% increase compared to the
control group without the solar auto-tracking system. By combining theoretical analysis
with experimental validation, this study presents technical and economic advantages for
emergency water and island freshwater supply, offering an innovative solution to mitigate
the global freshwater crisis.

Keywords: freshwater harvesting; selective solar absorber; radiative cooling; solar tracking

1. Introduction

The scarcity of freshwater resources [1,2], crucial for supporting the sustainable devel-
opment of human societies and maintaining ecosystem stability, has become a major global
issue [3]. Although approximately 70% of the Earth’s surface is covered by water, only 2.5%
of the world’s total water resources are freshwater [4]. The World Health Organization
predicts that by 2030, half of the global population will experience water shortages, as the
demand for freshwater is expected to increase by 40%, exacerbating the imbalance between
supply and demand [5].

Self-powered freshwater harvesting devices are a key technological solution to wa-
ter scarcity [6,7]. Traditional methods, such as rainwater harvesting and groundwater
pumping, face significant limitations due to geographic and climatic factors, making it
challenging to provide a large-scale and sustainable freshwater supply [8,9]. Seawater,
the most abundant water resource on Earth, makes up about 96.53% of the planet’s total
water [10,11]. In recent years, seawater distillation technologies powered by electricity or
fossil fuels have become widely used [12,13]. However, these technologies face challenges
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due to their high costs and environmental pollution [14,15]. To overcome the bottlenecks
in freshwater harvesting technology, the research team has conducted systematic and
innovative research [16]. In solar-driven technology, researchers have improved collector
photothermal conversion efficiency using material innovations and structural optimiza-
tions [17]. In the research and development of collector materials [18], a breakthrough has
been achieved in the preparation technology of selective solar absorbers (SSAs) [19,20]. Prof.
Tian and Prof. Xiao et al. [21] successfully prepared a Cu-rich plasma nanostructured SSA
with broadband absorption and low mid-infrared emission properties through selective
leaching reaction using solution treatment. The SSA achieves over 95% absorptivity in
the solar spectrum (0.3–2.5 μm) and less than 5% emissivity in the mid-infrared range
(2.5–20 μm), thereby enhancing the efficiency of solar thermal collectors through effective
light capture and reduced thermal radiation [22–24]. Additionally, researchers have success-
fully prepared a floating magnetic hydrogel composed of multi-layer graphite nanosheets,
polyvinyl alcohol, SiO2 aerogel, and Fe3O4 nanoparticles, providing an innovative solution
for solar desalination and water purification with high photothermal conversion efficiency,
easy recovery, and sustainability [25]. At the collector structural level, researchers enhanced
photothermal conversion efficiency and hydrodynamic performance by designing photonic
crystal optical structures, microchannel heat dissipation systems, and optimized flow chan-
nel layouts. These results show that the multi-path serpentine photovoltaic-thermal system
achieves optimal power output under identical wetted area conditions, with an average
total power of 423.84 W m−2 [26]. Additionally, sky radiation cooling technology, which
relies on the thermal radiation transmission through the atmospheric window, has gained
attention due to its passive heat dissipation and zero energy consumption [27–29]. Sky
radiation cooling relies on heat radiation through the atmospheric window, using radiative
cooling coatings with high solar reflectivity and infrared emissivity to achieve efficient
thermal dissipation to the cosmic cooling source [30–33]. During the day, radiative cooling
coatings leverage high solar reflectivity to reduce surface temperature, establishing a ther-
mal gradient that drives water vapor condensation. At night, the coatings radiate energy
to space via mid-infrared high emissivity, dropping the surface temperature below the
dew point to capture atmospheric water vapor for freshwater collection [34,35]. The above
technological breakthroughs provide innovative solutions for realizing high-efficiency
solar-powered seawater distillation and all-weather freshwater collection.

However, solar collectors are limited to daytime operation due to the periodic changes
in the azimuth and altitude of solar radiation, preventing real-time tracking of the sun’s
trajectory. For instance, in the northern hemisphere mid-latitudes, the collector incidence
angle exceeds 30◦ outside of noon, causing a photothermal conversion efficiency reduction
of over 30% [23]. In addition, salt crystallization from seawater evaporation reduces its
evaporation efficiency [36,37]. Sky radiation cooling technology depends on ambient
humidity and natural convection. Without active evaporation driving, water collection
relies solely on dew condensation, leading to low average daily yields that fail to meet
practical needs. Therefore, developing an integrated system combining high-efficiency solar
thermal conversion with radiative cooling is crucial to overcoming existing technological
bottlenecks [38–40].

This paper presents a novel all-weather freshwater harvesting device by integrating
interfacial photothermal evaporation, radiative cooling, and solar auto-tracking technolo-
gies, with its day-night performance systematically investigated. During the day, the solar
tracking device drives the SSA to track the sun in real time, optimizing the incident angle
between the photothermal interface and solar radiation to maximize absorption efficiency
while minimizing salt deposition. Water vapor from seawater evaporation condenses on
the surface formed by the radiative cooling film. At night, the film radiates heat to space,
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lowering its temperature below the ambient dew point to capture atmospheric moisture.
With dual innovations of photothermal-radiative collaboration and dynamic tracking, this
device shows great potential in desalination and freshwater collection.

2. System Summarization

The all-weather freshwater collection system designed in this study integrates radia-
tive cooling, solar photothermal conversion, and solar auto-tracking technologies to build
an efficient freshwater collection system. Among them, the solar auto-tracking device
adjusts the main optical axis of the solar collector in real time, aligning it parallel to the
sun’s rays based on feedback from the light sensing mechanism, ensuring maximum light
and heat absorption efficiency. In the daytime operation mode, the solar collector device
induces seawater evaporation at the interface. The resulting water vapor rises to the sur-
face of the radiative cooling film, where it condenses into liquid water and flows into the
collection chamber. At night, the radiative cooling film utilizes its high infrared emission
properties to dissipate heat into outer space via long-wave radiation. This process reduces
the surface temperature of the film below the ambient dew point, causing atmospheric
water vapor to condense and enabling continuous freshwater collection day and night. The
workflow of the all-weather freshwater collection device is shown in Figure 1 [10,41].

Figure 1. Flow chart of the all-weather freshwater collection device.
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In the integrated all-weather freshwater collection unit, a radiative cooling film
is attached to the inclined surface at the top of the device, forming a highly efficient
condensation interface. Below it, a suspended SSA module—featuring a hollowed-out
design—facilitates upward vapor transport from evaporating seawater. Due to gravity,
the condensed water flows along the inclined film and collects in a side tank, enabling
continuous freshwater harvesting and storage. The outer tanks are primarily designed to
collect fresh water generated on the condensation side, while the inner tanks are dedicated
to gathering fresh water produced on the evaporation side. The structure of the freshwater
collection device is shown in Figure 2.

Figure 2. Schematic diagram of the structure of the freshwater collection device and energy flow. Psun

is the incident solar power, Patm is the atmospheric radiant power, Prad is the radiant power of the
radiatively cooled film, Tatm is the atmospheric and ambient temperatures, Tvapor is the temperature
of the vapors, and Tc is the temperature of the polymer coating.

2.1. Preparation of Solar Collector Module

The solar collector module is fabricated using zinc sheets as the substrate. The sub-
strate pretreatment involves three steps: (1) etching with dilute hydrochloric acid to remove
surface oxides and contaminants, (2) sequential ultrasonic cleaning with isopropanol and
deionized water to eliminate residual etchant and impurities, and (3) surface drying using
compressed air.

Copper nanoparticle deposition was performed using a dip-dry method with a
0.01 mol L−1 CuSO4 solution prepared by dissolving CuSO4·5H2O in deionized water un-
der constant magnetic stirring. The solution was then heated to 75 ◦C in a vacuum drying
oven. The pretreated zinc substrates were immersed in the heated copper sulfate solution
for 2 min. During this process, a controlled temperature and reaction time facilitated the
reduction of copper ions on the zinc surface, resulting in the formation of a uniform copper
nanoparticle layer. After deposition, the zinc sheet was rinsed with isopropyl alcohol and
deionized water several times to terminate the surface chemical reaction, followed by air
drying to complete the SSA sample preparation [42].

2.2. Preparation of the Solar Auto-Tracking System

The solar auto-tracking system employs a photoelectric sensing mechanism coupled
with a closed-loop control architecture. The core components include the TDA2822 dual-
channel power amplifier chip designed by STMicroelectronics (Geneva, Switzerland),
geared motors, photoresistors, 10 K resistors, and a power module. Utilizing photoresistors
as light sensors, the system continuously monitors variations in solar azimuth and elevation
angles. The detected light intensity is converted into voltage signals using a voltage divider
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circuit. The signals are then amplified and compared differentially using the TDA2822.
When the light intensity difference exceeds a predetermined threshold, the control circuit
activates the geared motors. The gear transmission mechanism adjusts both the pitch and
azimuth angles of the solar collector, maintaining optimal alignment between the SSA’s
primary optical axis and incident sunlight. This active tracking mechanism ensures optimal
light capture and thermal collection efficiency throughout operational periods. A detailed
schematic diagram of the solar auto-tracking system is presented in Figure S1.

2.3. Preparation of the Radiative Cooling Module

The radiative cooling module incorporates a composite functional film developed
by Ningbo Radi-Cool Advanced Energy Technologies Co., Ltd. (Ningbo, China) [43].
The composite functional film is made of a polymer matrix embedded with inorganic
nano-functional fillers, engineered to achieve selective spectral modulation. The film
demonstrates high infrared emissivity within the atmospheric window (8–13 μm), enabling
efficient heat dissipation to outer space through long-wave radiation. Simultaneously,
it exhibits high solar reflectivity across the solar spectrum (0.3–2.5 μm), effectively mini-
mizing solar heat gain. This dual-function spectral selectivity allows the film to achieve
remarkable passive cooling performance without external energy input, maintaining a sub-
ambient temperature even under direct sunlight. By establishing a stable, low-temperature
condensation interface, the film significantly enhances the efficiency of freshwater collec-
tion systems.

3. Experimental Section

3.1. Performance Testing of the Evaporation and Condensation Side

A scanning electron microscope (SEM ZEISS Sigma 300, Oberkochen, Germany) was
used to observe the microscopic morphology of the samples. We characterized the SSA’s
copper nanostructures (pore size ~50–200 nm), obtaining microstructural parameters in-
cluding nanoparticle size, spatial arrangement, and surface roughness.

The emissivity spectra of SSA and radiative cooling film in the 2.5–20 μm band
were measured using a Fourier transform infrared spectrometer (Nicolet iS50, Thermo
Fisher Scientific Inc., Cleveland, OH, USA) at 8 cm−1 resolution (0.005 μm wavelength
precision), with 128 scans per measurement to enhance the signal-to-noise ratio. Meanwhile,
a PerkinElmer Lambda 1050 UV-VIS-NIR spectrophotometer (PerkinElmer, Inc., Shelton,
CT, USA) equipped with a 60 mm integrating sphere was used to determine the absorptivity
and reflectivity in the 0.3–2.5 μm band. The instrument scanned from 200 to 2500 nm at
200 nm/min with 1 nm resolution and was calibrated against a BaSO4 white plate before
each test to ensure accuracy. All samples were pretreated in a vacuum drying oven before
testing to effectively remove adsorbed water and other volatile impurities from the surface,
ensuring that environmental factors did not influence the test results. To reflect the overall
optical properties of materials across broad spectral ranges, we employed average optical
parameters for analysis. The average absorptivity and average reflectivity were calculated
as follows:

ελ1−λ2 =

∫ λ2
λ1

ε(λ)B(λ, T)dλ
∫ λ2

λ1
B(λ, T)dλ

(1)

γλ1−λ2
=

∫ λ2
λ1

γ(λ)B(λ, T)dλ
∫ λ2

λ1
B(λ, T)dλ

(2)

B(λ, T) =
2πhc2

0λ−5

e
hc0
kλT −1

(3)
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where ελ1−λ2 is the average emissivity, γλ1−λ2
is the average reflectivity, and B(λ, T) is the

irradiance of the blackbody at a wavelength and temperature of T.
A systematic investigation of the radiative cooling film’s condensation performance

was conducted using a custom-designed experimental apparatus. The test platform was
installed on a school building rooftop to ensure an unobstructed sky view and minimize
environmental interference. Temperature measurements were simultaneously recorded for
both the film surface and ambient air using high-precision type K thermocouples (±0.1 ◦C
accuracy). Data collection focused on two critical periods: midday (12:00–13:00) during
peak solar irradiance and nighttime (22:00–23:00) when ambient temperatures reached
their daily minimum. By calculating the temperature difference between the film and
the ambient temperature, the condensation efficiency of the radiative cooling film was
evaluated under different operating conditions.

3.2. All-Weather Freshwater Collection Experiments

The all-weather freshwater harvesting performance experiment was carried out on
1 May 2025, in Xiangtan City, Hunan Province (27.87◦ N, 112.91◦ E) under clear sky
conditions. During the experimental period, ambient temperatures recorded by the me-
teorological station ranged from 18 ◦C to 31 ◦C. A controlled experimental design was
implemented to assess the impact of the solar auto-tracking device on the efficiency of solar
thermal collection. The experimental group was equipped with an auto-tracking system
based on the TDA2822 chip, ensuring real-time alignment of the SSA’s main optical axis
with the sun. The control group, on the other hand, used a traditional fixed collector. All
device materials, structural parameters, and environmental conditions were kept consistent
between the two groups, with the only variation being the tracking system. During the
experimental process, a load cell was utilized to record the amount of freshwater collected.

4. Results and Discussion

4.1. Evaporation Side Performance Evaluation

The three-dimensional porous copper nanostructures, formed by the solution leaching
process of SSA, are crucial to its excellent optical properties. The SSA exhibits a homo-
geneous black appearance, with SEM characterization (Figure 3a) revealing uniformly
distributed copper nanoparticles across the surface. Quantitative analysis demonstrates
excellent particle dispersion with minimal agglomeration, as evidenced by the narrow
size distribution. The micro-nanocomposite morphology observed in the SEM image sig-
nificantly enhances the material’s specific surface area, facilitating multiple reflections
and absorptions of light. The expanded absorption spectral range imparts broadband
absorption properties to the SSA. This innovative structural design overcomes the optical
limitations of traditional planar materials, allowing the material to capture solar radiation
energy more efficiently.

Under ideal conditions, the average absorptivity of SSA peaks at 1 in the solar wave-
length range (0.3–2.5 μm). In contrast, it drops to 0 in the mid-infrared region (2.5–20 μm).

The spectral analysis results of SSA (Figure 3b) demonstrate exceptional optical perfor-
mance across different wavelength ranges. In the solar spectrum (0.3–2.5 μm), the material
exhibits an average absorptivity of 0.91, significantly surpassing the absorption capabilities
of conventional materials such as wood and ceramics [41]. In the long-wave infrared
band, SSA shows a remarkably low emissivity of 0.12, indicating effective suppression
of thermal radiation losses. The spectrally selective properties of the material enable the
SSA to efficiently absorb solar radiation while minimizing heat loss to the environment
through infrared radiation. This efficient light-to-heat conversion mechanism provides a
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solid energy foundation for seawater evaporation, greatly enhancing the evaporation rate
and strongly supporting the efficient operation of the freshwater collection system.

Figure 3. (a) SEM image of the selective solar absorber. (b) Actual spectral absorptivity of the selective
solar absorber.

4.2. Condensation Side Performance Evaluation

For optimal cooling performance, the radiative cooling film should have an average
reflectivity of 1 in the solar wavelength range and an average emissivity of 1 in the long-
wave infrared region (Figure 4). Spectral analysis results indicate an average reflectivity
of up to 0.98 in the near-infrared (NIR) solar spectral band (0.3–2.5 μm) and an average
emissivity of 0.75 in the long-wave infrared (LWIR) band. These results confirm the
material’s high reflectivity in the NIR band and its efficient thermal radiation in the LWIR
band (Figure 5a), both of which contribute to the formation of a stable condensation surface.

Figure 4. (a) Ideal spectral absorptivity for selective solar absorptivity. (b) Ideal reflectivity and
emissivity of polymer coating.

Experimental measurements from the temperature monitoring system (Figure 5b) high-
light the exceptional performance of the radiative cooling film under clear-sky conditions,
achieving efficient sub-ambient cooling throughout the day. Notably, during peak solar
irradiance at noon, when ambient temperatures reached their highest, the film achieved an
average temperature reduction of 7.62 ◦C, with a maximum cooling of 10.4 ◦C (Figure 6a).
This breakthrough stems from the film’s spectrally selective optical design, which integrates
high solar reflectance (0.3–2.5 μm) with strong thermal emissivity (8–13 μm atmospheric
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window). The design facilitates net radiative heat loss to outer space, enabling sustained
surface cooling even under intense solar irradiation. This daytime sub-ambient cooling
capability ensures the film surface temperature stays below the ambient dew point, creating
stable thermodynamic conditions for water vapor condensation. It effectively mitigates the
negative impact of high daytime temperatures on the condensation process.

Figure 5. (a) Physical view of the radiative cooling film. (b) Actual solar spectral reflectivity and
thermal LWIR spectral emissivity of radiative cooling film.

Figure 6. (a) Radiative cooling film and atmospheric temperature in the 12:00–13:00 outdoor experi-
ment. (b) Radiative cooling film and atmospheric temperature in the 22:00–23:00 outdoor experiment.

During the nighttime, the radiative cooling film achieved an average temperature
reduction of 7.03 ◦C, with a maximum cooling of 7.8 ◦C (Figure 6b). This further reinforces
its ability to operate continuously and efficiently throughout the day. As the ambient
temperature decreases at night, the film continues to radiate energy into outer space,
further lowering its surface temperature and promoting the formation of the condensation
interface. The low-humidity conditions at night pose new challenges to the condensation
process compared to daytime. However, the film continues to exhibit a significant cooling
effect, demonstrating its high adaptability to varying environmental conditions. This
feature enables the radiative cooling module to operate stably at day and night, ensuring
continuous condensation efficiency in the freshwater harvesting system throughout the
entire day, which is essential for increasing overall freshwater yield.
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By integrating both daytime and nighttime experimental data, the radiative cooling
film exhibits stable all-weather cooling performance, establishing a solid thermodynamic
foundation for water vapor condensation. This further confirms the feasibility and high
efficiency of the film as a core component in freshwater collection systems. Moreover,
these data lay the groundwork for applying radiative cooling technology in water resource
acquisition and provides an essential experimental basis for optimizing radiative cooling
materials and expanding their potential applications.

4.3. Freshwater Collection Efficiency and Discussion

The results of the outdoor tests are shown in Figure 7a. The experimental data
demonstrate that the freshwater collection of the control group, using the conventional fixed
collector, was 0.64 kg m−2 over 24 h. In contrast, the experimental group equipped with
the solar auto-tracking device achieved a freshwater collection of 0.79 kg m−2, representing
a 23.4% increase compared to the control group. Notably, compared with solely relying
on solar thermal collection (0.42 kg m−2) [44], the freshwater collection capacity of this
device has increased by 88%. It also demonstrates a significant growth compared to pure
film condensation (0.1 kg m−2) [45]. Moreover, during the three-month testing period,
the fluctuation range of freshwater collected by the device was maintained within ±5%,
demonstrating its excellent stability.

Figure 7. (a) Snapshot of the experimental setup. (b) Detailed data on daytime and nighttime
freshwater collection on the outdoor test day.

This notable enhancement demonstrates the solar auto-tracking device’s superior
performance in boosting solar thermal efficiency. By dynamically adjusting the collector
angle to maintain optimal solar incidence, the device maximizes energy capture and signif-
icantly improves daytime solar-thermal conversion efficiency. This finding is consistent
with existing theories on solar tracking-enhanced energy efficiency, verifying that dynamic
light capture strategies play a pivotal role in freshwater harvesting systems.

Time-division data analysis showed the experimental group harvested 0.69 kg m−2

of freshwater during daytime (06:00–18:00), comprising 87.3% of the daily total, and
0.10 kg m−2 at night (18:00–06:00), accounting for 12.7% (Figure 7b). This indicates that
daytime photothermal-driven evapotranspiration dominates freshwater production, while
highlighting the critical role of radiative cooling technology in extending freshwater har-
vesting duration. At night, with decreasing ambient temperature, the radiative cooling
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module emits long-wave infrared radiation to outer space, reducing its surface temperature
below the ambient dew point and facilitating water vapor condensation. This continuous
condensation mechanism, which does not rely on traditional energy sources, ensures the
sustained collection of freshwater and enables the potential for an all-weather freshwa-
ter supply.

5. Conclusions

In this study, an all-weather freshwater collection device was successfully designed
and fabricated, integrating selective solar absorption, photoelectric sensing, and sky radia-
tive cooling mechanisms. The SSA, fabricated using room-temperature “dip-dry” technol-
ogy based on a chemical substitution reaction, shows spectral selectivity with 0.95 solar
absorptivity and 0.12 infrared emissivity, enabling efficient photothermal conversion. When
solar tracking is integrated into the system, freshwater production is increased by 23.4%.
The radiative cooling film maintains substantial sub-ambient cooling of 7.62 ◦C (daytime)
and 7.03 ◦C (nighttime), ensuring continuous vapor condensation. The experimental data
showed that the average daily freshwater collection of the device was 0.79 kg m−2, with
an energy consumption of 0.033 kg m−2 h−1 for the produced water. The freshwater
collection efficiency of the device fluctuated within ±5% over three months of continu-
ous testing, demonstrating excellent stability. The device operates solely on solar energy,
effectively overcoming the high energy consumption and carbon emission limitations of
traditional desalination technologies. This provides a groundbreaking solution to the global
freshwater crisis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma18132967/s1, Figure S1: Schematic diagram related to the solar
auto-tracking system.
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Abstract: The substantial release of industrial carbon dioxide has been identified as a key
factor in the development of various environmental issues. In addressing these concerns,
the utilization of photocatalytic technology for carbon reduction has garnered significant
attention. The disadvantage of CO2 photoreduction is the problem of product yield and
selectivity. It is known that MIL-125(Ti) with a high specific surface area (SBET) possesses
more active sites using Ti as a node. The calcination of MIL-125(Ti) in a reducing atmosphere
has been shown to introduce oxygen vacancies (OV), thereby enhancing the material’s
surface and internal pores. This process has been demonstrated to result in a significant
increase in the SBET and an enhancement of the Ti3+/Ti4+ ratio. The increased Ti3+ centers
have been found to improve the material’s reducing properties. The results demonstrate
that the OV-rich MIL-125-2H material exhibits the high-performance and highly selective
photoreduction in CO2.

Keywords: MIL-125(Ti); oxygen vacancy; Ti3+ centers; CO2 photoreduction

1. Introduction

The issue of industrial carbon dioxide (CO2) emissions represents a significant chal-
lenge to global environmental improvement [1–3]. The utilization of advanced technology
for the mitigation of carbon emissions has emerged as a primary focus for scholars in
the field. The development of artificial photocatalytic technology in this field has been a
long-standing endeavor. Nevertheless, the implementation of photocatalytic technology
remains encumbered by several challenges, including light absorption, CO2 adsorption
and desorption, and catalyst stability [4,5].

Metal–organic frameworks (MOFs) are structures that possess internal porosity sup-
ported by a metallic backbone, formed by the coordination of metal ions/clusters and
organic ligands [6]. The attention that is now being paid to MOFs in a variety of fields,
such as gas adsorption, is due to their multifunctional structure and high specific surface
area [7]. In particular, nano-sized MOFs have been shown to expose a greater number of
active sites, thereby enhancing their performance [8,9]. It has been established that the size
of MIL-125(Ti) is in the nanoscale, which has been demonstrated to promote an increase in
the specific surface area and active sites of the MOFs, thereby facilitating gas photocatalytic
activation. Concurrently, the elevated specific surface area of MIL-125(Ti) facilitates the
promotion of Ti-O-C connections, thereby enhancing the capacity for CO2 adsorption on
the MIL-125(Ti) surface and facilitating CO2 activation [10]. The adsorption fixation of
CO2 by nanoscale titanium-based MOF has been reported in the literature, suggesting that
MIL-125(Ti) has the potential to act as a photocatalytic activator of CO2 [11,12]. However,
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the further modification of MIL-125(Ti) to enhance its intrinsic properties and effectively
improve its gas adsorption capacity at the interface, increase the active sites, and shorten
the diffusion path of the guest molecules is challenging.

In recent years, there has been a growing body of research focusing on the impact
of oxygen vacancies in MOFs on electron transfer in semiconductors [13,14]. These OV

are known to act as sites for immobilizing metal atoms, facilitating acid–base interactions,
and enabling uniform loading of donors/acceptors [15]. In light of these observations, we
propose a hypothesis that the introduction of OV around the Ti metal of MIL-125(Ti) allows
the excited state electrons to first accumulate within OV and, later, further transfer to the
Ti sites to enhance charge separation and transfer [16]. Sun et al. demonstrated that, by
introducing oxygen vacancies, the concentration of Ti3+ in the active site could be regulated,
thereby affecting the electron transfer pathway during its photocatalytic nitrogen fixation
and ammonia production [17]. However, the presence of excess OV has been shown to
inhibit the separation of photogenerated carriers, which has a detrimental effect on the
catalytic performance of the catalysts [18]. Therefore, the introduction of an appropriate
amount of OV in MIL-125(Ti) for the application of photocatalytic reduction in CO2 is
particularly important.

In this study, MOFs comprising Ti as the metal node were synthesized and calcined
under a reducing gas atmosphere. This process resulted in an augmentation of the specific
surface area (SBET) of MIL-125(Ti) without compromising the structural integrity. Concur-
rently, it facilitated a reduction in the proportion of Ti4+ to Ti3+, thereby enhancing the
reduction capacity of the Ti sites. Concurrently, the oxygen vacancies that were introduced
promoted the aggregation of nearby electrons to the Ti sites and further transferred them to
the adsorbed CO2. Incorporating theoretical calculations reveals that the OV introduced
is instrumental in reducing the energy barrier associated with the activated CO2 step of
the MIL-125-2H, thereby enhancing its efficiency. In conclusion, the modified MIL-125-2H
reduced CO2 to CO in yields of up to 771.22 μmol g−1 h−1, as well as the selectivity of
up to near 100%. The investigation revealed that oxygen-rich vacancies (OV-rich) and a
high specific surface area may play a significant role in the photocatalytic CO2 reduction
process.

2. Experimental Section

2.1. Chemical Reagent

Terephthalic acid (C8H6O4, ≥99%) and tetra-butyl ortho-titanate (Ti(OC4H9)4, ≥99%)
were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). N,N-
dimethylformamide (DMF, ≥99.5%) and methanol (CH3OH, ≥99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) These reagents were purchased
directly for use and have not been handled in any way. Ultrapure water (18.25 MΩ/cm)
was prepared by a laboratory ultrapure water machine (YL-400BU, Shenzhen YL Electronics
Co., Ltd., Shenzhen, China).

2.2. Preparation of MIL-125(Ti)

The preparation of MIL-125(Ti) was conducted in accordance with methods previously
documented in the extant literature [17]. The C8H6O4 (1.5 g, 9 mmol) was dissolved
in 27 mL of DMF and ultrasonicated for a period of 5 min until complete dissolution.
Concurrently, Ti(OC4H9)4 (0.78 mL, 2.25 mmol) was gradually added to 3 mL of methanol
under vigorous stirring to yield a clear solution. The methanol solution containing titanate
was subsequently transferred to the organic linker that has been previously described.
Following a 30 min stirring period, a gradual transition of the color of the mixture from
yellow to milky white was observed. Subsequently, the milky mixture was transferred to
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a flask and heated in an oil bath at 130 ◦C for 24 h. After cooling to room temperature,
the suspension was subjected to centrifugation at 6000 rpm for 3 min. The precipitate was
collected and subsequently washed several times with DMF in order to remove unreacted
organic ligands. Thereafter, the unreacted Ti ions were removed by washing with methanol,
after which the precipitate was collected by centrifugation. The solid was then dried under
vacuum at 80 ◦C for 5 h to yield a white solid with a yield of approximately 0.5 g.

2.3. Preparation of MIL-125-xH

The MIL-125-xH was prepared by subjecting MIL-125(Ti) to heat treatment at 250 ◦C
for various durations under the protection of a mixture of Ar and H2 (Ar 95%, H2 5%). The
heating rate was set to 5 ◦C/min, the gas flow rate was set to 0.1 L/min, and the samples
were allowed to cool naturally to room temperature before the aeration process was halted.
The duration of the heat treatment was 0.5, 2, and 5 h and corresponded to MIL-125-0.5H,
MIL-125-2H, and MIL-125-5H, respectively.

2.4. Photocatalytic Measurements

A quantity of 10 mg of photocatalyst was added to a photoreactor, together with 4
mL of ultrapure water, 2 mL of lactic acid, and 6 mL of acetonitrile. The mixture was
then sonicated in order to ensure uniform dispersion. The temperature of the photoreactor
was controlled at 10 ◦C by circulating cooling water, with the aim of preventing the
decomposition of the solution. The reaction was continuously stirred with a magnetic
stirrer at 500 rpm. The photoreactor was then connected to the photocatalytic carbon
dioxide reduction system, after which the entire system was evacuated to vacuum using a
vacuum pump. The system was then charged with 20 kPa of high-purity CO2, and the lines
were rinsed and vacuumed to eliminate other residual gases. Finally, high-purity CO2 was
reintroduced until a pressure of 80 kPa was reached. A 300 W xenon lamp (PLS-SEX300,
Beijing Perfectlight, Beijing, China) was utilized as a light source during the reaction, and
at the hourly interval, 1 mL of gas was withdrawn from the reaction system into a gas
chromatograph (GC9790II) to detect the products (5 h as a reaction cycle).

3. Results and Discussion

The original MIL-125(Ti) was a strong skeleton synthesized using Ti as the metal
junction and terephthalic acid as the organic ligand [19]. In this study, a low-temperature
calcination approach was employed to introduce oxygen vacancies in the vicinity of the
metal nodes without compromising the integrity of the MIL-125(Ti) backbone. Prior
to calcination, the morphology of MIL-125(Ti) as observed under the scanning electron
microscope (SEM) exhibited a round cake-like shape and a relatively smooth surface
(Figure 1a). Following calcination at a low temperature of 250 ◦C for different durations,
the skeletons of MIL-125-0.5H (Figure S1a), MIL-125-2H (Figure 1b), and MIL-125-5H
(Figure S1b) remained unchanged, as evidenced by SEM analysis. However, an increase
in the number of pores on the catalyst surface was observed, indicating that calcination
led to an enhancement in the SBET of MIL-125-xH. In the transmission electron microscope
(TEM), the size of MIL-125-2H was found to be approximately 300–500 nm (Figure 1c).
As demonstrated in Figure 1d (high resolution- TEM, HR-TEM), no additional impurities
were identified on MIL-125-2H, and the interior was found to be sustained by a skeleton
rather than a solid structure. In the elemental distribution map (Figure 1e–h), Ti, O, and C
demonstrate a uniform distribution.
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Figure 1. The SEM images of (a) MIL-125(Ti) and (b) MIL-125-2H. (c) TEM image of MIL-125-2H.
(d) The HR-TEM image of MIL-125-2H. (e) STEM image and (f–h) elemental distribution map of
MIL-125-2H.

To explore the crystal structure of MIL-125-xH (x = 0.5, 2, 5), X-ray diffraction (XRD)
was employed. As demonstrated in Figure 2a, the diffraction peaks of MIL-125-xH re-
main largely unchanged in comparison to those of MIL-125(Ti), suggesting that the phase
structure of MIL-125-xH remains unchanged following calcination [20,21]. The crystalline
size was calculated based on XRD, and as demonstrated in Table S1, the crystalline size
increased in the calcined samples but decreased after an extended period of calcination.
However, it is noteworthy that the crystalline size of all the samples was below 100 nm,
which is in the nanoscale. This facilitates an increase in the specific surface area of the sam-
ple and improves the capture of CO2 [22]. In order to comprehend the concentration of OV

in MIL-125-xH, electron paramagnetic resonance (EPR) analysis (Figure 2b) was conducted,
revealing that oxygen vacancies were not detected in MIL-125(Ti) prior to calcination.
Subsequent to calcination, the concentration of oxygen vacancies exhibited a gradual en-
hancement with increasing calcination time [23]. In the N2 adsorption–desorption test, the
SBET of MIL-125(Ti) was 910.05 m2/g. In comparison, the SBET of MIL-125-xH increased
gradually with the increase in calcination time, which was mainly due to the increase in cal-
cination time, which increased the pore space of the sample. However, when the calcination
duration reached 5 h, the SBET of MIL-125-5H was only 882.54 m2/g. This was due to the
long calcination time, which led to the partial decomposition of organic ligands and blocked
the pores in the sample. The MIL-125-2H prepared after 2 h of calcination had the largest
specific surface area (1481.29 m2/g), providing more active sites for CO2 reduction. There-
fore, the functional groups in the samples were analyzed using Fourier transform infrared
(FTIR) spectroscopy. As demonstrated in Figure S2, MIL-125(Ti) and MIL-125-xH exhibit
analogous characteristic peaks. The range of 400–800 cm−1 is attributed to the stretching
vibration of (O-Ti-O). The 1380–1654 cm−1 range is attributed to the stretching vibration
of the backbone O-C-O and C=O, which is characteristic of the carboxylate band, thus
confirming the presence of carboxylate linkers in the material [17,21]. Meanwhile, these
characteristic peaks did not change with the increase in calcination duration. However,
in the context of Raman spectroscopy (Figure S3), the characteristic peaks of MIL-125-xH
appeared to diminish with the prolongation of the calcination duration, and in particular,
almost no signal was detected in MIL-125-5H. Combined FTIR and Raman spectroscopy
has been demonstrated to show that a small amount of ligand decomposition occurs in
MIL-125-5H.
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Figure 2. (a) XRD profiles, (b) EPR spectra, (c) N2 adsorption and desorption curves, and (d) UV-vis
DRS spectra of samples. The high-resolution XPS spectrum of (e) Ti 2p and (f) O 1s. The Bader charge
of (g) MIL-125(Ti) and (h) MIL-125-2H. The green, red, yellow, and blue curves in panels (e,f) are
the XPS splitting curves in MIL-125(Ti) and MIL-125-2H. (e,f) show the upper part of the curves as
MIL-125-2H and the lower part of the curves as MIL-125(Ti). Therefore, to avoid confusion, we have
changed the nomenclature of MIL-125(Ti) and MIL-125-2H in panels (e,f) to black.

In the UV-visible diffuse reflectance spectra (UV-vis DRS), the MIL-125-xH light
absorption edge demonstrates a slight redshift with increasing calcination time, which
is primarily attributable to the deepening of the color of MIL-125-xH as a consequence
of calcination, thereby augmenting its light absorption range [17]. Subsequently, the
light absorption capacity of the samples was calculated by constructing models for MIL-
125(Ti) and MIL-125-2H. As demonstrated in Figure S4a,b, within the range of ~370–400
nm, MIL-125-2H exhibits a more pronounced light absorption capacity in comparison to
MIL-125(Ti), thereby substantiating the assertion that the incorporation of OV extends the
light absorption and establishes the basis for efficient photoexcitation of electrons [24].
Consequently, the density of states for the samples was subsequently calculated and
compared to that of MIL-125(Ti). MIL-125-2H was found to exhibit a higher density of
states at the Fermi level (Figure S5a,b). The introduction of OV was found to increase
the semiconductor intrinsic semi-conductivity and facilitate electron transfer [25]. X-ray
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photoelectron spectroscopy (XPS) was applied to reveal the local electronic structure and
valence states of the prepared samples. Three major peaks belonging to Ti, O, and C were
detected in the full XPS spectrum (Figure S6). In the XPS spectrum of Ti 2p (Figure 2e), the
peaks with binding energies at positions 464.90 eV and 458.95 eV are attributed to Ti4+,
while the peaks with binding energies at positions 463.65 eV and 457.50 eV are ascribed to
Ti3+ [26]. However, the peak area of the Ti3+ in MIL-125-2H increased significantly after 2
h of calcination. This is due to the increase in oxygen vacancies, which partially convert
Ti4+ to Ti3+. As shown in Table S2, the ratio of Ti3+/Ti4+ increased to 0.30 for MIL-125-2H
compared to 0.23 for MIL-125(Ti). Subsequently, the change in OV content was further
determined from the XPS spectrum of O 1s. As demonstrated in Figure 2f, the binding
energies situated at 530.20, 531.85, and 533.65 eV are attributed to adsorbed oxygen, oxygen
vacancies, and the lattice oxygen of MIL-125(Ti), respectively [27]. The peak intensity of
the oxygen vacancies belonging to MIL-125-2H was slightly enhanced in comparison with
MIL-125(Ti), indicating that calcination did enhance the concentration of OV, which is
consistent with the Ti4+/Ti3+ conversion in MIL-125-2H and the results of the EPR tests.

Based on the structural analysis, theoretical computational models of MIL-125(Ti)
without defects and MIL-125-2H containing OV near the Ti nodes were constructed, as
shown in Figure 2g,h. The results of the calculation of the Bader charge of CO2 adsorbed
at the sample interface (Figure 2g,h) demonstrate that, in the absence of OV, electrons are
more likely to accumulate at the Ti node. Concurrently, a greater number of electrons are
transferred to CO2 by MIL-125-2H (0.73 e) in comparison to MIL-125(Ti) (0.53 e), thereby
promoting CO2 photoreduction [25,28].

In order to analyze whether the band structure of the samples meets the thermody-
namic requirements for photocatalytic reduction in CO2, ultraviolet photoelectron spec-
troscopy (UPS) and valence band-XPS (VB-XPS) were employed. As demonstrated in
Figure 3a,d, the UPS cut-off edges (EC) of MIL-125(Ti) and MIL-125-2H are 17.15 eV and
17.44 eV, respectively. The work functions of these two materials are 4.07 eV and 3.78 eV,
as calculated based on ϕ = hv − EC (hv = 21.22 eV) [29]. The results of the VB-XPS tests
(Figure 3b,e) demonstrate that the VB of MIL-125(Ti) and MIL-125-2H are 2.82 eV and 2.96
eV, respectively. Consequently, the valence band maximum (VBM, EVB, Vac) of the two
relative to the vacuum level is calculated to be −6.89 eV and −6.74 eV, respectively. The
potentials of the samples were converted, according to the standard hydrogen electrode
(EVB,NHE = −EVB,Vac − 4.44) [30]. The band gaps of MIL-125(Ti) and MIL-125-2H are 3.75
eV and 3.70 eV, respectively, as determined by the Tauc plots of the UV-vis DRS transforma-
tions. The conduction band minimum (CBM) was determined through calculation of the
band gap, and the band structure of the sample was found to satisfy the thermodynamic
requirements for CO2 photoreduction (Figure 3f). Concurrently, the CBM of MIL-125-2H is
higher than that of MIL-125(Ti), which renders MIL-125-2H more capable of reduction than
MIL-125(Ti).

The CO2 photoreduction properties of the samples under investigation were evaluated
by performing the reaction in a system of 6 mL acetonitrile, 4 mL H2O to provide the
proton source, and 2 mL triethanolamine as a sacrificial agent. The reaction was completed
in the μGAS1000 system (Figure S7). The CO2 reduction rate test results (Figure 4a)
demonstrated that the calcined MIL-125-xH facilitated the reduction in CO2 to CO at a
higher rate than MIL-125(Ti) (545.54 μmol g−1·h−1). Among the samples, MIL-125-2H
(771.22 μmol g−1·h−1) exhibited the highest rate of reduction to CO, which is hypothesized
to be attributable to its augmented SBET, which provides an increased number of active sites
and facilitates greater electron transfer from Ti3+ active sites to CO2. It is also noteworthy
that, despite the presence of CH4 and H2 in the products, all samples exhibit the selective
conversion of up to near 100% for CO. The calculation of the number of moles of consumed
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effective photogenerated electrons throughout the reaction indicates that almost all of
the consumed photogenerated electrons are involved in the photoreduction in CO2 to
CO, which is consistent with the gas product selectivity results (Figure 4b). A series of
comparative experiments were conducted in order to explore the factors that influence the
reaction process. As demonstrated in Figure 4c, in the absence of a catalyst addition to
the reaction system, no gas was produced. Similarly, in the absence of light, no gas was
produced. No production of CO and CH4 was observed under dark conditions for the
initial 2 h; however, a linear increase in CO production was immediately evident upon the
activation of the lights (Figure 2d). These findings indicate that the complete reaction must
occur in the presence of a catalyst and must be catalyzed by light, both of which are essential
components. Following the substitution of Ar for CO2, it was determined that a negligible
amount of H2 (1.75 μmol g−1 h−1) was produced. This finding indicates that the C source
of CO and CH4 is derived from the reduction in CO2, rather than from the decomposition
of C in the catalyst or from the decomposition of organic reagents in solution. This outcome
serves to reinforce the conclusion that only a minimal number of molar photogenerated
electrons are implicated in the hydrogen evolution reaction (HER). In order to establish
that CO and CH4 are derived from CO2, 12CO2 gas was replaced by 13CO2 gas (Figure 4e).
A high-intensity signal with a m/z = 29 was detected in the GC-MS. This signal is believed
to be 13CO. However, no signal was detected for 13CH4, which was attributable to the low
yield of 13CH4 [31,32]. Consequently, it can be concluded that CO is indeed produced by
CO2 activation. Finally, an investigation was conducted into the stability of MIL-125-2H.
As demonstrated in Figure 4f, it was determined that there was no substantial decline in its
activity after five cycles. Post-reaction SEM (Figure S8) revealed that the backbone of MIL-
125-2H remained unaltered and did not undergo collapse. Subsequently, an investigation
was conducted into the ratio of Ti3+/Ti4+ in MIL-125-2H following the stability test. The
results, as illustrated in Figure S9 and Table S3, demonstrated that there was no alteration in
the ratio of Ti3+/Ti4+ peak areas. This finding suggests that MIL-125-2H exhibits excellent
stability. The performance of CO2 photoreduction in the present study was subsequently
compared with a similar study. It emerged that the introduction of OV in MIL-125(Ti)
resulted in superior performance (Table S4).

Figure 3. The UPS spectrum and VB-XPS of (a,b) MIL-125(Ti) and (d,e) MIL-125-2H. (c) The band
gap diagram and (f) the positions of band structure of samples.
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Figure 4. (a) Comparison of the rate of photocatalytic reduction in CO2 products from samples
and the selectivity of CO. (b) Number of molar electrons consumed in reaction. (c) Comparison
of CO2 photoreduction performance under different reaction conditions. (d) Gas products of CO2

photoreduction as a function of time. (e) GC-MS spectra of 13CO2 photoreduction products by
MIL-125-2H. (f) Stability testing of catalyst.

Photogenerated electron transport properties were investigated by means of a series
of sample photoelectric property tests. As shown in Figure 5a, MIL-125-2H exhibits electro-
chemical impedance spectroscopy (EIS) radius in comparison to MIL-125(Ti), indicating its
enhanced efficacy in facilitating photogenerated electron transfer [33]. Subsequently, the
photocurrent test revealed that MIL-125-2H exhibited a photocurrent of up to ~1.80 μA un-
der light excitation, while MIL-125(Ti) demonstrated a maximum of ~1.0 μA. This finding
suggests that MIL-125-2H is able to promote more photogenerated electron transfer than
MIL-125(Ti) [34]. The steady-state fluorescence lifetime (PL) measurements demonstrate
that the PL peak intensity of MIL-125-2H is considerably lower than that of MIL-125(Ti) at
an excitation wavelength of 350 nm (Figure S10). This finding indicates that the introduction
of oxygen vacancies has resulted in a substantial suppression of carrier complexation in the
sample [35]. Next, the transient photoluminescence (TR-PL) lifetime of the photogenerated
electrons transferred was examined. As demonstrated in Figure 5c, the TR-PL lifetime
of MIL-125-2H (5.41 ns) is greater than that of MIL-125(Ti) (4.51 ns), which suggests a
higher utilization of photogenerated electrons in MIL-125-2H [36,37]. Finally, the surface
photovoltage of the samples was tested, and as demonstrated in Figure S11, compared to
MIL-125(Ti), MIL-125-2H has a significant potential difference at 310–370 nm because of
the presence of OV, which promotes the enrichment of electrons on OV and their migration
towards the Ti sites. The combined photoelectronic characterization demonstrates that the
incorporation of OV substantially hinders the photogenerated carriers from undergoing
bulk and surface phase complexation on MIL-125-2H. Furthermore, the introduction of OV

enhances the lifetime of photogenerated carriers and facilitates the attainment of a higher
photogenerated carrier separation efficiency in MIL-125-2H.
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Figure 5. (a) The EIS spectra, (b) the transient photocurrent response, and (c) the TR-PL spectra of
MIL-125(Ti) and MIL-125-2H.

The present study employed in situ characterization techniques in conjunction with
DFT calculations to explore the mechanism of the dynamic photoreduction process of
CO2. The present study investigates the simulation of MIL-125(Ti) and MIL-125-2H pho-
tocatalytic activation of CO2 for in situ Fourier transform infrared spectroscopy (FT-IR)
testing. As shown in Figure 6a,b, the wavenumbers at ~1298, ~1355, ~1462, ~1621, and
~1648 cm−1 correspond to m-CO3

2−, b-CO3
2−, CO2

−, *COOH, and H2O, respectively. The
wavenumbers at ~1215 cm−1 and ~1385 cm−1 correspond to HCO3

− [38,39]. These belong
to the intermediates of CO2 reduction to CO, with no intermediates belonging to the CH4

intermediates. Meanwhile, the peaks of these intermediates were significantly enhanced
with increasing light duration. The peaks belonging to H2O are also significantly enhanced,
which is caused by the continuous decomposition of H2O to provide more proton sources.
Compared with MIL-125(Ti), the intensity of the in situ FT-IR peaks of MIL-125-2H was
stronger, indicating that MIL-125-2H has a greater ability to reduce CO2 to CO [40].

In consideration of the results obtained from in situ infrared spectroscopy, the follow-
ing pathways for the photoreduction in CO2 can be identified:

CO2 + ∗ → ∗ CO2 (1)

∗ CO2 + H+ + e− → ∗ COOH (2)

∗ COOH + H+ + e− → ∗ CO + H2O (3)

∗ CO → CO ↑ + ∗ (4)

As depicted in Figure 6c (* represents photocatalyst), the key rate steps on MIL-125(Ti)
and MIL-125-2H are identified as CO2 adsorption and CO desorption at the interface with
ΔG values of 1.22 eV and 0.53 eV, respectively. The presence of OV in MIL-125-2H leads to
a substantial reduction in the overall activation energy barriers and the formation energies
of key intermediates [24]. Consequently, the strategic addition of OV can greatly increase
activity by lowering the energy barrier required for the overall reaction.
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Figure 6. The in situ FTIR spectra under CO2 reaction conditions with increasing light time of (a)
MIL-125(Ti) and (b) MIL-125-2H. (c) Calculation of the Gibbs free energy for the activation of CO2 to
CO by MIL-125(Ti) and MIL-125-2H.

4. Conclusions

In the present study, an OV-rich strategy was developed, designed, and introduced
on MIL-125(Ti). The introduction of OV resulted in an increase in the specific gravity of
Ti3+/Ti4+ on MIL-125-2H and the reduction capacity of Ti3+, thereby providing a greater
number of active sites for CO2 photoreduction. The presence of OV has been shown to
facilitate the transfer of electrons from the Ti site on MIL-125-2H to CO2, in addition to
lowering the activation energy barrier of CO2. In consideration of the aforementioned
advantages, MIL-125-2H demonstrated a reduction in CO2 to CO with a high yield and
high selectivity of 771.22 μmol g−1 h−1 and near 100%, respectively. The findings of the
study culminated in the synthesis of an efficient and stable catalyst, thus providing a novel
strategy for the application of vacancy engineering to artificial carbon photoreduction.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma18061343/s1, Figure S1: The SEM images of (a) MIL-125-0.5H
and (b) MIL-125-5H. Figure S2: FTIR spectroscopy of the sample. Figure S3: Raman spectroscopy of
the sample. Figure S4: Theoretical calculation of light absorption spectrum of (a) MIL-125(Ti) and (b)
MIL-125-2H. Figure S5: The density of state of (a) MIL-125(Ti) and (b) MIL-125-2H. Figure S6: The
full XPS spectrum of MIL-125-0.5H and MIL-125-5H. Figure S7: CO2 photocatalytic reaction system.
Figure S8: SEM image of MIL-125-2H after stability test. Figure S9: The XPS spectrum of MIL-125-2H
after stability test. Figure S10: The PL spectrum of MIL-125(Ti) and MIL-125-2H. Figure S11: The SPV
image of MIL-125(Ti) and MIL-125-2H. Table S1: The crystallite size of the sample. Table S2: Ratio of
Ti3+ and T4+ content. Table S3: The ratio of Ti3+/Ti4+ before and after the MIL-125-2H reaction Table
S4: Comparison of the performance of this work with similar literature on photocatalytic reduction
of CO2 to CO. References [41–47] have been cited in Supplementary Materials file.
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Abstract: This work aims to explore the influence of crystal phase engineering on the
photocatalytic hydrogen evolution activity of Ru/C3N4 systems. By precisely tuning the
combination of Ru precursors and reducing solvents, we successfully synthesized Ru co-
catalysts with distinct crystal phases (hcp and fcc) and integrated them with C3N4. The
photocatalytic hydrogen evolution experiments demonstrated that hcp-Ru/C3N4 achieved
a significantly higher hydrogen evolution rate (24.23 μmol h−1) compared to fcc-Ru/C3N4

(7.44 μmol h−1), with activity reaching approximately 42% of Pt/C3N4 under the same
conditions. Photocurrent and electrochemical impedance spectroscopy analyses revealed
that hcp-Ru/C3N4 exhibited superior charge separation and transfer efficiency. Moreover,
Gibbs free energy calculations indicated that the hydrogen adsorption energy of hcp-Ru
(ΔGH* = −0.14 eV) was closer to optimal compared to fcc-Ru (−0.32 eV), enhancing the
hydrogen generation process. These findings highlight that crystal-phase engineering plays
a critical role in tuning the electronic structure and catalytic properties of Ru-based systems,
offering insights for the design of highly efficient noble metal catalysts for photocatalysis.

Keywords: phase engineering; ruthenium; photocatalysis; hydrogen evolution; co-catalyst

1. Introduction

The development of more efficient nanomaterial catalysts is crucial in fields such as
environmental protection, food processing, petrochemicals and energy utilization. Catalyst
performance can be enhanced by controlling the nanostructures through strategies involv-
ing size [1], shape [2], alloys [3], crystal phase [4], and defects [5]. Phase engineering of
nanomaterials (PEN), as an effective strategy for the rational design and precise synthe-
sis of nanomaterials with controllable phases, has gained significant attention in recent
years [6–9]. Phase engineering modulates performance, functionality, and applications by
altering the catalyst’s surface electronic and geometric structures through adjustments in
reaction kinetics and surface energy [10–12]. For instance, bulk Nickel (Ni) typically shows
the face-centered cubic (fcc) phase, but non-conventional hexagonal close-packed (hcp)
Ni nanoparticles can be synthesized via chemical methods or one-pot procedures [13,14].
Experimental results indicate that hcp Ni exhibits superior catalytic performance compared
to fcc Ni across various reactions. Additionally, studies have explored the impact of crys-
tallinity on catalytic performance, revealing that the amorphous 1T phase of MoSe2 rich in
unsaturated coordination sites, facilitates proton coupling to form hydrogen [15]. This pro-
vides new insights into phase engineering for fine-tuning growth modes. Nevertheless, the
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practical application of phase engineering is still in its early stages, and there is an urgent
need for the development of environmentally friendly and versatile synthetic methods for
phase regulation. Furthermore, the influence mechanisms of template, reduction kinetics,
and capping agents on atomic stacking require further investigation.

Photocatalytic hydrogen production is considered a green, clean, safe, and low-cost re-
newable energy technology. Due to their high electron capture efficiency, excellent chemical
stability, and abundant surface active sites, noble metals play an essential role in the prepa-
ration of photocatalysts for hydrogen production [16–19]. Among them, platinum (Pt), with
its optimal Fermi level and zero-approaching hydrogen adsorption Gibbs free energy, is one
of the most promising co-catalysts for photocatalytic hydrogen production [20]. However,
due to its high cost, large-scale use remains impractical. To reduce the dependence on
expensive Pt catalysts for photocatalytic water splitting, researchers have explored various
types of catalysts and optimized their nanostructures to develop high-activity, low-cost
co-catalysts. Ruthenium (Ru) has attracted significant attention in the field of photocatalysis
due to its lower cost and the ability to achieve activity comparable to Pt under certain
optimized conditions [21–23]. Zhu et al. optimized the asymmetric electronic properties
of Ru to lower the energy barrier for Run+ in water splitting, and the resulting Ru/NC
catalyst exhibited high alkaline hydrogen evolution reaction (HER) activity (21.9 mV @
10 mA cm−2, 29.03 mV dec−1) [24]. Dong et al. discovered that the incorporation of copper
(Cu) in the alloy altered the reaction pathway for Ru in photocatalysis, achieving a 96%
selectivity for CO2 to CH4 [25]. Despite numerous successful cases of Ru in various cat-
alytic reactions, studies on the synthesis and optimal crystal phase of Ru co-catalysts for
hydrogen production are scarce, and the mechanisms underlying the impact of Ru crystal
phase on photocatalytic performance remain largely unexplored. Therefore, it is essential
to investigate the feasibility of phase control in Ru for enhancing hydrogen production.

In this study, we employ a rational and controllable chemical reduction method to
prepare hcp and fcc Ru nanoparticles and successfully load them onto C3N4 ultrathin
nanosheets (hcp-Ru/C3N4, fcc-Ru/C3N4) to demonstrate the feasibility of improving the
photocatalytic hydrogen production performance of Ru-based co-catalysts using phase
engineering. Experimental results show that the Ru-based co-catalysts exhibit distinct
phase-dependent behavior. hcp-Ru/C3N4 displays more efficient photocatalytic hydrogen
production activity (24.23 μmol h−1) and stability, significantly outperforming fcc-Ru/C3N4

(7.44 μmol h−1). This superior performance is attributed to its higher charge separation
efficiency and lower Gibbs free energy, as supported by detailed physicochemical character-
ization and theoretical calculations. This study highlights the vast potential and versatility
of Ru phase-controlled synthesis for improving photocatalytic hydrogen production.

2. Materials and Methods

2.1. Materials

Ruthenium acetylacetonate (Ru(acac)3, C15H21O6Ru, ≥97%), triethylene glycol
(C6H14O4, >99%), triethanolamine (TEOA, C6H15NO3, >99%), polyvinylpyrrolidone
((C6H9NO)n, K30, MW ≈ 40,000) were purchased from Shanghai Aladdin Biochemical
Technology (Shanghai, China). Melamine (C3H6N6, ≥99.0%), ruthenium (III) chloride hy-
drate (RuCl3·xH2O), ethanol absolute (C2H6O, ≥99.7%), ethylene glycol (C2H6O2, ≥99.5%),
potassium bromide (KBr, ≥99.0%) and sodium sulfate (Na2SO4, ≥99.0%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
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2.2. Methods
2.2.1. Synthesis of C3N4 Nanosheets

An amount of 2 g of melamine was weighed and added to a covered ceramic crucible.
The crucible was then placed in a muffle furnace and heated to 550 ◦C at a rate of 2 ◦C/min,
where it was held for 4 h. After the reaction, the resulting yellow block was obtained as the
bulk material. The bulk material was ground into a powder, and 800 mg of the powder
was spread evenly in a partially open ceramic boat. The boat was then placed in the muffle
furnace and heated to 550 ◦C at a rate of 10 ◦C/min, where it was held for 40 min. The
resulting white powder was the desired C3N4 for the experiment.

2.2.2. Synthesis of C3N4-Ru Samples

In the synthesis of hcp-Ru/C3N4, 10 mL of an ethylene glycol (EG) solution containing
50 mg of C3N4 nanosheets and 0.5 mmol of polyvinylpyrrolidone (PVP) was sonicated
in a 25 mL round-bottom flask for 30 min. Then, 0.025 mmol of RuCl3·xH2O was added
to the flask and sonicated until well dispersed. The flask containing the reaction mixture
was then transferred to an oil bath and heated to 200 ◦C for 3 h. After the reaction was
complete, the sample was washed with ethanol and deionized water, and the product was
separated by centrifugation, followed by freeze-drying to obtain hcp-Ru/C3N4.

In the synthesis of fcc-Ru/C3N4, 10 mL of a triethylene glycol (TEG) solution contain-
ing 50 mg of C3N4 nanosheets and 0.5 mmol of PVP was sonicated in a 25 mL round-bottom
flask for 30 min. Then, 0.025 mmol of Ru(acac)3 was added to the flask and sonicated until
well dispersed. The flask containing the reaction mixture was then transferred to an oil bath
and heated to 200 ◦C for 3 h. After the reaction was complete, the sample was washed with
ethanol and deionized water, and the product was separated by centrifugation, followed
by freeze-drying to obtain fcc-Ru/C3N4.

2.3. Photocatalytic Hydrogen Activity Measurement

The photocatalytic hydrogen evolution reaction was carried out in an online reaction
detection system (CEL-SPH2N, China Education Au-Light, Beijing, China). The reaction
solution consisted of 50 mL of TEOA/H2O (10% vol TEOA). The photocatalyst used in the
measurement was 10 mg. The reaction was irradiated with a 300 W xenon lamp (CEL-HX
F300/CEL-HX UV300, China Education Au-Light, Beijing, China) without any filters. Prior
to irradiation, the system was evacuated to a vacuum state, and the reaction temperature
was maintained at 15 ◦C using a circulating cooling water system. The hydrogen production
rate was analyzed by gas chromatography (GC 7920) equipped with a TCD detector and a
5Å molecular sieve column (all components purchased from China Education Au-light,
Beijing, China), using argon as the carrier gas.

The external quantum efficiency (EQE) values were determined using the follow-
ing equation:

EQE =
the number o f reacted electrons
the number o f incident photons

× 100%

A more detailed calculation process can be found in the Supplementary Materials,
including the information of the area of light spot, light intensities per unit area, and
wavelength-dependent hydrogen evolution rates per unit area.

3. Results

The premise for studying the impact of crystal phase structure on photocatalytic
reactions is the development of methods for controlling the crystal phase synthesis of
Ru. We first prepared ultrathin C3N4 nanosheets as a support using a top-down thermal
exfoliation method. Their coiled two-dimensional structure and large surface area are
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expected to provide an ideal environment for Ru loading. Different precursors and reducing
agents can synergistically regulate the reduction kinetics rate and play an important role
in selectively forming hcp and fcc phases of Ru [26,27]. The strong reducing nature of EG
and the more easily dissociable chloride ligands in RuCl3 molecules favor the formation
of hcp Ru seeds. In contrast, TEG, with its weaker reducing ability, and the more stable
acetylacetonate ligands in Ru(acac)3 act to uniformly release Ru atoms, promoting the
formation of the fcc structure. Therefore, in the synthesis of hcp-Ru/C3N4, RuCl3·xH2O
was used as the Ru source, EG as the reducing agent and solvent, and PVP as the stabilizer,
to chemically reduce and load hcp phase Ru nanoparticles onto the C3N4 nanosheets. The
synthesis of fcc-Ru/C3N4 followed a similar method, with the only difference being the
use of Ru(acac)3 as the Ru source and TEG as the reducing agent and solvent (Figure 1a).

Figure 1. (a) Schematic illustrating of the synthesis process of hcp-Ru/C3N4 and fcc-Ru/C3N4.
(b) XRD patterns and (c) FT-IR spectra.

To understand the basic chemical structure of the prepared catalysts, we studied
their crystal structure using X-ray diffraction (XRD). The XRD patterns of the prepared
hcp-Ru/C3N4 and fcc-Ru/C3N4 exhibited features similar to those of C3N4 (Figure 1b).
Two characteristic diffraction peaks of C3N4 were detected at 2θ angles of 12.8◦ and 27.8◦,
corresponding to the stacking units of the in-planar repeating tri-s-triazine unit and the
conjugated aromatic segments, respectively. These peaks correspond to the (100) and (002)
crystal planes [28]. No characteristic peaks of Ru were detected in the XRD patterns of
hcp-Ru/C3N4 and fcc-Ru/C3N4 due to the low content and small particle size, which were
undetectable [29]. This was later confirmed through transmission electron microscope
(TEM, Tecnai G2 F30 S-TWIN, purchased from FEI COMPANY, Hillsboro, OR, USA), which
calculated the average particle size of Ru. Fourier transform infrared (FT-IR, Nicolet iS5,
purchased from Thermo Fisher Scientific, Waltham, MA, USA) spectra were used to identify
the surface functional groups of hcp-Ru/C3N4, fcc-Ru/C3N4, and C3N4 (Figure 1c). The
characteristic peaks of C3N4 were clearly observed in all the catalysts. The absorption peak
at 811 cm−1 corresponds to the characteristic vibration of the triazine units. The absorption
peaks at 1410 and 1644 cm−1 are attributed to the stretching vibrations of C-N heterocyclic
bonds, and the absorption peak at 3158 cm−1 corresponds to the stretching vibration of the
O-H bond [30]. These results demonstrate that the introduction of Ru does not alter the
original fundamental functional group structure of C3N4.

After determining the basic chemical structure of the prepared catalysts, we further
investigated their microstructure and chemical composition through a series of electron
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microscopy characterizations. Scanning electron microscope (SEM, S-4800II, purchased
from HITACHI, Tokyo, Japan) results show that the prepared C3N4 exhibits irregular
porous coiled folds (Figure S1a,b). Atomic force microscope (AFM, SPM-9700HT, pur-
chased from Shimadzu, Tokyo, Japan) observed that its thickness is approximately 2.8 nm
(Figure 2d,e), providing further evidence of its typical ultrathin two-dimensional nanosheet
structure. The larger lateral dimensions and Brunauer–Emmett–Teller (BET, ASAP2460,
purchased from Micromeritics Instruments Corporation, Atlanta, GA, USA) surface area
(Figure S7b–d) of C3N4 facilitate Ru loading, while the ultrathin thickness effectively short-
ens the charge migration path from the bulk to the surface, thereby reducing electron–hole
recombination [31,32]. After loading with metallic Ru nanoparticles, the morphology of
C3N4 did not show significant changes, and both hcp-Ru/C3N4 and fcc-Ru/C3N4 compos-
ite photocatalysts still maintained an irregular nanosheet morphology (Figure S1c–f). TEM
results of hcp-Ru/C3N4 and fcc-Ru/C3N4 show that the Ru nanoparticles are uniformly
dispersed on the flat surface of C3N4, with no apparent aggregation (Figure 2a–c), which
can be attributed to the appropriate amount of reducing agent and PVP that control the uni-
form growth of metal Ru nanoparticles, preventing aggregation on C3N4 [33]. In addition,
we have supplemented TEM-based size distribution analyses for both hcp-Ru (1.03 nm)
and fcc-Ru (1.54 nm) samples (Figure S2a,b). While a minor size difference exists between
the two phases (~0.5 nm), we propose that this subtle variation has negligible impacts on
catalytic performance trends [34,35].

Figure 2. (a–c) TEM images of C3N4, hcp-Ru/C3N4 and fcc-Ru/C3N4. (f,g) HRTEM images and
(h,i) STEM and elemental mapping images of hcp-Ru/C3N4 and fcc-Ru/C3N4. (d) AFM image of
C3N4. (e) Thickness profile in (d).

To reveal the fine-phase structure of the Ru loaded on the catalyst, we performed high-
resolution transmission electron microscope (HRTEM, Tecnai G2 F30 S-TWIN, purchased
from FEI COMPANY, Hillsboro, OR, USA) characterization. The lattice spacings of 0.211
and 0.229 nm in Figure 2f correspond to the (002) and (100) planes of hcp Ru, while the
lattice spacings of 0.189 and 0.220 nm in Figure 2g correspond to the (200) and (111) planes
of fcc Ru. Additional HRTEM images are presented in Figure S3 to further clarify the phase
purity of Ru nanoparticles in the catalysts. This indicates that the method used in this
work successfully controls the crystal phase of Ru. Elemental mapping images further
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confirmed the uniform distribution of C, N, and Ru elements (Figure 2h,i), providing
additional evidence that Ru nanoparticles of both crystal phases are uniformly loaded on
C3N4. Furthermore, the actual Ru loading amount on hcp-Ru/C3N4 and fcc-Ru/C3N4

was determined to be 3.53 wt% and 3.64 wt% by ICP-MS (Elan DRC-e, purchased from
PerkinElmer, Waltham, MA, USA) (Table S1).

X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, purchased from Thermo
Fisher Scientific, Waltham, MA, USA) was used to characterize the element valence states
and surface composition of the catalysts. Full XPS spectra of hcp-Ru/C3N4 and fcc-
Ru/C3N4 clearly showed signals corresponding to C, N, and Ru, further confirming
the successful synthesis of the catalysts (Figure 3a). The C 1s spectrum of hcp-Ru/C3N4

(Figure 3b) can be deconvoluted into two peaks at 284.8 eV and 287.9 eV, corresponding to
graphitic carbon (C-C) and sp2-bonded aromatic structure (N-C=N), respectively. In the N
1s spectrum (Figure 3c), binding energy of 398.5 eV and 400.3 eV correspond to pyridinic
N (N1) and pyrrolic N (N2) [36]. The Ru 3p spectrum (Figure 3d) reveals the Ru 3p3/2

and Ru 3p1/2 spin–orbit peaks, with fitting peaks at 461.2 eV and 483.5 eV assigned to
metallic Ru (Ru0) [37]. In contrast, the C 1s and N 1s spectra of fcc-Ru/C3N4 show a more
negative binding energy shift (~0.3 eV), and the signal peaks in the Ru 3p spectrum are
shifted positively by 0.3 eV. This suggests that C3N4 interacts more strongly with hcp Ru,
with more electrons transferred to hcp Ru [38]. Despite the differences in the crystal phase
structure of Ru loaded on the surfaces of hcp-Ru/C3N4 and fcc-Ru/C3N4, their similar
XPS spectra indicate that both catalysts possess similar chemical valence states.

Figure 3. (a) XPS survey spectra and XPS spectra of (b) C 1s, (c) N 1s and (d) Ru 3p of hcp-Ru/C3N4

and fcc-Ru/C3N4.

After confirming the fine chemical structure of the prepared catalysts, we further
discussed the rationality of constructing the Ru/C3N4 photocatalytic system using den-
sity functional theory (DFT). From a thermodynamic perspective, the direction of charge
transfer is from the component with a higher Fermi level (i.e., lower work function) to
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the component with a lower Fermi level (i.e., higher work function) [39]. As shown in
Figure 4a–c, we first calculated the theoretical work functions of C3N4, hcp-Ru, and fcc-Ru
using DFT, which were found to be 4.69, 4.99, and 5.38 eV, respectively. The data indicate
that after loading Ru onto C3N4, the photogenerated electrons produced upon light excita-
tion can thermodynamically transfer to Ru, thereby enhancing charge separation efficiency
and the electron concentration on the catalyst surface, providing theoretical support for
Ru’s role as a co-catalyst.

Figure 4. (a–c) Average potential profiles along the z-axis direction and calculated work function
values of C3N4, hcp-Ru/C3N4 and fcc-Ru/C3N4. (d) UV-Vis diffuse reflection spectra of hcp-
Ru/C3N4, fcc-Ru/C3N4 and C3N4. (e) Mott–Schottky plots of C3N4. (f) Schematic diagram of
photocatalytic H2 evolution process on the surface of hcp-Ru/C3N4 and fcc-Ru/C3N4.

Next, we assessed the light absorption ability of the catalysts using UV-Vis diffuse
reflection spectra (DRS) (Figure 4d). It was found that C3N4 has a typical absorption edge
of around 450 nm. After loading Ru, the optical absorption properties of the material
were improved, and the visible light absorption range increased. This is mainly due to the
synthesized catalyst being black in color. However, it should be noted that this enhancement
in absorption is not significant, as the increased light absorption comes from Ru, which
cannot be directly excited by light. The light absorption and charge generation capacity are
solely determined by C3N4. Therefore, it can be concluded that both hcp-Ru/C3N4 and
fcc-Ru/C3N4 exhibit similar charge generation behaviors.

Based on the theoretical analysis, we further determined the electric potential of C3N4

and speculated on its charge transfer pathway through Tauc curves and Mott–Schottky
(M–S) plots. From the Tauc curve data, the bandgap of C3N4 was calculated to be 3.03 eV
(Figure S4a). The flat band (FB) potential of C3N4 was determined to be −1.71 V vs.
Ag/AgCl, pH = 7, using the M–S curves (Figure 4e) at 500, 1000, and 1500 Hz. Assuming
that for n-type semiconductors, the gap between the flat band potential and conduction
band (CB) potential can be neglected [40]. The conduction band potential of C3N4 was
converted to −1.1 V vs. NHE, pH = 0 [41]. Thus, its valence band (VB) potential was
determined to be 1.93 V vs. NHE, pH = 0, and the band structure was obtained (Figure S4b).
Therefore, we can speculate on the charge transfer pathway in the Ru-C3N4 catalyst during
photocatalytic hydrogen evolution (Figure 4f). Upon light irradiation, C3N4 generates
electron–hole pairs. The photogenerated electrons migrate through the interface to the
Ru surface. Due to the rich hydrogen evolution active sites at the edge and basal plane
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of Ru, the electrons gathered on its surface react with adsorbed protons to produce H2.
Meanwhile, the holes generated in C3N4 are consumed by the sacrificial agent, preventing
the recombination of electron–hole pairs before charge separation and consumption.

In actual photocatalytic experiments, the hydrogen evolution activity of both Ru/C3N4

catalysts (with a theoretical loading of 5 wt%) was significantly improved compared to
the pure C3N4. The average hydrogen evolution rates are shown in Figure 5a. Among
them, hcp-Ru/C3N4 (24.23 μmol h−1) exhibited much higher catalytic activity than fcc-
Ru/C3N4 (7.44 μmol h−1), indicating that the crystal structure of Ru significantly affects
the photocatalytic hydrogen production performance of Ru/C3N4. To better understand
the hydrogen production performance of hcp-Ru/C3N4, it is essential to evaluate its
external quantum efficiency (EQE). As shown in Table S2, the EQE value of hcp-Ru/C3N4

is measured to be 5.28% at 420 nm. Clearly, compared to the catalysts listed in Table S3,
hcp-Ru/C3N4 demonstrates superior performance in both hydrogen evolution rate and
quantum efficiency, further highlighting its exceptional photocatalytic activity. We also
tested the hydrogen evolution activity of Pt/C3N4 under the same conditions, which
reached 57.46 μmol h−1. This result indicates that the performance of the synthesized Ru
co-catalyst is approximately 42% of that of Pt, showing a distinct advantage over most
non-Pt co-catalysts. Additionally, we investigated the stability of hcp-Ru/C3N4 and fcc-
Ru/C3N4 by conducting five photocatalytic reactions (25 h), as shown in Figure 5b,c. The
results revealed that hcp-Ru/C3N4 demonstrated superior stability in hydrogen production
compared to fcc-Ru/C3N4. Moreover, after the photocatalytic reaction, we performed
characterizations on hcp-Ru/C3N4, which showed good chemical and structural stability
(Figure S5). The slight decline in activity of hcp-Ru/C3N4 during the reaction could be
attributed to the consumption of the sacrificial agent over prolonged reaction times.

Figure 5. (a) Photocatalytic hydrogen evolution rates for C3N4-based hybrids loaded with phase-
engineered Ru. (b) Cycle experiment of hcp-Ru/C3N4. (c) Cycle experiment of fcc-Ru/C3N4.
(d) transient-state spectra of the catalysts. (e) Photocurrent vs. time (I-t) curves of the catalysts.
(f) Calculated Gibbs free energy diagrams for hydrogen evolution at hcp Ru and fcc Ru surfaces.

To further explore the reasons for the significant difference in activity between the
two Ru crystal phase catalysts, we continued to investigate their photoelectrochemical
properties. We combined Linear sweep voltammetry (LSV) curves, photoelectrochemical
measurements (photocurrent and electrochemical impedance spectroscopy (EIS)), steady-
state fluorescence (PL), and transient-state fluorescence (FL) to further evaluate the charge

38



Materials 2025, 18, 1259

dynamics of the two catalysts. As observed from the LSV curves (Figure S6b), the photocur-
rent density of hcp-Ru/C3N4 is higher than that of fcc-Ru/C3N4, and both are greater than
that of C3N4. This indicates that Ru can significantly reduce the surface energy barrier of
C3N4, enhances the consumption rate of photogenerated holes, and increases the density of
free photogenerated electrons required for hydrogen evolution at lower potentials. The elec-
trochemical hydrogen evolution activity is consistent with the photocatalytic performance,
further demonstrating that hcp-Ru exhibits superior water reduction kinetics. As shown in
Figure 5e, compared to C3N4, the introduction of Ru effectively enhanced the photocurrent
response under light illumination, indicating that Ru loading promotes charge transfer in
C3N4. hcp-Ru exhibited stronger photocurrent intensity than fcc-Ru, with the photocurrent
response intensity order being: hcp-Ru/C3N4 > fcc-Ru/C3N4 > C3N4. The EIS results
are consistent with the photocurrent results (Figure S6a), indicating that electrons in hcp-
Ru/C3N4 exhibit more efficient transfer. Additionally, both materials showed a significant
decrease in charge lifetime (Figure 5d) and a marked reduction in FL intensity (Figure S7a),
further evidencing the enhanced charge separation efficiency [42,43]. Notably, although
theoretical calculations of the Fermi level (Figure 4a–c) and charge difference distribution
(Figure S6c) indicate that photogenerated electrons can effectively migrate from the conduc-
tion band of C3N4 to Ru nanoparticles, the electron density at the fcc-Ru/C3N4 interface is
higher than that of hcp-Ru, which contradicts the actual photoelectric response and EIS
results. We speculate that fcc-Ru can capture more electrons, but the water reduction kinet-
ics on the surface of fcc-Ru is relatively poor, resulting in fewer electrons participating in
surface hydrogen evolution, leading to a higher internal electron–hole recombination rate;
thus, a reduced number of effective electrons transferred to the electrode. The comparison
of Gibbs free energy results further supports our hypothesis.

The high photogenerated charge separation efficiency could be one of the reasons for
the superior photocatalytic hydrogen evolution activity of hcp-Ru/C3N4. However, the
surface molecular conversion barrier should also be considered an important factor [44]. It
is evident that hcp-Ru possesses more active surface catalytic sites, corresponding to lower
reaction energy barriers. Specifically, the rate-determining step for hydrogen evolution
on the Ru surface is the formation of H* species. From the Gibbs free energy of this step,
hcp-Ru (ΔGH* = −0.14 eV) is significantly lower than fcc-Ru (ΔGH* = −0.32 eV), and even
approaches the efficient catalytic behavior of Pt (Figure 5f), making it easier to undergo
reduction reactions at the CB edge to generate H2. This indicates that, compared to fcc-
Ru/C3N4, hcp-Ru/C3N4 not only exhibits higher charge separation efficiency but also
demonstrates better surface molecular conversion efficiency. Based on these favorable
physicochemical properties induced by phase engineering, hcp-Ru/C3N4 shows higher
activity and better stability in photocatalytic hydrogen evolution reactions.

4. Conclusions

This study highlights the significant impact of crystal phase engineering on the photocat-
alytic performance of Ru/C3N4 systems for hydrogen evolution. By manipulating the choice
of Ru precursors and reducing solvents, we achieved precise control over the synthesis of
hcp- and fcc-phase Ru catalysts. Experimental results demonstrated that the hcp-Ru/C3N4

composite displayed markedly superior hydrogen evolution activity and stability compared
to its fcc counterpart, benefiting from enhanced charge separation and transfer capabilities.
Thermodynamic analysis further revealed that the surface catalytic properties of hcp-Ru,
characterized by an optimized hydrogen adsorption energy, play a pivotal role in improving
its photocatalytic efficiency. This work provides valuable insights into the rational design of
photocatalysts via crystal phase engineering, emphasizing the synergistic effects of electronic
structure and surface reactivity for effective hydrogen production.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma18061259/s1, Figure S1: images of C3N4, hcp-Ru/C3N4 and
fcc-Ru/C3N4; Figure S2: (a,b) Size distribution histograms of Ru nanocrystals on the C3N4 nanosheets;
Figure S3: (a–c) HRTEM images of hcp-Ru/C3N4. (d–f) HRTEM images of fcc-Ru/C3N4; Figure S4:
(a) Tauc plots and (b) band strctures of C3N4; Figure S5: (a) TEM image and (d) HRTEM image of
hcp-Ru/C3N4 after reaction. (b) XRD patterns of hcp-Ru/C3N4 after reaction. (c) Size distribution
histograms of Ru nanocrystals on the hcp-C3N4 nanosheets after reaction. (d) STEM and elemental
mapping images of hcp-Ru/C3N4; Figure S6: (a) EIS Nyquist plots and (b) LSV curves of the catralysts.
(c) Theoretical simulated charge difference distribution of hcp-Ru/C3N4 and fcc-Ru/C3N4; Figure S7:
(a) Steady-state PL spectra and (b–d) N2 sorption isotherms of hcp-Ru/C3N4, fcc-Ru/C3N4 and C3N4;
Table S1: The ICP-MS results of hcp-Ru/C3N4 and fcc-Ru/C3N4; Table S2: EQE Parameters and
Corresponding Results; Table S3: Comparison of the photocatalytic activity and quantum efficiency
over g-C3N4-based photocatalysts loaded with other materials. Refs. [32,45–52] can be found in
Supplementary Materials.
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Abstract: CdxMn1−xS solid solutions were synthesized by incorporating Mn2+ into CdS and
the optimal ratio of Mn2+ to Cd2+ was explored via photocatalytic degradation performance
for tetracycline (TC). Subsequently, the composite catalyst C@CdxMn1−xS was prepared
by loading CdxMn1−xS onto the biomass gasification carbon residue (C) by hydrothermal
method and characterized by various characterization tests. The optimal TC photodegrada-
tion condition and degradation mechanism catalyzed by C@CdxMn1−xS was investigated.
The results showed Cd0.6Mn0.4S had the optimal photocatalytic degradation efficiency,
which is about 1.3 times that of CdS. The TC photodegradation efficiency by C@Cd0.6Mn0.4S
prepared at the mass ratio of C to Cd0.6Mn0.4S of 1:2 was the best, which was 1.24 times
that of Cd0.6Mn0.4S and 1.61 times that of CdS. Under the optimal conditions (visible light
irradiation for 60 min, C@Cd0.6Mn0.4S of 20 mg, 40 mL TC solution of 40 mg/L), the TC
degradation efficiency was 90.35%. The degradation efficiencies of 20 mg/L levofloxacin,
ciprofloxacin, and 40 mg/L oxytetracycline catalyzed by C@Cd0.6Mn0.4S range from 89.88%
to 98.69%. In the photocatalytic reaction system, •O2

− and h+ are the dominant active
species, which directly participate in the photocatalytic degradation reaction of TC, and
•OH contributes little. The work provides a strategy to improve the photocatalytic perfor-
mance of CdS for photocatalytic degradation antibiotics, and opens an interesting insight
to deal with solid waste from biomass gasification.

Keywords: biomass gasification carbon residue; C@CdxMn1−xS; composite catalyst;
photocatalytic degradation; tetracycline hydrochloride

1. Introduction

Among the organic pollutants existing in the aquatic environment, antibiotics have
received special attention. Antibiotics are secondary metabolites or synthetic analogues
produced by bacteria, mold, or other microorganisms. They are widely used in the treat-
ment of infectious diseases in humans and animals, and are also widely used in aquaculture
and livestock breeding. Antibiotics are not fully absorbed in humans and animals, and
most of them enter waste treatment plants or enter the environment directly in the form of
raw or active metabolites. Although the half-life of most antibiotics is short, due to their
frequent use and entry into the environment, they have posed potential ecological risks to
the ecological environment and human health [1,2]. Antibiotics and their metabolites have
been detected in surface water, groundwater, sewage, and drinking water, with concentra-
tions ranging from mg/L to μg/L [1,2]. Tetracycline is one of the antibiotics that widely
exists in the aquatic environment [3]. However, tetracycline has a stable structure. Removal
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methods of tetracycline from water usually involve in biodegradation, adsorption, Fenton
or Fenton-like reaction, persulfate advanced oxidation process, photocatalytic oxidative
degradation, etc. Among these methods, biodegradation requires specific microbes and
takes a long time, adsorption may cause secondary pollution, and Fenton or Fenton-like
reaction and persulfate advanced oxidation process all require additional chemicals. There-
fore, the green, harmless, and simple-to-operate semiconductor photocatalytic technology
is often used to degrade tetracycline [3–5].

Many semiconductor photocatalysts can perform efficient photocatalysis reaction
under visible light, such as TiO2, ZnO, Bi2WO6, Bi2MoO6, g-C3N4, CdS, etc. [6–9]. However,
most semiconductors have shortcomings such as high price, wide band gap, and low
efficiency [10]. Among existing photocatalysts, CdS is a metal semiconductor with a narrow
band gap (2.4 eV). However, the photogenerated charge carrier recombination rate of CdS
alone is high, there is the photocorrosion, and CdS is prone to agglomeration, resulting in
low efficiency, which greatly restricts its practical application [7]. From the existing reports,
it can be summarized that the regulation of physics factors such as morphology, crystal
structure, crystallinity, and particle size have a significant impact on the performance
of CdS [11]. CdS can be prepared into nanorods [12], nanosheets [13], nanotubes [14],
hollow structures [15], etc. Constructing a heterojunction by combining CdS catalysts
with other materials [8,9,16,17] or loading CdS catalysts on a carrier with a large specific
surface area [18,19] are common methods to solve the problem of CdS photocorrosion.
Among carriers with a large specific surface area, the biomass gasification carbon residue
(C) contains some hydrophilic/lipophilic functional groups and aromatic carbon structures,
as well as a high carbon content and developed porous structure. It has been reported to
be used for the catalyst’s carrier [20]. It is speculated that the biomass gasification carbon
residues can be used as the loading material of CdS-based photocatalysts to increase the
contact chance between photocatalysts and contaminants, and increases the exposure of the
active sites of photocatalysts, realizing the effective separation of photo-induced carriers,
hindering the rapid recombination of photo-induced carriers, and thereby improving the
photocatalytic activity.

Solid solution strategy is also a feasible method to modify CdS catalysts [21]. A solid
solution is performed by selecting another metallic element of atom size and properties
similar to the Cd atom for ion exchange at a specific location in the crystal structure without
changing the overall crystal structure or symmetry. The photocatalytic activity and stability
of solid solution materials can be improved by adjusting the ratio of metal ions to change
the band position and band gap width. Researchers often construct solid solutions with
CdS by introducing transition metals such as Zn, Mn, and Cu [22–28]. Wang et al. [29]
prepared a series of 3D dendritic MnxCd1−xS (LMCS-x) photocatalysts using a simple
hydrothermal method without the addition of template agent and surfactant. With Pt as
the co-catalyst, the photocatalytic cracking performance of aquatic hydrogen was tested.
The hydrogen production efficiency of LMCS-2 is three times that of CdS.

Aimed to make up for the limitations of the single-component CdS and exert the
synergy effect of CdS and MnS in CdxMn1−xS and thereby improve the photocatalytic
performance and stability of the CdS photocatalyst, in the work, CdxMn1−xS solid solutions
were synthesized by incorporating Mn2+ into CdS using a hydrothermal method. The
optimal ratio of Mn2+ to Cd2+ was explored through various characterization tests and
photocatalytic degradation performance evaluation. Subsequently, the composite catalyst
C@CdxMn1−xS was prepared by loading CdxMn1−xS onto the biomass gasification carbon
residue (C) by hydrothermal method, characterized by scanning electron microscope–
Energy-dispersive X-ray spectroscopy (SEM-EDS), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), N2 adsorption–desorption isotherm, X-ray photoelectron
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spectroscopy (XPS), and other characterization methods. Taking TC degradation efficiency
as the main index, the catalytic activity of C@CdxMn1−xS under different pH values,
catalyst dosages, different TC concentrations, and reaction systems was explored; the
reusability, stability, and universality of the composite catalyst were determined; finally, the
mechanism of photocatalysis was inferred. The work will provide a strategy to improve the
photocatalytic performance of CdS for photocatalytic degradation antibiotics, and opens
an interesting insight to deal with solid waste from biomass gasification.

2. Materials and Methods

2.1. Reagents and Instruments

Phosphoric acid (H3PO4), thioacetamide CH3CSNH2 (TAA), ethanol (EtOH), sodium
chloride (NaCl), sodium nitrate (NaNO3), sodium sulfate (Na2SO4), magnesium chloride
(MgCl2), and hydrochloric acid (HCl) were purchased from Guangdong Guanghua Tech-
nology Co., Ltd. (Guangzhou, China). Cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O),
manganese acetate tetrahydrate (Mn(OAc)2·4H2O), humic acid (HA), ciprofloxacin (CIP),
levofloxacin (LVFX), and oxytetracycline (OTC) were purchased from Shanghai Mclean
Biochemical Technology Co., Ltd. (Shanghai, China) p-benzoquin (p-BQ) and tetracycline
hydrochloride (TC) were purchased from Arald Inc. (Shanghai, China) Co., Ltd. Sodium
hydroxide (NaOH), isopropyl alcohol (IPA), disodium EDTA (EDTA-2Na), sodium bi-
carbonate (NaHCO3), disodium hydrogen phosphate dehydrates (Na2HPO4·2H2O), and
sodium carbonate (Na2CO3) were purchased from Sinopharm Group Chemical Reagent
Co., Ltd., (Beijing, China). All reagents are analytical purity level. Biomass gasification
carbon residues were provided by the Demonstration Project of Multi-Product Comprehen-
sive Utilization Technology of Biomass Gasification. The water used in the experiment is
deionized water.

The following instruments were used in this study: MiniFlex600 X-ray diffractome-
ter (XRD), Rigaku, Tokyo, Japan; Niolet iN10 Fourier Transform Infrared Spectroscopy
(FT-IR) microscope, K-Alpha X-ray photoelectron spectrometer (XPS), Thermo Fisher Scien-
tific, Waltham, MA, USA; Zeiss Gemini 300 Field Emission Scanning Electron Microscope
(SEM), Carl Zeiss, Jena, Germany; ASAP2460 Fully Automatic BET Surface Area and
Porosity Analyzer, Micromeritics, Norcross, GA, USA; FLS1000 Steady-state/Transient
Fluorescence Spectrometer (PL), Edinburgh, UK; CHI 650E Electrochemical Workstation,
Shanghai Chenhua Instrument Co., Ltd., Shanghai, China; DHG-9070 Electric Heating
Constant Temperature Blower Drying Oven, Shanghai Jinghong Laboratory Equipment
Co., Ltd., Shanghai, China; UV-2802 Ultraviolet-Visible Spectrophotometer, Shanghai UNIC
Instruments Co., Ltd., Shanghai, China.

2.2. Preparation Method
2.2.1. Preparation of CdS and MnS

CdS (MnS) nanomaterials were synthesized by hydrothermal methods. 2 mmol of
Cd (NO3)2·4H2O (Mn (OAc)2·4H2O) was dissolved in 20 mL of deionized water. After
complete dissolution, 2.5 mmol of TAA was added and dissolved, followed by the addition
of 10 mL of 2M NaOH. After continuous stirring for 30 min, the mixture was put into an
autoclave and reacted at 180 ◦C for 12 h. After cooling, the products were filtered, washed
alternately with deionized water and ethanol several times and dried for 6 h at 70 ◦C under
vacuum; CdS (MnS) was obtained, then ground and stored for later use.

2.2.2. Preparation of CdxMn1−xS

The CdxMn1−xS solid solution was synthesized by hydrothermal methods. An ap-
propriate amount of Mn (OAc)2·4H2O and Cd (NO3)2·4H2O were dissolved in 20 mL of
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deionized water. The molar ratios of Mn2+ to Cd2+ were controlled as 5:0, 4:1, 3:2, 2:3, 1:4,
and 0:5, respectively (Cd2+ + Mn2+ = 2 mmol). After complete dissolution, 2.5 mmol TAA
was added and dissolved, followed by the addition of 10 mL of 2 mol/L NaOH. After
continuous stirring for 30 min, the mixture was put into an autoclave and reacted at 180 ◦C
for 12 h. After cooling, the sample was filtered, washed alternately with deionized water
and ethanol several times, and dried for 6 h at 70 ◦C under vacuum; CdxMn1−xS was
obtained and labeled as CdxMn1−xS (x = 0, 0.2, 0.4, 0.6, 0.8, 1). Then each sample was
ground and stored for later use.

2.2.3. Treatment of Biomass Gasification Carbon Residue

Firstly, the original biomass gasification residues were ground through a 100-mesh
sieve; 10.000 g of the sieved biomass gasification residue was poured into a 200 mL NaOH
(1 mol/L) aqueous solution and stirred for 12 h at 80 ◦C to remove silicates. After filtration
and washing, the washed biomass gasification residue was poured into a 200 mL H3PO4

(1 mol/L) aqueous solution and stirred for 12 h at room temperature to remove inorganic
metal ions. Then, the carbon powder after acid washing was washed alternately with deion-
ized water and absolute ethanol until neutral, suction filtered, dried at 70 ◦C for 12 h; the
sample was then ground to obtain the biochar (C), and preserved for the subsequent use.

2.2.4. Preparation of C@Cd0.6Mn0.4S Composite Catalyst

The C@Cd0.6Mn0.4S composite materials with different mass ratios of C to C@Cd0.6Mn0.4S
(labeled as C@Cd0.6Mn0.4S (1:X), where X = 1, 2, 3, 4) were obtained by introducing biochar
(C) as an auxiliary catalyst by chemical deposition. Quantities of 0.8 mmol Mn (OAc)2·4H2O
and 1.2 mmol Cd (NO3)2·4H2O were put into 20 mL deionized water and completely
dissolved. Then, C (C: Cd0.6Mn0.4S with mass ratio of 1:1, 1:2, 1:3, and 1:4) was added.
After ultrasonic treatment for 30 min, 2.5 mmol TAA was added, dissolved, and then 10 mL
of 2 mol/L NaOH was added. After continuous stirring for 30 min, the mixture was put
into an autoclave and reacted at 180 ◦C for 12 h. After cooling, the products were filtered,
washed alternately with deionized water and ethanol several times, and dried for 6 h at
70 ◦C under vacuum. The preparation process of C@CdxMn1−xS is shown in Scheme 1.

Scheme 1. The preparation process of C@CdxMn1−xS.
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2.3. Structural Characterization and Performance Testing

XRD test: the crystal form of the sample was detected by X-ray diffractometer at
room temperature; Cu target; accelerating voltage: 40 kV; tube current: 40 mA; scanning
range: 10◦ to 80◦; scanning rate: 5 ◦/min. FTIR test: potassium bromide pellet method;
scanning wavenumber range: 4000 to 400 cm−1; scanning times: 32 times, resolution:
4 cm–1. N2 adsorption–desorption test: N2 adsorption–desorption isotherms of the sample
were obtained using an automatic specific surface and porosity analyzer; the degassing
temperature and degassing time were 200 ◦C and 8 h, respectively. SEM test: accelerating
voltage: 3.0 kV; gold-plating treatment. XPS test: Al Kα excitation source; energy: 1486.6 eV;
the spectrometer calibration and charge correction were performed at the binding energy
of C 1s of 284.8 eV. Photoluminescence (PL) test: utilized a steady-state/transient fluores-
cence spectrometer, with xenon lamp as the excitation light source; excitation wavelength:
380 nm; scanning range: 400–800 nm. Ultraviolet-visible diffuse reflectance (UV-Vis DRS,
UV3600, Tokyo, Japan) test: with BaSO4 as the reference material, the measurement range
is 200–800 nm.

2.4. Photodegradation of TC Catalyzed by C@Cd0.6Mn0.4S

A certain amount of C@Cd0.6Mn0.4S was poured into the photocatalytic test tube
containing 40 mL of TC standard solution with a mass concentration of 40 mg/L. The
mixture was stirred for 30 min under dark conditions to achieve adsorption–desorption
equilibrium. Then, a photodegradation experiment was carried out in the photocatalytic
reaction system equipped with a 300 W xenon lamp with a 420 nm cut-off filter. Then, 2 mL
of the reaction solution was taken out and filtered through a 0.22 μm water system filter
membrane at 15-min intervals; the absorbance (A) of filtrate of the reaction solution was
determined at the maximum absorption wavelength (357 nm) of TC using an ultraviolet–
visible spectrophotometer, and the mass concentration (ρ) of TC was calculated by the
calibration curve Equation (1) for the relationship between the absorbance (A) and the
mass concentration (ρ) of the TC standard solution. The degradation efficiency (η) of TC is
calculated according to Equation (2).

A = 0.03159 ρ + 0.0057 (R2 = 0.9988) (1)

η = (1 − ρt/ρ0)× 100% (2)

where η is the degradation efficiency of TC, %; ρt is the mass concentration of TC at the
degradation time t, mg/L; and ρ0 is the initial mass concentration of TC, mg/L.

The effects of different proportions of the composite catalyst, the dosage of the cat-
alyst, different reaction systems, TC concentration, pH value, different anions (HPO4

2−,
HCO3

−, NO3
−, Cl−, CO3

2−, SO4
2−) on photocatalytic degradation efficiency of TC were

investigated, respectively. Experiments on the stability and reusability of the catalyst were
performed as follows: 20 mg of C@Cd0.6Mn0.4S was put into 40 mL of TC aqueous solution
with a mass concentration of 40 mg/L at 30 ◦C to degrade TC. The time gradients were
set as 15, 30, 45, and 60 min. Samples were taken out and filtered after each time gradient,
and the absorbance of the filtrate was determined using a 2802-PC UV-visible spectropho-
tometer, Unico (Shanghai) Instrument Co., Ltd., Shanghai, China. The concentration of
TC in the degraded solution was calculated using the calibration curve equation, and the
degradation efficiency was calculated according to Formula (2). After the degradation
experiment, C@Cd0.6Mn0.4S was collected using a magnet after catalytic reaction, washed
repeatedly with deionized water and ethanol-water, and then filtered. It was placed in an
oven and dried for 12 h at 70 ◦C for reuse. The catalyst was reused 5 times.
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3. Results and Discussion

3.1. Characterization Results
3.1.1. SEM and EDS Analysis

Figure 1 shows the SEM images of biochar (a,b), CdS (c,d), MnS (e,f), C@Cd0.6Mn0.4S
(g,h), and C@Cd0.6Mn0.4S (i,j), as well as the EDS images (k–p) of C@Cd0.6Mn0.4S (mass
ratio of C:Cd0.6Mn0.4S = 1:2). Figure 1a,b indicate that biochar (C) has a fractured or intact
columnar pore structure (the enlarged pores are clearly visible), which can load Cd0.6Mn0.4S.
Figure 1c–f shows that CdS and MnS are aggregated from multiple spherical nanoparticles.
As presented in Figure 1g,h, the as-prepared composite material C@Cd0.6Mn0.4S presents
irregular nanoparticles and uneven distribution under different magnification levels, and
these nanoparticles aggregate with each other, with an average particle size of less than
200 nm. As shown in Figure 1i,j, C@Cd0.6Mn0.4S nanoparticles grow closely on the surface
of C, and the C surface, originally relatively smooth, becomes rough and the aggregation
phenomenon of C@Cd0.6Mn0.4S weakens, which means that C@Cd0.6Mn0.4S can provide
more active sites. As for the ratio of four elements of C, Cd, S, and Mn, Figure 1k shows that
the atom percentage is 86.51%, 3.54%, 5.06%, and 2.66%, and weight percentage is 58.1%,
22.18%, 9.06%, and 8.21%, respectively. The atom ratio of Cd/Mn/S is about 0.70:0.53:1, not
0.6:0.4:1, which resulted for the following reasons: SEM–EDS testing is a powerful material
surface analysis technique that can obtain information and chemical composition on the
surface of a sample. However, the quantification of the chemical composition via SEM–EDS
is a semi-quantitative method and is not accurate enough. In addition, O is originated
from biochar. Figure 1l–p show that the elements of Cd, C, S, Mn, and O are uniformly
distributed on the surface of the composite material, which also more fully demonstrates
the growth and dispersion of Cd0.6Mn0.4S nanoparticles on the surface of C.

3.1.2. XRD Analysis

Figure 2a,b are the XRD patterns and FITR spectra of C, CdS, MnS, Cd0.6Mn0.4S, and
C@Cd0.6Mn0.4S, respectively. In Figure 2a, biochar (C) presents a typical broad peak of
amorphous carbon at 2θ = 26.6◦ ((002) reflection) and 45.3◦ ((100) reflection), indicating the
formation of amorphous carbon [20,30]; MnS shows obvious diffraction peaks at 2θ = 25.8◦,
27.7◦, 29.3◦, 38.2◦, 45.5◦, 53.0◦, 54.1◦, 55.0◦, and 72.3◦, which belong to the (100), (002),
(101), (102), (110), (200), (112), (201), and (203) crystal faces of hexagonal γ-MnS (JCPDS No.
89-4089) [31,32], and 2θ = 29.3◦, 35◦, 62.1◦ and 75◦ belong to the (111), (200), (222), (200),
(400) crystal faces of cubic α-MnS (JCPDS No. 89-4952) [32,33], indicating the obtained MnS
is a hybrid of hexagonal γ-MnS and cubic α-MnS; the as-prepared CdS shows characteristic
diffraction peaks: the peaks at 2θ = 24.9◦, 26.5◦, 44.0◦, 52.1◦, 70.0◦, and 72.6◦ correspond
to the (100), (002), (101), (112), (210), and (114) crystal faces, which are consistent with the
standard peaks of hexagonal CdS (JCPDS 77-2306) [32]; the peaks at 2θ = 26.9, 31.0, 44.3,
and 52.3◦ correspond to the (111), (200), (220), and (311) crystal faces of cubic CdS (JCPDS
89-440) [32], indicating the successful preparation of CdS and that the as-synthesized CdS
is hybrid of hexagonal CdS and cubic CdS. By comparing the JCPDS standard cards of MnS
and CdS, the characteristic peaks of the as-synthesized Cd0.6Mn0.4S solid solution are not a
simple superposition of the peak shapes of CdS and MnS, indicating that the composite
material is not a simple physical mixture of CdS and MnS, but that a special solid solution
structure has been formed. This indicates that the Cd0.6Mn0.4S solid solution has been
successfully formed. The diffraction peaks of C@Cd0.6Mn0.4S match those of Cd0.6Mn0.4S,
and the XRD patterns of the two are almost the same. The as-prepared Cd0.6Mn0.4S and
C@Cd0.6Mn0.4S are both hexagonal and cubic mixed crystal phase structures. In addition,
XRD of C@Cd0.6Mn0.4S, since biochar is amorphous carbon, only has a broad peak response
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to the weak graphitized microcrystalline structure, and cannot be clearly observed in the
composite material.

Figure 1. SEM images of C (a,b), CdS (c,d), MnS (e,f), Cd 0.6Mn 0.4S (g,h), C@Cd0.6Mn0.4S (i,j),
(e) EDS spectrum (k) and EDS elemental distribution map (l–p) of C@Cd0.6Mn0.4S.

Figure 2. XRD patterns (a) and FTIR spectra (b) of C, CdS, MnS, Cd0.6Mn0.4S, and C@ C@Cd0.6Mn0.4S.
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Figure 2b presents that the stretching vibration of –OH is at 3431.6 cm−1 in all samples;
the stretching vibration of C=C/C=O bond is around 1635.2 cm–1 [34]; the vibration
of C–O/C–C and C–H are overlapped at 1076.2 cm−1 [30]; the two peaks at 612.9 and
952.7 cm−1 are assigned the stretching vibration of Mn–S bond; and the stretching vibration
of Cd–S bond is at 999.1 cm−1 [25,26,31,32]. However, the peaks of Mn–S bond and Cd–
S bond in C@Cd0.6Mn0.4S are lower than those in pure MnS, CdS, and the Cd0.6Mn0.4S
composite material. There are typical functional groups corresponding to C, as well as the
characteristic peaks of CdS and MnS in the composite material, indicating that Cd0.6Mn0.4S
is successfully loaded on biochar.

3.1.3. XPS Analysis

The composition and elemental valence state of the C@Cd0.6Mn0.4S solid solution was
investigated by XPS. Figure 3a, the survey XPS spectra of the C@Cd0.6Mn0.4S solid solution,
shows that the C@Cd0.6Mn0.4S is mainly composed of elements: Cd, Mn, S, C, and O;
their atomic percentages are 10.01%, 8.61%,10.45%, 70.03%, and 0.9%, respectively. Among
them, O is originated from biochar (the treated biomass gasification carbon residue). The
results of element composition and content were almost consistent with those of SEM–EDS.
Narrow-spectrum scanning of these elements was conducted to determine their valence
states. As presented in Figure 3b, the S 2p spectrum can be divided into peaks at the binding
energies of 163.25 and 162.03 eV, which matches well with S 2p1/2 and S 2p3/2 of S2− in the
solid solution [26]. As shown in Figure 3c, the two strong peaks at the binding energies
of 655.33 and 642.01 eV correspond to Mn 2p1/2 and Mn 2p3/2, respectively, indicating
that the Mn element exists in the catalyst in the form of Mn2+ [31,32]. As can be seen from
Figure 3d, the two peaks at the binding energies of 405.60 and 412.35 eV correspond to Cd
3d5/2 and Cd 3d3/2, respectively, confirming that Cd exists in the catalyst in the form of
Cd2+ [26]. In Figure 3e, the XPS spectrum of C 1s has a total of three peaks, corresponding
to C=C/C–C (284.80 eV), C–O (286.37 eV), and C=O (288.79 eV) [35]. The peak of the C=C
bond proves that C has a highly aromatic structure. The chemical valence states of Cd,
Mn, and S in the solid solution existing in the form of Cd2+, Mn2+, and S2− illustrated that
Mn2+ has been successfully incorporated into the crystal structure of CdS, verifying the
successful synthesis of the C@Cd0.6Mn0.4S solid solution.

3.1.4. N2 Adsorption–Desorption Isotherm Analysis

Figure 4a shows that the N2 adsorption–desorption isotherms of the three samples
all belong to type IV according to the International Union of Pure and Applied Chemistry
(IUPAC) classification of physisorption isotherms [36]. In the low-pressure region, the
adsorption capacity slowly increases with the increase of pressure. Subsequently, with the
increase of pressure at higher relative pressures, the adsorption amounts of the adsorption
materials C (0.6–1), Cd0.6Mn0.4S (0.9–1.0), and C@Cd0.6Mn0.4S (0.8–1) increase suddenly.
The desorption curves show obvious hysteresis loops, and the shape of the hysteresis loops
belongs to type H3, indicating that the material has a slit pore structure caused by the
aggregation of mesoporous particles and the stacking of flaky particles [36]. The specific
surface area of the sample was calculated by Brunauer–Emmett–Teller (BET) methods,
and the pore volume and pore size of the sample were calculated by the Barrett–Joyner–
Halenda (BJH) methods. Figure 4b shows that the pore diameters of the three materials are
unevenly distributed within the range of 1–49 nm, mainly concentrated in the range
of 1–12 nm, which further proves that the material presents a mesoporous structure.
Biochar exhibits a relatively high specific surface area (645.91 m2/g), and the specific
surface area of C@Cd0.6Mn0.4S (201.63 m2/g) is larger than that of sole Cd0.6Mn0.4S (45.02
m2/g), indicating that Cd0.6Mn0.4S are loaded on the surface of biochar pores. The loaded
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Cd0.6Mn0.4S can significantly improve the dispersibility of Cd0.6Mn0.4S nanoparticles to
expose more reaction sites for the catalyst and enhance the photocatalytic activity of the
material.

Figure 3. XPS spectra of C@Cd0.6Mn0.4S: (a) Survey spectrum; (b) S2p sub-spectrum; (c) Mn 2p
sub-spectrum; (d) Cd 3p sub-spectrum; (e) C 1s sub-spectrum.

Figure 4. N2 adsorption–desorption isotherms (a) and pore size distribution diagrams (b) of C,
C@Cd0.6Mn0.4S and Cd0.6Mn0.4S.

3.1.5. The Optical Absorption Properties and Energy Band Potential Analysis

The UV–Vis light absorption performance of CdS, MnS, Cd0.6Mn0.4S, and C@Cd0.6Mn0.4S
was investigated via UV–Vis diffuse reflectance absorption spectroscopy (UV-Vis DRS).
As shown in Figure 5a, compared with CdS, the visible light absorption of Cd0.6Mn0.4S
has a significant improvement. It can be speculated that the introduction of Mn2+ and
biochar leads to an enhancement for its visible light absorption. The energy bandgap (Eg)
of the materials is estimated by the Kubelta–Munk equation (αhv)2 = A(hv − Eg), where
α, v, h, and A are the absorption coefficient, light frequency, Planck’s constant, and a
constant, respectively [26,37], and is shown in Figure 5b. Eg of CdS, MnS, Cd0.6Mn0.4S, and
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C@Cd0.6Mn0.4S are 2.16, 1.64, 2.12, and 1.73 eV, respectively. Due to the introduction of
Mn2+ and biochar, Eg of C@Cd0.6Mn0.4S decreases and is less than that of Cd0.6Mn0.4S and
CdS. Based on the formula λ = 1240/Eg [37] (Eg is the energy bandgap, eV; λ is the excitation
wavelength, nm), λ increases as Eg decreases, which causes an absorption wavelength
of C@Cd0.6Mn0.4S redshift, and enables C@Cd0.6Mn0.4S to have a higher visible light
absorption ability. Based on the test data of valence band X-ray photoelectron spectroscopy
(VB XPS), the linear part of the obtained graph near 0 eV is extrapolated to intersect with
the horizontal extension line, the intersection point is the valence band potential (EVB), and
EVB of Cd0.6Mn0.4S as determined by an XPS valence band analysis is 1.32 eV (Figure 5c,
measured from the Fermi level). According to the empirical formula ECB = EVB − Eg, the
conduction band potential (ECB) of Cd0.6Mn0.4S is calculated as –0.80 eV.

Figure 5. UV–Vis DRS absorbance spectra (a), (αhv)2 vs. hv plots (b) of CdS, Cd0.6Mn0.4S,
C@Cd0.6Mn0.4S and MnS, and XPS valence band spectrum of Cd0.6Mn0.4S (c).

3.2. Selection of C@Cd0.6Mn0.4S and Its Photocatalytic Degradation Performance
3.2.1. Selection of Cd0.6Mn0.4S

The photocatalytic degradation of tetracycline hydrochloride (TC) was carried out,
catalyzed by the solid solutions CdxMn1−xS (x = 0, 0.2, 0.4, 0.6, 0.8, 1). Firstly, each solid
solution of CdxMn1−xS (x = 0, 0.2, 0.4, 0.6, 0.8, 1) with a mass of 20 mg was put into
40 mL of TC aqueous solution (40 mg/L). After holding for 30 min under non-illumination
conditions to reach the adsorption–desorption equilibrium, the reaction lasted for 60 min
under visible light conditions, and the absorbance was measured every 15 min. The effects
of different solid solutions of CdxMn1−xS (x = 0, 0.2, 0.4, 0.6, 0.8, 1) on the degradation
efficiency of TC were different. The results are shown in Figure 6a. When the amount of
Mn2+ was doped with an appropriate ratio of Mn2+ to Cd2+, the photocatalytic activity
of the synthesized solid solution increased significantly. However, when the amount of
the doped Mn2+ was too high, the photocatalytic activity decreased instead. When x = 1,
CdxMn1−xS is CdS, and the catalytic activity of CdS decreased within the photoreaction
process due to its susceptibility to photocorrosion. Cd0.8Mn0.2S and Cd0.6Mn0.4S were
obtained after doping Mn2+ to CdS; their stability was significantly improved compared
to CdS, and the catalytic effect was also significantly enhanced. However, because the
absorbance of MnS to light is lower than that of CdS, with the increase in the doping amount
of Mn2+, the photosensitivity of CdxMn1−xS significantly decreases, resulting in a reduction
in photocatalytic activity. Therefore, considering the activity comprehensively, stability,
and the degradation efficacy of the CdxMn1−xS photocatalysis, the degradation efficacy
of Cd0.8Mn0.2S and Cd0.6Mn0.4S does not differ much with the extension of degradation
time, and Cd0.8Mn0.2S has less Mn2+ doped, which cannot clearly explore the influence
of Mn2+ doping on CdS. Therefore, Cd0.6Mn0.4S was selected as the optimized material
for photocatalytic degradation of TC. The photodegradation efficiency of TC catalyzed by
Cd0.6Mn0.4S was about 1.3 times that catalyzed by CdS.
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Figure 6. Effects of CdxMn1−xS with different proportions on the degradation efficiency of TC (a); the
influence of catalysts at different mass ratio of biochar to Cd0.6Mn0.4S on the degradation efficiency
of TC (b); and the quasi-first-order kinetics fitting (c) (Reaction conditions: the dosage of each catalyst
was 20 mg, the mass concentration of TC solution was 40 mg/L, the solution volume was 40 mL, and
the temperature was 30 ◦C).

3.2.2. Selection of the Mass Ratio of Biochar to Cd0.6Mn0.4S in C@Cd0.6Mn0.4S

After combining biochar with Cd0.6Mn0.4S at different mass ratios (during the prepa-
ration, the mass ratio of biochar to Cd0.6Mn0.4S = 1:X, X = 1, 2, 3, 4), Cd0.6Mn0.4S was
loaded on biochar. The photodegradation efficiency of TC by catalysts at different mass
ratios of biochar to Cd0.6Mn0.4S was compared, and the results are shown in Figure 6b.
Figure 6b shows that the photodegradation efficiency of TC was only 2.83% without any
photocatalyst, and were 55.82% and 14.94% with CdS and MnS alone, respectively, after
60 min of illumination, indicating that a single catalyst of CdS or MnS could realize the
photodegradation of TC; yet the degradation efficiency of TC was very low. When MnS
was doped into CdS, the photodegradation efficiency of TC reached 72.66% catalyzed by
Cd0.6Mn0.4S, which was greater than that of TC catalyzed by either CdS or MnS, yet was
still not satisfactory. However, after Cd0.6Mn0.4S was loaded on biochar, since biochar
could adsorb TC effectively on its surface and then facilitate the reaction catalyzed by
Cd0.6Mn0.4S, the photodegradation efficiency of TC catalyzed by C@Cd0.6Mn0.4S (1:1)
reached 90.01%. When the mass ratio of biochar to Cd0.6Mn0.4S was 1:2 (C@Cd0.6Mn0.4S
(1:2)), the degradation efficiency of TC was slightly better within 30 min, and then gradually
approached that catalyzed by C@Cd0.6Mn0.4S (1:1), and was even higher, reaching 90.05%,
which is 1.24 times that catalyzed by Cd0.6Mn0.4S and 1.61 times that catalyzed by CdS. The
degradation efficiency data of TC catalyzed by the catalysis material was fitted using the
first-order reaction kinetics model to obtain the reaction rate constant (K), and the results
are shown in Figure 6c. Figure 6c shows that the TC degradation rate constant K value
catalyzed by Cd0.6Mn0.4S is 0.01575 min−1, which is greater than that catalyzed by CdS
or MnS, but it is less than the K value catalyzed by C@Cd0.6Mn0.4S. The order of each K
value in terms of magnitude is as follows: K C@Cd0.6Mn0.4S (1:1) > K C@Cd0.6Mn0.4S (1:2)
> K C@Cd0.6Mn0.4S (1:3) > K C@Cd0.6Mn0.4S (1:4) > K Cd0.6Mn0.4S > K CdS > K MnS > K C
> K blank. Loading Cd0.6Mn0.4S on biochar, TC can be photocatalyzed to degrade more
effectively, and as more biochar added, the K value increases. However, it was found in
the experiment that the more biochar is present in the composite catalyst, the stronger the
adsorption effect, and the recycling effect of the catalyst is relatively poor. Considering
all factors, the C@Cd0.6Mn0.4S (1:2) catalyst was selected for the subsequent experiments
(the photodegradation rate constant K value of TC catalyzed by C@Cd0.6Mn0.4S (1:2) was
0.02624 min−1). To illustrate the role of light, a control experiment with C@Cd0.6Mn0.4S (1:2)
in the absence of light was conducted, and the result (Figure 6b) illustrates the condition
of the absence of light: TC removal depends on adsorption and TC is hardly degraded.
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It may be that TC degradation requires light to provide the activation energy needed for
the reaction.

3.3. Effects of Reaction Conditions on TC Photodegradation Efficiency Catalyzed
by C@Cd0.6Mn0.4S

When exploring the influence of reaction conditions on TC degradation efficiency
catalyzed by C@Cd0.6Mn0.4S, C@Cd0.6Mn0.4S was prepared at the theoretical mass ratio
of biochar to Cd0.6Mn0.4S, i.e., 1:2. The preparation process was described in detail in
Section 2.2.4.

The influence of catalyst dosage on TC photodegradation is shown in Figure 7a. Fig-
ure 7a illustrates that when the catalyst dosage is 5, 10, 20, 30, 40, and 50 mg, and the
photodegradation of 40 mL TC aqueous solution with a mass concentration of 40 mg/L
lasted for 60 min under the conditions of a temperature of 30 ◦C and visible light illumina-
tion, the photodegradation efficiency of TC increased with the catalyst dosage increase. The
corresponding degradation efficiencies are 53.95%, 76.94%, 90.17%, 96.36%, 97.79%, and
98.01%, respectively. The degradation efficiency reached the maximum when the catalyst
dosage was 50 mg. However, after the catalyst dosage increased from 40 mg to 50 mg, the
degradation efficiency did not increase significantly. Therefore, choosing a catalyst dosage
of 40 mg is appropriate.

Figure 7. Effects of the dosage of C@Cd0.6Mn0.4S (a), the initial mass concentration of TC (b), the
initial solution pH (c), the pHzpc of C@Cd0.6Mn0.4S (d), and inorganic anions and humic acids (e) on
photocatalytic degradation of TC catalyzed by C@Cd0.6Mn0.4S (reaction conditions: C@Cd0.6Mn0.4S
dosage of 20 mg, temperature of 30 ◦C, TC aqueous solution mass concentration of 40 mg/L and
volume of 40 mL).

The influence of TC concentrations on the photocatalytic degradation efficiency of TC
is presented in Figure 7b. With a dosage of C@Cd0.6Mn0.4S of 20 mg, a solution volume
of 40 mL, a temperature of 30 ◦C, and a photocatalytic degradation time of 60 min, when
the TC aqueous solution concentrations were 20, 30, 40, 50, and 60 mg/L, the degradation
efficiency of TC gradually decreased with TC concentration increase, at 96.45%, 90.60%,
90.48%, 86.61%, and 83.14%, respectively. The results are due to the dosage of the catalyst
remaining unchanged, and the amount of active substances produced by illumination
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remaining unchanged. When the volume of the TC solution to be degraded remained
unchanged and the concentration increased, the number of TC molecules to be degraded
increased, making the same amount of active substances insufficient to degrade all TC
molecules, resulting in a decrease in the degradation efficiency. In addition, a higher
mass concentration of TC may prevent the catalyst from absorbing light through shielding,
further reducing the degradation efficiency. When the TC concentration was 30 and
40 mg/L, the degradation efficiencies did not differ much. Therefore, a TC concentration of
40 mg/L was chosen for the subsequent experiments.

The pH value of solutions dominates the existing forms of TC molecules and the
surface charge of the catalysts, thus affecting TC degradation efficiency. Under different
pH conditions, TC molecules exist in different forms (pK1 = 3.30, pK2 = 7.68, pK3 = 9.68).
Depending on the pH value of the solution, TC molecules can be dissociated into cations,
zwitter-ions, and anions. When pH < 3.30, the main form of TC is TCH3

+ (cation).
When 3.30 < pH < 7.68, the main form of TC is TCH2

0 (ampholyte, neutral). When
7.68 < pH < 9.68, the main form of TC is TCH- (anion). When pH > 9.68, the main form of
TC is TC2− (anion). In general, TC mainly exists in the forms of cation, ampholyte, and
anion at pH = 3.3, pH = 3.3–7.8, and pH = 7.8–9.68 [38,39]. The influence of the degradation
efficiency of TC catalyzed by C@Cd0.6Mn0.4S at different pH values of 3.0, 4.4 (original
aqueous solution pH value), 5.1, 7.0, 9.1, and 11.1 was explored. When the initial pH of
the TC aqueous solution with a volume of 40 mL and an initial concentration of 40 mg/L
was adjusted to 3.0, 4.4 (original solution pH value), 5.1, 7.0, 9.1, and 11.1, respectively,
by using 1 mol/L NaOH or 1 mol/L HCl solution, and C@Cd0.6Mn0.4S of 20 mg was
added to catalyze photodegradation reaction of TC at 30 ◦C for 60 min, the degradation
efficiencies of TC were 89.60%, 89.99%, 90.02%, 90.07%, 89.56%, and 74.89%, respectively
(Figure 7c). When pH is between 3 and 9, the degradation efficiencies of TC do not differ
much. The zero potential of C@Cd0.6Mn0.4S measured by the charge titration method
is approximately 7.8 (Figure 7d). When the solution pH is less than 7.8, the surface of
C@Cd0.6Mn0.4S is positively charged and substances with negative charges are more easily
adsorbed on the surface of the catalyst; while when the solution pH is greater than 7.8, the
surface of C@Cd0.6Mn0.4S is negatively charged, making it easier to adsorb substances with
positive charges. When the solution pH is 3 to 9, TC mainly exists in the form of ampholyte,
reducing the electrostatic repulsion between TC and C@Cd0.6Mn0.4S. However, when pH
is 11.1, the degradation efficiency is the lowest, probably because TC mainly exists in the
form of anion (TC2−) at a pH of 11.1, generating an electrostatic repulsion with the catalyst,
thereby hindering TC from being adsorbed on the surface of the photocatalyst and ulti-
mately leading to a decrease in the degradation efficiency. Based on the abovementioned
dynamics, it can be concluded that when pH is between 3 and 9, the influence of pH on the
photodegradation of TC by C@Cd0.6Mn0.4S is not significant, and there is no need to adjust
the pH of TC aqueous solution.

C@Cd0.6Mn0.4 may have complex interactions with inorganic ions and organics in
water environments, and whether ions and organics commonly found in natural water
would influence the photocatalytic degradation of TC by C@Cd0.6Mn0.4 should be inves-
tigated. Common inorganic ions and organics, namely HPO4

2−, HCO3
−, NO3

−, Cl−,
CO3

2−, SO4
2−, and humic acid (HA), were chosen to study their effects on TC photo-

catalytic degradation by C@Cd0.6Mn0.4. The results are shown in Figure 7e. When 10
mmol/L of HPO4

2−, CO3
2−, HCO3

−, SO4
2−, NO3

−, Cl−, and 10 mg/L of HA, respectively,
was added to the TC solution, the corresponding degradation efficiencies were 63.61%,
69.30%, 76.12%, 77.41%, 80.25%, 86.88%, and 83.33%, respectively. The presence of NO3

−,
Cl−, and HA has little influence on the photocatalytic degradation efficiency of TC by
C@Cd0.6Mn0.4, which may be because NO3

− and Cl− do not shield the photocatalytic
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active sites. HA is a macromolecular polymer with aromatic nuclei as the main body and
various functional groups attached; the main functional groups are phenolic hydroxyl
groups, hydroxyl groups, methoxy groups, and cyclic compounds containing nitrogen. HA
is an amphoteric colloid, both negatively and positively charged on its surface, usually
mainly negatively charged, and the source of electricity is mainly the oxygen-containing
group on the molecular surface, such as the dissociation of carboxyl, hydroxyl, methyl, acyl,
and other groups and the protonation of the amine group. These HA’ characters may cause
it to interact with TC and make HA have little influence on the photocatalytic degradation
efficiency of TC. HCO3

− and SO4
2− have slight influence on the degradation TC, which is

likely due to the capture of active substances by HCO3
− and SO4

2− during photocatalytic
degradation [28]. The influence of CO3

2− and HPO4
2− on the degradation efficiency of TC

is relatively high; possibly CO3
2− and HPO4

2− show alkalinity in the solution, causing
the photocatalytic degradation efficiency of TC to be reduced, as shown in the results of
Figure 7e.

3.4. Universality and Reusability of Photocatalytic Properties of C@Cd0.6Mn0.4S

The photocatalytic degradation performance of C@Cd0.6Mn0.4S on the other antibiotics
under the same conditions is shown in Figure 8a. As illustrated in Figure 8a, C@Cd0.6Mn0.4S
has a good photocatalytic degradation efficacy not only on TC, but also on the other an-
tibiotics such as oxytetracycline (OTC), levofloxacin (LEV), and ciprofloxacin (CIP). Their
photocatalytic degradation efficiencies within 60 min are 90.21%, 95.09%, 96.19%, and
95.36%, respectively. To verify the reusability of C@Cd0.6Mn0.4S for photocatalytic degrada-
tion of TC, five cycling experiments were carried out on the photocatalytic degradation.
The experimental conditions were 30 min of dark adsorption and 60 min of photocatalytic
degradation. The results are shown in Figure 8b. After five cycling experiments, the photo-
catalytic degradation efficiency of TC by C@Cd0.6Mn0.4S gradually decreased from 90.05%
to 79.23%. Comparing TC degradation efficiency by C@Cd0.6Mn0.4S with those by the
reported photocatalysts, and the comparison results of TC photocatalytic degradation effi-
ciency and the reaction conditions by C@Cd0.6Mn0.4S with those in the reported literatures
by various photocatalysts, are shown in Table 1, and it is concluded that the photocatalytic
degradation performance of C@Cd0.6Mn0.4S is comparable to those of the reported catalysts
in the previous study in terms of the degradation efficiency of TC. In addition, the main
reason for the decrease in photocatalytic efficiency observed in the reusability test is that
the catalyst C@Cd0.6Mn0.4S experiences a slight mass loss in the process of recycling, and
TC or its degradation intermediates would occupy little of the active sites of the catalyst.
The XRD pattern of C@Cd0.6Mn0.4S before and after photocatalytic degradation of TC is
shown in Figure 8c. Compared with the catalyst before the reaction, the main peaks of
the catalyst after five reactions exhibit almost no change, except that XRD peaks of the
used C@Cd0.6Mn0.4S sample narrowed, indicating that the crystal phase of C@Cd0.6Mn0.4S
remained intact after the reaction, confirming that C@Cd0.6Mn0.4S has good stability. XRD
peaks of the used C@Cd0.6Mn0.4S sample narrowed, which is supposedly evidence of
recrystallization, which took place after the sample dried for 12 h at 70 ◦C.

Table 1. Comparison of TC photocatalytic degradation efficiency by C@Cd0.6Mn0.4S with those by
the reported photocatalysts.

Catalyst TC Reaction Conditions
Degradation

Efficiency

Degradation
Efficiency After

Cycles
Ref.

Bi12O17Cl2 0.02 g/L,40 mL catalyst = 0.025 g/L 60 min, 92.2% 60 min, 80.5% [40]

Zn-HT-CN 0.02 g/L,10 mL catalyst = 0.3g/L 40 min, 94.41% 40 min, 78.78% [41]
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Table 1. Cont.

Catalyst TC Reaction Conditions
Degradation

Efficiency

Degradation
Efficiency After

Cycles
Ref.

In2O3Nanoparticl/Bi4O5Br2 0.035 g/L,100 mL catalyst = 0.02 g/L 100 min, 92.4% 100 min, 82.4% [42]

Zn0.2Ti0.8-NML 0.02g/L,100 mL catalyst = 0.02 g/L 40 min, 95.6% 40 min, 85% [43]

MCN@CdS 0.02 g/L,100 mL catalyst = 0.02 g/L
in presence of O2

80 min, 99.5% 80 min, 90% [44]

Ce−Bi2WO6 0.001 g/L,50 mL catalyst = 0.6 g/L,
pH = 6.7 40 min, 90.4% 40 min, 89% [45]

C@Cd0.6Mn0.4S 0.04 g/L40 mL catalyst = 0.02 g/L,
pH = 5.1 60 min, 90.05% 60 min, 79.23% This

work

Figure 8. The photodegradation efficiencies of antibiotics catalyzed by C@Cd0.6Mn0.4S (a); cyclic
stability during degrading TC (b), and XRD pattern before and after five cycle reactions for degrading
TC (c). (Reaction conditions: C@Cd 0.6Mn0.4S dosage of 20 mg, temperature of 30 ◦C, TC solution and
OTC solution mass concentration of 40 mg/L, LEV solution and CIP solution of mass concentration
of 20 mg/L, and the volume of each solution of 40 mL).

3.5. Photocatalytic Degradation Mechanism

In the C@Cd0.6Mn0.4S photocatalytic degradation of the TC system, 2 mmol/L dis-
odium ethylenediaminetetraacetate (EDTA-2Na), p-quinone (p-BQ), and isopropyl alcohol
(IPA) were added as the scavengers for photogenerated holes (h+), superoxide radicals
(•O2

−), and hydroxyl radicals (•OH), respectively. The influence of the scavengers on TC
degradation efficiencies was analyzed. The results are shown in Figure 9a. EDTA-2Na
(h+ scavenger) and p-BQ (•O2

− scavenger) have inhibitory effects on the degradation of
TC, indicating that in the reaction system, both •O2

− and h+ are active substances of the
reaction and directly participate in the degradation of TC molecules. However, the addition
of IPA (•OH scavenger) has little influence on TC degradation efficiency, indicating that in
this reaction system, •OH contributes little to the degradation of TC.

The photoluminescence (fluorescence) intensity can reflect the recombination degree
of charge carriers produced by the material exposed to light. The higher the intensity
of photoluminescence, the higher the recombination rate of electrons and holes, and
the lower the photocatalytic performance. Figure 9b illustrated that the luminescence
spectrum shape of C@Cd0.6Mn0.4S is almost the same as that of the Cd0.6Mn0.4S, and the
luminescence intensity of C@Cd0.6Mn0.4S and Cd0.6Mn0.4S is lower than that of the CdS
monomer. The order of luminescence intensity from strong to weak is: CdS > Cd0.6Mn0.4S
> C@Cd0.6Mn0.4S, and there is no fluorescence on the biochar. The results indicate that
Mn2+ doped and biochar support strategies can effectively inhibit the recombination rate
of photoexcited electrons and holes, which is consistent with the changing trend of the
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photocatalytic activity of the obtained composite materials. These results may be due
to the loose and porous structure of biochar from biomass gasification carbon residue,
which makes it easier for Cd2+ and Mn2+ to disperse and anchor on the surface of biochar.
Furthermore, biochar has excellent electrical conductivity; the two factors significantly
increase the binding rate of Cd2+ and Mn2+, the dispersity of Cd0.6Mn0.4S, and the charge
transfer of the material, thereby enhancing the photocatalytic performance of Cd0.6Mn0.4S.
Based on the above analysis, the possible mechanism of photocatalytic degradation of TC
by C@Cd0.6Mn0.4S is speculated as shown in Scheme 2.

Figure 9. Effects of different quenchers on degradation efficiencies of TC (a) (Reaction conditions:
C@Cd0.6Mn0.4S dosage of 20 mg, TC solution mass concentration of 40 mg/L, solution volume of
40 mL and temperature of 30 ◦C), and fluorescence intensity of the prepared material (b).

Scheme 2. Schematic diagram of the photocatalytic degradation mechanism of TC by C@Cd0.6Mn0.4S
under visible light irradiation.

Under the irradiation of visible light whose energy is greater than or equal to the
bandgap energy, C@Cd0.6Mn0.4S can generate photo-generated electrons (e–) and holes
(h+), and electrons (e−) in the valence band (VB) will be excited and transited to the
conduction band (CB). At the same time, holes (h+) are left on the VB as active species.
Since Cd0.6Mn0.4S is loaded on biochar, more active sites are provided, which increases
the contact chance between Cd0.6Mn0.4S and TC, and increases the exposure of the active
sites of Cd0.6Mn0.4S, realizing the effective separation of electrons and holes, hindering the
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rapid recombination of photogenerated electrons and holes, and thereby improving the
photocatalytic activity. Since the CB potential of Cd0.6Mn0.4S is more negative than that
of E (O2/•O2

− = −0.33 eV) [37,46,47], the electrons (e–) on CB of Cd0.6Mn0.4S will quickly
migrate to the surface of biochar and react with O2 adsorbed on the active site to form •O2

−,
and then react with TC molecules to decompose into small molecules. With the continuous
transfer of electrons, holes (h+) are left on VB of Cd0.6Mn0.4S. These remaining h+, due
to their strong oxidation ability, will directly participate in the oxidation decomposing
process of TC and play a major role in photocatalytic degradation. Eventually, TC is
oxidized, degraded into small molecules, substances, and even into CO2 and H2O, etc. The
mechanism is shown in Formulas (3)–(5).

C@Cd0.6Mn0.4S + hv → C@Cd0.6Mn0.4S(e−(CB) + h+(VB)) (3)

e− + O2 → •O2
− (4)

TC + (•O2
− + h+) → small organic molecules → CO2 + H2O. (5)

4. Conclusions

1. The C@CdxMn1−xS composite catalyst was prepared by hydrothermal method us-
ing biomass gasification residues, Cd (OAc)2·2H2O, Mn (OAc)2·4H2O, and TAA as
raw materials.

2. The CdxMn1−xS prepared with a mole ratio of Cd to Mn at 6:4 has the good degra-
dation efficacy for TC in response to light reaction. After 60 min of visible light
irradiation, the degradation efficiency of TC reaches 72.66%, but it is still not ideal.
The C@Cd0.6Mn0.4S prepared after Cd0.6Mn0.4S loaded on biochar has the highest
degradation efficiency of 90.05% after light irradiation of 60 min when the mass ra-
tio m(biochar):m(Cd0.6Mn0.4S) is 1:2. After being recycled 5 times, the degradation
efficiency of TC reaches 79.23%, which is still higher than the catalytic effect of the
catalyst Cd0.6Mn0.4S. The composite catalyst has good cycling stability.

3. C@Cd0.6Mn0.4S is applicable to a wide pH environment (3–9), and NO3
−, Cl−, and

HA had little effect; HCO3
− and SO4

2− had a slight effect; and CO3
2− and HPO4

2−

had a relative high effect on the degradation of TC.
4. Both •O2

− and h+ directly participate in the photodegradation of TC molecules, and
•OH contributes little to the photo degradation of TC catalyzed by C@Cd0.6Mn0.4S.

5. C@Cd0.6Mn0.4S has universality for different antibiotics. The degradation efficiencies
of 20 mg/L levofloxacin, ciprofloxacin, and 40 mg/L oxytetracycline catalyzed by
C@Cd0.6Mn0.4S ranged from 89.88% to 98.69%.

6. Biomass gasification residues, as the carrier of the catalyst, can significantly enhance
the dispersibility of Cd0.6Mn0.4S nanoparticles, expose more reaction sites of the
catalyst, and improve the photocatalytic activity.
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Abstract: TNR@Ni-foam structures were prepared by an alkaline hydrothermal method
in an autoclave in a strongly alkaline medium (10 M NaOH) at 150 ◦C with further acid
washing (0.1 M HNO3) and a second hydrothermal treatment in an autoclave at 180 ◦C.
Two TiO2 samples were used for preparation: anatase and P25 of mixed anatase and rutile
phases. After the first step of hydrothermal treatment, a layered titanate structure was
obtained (Na2Ti3O7). Acid washing caused the substitution of Na+ by H+ and launched
the formation of TNR. After the second hydrothermal treatment at 180 ◦C, for the optimal
quantity of acid used for washing (10 mL per 0.75 g of TiO2), titania was crystallized to an
anatase phase with small quantities of brookite and rutile. The structures obtained from
P25 exhibited more brookite and rutile than those based on the anatase precursor. The
morphology of TNR@Ni-foam structures was observed by SEM. The obtained composites
were tested for acetaldehyde photodegradation (240 ppm in air) during the continuous
flow of gas (5 mL/min) through the reactor coupled with FTIR. The most active samples
were those obtained from P25, which had a crystalline structure of TiO2 and contained the
lowest quantity of residue Na species.

Keywords: photocatalysis; TiO2 nanostructures; acetaldehyde removal; alkalic-hydrothermal
synthesis

1. Introduction

In our previous reports, it was demonstrated that titanium dioxide (TiO2) loaded on
nickel foam was an excellent material for photocatalytic air purification, especially for
the acetaldehyde [1] and ethylene [2] decompositions. In the presence of nickel foam, an
enhancement of TiO2 photoactivity toward acetaldehyde and ethylene decompositions
was observed under both ambient conditions and elevated temperatures [3]. The highest
decomposition rate was achieved at 100 ◦C; under these conditions, the reaction yield on
TiO2-supported nickel foam was doubled in comparison with TiO2 only. The performed
photocatalytic tests of acetaldehyde and ethylene decompositions in the presence of some
reactive scavengers indicated that superoxide anion radicals were the dominant species
contributing to their decompositions. It was stated that these species were greatly generated
at the interface of TiO2 and nickel foam. Therefore, in the presence of nickel foam, the
mineralization of both the acetaldehyde and ethylene was greatly enhanced. In such
constructed composite, nickel foam acts as an electron supplier, but also improves the
transfer of photogenerated charge carriers. What makes these types of composites unique
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is that they can be used in thermo-photocatalytic processes, where light and elevated
temperature create a synergistic effect of thermocatalysis [4,5]. Moreover, the nickel foam
structure is highly porous, which increases the available surface area for TiO2 loading.
The presence of free spaces in the foam structure allows the fluids to flow through the
pores. This additional advantage allows the use of metal foam-based composites such as
the photocatalytic filter, which purifies the fluid streams from the pollutants [6].

In the presented studies, TiO2 nanorods@Ni-foam were synthesized and tested for
acetaldehyde decomposition. TiO2 nanorods (TNRs) have some advantages over TiO2

nanoparticles, such as a higher available surface for molecule adsorption, increased har-
vesting of light, and better separation of free charges due to the optimal aspect ratio of
reduction to oxidation sites [7]. TiO2 of various exposed facets has different properties.
Performed calculations of 5f-Ti atoms available for e– trapping indicated that, for anatase
crystal (101) exposed facets, they were the highest (5.15191 × 1018/m2) and were medium
for the (100) facet (nanorods) with 3.70300 × 1018/m2, and zero for the (001) facet. On the
contrary, 2f-O atoms available for hole trapping were the highest for the (001) exposed
facet of anatase (6.96378 × 1018/m2), medium for nanorods (5.55450 × 1018/m2), and
lowest for the (101) facet (5.15191 × 1018/m2) [8]. Our previous studies [1] revealed that
electron trapping and formation of O2

–• radicals on TiO2 was a key factor for acetaldehyde
decomposition and mineralization. Additionally, hole-trapping sites in TiO2 partly con-
tributed to the acetaldehyde decomposition. Therefore, the TiO2 nanorod structure should
be a good candidate for acetaldehyde decomposition. Other researchers noticed improved
mineralization of acetaldehyde on TiO2 nanotubes versus TiO2 nanoparticles [9]. Therefore,
it was considered that elongation of TiO2 toward the (100) facet should be beneficial for gas
phase photocatalysis.

There are numerous reports on the preparation of TiO2 nanorods (TNRs) via the
hydrothermal method [10–12]. Most of them utilize substrates, such as expensive titanium
isopropoxide (TTIP) [13] or volatile titanium tetrachloride (TiCl4) [14], and they also require
the use of concentrated acids [15]. Although the TNRs obtained that way are well structured
in the context of their morphology and photocatalytic performance, this method is not
suitable for the preparation of metal-based composites, since metal supports can not only
be damaged but also completely dissolved. In order to successfully fabricate the nickel
foam/TNRs composite, it is therefore necessary to use a synthesis without strong acids.
Existing at the time of preparation, the methods of nickel foam/TNRs [16] are based
on organic substrates. Organic-based syntheses are known to reduce the photocatalytic
performance of obtained composites used for certain processes [17,18]. This is due to
residual, unreacted substrates that form surface carbon deposits.

According to reported studies by other researchers [19], the alkaline synthesis of TiO2

leads to the formation of an intermediate phase of the general formula Na2-xHxTi2O5·1.8 H2O,
which, upon the hydrothermal treatment and relevant pH, is transformed to TNRs. In this
paper, we utilized a non-organic, two-step hydrothermal synthesis with the use of a strong
base solution (10 M NaOH). This method was proved to be suitable for obtaining highly
crystalline TNRs [20,21]. We utilized this method to prepare a thin titania layer on nickel
foam, which resulted in the formation of highly porous, 3D Ni foam/TNR composites.
These composites were then tested in the gas-phase continuous flow photocatalytic reactor
coupled with FTIR in situ in the process of acetaldehyde photodegradation at 100 ◦C. This
temperature was applied based on our previous experiments, in which we indicated that it
was optimal.

In situ FTIR spectroscopy was used in our study as it is a significant technique in the
field of gas-phase photocatalysis. Enabling real-time monitoring of transient intermediates
provides essential mechanistic insights into the reactions occurring on photocatalytic
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materials [22,23]. As demonstrated in the work of Zhang et al. [24], using this technique
allowed the monitoring of the mechanism of CO2 photoreduction on treated TiO2. In
the work reported by Subbotina and Barsukov [25], this technique allowed some surface
peroxides on the TiO2 surface to be identified, which appeared to be the key intermediates
during the photocatalytic oxidation of gaseous ethanol.

2. Materials and Methods

Two-step hydrothermal synthesis was utilized in the preparation of nickel foam/TiO2

nanorods (TNRs). According to the morphological phase diagram of TiO2-P25 transfor-
mation described by other researchers [21], the selected reaction conditions allow TiO2

nanotubes/nanorods to be obtained. In order to determine when this approach is appro-
priate in the case of other types of TiO2, in addition to P25, we used the other one, which
exhibited only the anatase phase (KRONOClean®7050). The properties of both TiO2-based
materials are listed in Table 1.

Table 1. Selected properties of TiO2-based materials used for synthesis [26,27].

Parameter

Sample
KRONOClean®7050 P25

Bulk density (g/dm3) 300 140

BET specific surface area (m2/g) 225 35–65

Phase composition (anatase/rutile) 100/0 85/15

Average crystallite size (nm) 15 20

In the first step, 60 mL of 10 M NaOH (POCH Avantor; Gliwice, Poland) was mixed
with 1.5 g of either P25 (Evonik; Essen, Germany) or KRONOClean®7050 (Kronos In-
ternational; Leverkusen, Germany) in an ultrasonic bath for 15 min. The mixture was
then transferred to a Teflon insert (100 mL) of a stainless-steel autoclave. Nickel foam
(Nanografi Nano Technology; Ankara, Turkey) 2 × 2 × 0.1 cm was cleaned by rinsing
with acetone (Chempur; Piekary Śląskie, Poland) and deionized water, then placed at an
angle of 45 degrees to the autoclave wall, together with NaOH/TiO2 suspension. The
way it was performed is shown in Figure 1. The autoclave was heat-treated in an oven
for 24 h at 150 ◦C. After cooling down to room temperature naturally, the whole mixture
was vacuum filtered under 760 mbar and then rinsed with deionized water until a pH of
7 was reached. The pH was controlled via pH test strips (pH-Fix 7.0–14.0; MAcherey-Nagel;
Dueren, Germany). Nickel foam was simply rinsed with deionized water in order to get
rid of loosely adhered alkaline TiO2 particles. After drying in an oven at 70 ◦C for 24 h,
0.75 g of obtained powder and nickel foam was mixed with a given amount of 0.1 M HNO3

(Chempur; Piekary Śląskie, Poland) for 6 h in order to remove Na+ cations. The following
amounts of HNO3 were applied: 0, 5, 10, and 15 mL. The mixture was then filtered under
a vacuum and rinsed until a pH of 7 was reached. Both the obtained mixture and nickel
foam were then put into the autoclave for the second hydrothermal treatment at 180 ◦C
for 24 h. The mixture and nickel foam were then rinsed with deionized water and dried
in an oven at 70 ◦C for 24 h. Both the powder and the nickel foam/TNRs obtained were
further analyzed.
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Figure 1. Preparation scheme of TNR-nickel foam composites.

X-ray diffraction (XRD) measurements of obtained TNRs were performed using
a diffractometer (PANanalytical, Almelo, The Netherlands) with a Cu X-ray source,
λ = 0.154439 nm. The data were collected in the 2θ range of 10–80◦; step size of 0.013.
The voltage and current parameters used were 35 kV and 30 mA, respectively. Phases were
determined on the basis of the standard diffraction data of JCPDS: 01-071-1168 (anatase),
04-007-6488 (brookite), 01-088-1172 (rutile), and 00-059-0666 (Na2Ti3O7) [28]. The phase
composition was determined after previous background determination, K-alpha subtrac-
tion, and peak determination. Rietveld analysis was then performed. These operations
were carried out using HighScore Plus software (version 3.0.5).

SEM (Scanning Electron Microscope) images were taken using model SU8020 (Hi-
tachi, Tokio, Japan). Images were taken to study the morphology and topography of the
TNRs/nickel foam composites. The samples were first attached to a circular platform
using carbon adhesive tape. The images were taken at 15 kV and the vacuum level of
each chamber was 2 × 10−7 Pa. The secondary electron detector SE—Top/Upper/Lower
detectors and the SE/BSE or SE(TUL) signal mixing function were used.

X-ray fluorescent (XRF) measurements were performed via Epsilon3 spectrometer
(PANanalytical, Almelo, The Netherlands) to determine the leftover percentage of sodium
content in the powdered samples of TNRs.

Fourier Transform Infrared Spectroscopy in Attenuated Total Reflectance (FTIR-ATR)
mode was used to analyze the prepared powder materials. The averages of 32 mea-
surements of FTIR spectra were taken in a wavenumber range of 4000–400 cm−1. The
atmospheric air just before the measurement was used as the base spectrum.

The photocatalytic test system for acetaldehyde decomposition is shown in Figure 2.
The tests were carried out in an in situ FTIR Nicolet iS50 (Thermo, Waltham, MA, USA) with
a photocatalytic reactor (Harrick, Pleasantville, NY, USA) where 5 mL/min of ~240 ppm
acetaldehyde in air was continuously fed. The gas mixture flowed through the set of
3 layers of circular TNR-Ni foams irradiated from above by the 365 nm UV LED light
source with an optical power of 415 mW and optic fiber diameter of 5 mm (LABIS, Warsaw,
Poland). The intensity of incident UV radiation was measured using a photo-radiometer,
HD2102.1 (TEST-THERM, Kraków, Poland). The obtained UV intensity value measured on
the surface of the reactor cover window equaled 20 W/m2. The reactor temperature was set
to 100 ◦C. The concentration of the outlet gas stream was measured by a gas chromatograph
(SRI, Torrance, CA, USA) equipped with a flame ionization detector. Analyses were carried
out under the following conditions: isothermal oven temperature of 130 ◦C; detector
temperature of 250 ◦C; automatic sampling loop volume of 2 mL; and a metal capillary
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column (MXT-1301) of 15 m, with an ID of 0.53 mm and 3.00 μm. Both spectra and
chromatograms were collected every 5 min for approximately 2 h.

Figure 2. Schematic diagram of photocatalytic reaction system: 1—model gas bottle of 240 acetalde-
hyde in air, 2—mass flow meter, 3—in situ FTIR Praying Mantis™, 4—high-temperature reaction
chamber, 5—optical fiber UV-LED light source, 6—gas chromatograph with FID, 7—hydrogen gener-
ator, 8—PC.

3. Results and Discussion

XRD (X-ray Diffraction) measurements were carried out to determine the phase com-
position of samples. It should be noted that these measurements were carried out using
powdered titania samples. Therefore, the identified phase composition does not reflect
exactly the composition of the thin titania layers coating nickel foams. Nevertheless, it
provides knowledge about the approximated structure of the titania samples grown on a
nickel foam surface. The presented diffractograms of titania samples in Figures 3 and 4
indicated that the flushing of titania samples by nitric acid strongly affected the formation
of their crystal structure. Detected phases on diffractograms were anatase, brookite, rutile,
and Na2Ti3O7, which were determined on the basis of reference cards No.: 01-071-1168,
04-007-6488, 01-088-1172, and 00-059-0666, respectively. Table S1 provides a detailed sum-
mary of the obtained phase compositions, as determined by Rietveld refinement, and the
analysis plots for each sample can be found in Figures S1–S10.
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Figure 3. XRD diffractograms of anatase-originated TNRs (without nickel foam). A—anatase,
B—brookite, R—rutile, N—Na2Ti3O7.

Figure 4. XRD diffractograms of anatase- and rutile-originated TNRs (without nickel foam). A—anatase,
B—brookite, R—rutile, N—Na2Ti3O7, Ni—Ni(OH)2.

The main mechanism that takes place during alkaline syntheses was reported else-
where [10,21,29,30] and can be summarized by the following reactions:

3TiO2 + NaOH → Na2Ti3O7 + H2O (1)
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Na2Ti3O7 + 2HCl → H2Ti3O7 + NaCl (2)

H2Ti3O7 → 3TiO2 + H2O (3)

Reaction (1) takes place after the first step of the synthesis. Crystalline TiO2 used for
synthesis transforms into a layered compound containing Na+ in the interplanar spaces.
The ion can then be washed off by using acid (2), where H+ ions substitute the sodium.
Acid washing promotes the formation of NTs, which further curl up to give NRs. The inter-
mediate compound crystallized into anatase, brookite, or rutile in the second hydrothermal
synthesis step (3). It was reported that the phase and the morphology of the formed
nanostructure are strongly dependent on the acid washing. Moreover, the protonated
titanate nanostructures led to the formation of the anatase phase, whereas sodium-rich
nanostructures led to the formation of a mixture of titania phases [10].

The obtained results showed that the crystal structure of the formed TiO2 depended
on the quantity of nitric acid used for synthesis. Titania samples originated from anatase
(KRONOClean®7050) flushed by a small quantity of nitric acid such as 5 mL (A-TNR-5)
or prepared without treatment with acid (A-TNR and A-TNR-0) showed the presence
of a Na2Ti3O7 phase. Contrary to that, the samples treated with 10 or 15 mL of HNO3

(A-TNR-10 and A-TNR-15) showed the structure of anatase with a minority of brookite
and rutile or anatase only (intensive reflex at a 2  angle of 25.2), respectively (Figure 3).

In the case of samples originating from the mixture of anatase and rutile (Figure 4),
the highest content of the Na2Ti3O7 phase was in the case of samples A/R-TNR and A/R-
TNR-0. Flushing by the amount of 5 mL nitric acid (A/R-TNR-5) led to the formation of
mostly anatase, but a significant amount of brookite and rutile phases were present too.
Some leftover amounts of Na2Ti3O7 were still present. The most crystalline was the sample
treated with 10 mL of nitric acid (A/R-TNR-10) showing high-intensity reflex at a 2  
angle of 25.2, and as previously stated, some trace amounts of brookite and rutile phases.
Surprisingly, the highest amount of acid (15 mL) used (sample A/R-TNR-15) led to the
return formation of the Na2Ti3O7 phase by removing all the TiO2 crystalline phases such as
anatase, brookite, and rutile. It is worth noting that small intensity reflexes of Ni(OH)2 were
also detected, similarly as reported elsewhere [31]. The presence of the Ni(OH)2 phase in
titania powder can be explained by its splintering together with TiO2 from the nickel foam.
Most probably, Ni(OH)2 was formed on nickel foam soaked in a strong alkali solution. The
formation of Ni hydroxide on the surface of Ni foam in an alkaline solution (KOH) was
described by Kai Wan et al. [32]. They reported that the formation of the NiOOH layer
reduces interfacial electronic resistance. Therefore, it is stated that the formation of Ni
hydroxide on the Ni foam surface can facilitate electron transfer between TiO2 and Ni foam
and contribute to the separation of free charges.

The first group of the samples tested were ones that originated from the anatase,
untreated and treated with 5 mL of nitric acid (A-TNR-0 and A-TNR-5), presented in
Figures 5 and 6, respectively. These composites exhibited similar and relatively even titania
coating across the whole surface of regular nanostructures. These titania nanostructures
are often referred to as nano-sheets. In addition, larger clusters of titania agglomerates in
the form of lumps with a diameter of approximately a few to several micrometers can be
observed for the A-TNR-0 and A-TNR-5 samples (Figure 5A vs. Figure 6A).
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Figure 5. SEM images of A-TNR-0 in magnification: (A) 50 μm, (B) 10 μm, (C) 1 μm, (D) 500 nm.
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Figure 6. SEM images of A-TNR-5 in magnification: (A) 50 μm, (B) 10 μm, (C) 5 μm, (D) 500 nm..
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Samples originated from anatase and treated with 10 and 15 mL of nitric acid (A-
TNR-10 and A-TNR-15) are illustrated in Figures 7 and 8, respectively. The surface of both
composites was uniformly coated with TiO2 nanorods (Figures 7C and 8C). Interestingly,
clusters of larger flower-like structures or bouquets with sizes much larger than the nanos-
tructures on the underlying nickel foam itself were also visible (Figure 7A,B; Figure 8B,C).
Similar structures were also observed elsewhere [33]. These clusters were significantly
larger for sample A-TNR-10. The level of surface coating of A-TNR-15 (Figure 8A,B) al-
lowed the observation of nickel grain borders, whereas, in the case of samples A-TNR-0,
A-TNR-5, and A-TNR-10, this was not observed, indicating significantly thicker surface
coating in those mentioned samples.
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Figure 7. SEM images of A-TNR-10 in magnification: (A) 50 μm, (B) 10 μm, (C) 3 μm, (D) 1 μm.

The next composite studied (Figure 9) was the one that originated from the mixture
of anatase and rutile and was untreated with nitric acid (A/R-TNR-0). This material was
homogeneously covered with two-dimensional nanostructures, often referred to in the
literature as nano-sheets or nano-ribbons [10]. Those structures are several nanometers
thick, while their length is as large as 2 μm. In some areas, larger agglomerates with
dimensions of several to tens of micrometers have been observed (Figure 9A,B). The
observed nanostructures were irregularly arranged on the surface and bent or twisted.

The sample treated with 5 mL of nitric acid and originated from the mixture of anatase
and rutile (A/R-TNR-5) is illustrated in Figure 10. In this case, TiO2 was homogeneously
coated on nickel foam and presented elongated particles narrowed at the end, similar to
TiO2 nanorods. Their average length was around 1.15 μm (Figure 10C). In Figure 10D,
vertically oriented nanorods with rectangle shape and side dimensions of a few tens of nm
are observed.
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Figure 8. SEM images of A-TNR-15 in magnification: (A) 50 μm, (B) 10 μm, (C,D) 2 μm.

 

A/R-TNR-0 B 

C 

A 

D 

Figure 9. SEM images of A/R-TNR-0 in magnification: (A) 50 μm, (B) 10 μm, (C) 2 μm, (D) 500 nm.
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Figure 10. SEM images of A/R-TNR-5 in magnification: (A) 50 μm, (B) 10 μm, (C) 4 μm, (D) 500 nm.

In Figure 11, the morphology of P25 treated with 10 mL of nitric acid (A/R-TNR-10) is
presented. In this particular case, the nickel foam surface is also coated with TiO2 nanorods.
However, their dimensions are much larger than that previously observed: their average
length was around 2.4 μm (Figure 11B,C). In Figure 11D, we can observe one of the nanorod
planes vertically oriented toward the observer with a size reaching a couple of hundred
nanometers (Figure 11D). It is worth noting that there are some areas of TiO2 agglomerates
(Figure 11A). TiO2 nanorods, however, accounted for most of Ni foam coverage.

The last sample presented was the one that originated from P25 treated with 15 mL of
nitric acid (A/R-TNR-15). This time, TiO2 nanorods are in the mixture with some other
nanostructures (Figure 12C,D). The obtained, additional structures can be described as
star-like nanostructures. What is more, the nickel foam surface was also covered with
macro-sized particles (Figure 12A) between which the aforementioned nanostructures
are present.

The sodium content was determined via the XRF technique and is presented in Table 2.
The leftover sodium was present in the studied TNR samples due to the use of a strong
base during synthesis. Interestingly, only samples originating from the mixture of anatase
and rutile (A/R-TNRs) indicated significant sodium content. This content was lower the
greater the amount of nitric acid used for sample washing. The sodium content was highest
when the sample was not washed, which occurred in the A/R-TNR-0 sample. On the other
hand, samples originating from the anatase phase (A-TNRs) showed no sodium presence
measured via XRF at all. This may be explained by the origin of the sample, which was
obtained by the sulfate method, showing on its surface the presence of sulfate groups,
which are base centers according to the Lewis theory. Consequently, they may already
compete for surface active sites with the strong 10 M NaOH base acting on this type of TiO2

at the preparation stage itself. It is therefore highly likely that a simple rinse with deionized
water was sufficient in this case to flush out the sodium, which was weakly bound to the
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formed TNR surface. Samples derived from a mixture of anatase and rutile (A/R-TNR)
apparently required harsher treatment (by nitric acid), as the sodium may have embedded
itself in the structures of the resulting material, perhaps in the interplanar spaces. This was
also observed by other groups [19,34].
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A/R-TNR-10 

Figure 11. SEM images of A/R-TNR-10 in magnification: (A) 50 μm, (B) 10 μm, (C) 5 μm, (D) 500 nm.

Table 2. XRF sodium content.

Sample Na Content (%)

A/R-TNR-0 4.662
A/R-TNR-5 2.34

A/R-TNR-10 1.032
A/R-TNR-15 0.595

A-TNR-0 0
A-TNR-5 0

A-TNR-10 0
A-TNR-15 0

FTIR-ATR analysis of the powder samples obtained is presented in Figure 13. Note
that they were tested without the presence of nickel foam. One of the noticeable differences
between the samples here is in the intensity of the band originating from the hydroxyl
groups, located at a wavenumber of 1620 cm−1. According to other studies, the transfor-
mation of the phases of TNRs during the heating is strongly related to the dehydration
process of the titania layered structure [19]. This hypothesis strongly overlaps with our find-
ings, as high hydroxylation of TiO2 usually implies incomplete conversion of the titanate
phase into anatase, rutile, or brookite. Accordingly, samples such as A-TNR, A/R-TNR-0,
A/R-TNR-5, and A/R-TNR-15 exhibited the strongest intensity of the –OH band and were
consequently not fully crystallized into TiO2. At the same time, samples of the weakest

74



Materials 2025, 18, 986

–OH band intensity, such as A-TNR-10, A-TNR-15, and A/R-TNR-10, were the ones that
revealed a high-intensity anatase reflex on XRD patterns. The other band, which appeared
at 1375 cm−1, can be assigned to the vibrations of nitrate anions [35]. An additional band
can be observed at 1332 cm−1, which is most likely due to the presence of either carbonates
or bicarbonates, and is more intensive, the more alkalic the sample surface is [36]. This
band disappeared after acid washing with 10 mL and crystallization of TiO2. However,
under an excess of HNO3 washing (15 mL), this band emerges again on the FTIR spectra of
both titania samples. NaOH treatment caused disruption of the titania crystal structure
and increased the affinity of the titania surface to CO2 adsorption. The observed band
at around 1550 cm−1 can be assigned to carbonate species and that at 1080 cm−1 to C-O
vibrations. The intensity of these bands decreases with the rinsing of Na.
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Figure 12. SEM images of A/R-TNR-15 in magnification: (A) 50 μm, (B) 10 μm, (C) 1 μm, (D) 500 nm.

 

Figure 13. FTIR-ATR analyses of the powder materials obtained.

75



Materials 2025, 18, 986

Photocatalytic tests for acetaldehyde removal are shown in Figure 14. These tests were
performed at an elevated temperature (100 ◦C) to increase the overall process performance
due to the catalytic activation of nickel foam. This phenomenon was reported in our
previous paper [1]. Because of the relatively low flow rate of gas entering the reactor,
which favors adsorption, the experiment could be divided into two stages: adsorption
and photocatalytic decomposition. At the low flow rate used, the adsorption step took
about 20 min. All the samples except one, originating from P25 untreated by the nitric
acid (A/R-TNR-0), showed significant adsorption of acetaldehyde with a maximum of
around 220 ppm for A-TNR-10. Although the acetaldehyde adsorption was high on the
prepared samples, its photocatalytic decomposition was rather poor, only A/R-TNR-10
and A/R-TNR-15, originating from P25, showed noticeable activity. This was probably
caused by the strong adsorption of formed carbonate species on the titania surface upon
acetaldehyde oxidation and their resistance to further decomposition.

 
Figure 14. Photocatalytic decomposition of 240 ppm acetaldehyde in air using TNRs/nickel foam
composites. Flow rate: 5 mL/min; temperature: 100 ◦C.

To investigate exactly what was happening on the surface of individual samples, in
situ FTIR studies were performed.

In situ FTIR spectra were recorded directly during the adsorption/photocatalytic
process of acetaldehyde removal. The most significant changes were observed in the
wavenumber range of 2000–1200 cm−1, so it was presented in detail for all spectra together
with mappings. Both the appearance and disappearance of infrared bands can be observed
here, indicating the loss of given surface groups while the growth of other bands was
observed, which is evidence of the formation of intermediate products on the surface of the
TNR/nickel foam composites studied. In Figure 15, an in situ FTIR analysis was presented
during the aforementioned processes with the use of anatase-originated TNR, untreated by
the nitric acid (A-TNR-0). Of all the samples, the largest number of new bands appeared
here. As the photocatalytic process progresses, a significant increase in the band intensity
at 1690 and 1653 cm−1 can be observed. Both can be assigned to ν(C=O) vibrations typical
of acetic acid. Moreover, a significant decrease in the δ(OH) 1620 cm−1 band was observed,
which can be assigned to the presence of surface water, and its reduction over time was due
to the elevated temperature of the process. This is the case for all samples. Interestingly, this
signal slightly elevates at the last process stage (120 min). Secondly, the increasing band at
1583 cm−1 can be assigned to νas(COO) and is due to the presence of acetate species. The
next bands at 1428, 1417, 1390, and 1379 cm−1, which are close to each other, can be assigned
to νs(COO), δs(CH3), νs(COO), and δ(CH3), respectively. Their presence is evidence of
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the appearance of such compounds as acetaldehyde, acetic acid, and crotonaldehyde, with
the former being the result of adsorption, and the others formed as intermediate products.
Their intensity grows in time. A small intensity band at 1334 cm−1 indicates the δs(CH3)

mode and is due to the formation of acetate species. The quite intensely growing band at
1307 cm−1 can be assigned to ν(C-O), which results from the presence of either acetic acid
or crotonaldehyde. The last band of relatively weak intensity at 1254 cm−1 of the ν(C-C)
mode comes from the acetic acid [37–39].

Figure 15. In situ FTIR of A-TNR-0 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

The next sample studied (Figure 16) originated from anatase and was treated with
5 mL of nitric acid (A-TNR-5), and indicated a much lower number of new bands grown
than that observed previously. Surface hydroxyl group reduction is observed at 1620 cm−1.
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Simultaneously with the disappearing of hydroxyl groups, the new bands are observed at
1725 and 1653 cm−1, which can be assigned to the stretching vibrations of the C=O group
in the adsorbed formic acid and formaldehyde, respectively [40].

Figure 16. In situ FTIR of A-TNR-5 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

Very slight increase in the 1580 cm−1 band from the νas(COO) mode is observed,
which indicates the formation of very low amounts of surface acetate species. The next
band at 1418 cm−1 of the νs(COO) mode results from the significant increase in acetate
species throughout the photocatalytic process. The last band of low intensity observed
at 1320 cm−1 can be assigned to δ(CH3), which comes from some of the organic species
adsorbed to the surface [37–39].

The sample treated with 10 mL of nitric acid and originating from anatase (Figure 17)
exhibited drastically lower band intensities in comparison to different samples. This
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was most likely due to the much thinner TiO2 species layer on the surface of the nickel
foam. Nickel is a strongly absorbing material in the infrared range, so the signals were
significantly weakened. Once again, the 1620 cm−1 band of hydroxyl groups reduced with
time. Interestingly, the 1592 cm−1 band of νas(CO) and the 1361 cm−1 band of νss(CO)

also reduced with time. Mino et al. [41] proved that these bands show CO2 bound to
the anatase surface via adsorption and as a form of monodentate carbonates. This may
therefore be explained by the desorbing of carbon dioxide from the surface in our case. The
band at 1430 cm−1 might result from the presence of acetate species and can be assigned to
νs(COO). Additionally, the band at 1320 cm can be assigned to δ(CH3), resulting from the
adsorption of acetaldehyde or acetic acid [37–39].

Figure 17. In situ FTIR of A-TNR-10 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.
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Although the sample treated with 15 mL of nitric acid and originating from anatase
(Figure 18) was slightly different on the basis of its crystalline structure, its spectra were
almost identical to the previously discussed sample. Again, both loss of hydroxyl groups
(1620 cm−1) and desorbing CO2 are observed (1575 and 1353 cm−1). A notable band
intensity increase over time can be seen at 1313 cm−1, which can again be assigned to the
δ(CH3) of adsorbed organic species [37–39].

Figure 18. In situ FTIR of A-TNR-15 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

In the case of the sample originating from the mixture of anatase and rutile, untreated
with nitric acid (Figure 19), the spectra changed the most at the very beginning of the
process, but then remained the same. A notable increase in band intensity at 1770 cm−1 of
νas(COO) can be observed, which cannot be assigned to only one molecule—its presence
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most likely resulted from the formation of acetic acid or acetate species. The band at
1652 cm−1 can be assigned to CO2 bounded with hydroxyl groups [41]. The band at
1620 cm−1, still most likely originating from hydroxyl groups attached to the surface, is
stretched, and its intensity decreases dramatically. On the other hand, the intensity of the
band at 1575 cm−1 decreases slightly at the beginning to return to the original level after a
while. We therefore assume that this time they are acetate species thanks to the νas(COO)

mode [37–39]. The band at 1369 cm−1 of νss(CO) was present at the sample surface and
decreased throughout the process, and this is most likely due to the desorption of CO2

attached to the surface.

Figure 19. In situ FTIR of A/R-TNR-0 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

The next sample was the one that originated from the mixture of anatase and rutile and
was treated with 5 mL of nitric acid (A/R-TNR-5). Two significant major bands (Figure 20)
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that decrease over the process duration can be noticed at 1620 and 1589 cm−1, which can
be assigned to the hydroxyl groups (δ(OH)) and carbon dioxide (νas(CO)), respectively. A
noticeable νs(COO) band intensity increase was at 1410 cm−1 and was due to the formation
of acetate species [37–39].

 

Figure 20. In situ FTIR of A/R-TNR-5 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

The next sample studied, which was treated with 10 mL of nitric acid and originated
from the mixture of anatase and rutile (A/R-TNR-10), exhibited quite a stable surface
(Figure 21). A slight decrease in intensity of bands at 1658 and 1620 cm−1 of νas(CO)
and δ(OH), respectively, can be noticed. According to the literature [41], the former is
derived from CO2 bound to surface hydroxyl groups, and the latter is the hydroxyl groups
themselves. These signals are therefore related to each other and also decrease together as
the process proceeds. Some increasing bands at 1414 cm−1 of νs(COO) could be noticed,
which were most likely due to the formation of surface acetate species [37–39]. The last two
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bands at 1371 and 1355 cm−1 were relatively stable over the process. Both bands are once
again most likely linked to CO2 attachment to the surface, with the former being νss(CO),
and the latter remaining unidentified.

Figure 21. In situ FTIR of A/R-TNR-10 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

The last sample studied (Figure 22) was the one that originated from the mixture of
anatase and rutile and was treated with 15 mL of nitric acid (A/R-TNR-15). Some small
decrease in intensity of the 1620 cm−1 band of hydroxyl surface groups was observed.
Close to it, another band (1588 cm−1) can be observed, whose intensity increases over time
and can be assigned to νas(COO) of either acetate or formate species. Additionally, three
time bands increasing over at 1416, 1380, and 1308 cm−1 were observed, identified as the
νs(COO) of acetate species, δ(CH3) and δs(CH3), respectively. The last two bands were
most likely the cause of the crotonaldehyde formed on the surface [37–39].
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Figure 22. In situ FTIR of A/R-TNR-15 during the photocatalytic removal of acetaldehyde: (a) 2D
mapping projection of the A = f(t, ν) relationship, (b) A = f(ν) graph after 0, 30, 60, and 120 min,
(c) 3D mapping of the A = f(t, ν) relationship.

4. Conclusions

TNR@Ni-foam structures were prepared by the alkaline hydrothermal method, which
consisted of two steps: (1) treatment of TiO2 powder in an autoclave in 10 M NaOH at
150 ◦C for 24 h, then washing with 0.1 M HNO3 and neutralization with deionized water;
and (2) hydrothermal treatment in an autoclave at 180 ◦C for 24 h. In the first step of
preparation, the layered titanate structure (Na2Ti3O7) was formed. This obtained material
was then washed with various quantities of HNO3, which strongly affected the formation
of TNR in the next step of hydrothermal treatment. It appeared that regardless of the
titania precursor used (anatase or mixture of anatase and rutile), for 10 mL of HNO3

solution used per 0.75 g of TiO2, the highest crystalline structure of TNR was obtained.
XRD measurements showed that these TNR structures consisted of anatase with small
quantities of brookite and rutile. TNR@Ni-foam structures obtained from the P25 titania
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precursor contained more brookite and rutile than those prepared from anatase and had a
structure of horizontally grown NR on Ni foam. In the case of the anatase precursor used,
the hierarchical structures of titania nano-ribbons were observed on the Ni foam. These
TNR structures were disrupted by an excess of HNO3 used for titanate washing (15 mL per
0.75 g of TiO2). XRD measurements showed that the crystallinity of TiO2 decreased when
an excess of HNO3 was used during preparation. Additionally, in the case of the sample
obtained from the P25 precursor and the HNO3 washing of 15 mL, the Ni(OH)2 phase was
determined by the XRD pattern. In fact, the role of acid washing is the substitution of Na+

to H+ in layered Na2Ti3O7 to initiate the process of TNR formation. After acid washing
in the second step of hydrothermal treatment, there is a process of titanate dehydration
and crystallization. However, when there is an excess of hydrogen ions in the solution,
the protonation of TiO2 takes place, and there is a possible increase in titania hydration.
This effect was observed in the FTIR spectra observed for the prepared powdered titania
nanostructures. Interestingly, the obtained TNR@Ni-foam structures from the anatase
precursor did not contain any Na species (as indicated by XRF measurements), whereas
those prepared from P25 had residue Na, which was lower for the higher quantity of HNO3

used for titanate washing. The samples prepared from P25 with a small content of Na
indicated higher photocatalytic activity toward acetaldehyde decomposition than those
obtained from anatase-type TiO2. One of the reasons is related to the phase composition; the
presence of the brookite phase in combination with anatase is beneficial for acetaldehyde
decomposition [42], and the samples obtained from P25 had a higher quantity of brookite.
The other factor affecting the photocatalytic activity of these TNR@Ni-foam structures is
related to the thickness of the titania layer and the acidity of the surface. P25 has a low
density in comparison with KRONOClean®7050 and good dispersion properties, so can
be abundantly attached to the Ni foam surface. The acidic surface of TiO2 is detrimental
to acetaldehyde decomposition [43]; moreover, strong adsorption of acetate species on
certain titania centers upon acetaldehyde decomposition can deactivate the photocatalyst
when the process is carried out under a continuous flow of reacted gases. It is assumed
that TNR@Ni-foam structures prepared from P25 had a more alkaline surface than those
obtained from the anatase precursor because of the presence of Na species and, for that
reason, could be more active for acetaldehyde decomposition. TNR@Ni-foam structures
obtained from the anatase precursor were more hydrophilic and revealed the desorption
of water molecules from the surface upon photocatalytic process carried out at 100 ◦C, as
was monitored by FTIR spectra (the band at 1620 cm−1). Physically adsorbed water on the
titania surface is detrimental to the photocatalytic process carried out in a gas phase because
it limits the adsorption of organic pollutants on the titania surface and oxygen, which takes
place during the formation of superoxide anion radicals. This was an additional reason
for the weak activity of TNR@Ni-foam structures prepared from the anatase precursor. A
thin layer of TiO2 coating gives the possibility of acetaldehyde adsorption on the nickel
foam surface. These adsorbed species do not proceed to photocatalytic decomposition.
Generally, P25 appeared to be a good titania precursor for the preparation of TNR@Ni-
foam composites, because of the stronger bound sodium species, which contributed to
the formation of the layered Na2Ti3O7 structure, which was an intermediate to TNR
formulation. Moreover, mixed TiO2 phases were crystallized with the dominant anatase
phase, which was convenient due to its photocatalytic properties. It was shown that at
the proposed conditions of TNR@Ni-foam preparation, Ni(OH)2 species were formed,
which can contribute to the enhancement of charge carrier separation due to their ability
to reduce barriers for electron transfer. Therefore, the A/R-TNR-15 sample revealed high
photocatalytic activity, although it had a smaller crystalline structure than A/R-TNR-10,
but a thick titania coating.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma18050986/s1, Table S1. Phase composition summary of the studied
samples determined from the Rietveld refinement. Figure S1. Rietveld refinement of XRD diffractogram
of sample originated from anatase and before second hydrothermal step (A-TNR). Figure S2. Rietveld
refinement of XRD diffractogram of sample originated from anatase and untreated by the nitric
acid (A-TNR-0). Figure S3. Rietveld refinement of XRD diffractogram of sample originated from
anatase and treated by 5 mL of nitric acid (A-TNR-5). Figure S4. Rietveld refinement of XRD
diffractogram of sample originated from anatase and treated by 10 mL of nitric acid (A-TNR-10).
Figure S5. Rietveld refinement of XRD diffractogram of sample originated from anatase and treated
by 15 mL of nitric acid (A-TNR-15). Figure S6. Rietveld refinement of XRD diffractogram of sample
originated from the mixture of anatase and rutile, before second hydrothermal step (A/R-TNR).
Figure S7. Rietveld refinement of XRD diffractogram of sample originated from the mixture of
anatase and rutile, untreated by the nitric acid (A/R-TNR-0). Figure S8. Rietveld refinement of XRD
diffractogram of sample originated from the mixture of anatase and rutile, treated by 5 mL of nitric
acid (A/R-TNR-5). Figure S9. Rietveld refinement of XRD diffractogram of sample originated from
the mixture of anatase and rutile, treated by 10 mL of nitric acid (A/R-TNR-10). Figure S10. Rietveld
refinement of XRD diffractogram of sample originated from the mixture of anatase and rutile, treated
by 15 mL of nitric acid (A/R-TNR-15).
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Sreńscek-Nazzal for XRF analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
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Abstract: The photocatalytic CO2 reduction strategy driven by visible light is a practical way to
solve the energy crisis. However, limited by the fast recombination of photogenerated electrons
and holes in photocatalysts, photocatalytic efficiency is still low. Herein, a WO3/BiOBr S-scheme
heterojunction was formed by combining WO3 with BiOBr, which facilitated the transfer and sep-
aration of photoinduced electrons and holes and enhanced the photocatalytic CO2 reaction. The
optimized WO3/BiOBr heterostructures exhibited best activity for photocatalytic CO2 reduction
without any sacrificial reagents, and the CO yield reached 17.14 μmol g−1 after reaction for 4 h,
which was 1.56 times greater than that of BiOBr. The photocatalytic stability of WO3/BiOBr was
also improved.

Keywords: WO3; BiOBr; heterojunction; photocatalytic; CO2

1. Introduction

The massive use of fossil fuel energy increases the amount of greenhouse gases, such
as CO2, in the air, causing greenhouse effects, melting glaciers, and energy shortages [1–3].
Converting CO2 into chemical raw materials is a practical way to solve the environmental
and energy crisis [4]. Among many technologies, photocatalytic reduction of CO2 to
a chemical feedstock is a feasible way to achieve a green sustainable carbon cycle [5].
However, the low visible light absorption efficiency and recombination of the photoinduced
electron-hole pairs in photocatalysts severely limit the efficiency of photocatalytic CO2
conversion [6,7]. Therefore, it is very significant to improve the photogenerated charge
carriers separation in photocatalysts.

The construction of heterojunctions is considered to be beneficial for improving photo-
catalytic efficiency. Among various heterojunctions, S-scheme heterojunctions are widely
studied due to their stronger redox ability [8]. In general, the S-scheme heterojunction
includes an oxidation catalyst (OP) and a reduction catalyst (RP). When the RP is combined
with the OP, the electrons will flow from the RP to the OP due to the higher Fermi level of
the RP, resulting in the formation of an internal electric field at the interface. Under light
irradiation, the electrons in the conduction band (CB) of OP combine with the holes in the
valence band (VB) of RP due to the presence of an internal electric field, and the holes and
electrons in the OP and RP can be used for oxidation or reduction reactions, respectively,
thus promoting the separation of photogenerated electron-holes [9–11]. Therefore, the
design of S-scheme heterojunctions with high charge carriers separation efficiency and
strong redox capacity is a promising approach for improving photocatalytic efficiency.
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Among many photocatalysts, bismuth-based photocatalysts have good photoelectric
properties and are widely used in the fields of organic matter photodegradation and CO2
photoreduction [12,13]. Layered bismuth halides (BiOX, X = Cl, Br, and I) have been ex-
tensively studied due to their high photocatalytic performance [14]. BiOX consists of a
bismuth–oxygen layer (Bi2O2)2+ and two alternatingly arranged Br layers. Such a layered
structure can form an internal electric field to shorten the transmission distance of the pho-
togenerated electrons, which is very favorable for photocatalytic reactions [15–17]. Notably,
BiOBr has aroused wide concern due to its narrow band gap and suitable band structure.
However, the rapid recombination of photoinduced charge carriers in BiOBr limits its
application in photocatalytic CO2 reduction [18]. To improve the photocatalytic efficiency
of BiOBr, numerous ways have been proposed, such as regulating oxygen vacancies [19],
metal doping [20], and hybridization with various semiconductors [21–23]. The formation
of an S-scheme heterojunction can be a feasible way to improve the photocatalytic efficiency
of BiOBr [24–26]. The use of a suitable oxidized semiconductor combined with BiOBr to
construct an S-scheme heterojunction can shorten the transfer distance of charge carriers,
prolong the carrier lifetime, and enhance the redox ability. For instance, WO3 is widely used
as the oxidizing photocatalyst due to its advantages of low cost, excellent photoelectric
performance, and strong oxidation ability [27,28]. Moreover, WO3 has a suitable band
structure and can form S-scheme heterojunctions with BiOBr, which is expected to enhance
the performance of photocatalytic CO2 reduction.

In this work, WO3/BiOBr heterojunctions were prepared and used for photocatalytic
CO2 reduction. Under visible light (λ ≥ 400 nm), the optimized WO3/BiOBr exhibited the
best CO yield of 17.14 μmol g−1 irradiation for 4 h without the addition of sacrificial agents,
which was 1.56 times higher than that of BiOBr. Combining the activity data and characteri-
zation results, the S-scheme charge transfer mechanism was demonstrated for WO3/BiOBr,
which enhances the rapid transfer and separation of photoinduced charge carriers.

2. Experimental

2.1. Synthesis of the Photocatalyst
2.1.1. Materials

Bi(NO3)3·5H2O was obtained from Guangdong Guanghua Technology Co., Ltd. (Shan-
tou, China). Polyvinylpyrrolidone (PVP, K-30) was purchased from Shanghai McLean
Biochemical Technology Co., Ltd. (Shanghai, China). KBr was purchased from Tianjin
Guangfu Technology Development Co., Ltd. (Tianjin, China). WO3 was purchased from
Tianjin Bodi Chemical Co., Ltd. (Tianjin, China). All the chemical agents involved in this
work were analytically pure and were used without further purification.

2.1.2. Preparation of BiOBr

First, 5 mmol of Bi(NO3)3·5H2O and 0.2 g of PVP were mixed in 40 mL deionized (DI)
water and stirred for 60 min. At the same time, 5 mmol of KBr was dissolved in 40 mL
of DI water and stirred for 60 min. After that, the above solution was mixed and stirred
together, and the pH was adjusted to 6. The mixture was then stirred for 1 h and heated at
160 ◦C for 12 h. After cooling down, the mixture was washed with DI water several times
and dried at 60 ◦C for 12 h in a vacuum drying oven.

2.1.3. Preparation of WO3/BiOBr

First, 0.2 g of BiOBr was dispersed in 40 mL DI water for 30 min by ultrasonication,
and then a certain amount of WO3 (3, 5, 10 wt%) was added to the above suspension and
stirred at 60 ◦C for 10 h by water bath. The sample was then washed with DI water and
dried by vacuum drying at 60 ◦C for 12 h. The samples with different mass ratios were
named 3WO3/BiOBr, 5WO3/BiOBr, and 10WO3/BiOBr.
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2.2. Photocatalytic CO2 Reduction

First, 30 mg photocatalyst was dispersed evenly in 1.5 mL DI water by ultrasonication,
and then the photocatalyst was evenly spread on a quartz sheet and dried at 60 ◦C in a
vacuum drying oven. For the photocatalytic CO2 reduction, the quartz sheet with the
photocatalyst was placed at the bottom of the reactor. After that, the wet CO2 was injected
into the reactor for 30 min, with a flow quantity of 40 mL min−1 to ensure that the air
was completely removed. A 300 W xenon lamp (CEL-HXF300, Beijing China Education
Au-light Co., Ltd., Beijing, China) was applied as the light source for the reaction and a
400 nm cutoff filter was used to filter out light below 400 nm. The light intensity of the light
source was determined to be 178 mW cm−2 by using an optical power meter (CENP2000,
Beijing China Education Au-light Co., Ltd., Beijing, China). The reaction temperature was
maintained at 25 ◦C by using circulating cooling water. Every hour, 0.5 mL of gas product
was detected on a GC-2030 gas chromatograph (Shimadzu, Kyoto, Japan).

2.3. Characterization

The XRD patterns were obtained on a Bruker D8 X-ray diffractometer (BRUKER AXS
GMBH, Karlsruhe, Germany). Fourier transform infrared spectra and in situ infrared
spectra were recorded on a Bruker Tensor II infrared spectrometer (Bruker, Karlsruhe,
Germany). SEM images were obtained on a ZEISS GeminiSEM 300 instrument (ZEISS,
Oberkochen, Germany). TEM images and elemental mapping images were recorded on
a JEOL JEM-F200 transmission electron microscope (JEOL, Tokyo, Japan). XPS spectra
were performed on a Thermo Scientific K-Alpha instrument (Thermo Fisher Scientific,
Waltham, MA, USA). Ultraviolet-visible diffuse reflectance spectra were analyzed by a
TU-19 spectrophotometer (PERSEE ANALYTICS, Beijing, China). N2 adsorption and des-
orption curves were obtained on a Tristar II physical adsorption instrument (Micromeritics,
Norcross, GA, USA). Time-resolved fluorescence spectra (TRPL) were analyzed on an
Edinburgh FLS 1000 spectrometer (Edinburgh Instruments, Livingston, UK).

2.4. Photoelectrochemical Measurements

A CHI 760E electrochemical workstation was used for the photoelectrochemical mea-
surements (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). The test was carried
out in a three-electrode system, with an Ag/AgCl electrode, a Pt electrode, and a photo-
catalyst electrode used as the reference electrode, the counter electrode, and the working
electrode, respectively. In addition, 0.5 M Na2SO4 was used as the electrolyte. To prepare
the working electrode, 20 mg of photocatalyst was added to 400 μL absolute ethanol and
20 μL of Nafion® solution (Shanghai McLean Biochemical Technology Co., Ltd, Shanghai,
China), and the mixture was ultrasonicated at 25 ◦C for 2 h. Then, 20 μL of the mixed so-
lution was uniformly dropped on FTO conductive glass with a central area of 1 cm2

(2 cm × 2 cm) and the working electrode was dried naturally. The electrochemical
impedance spectrum (EIS) was tested at an alternating amplitude of 5 mV and with a
frequency from 0.01 to 1,000,000 Hz. The transient photocurrent response was tested with a
300 W xenon lamp (equipped with a 400 nm cutoff filter) as the light source. Mott–Schottky
curves were obtained at frequencies of 1000, 1500, and 2000 Hz.

3. Results and Discussion

3.1. Structure and Morphology

The crystalline phase and composition of BiOBr, WO3, and xWO3/BiOBr were mea-
sured by XRD. From Figure 1a, the peaks of WO3 are consistent with the triclinic phase
WO3 (PDF#20−1323) [29]. In the XRD patterns of BiOBr, the diffraction peaks at 10.9◦,
25.1◦, 31.7◦, 32.2◦, 46.2◦, and 57.1◦ are ascribed to the (001), (101), (102), (110), (200), and
(212) planes of the tetragonal phase BiOBr, respectively (PDF#09−0393) [30]. Notably, from
Figures 1a and S1, enlarged regions from 20◦ to 30◦ in XRD patterns of xWO3/BiOBr are
shown in Figure S1, with the peaks at 23.1◦, 23.6◦, 24.4◦, and 26.8◦ ascribed to the (002),
(020), (200), and (120) planes of WO3 (PDF#20−1323), and the peak at 25.1◦ is attributed to
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the (101) plane of BiOBr (PDF#09−0393). Both the peaks of WO3 and BiOBr can be found
in the XRD patterns of xWO3/BiOBr, indicating that the xWO3/BiOBr composites were
successfully prepared.

Figure 1. XRD patterns (a), FT–IR spectra (b), N2 adsorption–desorption isotherms (c), and pore size
distributions (d) of BiOBr, WO3, and xWO3/BiOBr.

FT–IR spectra were used to further study the structure of the obtained samples.
Figure 1b shows that the peaks at 526 cm−1 are assigned to the tensile vibration of the Bi–O
bond [31,32], and the peaks located in the range of 1000~1500 cm−1 region are ascribed
to the asymmetric and symmetric vibrations of the Bi–Br bond [33,34]. The peaks of WO3
at 826 cm−1 are attributed to the W–O bond [35]. In addition, the peaks at 1654 cm−1 are
attributed to the bending vibrations of the adsorbed H2O on the surface of BiOBr, and the
peaks at 3436 cm−1 correspond to the stretching vibrations of the adsorbed OH groups [36].
However, due to the low content of WO3, the peaks of WO3 cannot be seen from the FT–IR
spectra of xWO3/BiOBr.

The specific surface area and average pore diameter of the samples were studied by N2
adsorption and desorption. Figure 1c shows that all the samples have the type IV isotherms
and type H3 hysteresis loops, indicating that the samples are mesoporous material [37]. The
specific surface areas of BiOBr, WO3, 3WO3/BiOBr, 5WO3/BiOBr, and 10WO3/BiOBr are
19.64, 3.54, 14.81, 17.96, and 17.15 m2 g−1 (Table S1), respectively, indicating that the specific
surface area of xWO3/BiOBr composites is slightly lower than that of BiOBr but much
higher than that of WO3. Among the xWO3/BiOBr composites, 5WO3/BiOBr exhibits
the largest specific surface area and can provide more reaction sites for photocatalytic
reactions [38].

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were used to investigate the morphology and microstructure of the catalyst (Figure 2).
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BiOBr shows the nanoflower structure assembled from many nanosheets, while WO3 has a
polyhedral structure. From the SEM images of 5WO3/BiOBr, we can see that the BiOBr
nanoflower was dispersed and covered on the surface of WO3, which is beneficial for
increasing the contact interface between WO3 and BiOBr. In addition, the SEM images
of 3WO3/BiOBr and 10WO3/BiOBr are also shown in Figure S2. The microstructure
of 5WO3/BiOBr was further investigated by HRTEM. Figure 2e and 2f are the enlarged
regions of the white boxes in Figure 2d and 2e, respectively. As shown in Figure 2f, the
lattice fringe spacing of 0.33 and 0.28 nm is attributed to the (120) planes of WO3 [39] and
(102) planes of BiOBr [40], respectively. Notably, a tight contact interface between WO3
and BiOBr is clearly observed, indicating the formation of the WO3/BiOBr heterojunction.
Moreover, the lattice fringe of WO3 can also be observed close to the lattice fringe of BiOBr,
indicating the successful construction of the heterointerface between WO3 and BiOBr. In
addition, according to the EDS elemental mapping of 5WO3/BiOBr (Figure 2g–k), the Bi,
O, Br, and W elements are evenly distributed in the 5WO3/BiOBr composite. According
to the EDX spectrum (Figure S3), the Bi, Br, O, and W elements exist in 5WO3/BiOBr and
the mass fraction and atomic fraction of W are 2.23% and 1.31%. These results indicate the
successful synthesis of 5WO3/BiOBr composites.

 

Figure 2. SEM images of BiOBr (a), WO3 (b), and 5WO3/BiOBr (c). TEM and HRTEM images (d–f),
HAADF image (g), and corresponding EDX mapping profiles of Bi (h), Br (i), O (j), and W (k) of
5WO3/BiOBr.

3.2. Surface Chemical State

The surface chemical state of the photocatalysts was investigated by XPS spectra. The
XPS survey spectra of BiOBr, WO3, and 5WO3/BiOBr display that Bi, O, Br, and W elements
are present in 5WO3/BiOBr, which demonstrates the successful synthesis of 5WO3/BiOBr
(Figure S4). The enlarged spectral regions from 0 eV to 100 eV in the XPS survey spectra of
BiOBr, WO3, and 5WO3/BiOBr are shown in Figure S4b. The peaks of Bi 5d, O 2s, W 4f7/2,
and W 4f5/2 are found at 25.9, 25.9, 35.9, and 37.9 eV, respectively. Overtly, no WO3 signal
was found in enlarged spectral regions from 0 eV to 100 eV of BiOBr.
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Figure 3 shows the XPS spectra of Bi 4f, Br 3d, O 1s, and W 4f. As can be seen from the
XPS spectra of BiOBr (Figure 3a), the two peaks at 158.6 and 163.9 eV are ascribed to Bi 4f7/2
and Bi 4f5/2 for Bi3+, respectively. Compared to BiOBr, the binding energies of Bi 4f7/2 and
Bi 4f5/2 in 5WO3/BiOBr shifted to 158.8 and 164.1 eV, respectively [41,42]. From the Br 3d
spectra of BiOBr and 5WO3/BiOBr (Figure 3b), two peaks at 68.8 and 67.7 eV are attributed
to Br 3d3/2 and Br 3d5/2, respectively, indicating the presence of Br− [43], while the binding
energies of Br 3d3/2 and Br 3d5/2 in 5WO3/BiOBr shift to 69.0 and 67.9 eV, respectively.
The shift of the Bi 4f5/2, Bi 4f7/2, Br 3d3/2, and Br 3d5/2 in 5WO3/BiOBr indicates that the
electrons were migrated from BiOBr to WO3 after BiOBr was contacted with WO3.

Figure 3. XPS spectra of Bi 4f (a), Br 3d (b), O 1 s (c), and W 4f (d) in BiOBr, WO3, and 5WO3/BiOBr.

As shown in the O 1s spectra of BiOBr, WO3, and 5WO3/BiOBr (Figure 3c), the
binding energy of W–O is located at 530.4 and 531.2 eV for WO3 [44], the binding energy
of Bi–O is located at 529.3 and 530.5 eV for BiOBr [45], and the peaks shift to 529.4 and
530.8 eV, respectively, in the O 1s XPS spectrum of 5WO3/BiOBr, indicating that the
chemical environment was changed after the formation of the WO3/BiOBr heterojunction.
In addition, two peaks located at 37.9 and 35.9 eV were found in the W 4f XPS spectrum of
WO3, which correspond to W 4f5/2 and W 4f7/2 for W6+ [46], respectively (Figure 3d). In the
XPS spectra of 5WO3/BiOBr, W 4f5/2 and W 4f7/2 shifted to 37.0 and 35.0 eV, respectively,
indicating that the electron cloud density of the W in WO3 was increased. The above result
indicates that the electrons in BiOBr can migrate to WO3 through the interface after WO3
was coupled with BiOBr, and a built-in electric field was constructed at the WO3/BiOBr
interface [47,48].

3.3. Light Absorption Capacity and Band Structure

The light absorption capacity and band structures of WO3, BiOBr, and 5WO3/BiOBr
were analyzed by UV–Vis DRS and UPS spectroscopy (Figure 4). As shown in Figure 4a,
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WO3 shows obvious visible light absorption. However, no significant changes were ob-
served for the light absorption capacity of BiOBr after the introduction of WO3. The
band gaps of BiOBr and WO3 were determined to be 2.92 and 2.59 eV by the Kubelka-
Munk method, respectively (Figure 4b), which is in accordance with the results in the
literature [49,50].

 

Figure 4. UV–Vis DRS of BiOBr, WO3, and xWO3/BiOBr (a), band gap of BiOBr and WO3 (b), and
UPS spectra (c) and band structure (d) of WO3 and BiOBr.

UPS spectra were carried out to analyze the work function (Φ) and valence band
(VB) of the catalyst (Figures 4c and S5). As shown in the UPS spectra of BiOBr and WO3
(Figure S5), the secondary electron cutoff edges (Ecutoff) of BiOBr and WO3 are 17.43 and
16.74 eV, respectively. As a result, the work functions of BiOBr and WO3 were calculated
to be 3.79 and 4.48 eV, respectively, according to Equation S1 [51]. In addition, the value
of the work function is equal to the difference value between the vacuum level (Ev) and
the Fermi level (Ef). Herein, the value of the vacuum level is identified as 0 eV [52], and
the Fermi levels of BiOBr and WO3 were calculated to be −3.79 and −4.48 eV relative to
the vacuum level. In addition, as shown in Figure 4c, the valence band (VB) values of
BiOBr and WO3 are 2.15 and 2.35 eV relative to the Fermi level, respectively. Therefore,
the VB values of BiOBr and WO3 were calculated to be −5.94 and −6.83 eV (vs. vacuum),
respectively [53]. Therefore, the conduction band (CB) values of BiOBr and WO3 were
determined to be −3.02 and −4.24 eV (vs. vacuum), respectively [54]. As shown in the
band structures of BiOBr and WO3 (Figure 4d), the electrons in BiOBr will transfer to WO3
due to the higher work function of WO3, and a built-in electric field can be formed at
the WO3/BiOBr interface, which is in favor of enhancing the separation of photoinduced
electron-hole pairs.
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In addition, Mott–Schottky plots were obtained to analyze the flat-band potentials (Efb)
of the samples. From Figure S6, the positive slopes of the Mott–Schottky plots indicate that
both BiOBr and WO3 are n-type semiconductors [55]. The Efb values of BiOBr and WO3
were determined to be −0.45 and −0.26 V (vs. Ag/AgCl, pH = 7), respectively. According
to Equation (S2) [56], the Efb values of BiOBr and WO3 were calculated to be 0.16 and 0.35 V
(vs. NHE, pH = 0), respectively. In general, for n-type semiconduction materials, the flat
band potential is approximately equal to the Fermi level [57]. Therefore, the Ef values of
BiOBr and WO3 were 0.16 and 0.35 V (vs. NHE, pH = 0), indicating that the Fermi level of
WO3 is lower than that of BiOBr. This confirms that the electrons in BiOBr can migrate to
WO3 due to the higher Fermi level of BiOBr, which is in accordance with the UPS results.

3.4. Charge Transfer and Separation

The charge transfer kinetics of BiOBr and 5WO3/BiOBr were analyzed by time-
resolved photoluminescence (TRPL) spectra (Figure 5a). In general, the carrier lifetime is
estimated by the photoluminescent decay time, and the average fluorescence lifetime can be
calculated by Equation (1) [58,59], where A1 and A2 are pre-exponential factors and τ1 and
τ2 represent the lifetimes of radiative and nonradiative transitions, respectively. Figure 5a
shows that the average fluorescence lifetimes of BiOBr and 5WO3/BiOBr are 0.86 ns and
1.98 ns, respectively. The prolongation of the fluorescence lifetime in 5WO3/BiOBr indicates
that the separation efficiency of photoinduced electrons and holes was enhanced after the
WO3/BiOBr interface was formed [60].

τa =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(1)

Figure 5. TRPL spectra of BiOBr and 5WO3/BiOBr (a), transient photocurrent density (b), and EIS
Nyqui st plots (c) of BiOBr, WO3, and xWO3/BiOBr.

The transient photocurrent densities were also investigated under visible light
(λ ≥ 400 nm) to analyze the transfer and separation of the photogenerated charge car-
riers. As displayed in Figure 5b, the transient photocurrent density of 5WO3/BiOBr
is higher than that of other samples, indicating that the charge separation efficiency in
5WO3/BiOBr is higher. In addition, the EIS Nyquist plots of BiOBr, WO3, and xWO3/BiOBr
were obtained to explore the transfer resistance of the electrons. In general, the arc radius
of the Nyquist curve is proportional to the impedance of the photocatalyst [61]. As shown
in Figure 5c, the radius of 5WO3/BiOBr is smaller than that of WO3, BiOBr, 3WO3/BiOBr,
and 10WO3/BiOBr, indicating that the charge transfer resistance of 5WO3/BiOBr was
reduced after BiOBr coupling with WO3. Among them, 5WO3/BiOBr exhibited the highest
photocurrent density and the smallest impedance arc radius, indicating the most efficient
separation of photogenerated electron-hole pairs and the fastest photogenerated charge
transfer on 5WO3/BiOBr. Based on the above discussion, the formation of the WO3/BiOBr
heterojunction is beneficial for improving the charge separation efficiency and improving
the photocatalytic performance.
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3.5. Photocatalytic CO2 Reduction

The photocatalytic CO2 reduction activity test over BiOBr and xWO3/BiOBr was
carried out under visible light (Figure 6). Figure 6a,b show that the photocatalytic CO2
reduction activity of xWO3/BiOBr was greater than BiOBr. Moreover, the CO production
over xWO3/BiOBr first increased and then decreased with the increase of the WO3 amount.
Among them, 5WO3/BiOBr exhibited the best CO production of 17.14 μmol g−1 after
4 h reaction, which is 1.56 times greater than that of BiOBr (10.96 μmol g−1). The higher
photocatalytic performance of 5WO3/BiOBr can be ascribed to the enhanced separation of
photogenerated charge carriers at the WO3/BiOBr interface. To demonstrate the advan-
tages of 5WO3/BiOBr, the photocatalytic CO2 reduction performance of the BiOBr-based
photocatalysts are listed in Table S2. Compared with the other photocatalysts shown in Ta-
ble S2, 5WO3/BiOBr presented satisfactory photocatalytic CO2 reduction activity. Among
them, 5WO3/BiOBr exhibited the highest photocurrent density and the smallest impedance
arc radius, indicating the most efficient separation of photogenerated electron-hole pairs
and the fastest photogenerated charge transfer on 5WO3/BiOBr. Therefore, the CO pro-
duction rate of 5WO3/BiOBr is higher than that of 3WO3/BiOBr and 10WO3/BiOBr. In
addition, when the amount of WO3 is 3 wt%, a small number of heterojunctions cannot
effectively promote the separation of photogenerated electrons and holes. However, when
the amount of WO3 is 5 wt%, excessive WO3 will limit the light absorption capacity of
BiOBr and cover the active site of CO2 reduction of BiOBr.

 

Figure 6. Time course of photocatalytic CO2 reduction over BiOBr and xWO3/BiOBr (a,b), photocat-
alytic CO2 reduction over 5WO3/BiOBr under different conditions (c), and cycle test of BiOBr and
5WO3/BiOBr photocatalytic CO2 reduction to CO (d).

Controlled experiments were conducted to confirm the influence factors and C source
of the product. From Figure 6c, when the photocatalytic reaction was carried out without
light, a catalyst, or CO2, no CO product was detected, indicating that light, catalyst, and
CO2 are the necessary conditions for photocatalytic CO2 reduction reaction. The stability
of BiOBr and 5WO3/BiOBr was also studied. As shown in Figure 6d, after four cycles, the
CO production over BiOBr and 5WO3/BiOBr decreased by 44.1% and 16.2%, respectively,
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indicating that the combination of WO3 with BiOBr can improve the stability of BiOBr
during the photocatalytic reaction process. The SEM, XRD, and FT–IR of 5WO3/BiOBr were
carried out to further analyze the stability of 5WO3/BiOBr (Figures S7 and S8). Figure S7
shows that no obvious change can be found in the XRD patterns and FT–IR spectra of
5WO3/BiOBr before and after the reaction, indicating that the structure of the catalyst
was stable after the photocatalytic reaction. In addition, the morphology of 5WO3/BiOBr
did not change before or after the reaction (Figure S8). The above results show that
5WO3/BiOBr is stable for photocatalytic CO2 reduction.

3.6. In Situ FTIR Spectra

In situ DRIFTS spectra were used to investigate the photocatalytic CO2 reduction
reaction over 5WO3/BiOBr (Figure 7). Figure 7a,b show the in situ DRIFTS spectra of CO2
and H2O adsorption on BiOBr and 5WO3/BiOBr in the dark. The peaks at 1663 cm−1 and
1654 cm−1 are the signals of the water adsorbed on the catalyst surface [62]. The peaks at
1267, 1445, and 1466 cm−1 are ascribed to bicarbonate (HCO3

−) [63], the peaks at 1296 and
1312 cm−1 are attributed to the monolithic carbonate group (m-CO3

2−) [64], and the peaks
at 1267 and 1363 cm−1 are assigned to bidentate carbonate (b-CO3

2−) [65]. In addition, the
peak at 1701 cm−1 was ascribed to COOH−. In general, COOH− is the core intermediate
for the generation of CO and CH4, and its formation time is a critical step for photocatalytic
CO2 reduction to CO [66].

Figure 7. In situ DRIFTS spectra of CO2 and H2O adsorption on BiOBr (a) and 5WO3/BiOBr (b) in
the dark. In situ DRIFTS spectra of CO2 and H2O adsorption on BiOBr (c) and 5WO3/BiOBr (d)
under light irradiation.

Figure 7c,d show the in situ DRIFTS spectra of CO2 and H2O adsorption on BiOBr and
5WO3/BiOBr under visible light irradiation. As shown in Figure 7c,d, the characteristic
peaks at 1418, 1432, and 1456 cm−1 are attributed to HCO3

−, and the peaks in 1483 cm−1

are attributed to m-CO3
2−, indicating that new carbon species can be formed under light
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irradiation. Moreover, the concentration of the CO2 intermediates were improved with
the increase of the irradiation time. Notably, the concentration of COOH− was signifi-
cantly improved under light irradiation, which is conducive to the photocatalytic CO2
reduction reaction.

3.7. Possible Photocatalytic Mechanism

Based on the above discussion, the reaction mechanism of photocatalytic CO2 reduc-
tion over xWO3/BiOBr composites was proposed. As displayed in Figure 8a, BiOBr acts
as the reducing photocatalyst, while WO3 is an oxidizing photocatalyst, and the Fermi
level of BiOBr is higher than that of WO3. When BiOBr and WO3 are in contact with each
other, electrons spontaneously transfer from BiOBr to WO3 until the Fermi level reaches
equilibrium. In addition, at the interface, BiOBr and WO3 are positively and negatively
charged, respectively. An electron depletion region is formed at the BiOBr interface and the
energy band bends upward. To the contrary, an electron accumulation zone is formed at the
WO3 interface and the energy band bends downward. In this case, an internal electric field
is formed at the WO3/BiOBr interfaces (Figure 8b). Under light irradiation, the electrons
in the BiOBr and WO3 valence bands are excited and then jump to their conduction band.
Subsequently, the electrons accumulated in the CB of WO3 combine with the holes in the
VB of BiOBr (Figure 8c), which follow the S-scheme charge transfer mechanism. In addition,
the electrons accumulated in the CB of BiOBr can participate in the photocatalytic CO2
reduction, while the holes in the VB of WO3 can trigger the H2O oxidation. That is, the
S-scheme charge transfer mechanism not only separates photogenerated electron-holes effi-
ciently and quickly, but also maintains the strong redox ability of WO3/BiOBr composites,
which enhances the photocatalytic CO2 performance.

Figure 8. Band energy positions of WO3 and BiOBr before (a) and after (b) contact, S-scheme charge
transfer mechanism in WO3/BiOBr composites under light irradiation (c).

4. Conclusions

In summary, WO3/BiOBr S-scheme heterojunctions were synthesized for photocat-
alytic CO2 reduction. The optimized WO3/BiOBr heterostructures exhibited enhanced
photocatalytic CO2 reduction performance without any sacrificial reagents, and the CO
yield reached 17.14 μmol g−1 after reaction for 4 h, which was 1.56 times greater than that
of BiOBr. The photocatalytic stability of WO3/BiOBr was also improved. The enhanced
photocatalytic performance can be attributed to the S-scheme charge transfer mechanism,
which effectively improves the separation efficiency of photogenerated charge carriers, thus
promoting the photocatalytic CO2 reduction. This study provides new insights into the con-
struction of efficient and stable S-scheme heterojunction photocatalysts for photocatalytic
CO2 reduction.
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Abstract: Thin polysilicon (poly-Si)-based passivating contacts can reduce parasitic absorption and
the cost of n-TOPCon solar cells. Herein, n+-poly-Si layers with thicknesses of 30~100 nm were
fabricated by low-pressure chemical vapor deposition (LPCVD) to create passivating contacts. We
investigated the effect of n+-poly-Si layer thickness on the microstructure of the metallization contact
formation, passivation, and electronic performance of n-TOPCon solar cells. The thickness of the
poly-Si layer significantly affected the passivation of metallization-induced recombination under
the metal contact (J0,metal) and the contact resistivity (ρc) of the cells. However, it had a minimal
impact on the short-circuit current density (Jsc), which was primarily associated with corroded silver
(Ag) at depths of the n+-poly-Si layer exceeding 40 nm. We introduced a thin n+-poly-Si layer with
a thickness of 70 nm and a surface concentration of 5 × 1020 atoms/cm3. This layer can meet the
requirements for low J0,metal and ρc values, leading to an increase in conversion efficiency of 25.65%.
This optimized process of depositing a phosphorus-doped poly-Si layer can be commercially applied
in photovoltaics to reduce processing times and lower costs.

Keywords: n+-poly-Si layer; n-TOPCon solar cell; metallization; parasitic absorption; Ag pastel

1. Introduction

A tunnel oxide passivated contact (TOPCon) solar cell with an ultrathin silicon oxide
(SiOx) film and a phosphorus-doped polysilicon (n+-poly-Si) layer has the potential for a
high theoretical efficiency limit of 28.7% [1]. The market share of TOPCon cells is significant
according to the ITRPV [2]. An n-TOPCon cell (size: 330.15 cm2) at JinkoSolar has achieved
the highest conversion efficiency recorded thus far, 26.89% [3]. The n+-poly-Si/SiOx layer
with high carrier selectivity exhibits superior passivation quality at the metal/silicon
contact, distinguishing it from Passivated Emitter and Rear Cell (PERC) solar cells [4,5].
The ultrathin SiOx layer has a large tunneling barrier for holes [6]. The doped poly-Si
layer separates the metal/silicon contact from minority charge carriers, resulting in low
recombination and band bending. The doped poly-Si is typically crystallized from an
amorphous silicon layer (a-Si) after a high-temperature heat treatment process. Normally,
the desired a-Si layer can be prepared using methods such as plasma-enhanced chemical
vapor deposition (PECVD) [7,8], low-pressure CVD (LPCVD) [9,10], atmospheric pressure
CVD [11], hot wire CVD [12], sputtering [13,14], and electron beam evaporation [15].
Published studies focused on poly-Si passivating contacts fabricated using the standard
industrial approach based on LPCVD and ex situ phosphorus (P) doping. This process
has high throughput and is simple [4,16–20]. Studies in the literature investigated the
parameters of passivating contacts, including a tunneling SiOx film [21], the structural
properties and thickness of the poly-Si film [22–24], and the metallization of the passivating
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contact [16]. These studies have provided valuable insights into the impacts of LPCVD
process parameters on the structure and electrical properties of poly-Si films [17,25–29].

The doped poly-Si layer could be helpful in achieving good passivation performance
and low contact resistivity by controlling interfacial defects in the SiOx and the doping
concentration of the poly-Si layer [30,31]. After maximizing contact passivation using a
SiOx/poly-Si layer, the lowest dark saturation current densities (J0) of emitters in cells with
passivation layers comprising an n+-poly-Si/SiOx contact and a boron-doped poly-Si/SiOx
contact were 0.66 fA/cm2 and 4.4 fA/cm2, respectively [32]. At present, researchers and
engineers are making further efforts to improve cell efficiency. One important method is
minimizing the parasitic absorption losses of the poly-Si layer for solar cells. However,
a poly-Si layer with a thickness of 100 nm is necessary under current metallization con-
ditions [4,33]. At the same time, various studies have been conducted to prevent metal
finger penetration by using a barrier interlayer, such as titanium nitride (TiN) [34,35] or
SiOx [36,37], created through a low-temperature method like Laser-Enhanced Contact
Optimization (LECO) [38]. Although there are many positive outcomes regarding the
formation of planar (n) poly-Si passivating contacts, one of the challenging and critical
tasks associated with poly-Si layers is determining how to balance parasitic absorption and
contact in poly-Si layers [24,39–41].

In this work, n-TOPCon cells containing P-doped poly-Si with passivating contacts
were fabricated. The thickness of the poly-Si layer was changed using the LPCVD method,
and the influence of the poly-Si layer thickness on J0, metallization recombination (J0,metal),
and contact resistivity (ρc) were studied; a microstructure analysis of the contact forma-
tion was conducted; and further, the I–V parameters of the n-TOPCon solar cells were
investigated, including their efficiency (Eff), open-circuit voltage (Voc), fill factor (FF), series
resistance (Rser), and short-circuit current density (Jsc).

2. Experimental

2.1. Fabrication

n-TOPCon cells were obtained from commercially available n-type Czochralski silicon
(Cz-Si) wafers. Texture was generated in an alkaline (KOH)/textured additive solution.
The textured wafers were placed into a quartz tube furnace containing BCl3 gas using a
LYDOP™ system. Subsequently, the B-doping side was treated with a Hymson laser with a
beam width of 90–100 μm to obtain front B-selective emitters. After the laser treatment, the
rear side was cleansed with a KOH/polished additive solution. One 1.6 ± 0.2 nm thick
layer of SiOx and an intrinsic a-Si 30–100 nm thick layer on the rear side were prepared by
LPCVD. Subsequently, the a-Si layer was crystallized to form poly-Si in a high-temperature
tube furnace at 850 ◦C for 20–30 min using a gas mixture of POCl3, O2, and N2 which could
be simultaneously doped with P. Phosphorus silicate glass (PSG) was removed using a 5%
HF solution for 5 min, and the P-doping concentration profiles of the SiOx/P-doped poly-Si
films were determined by electrochemical capacitance–voltage (ECV) profiling. Wafers
with different P-doped poly-Si film thicknesses using two-sided passivation of the SiNx
layer were used as J0 samples. Similar samples with polished surfaces were screen-printed
with Ag paste lines on one side only and nine different pitches were used as J0,metal samples;
these which were placed with the fingers facing up and then sintered in a sintering furnace
at a peak temperature of 730 ◦C [42–44]. P-doped poly-Si contacts were fabricated with
four different thicknesses (see Table 1). Figure 1 displays the structure of an n-TOPCon
solar cell.
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Table 1. Process conditions and performance of wafers.

Conditions
(Poly

Thickness)

SiOx Layer
Formation

Process
a-Si Layer Formation Process Phosphorus Doped Poly-Si Layer

Formation Process Main Result Data

toxidation
(min)

T
(◦C)

t
(min)

GSiH4
(sccm)

ECV
(nm)

Tdeposition
(◦C)

GPOCl3
(sccm)

Tdrive-in
(◦C)

R�
(Ω/sq)

ρc

(mΩ·cm2)
J0

(fA/cm2)
PL

(a.u)
J0,metal

(fA/cm2)

100 nm

8 600

24

850

100

850 1100–1200 850–860

45 2.5 4.6 31,090 26

70 nm 19 70 52 2.9 4.1 32,258 304

50 nm 16 50 54 3.5 4.7 33,262 413

30 nm 13 30 57 3.9 4.7 33,216 545

toxidation: post-oxidation duration; T: temperature; t: time; Tdrive-in: drive-in temperature; ρc: contact resistivity; J0:
emitter dark saturation current density; G: gas flow.

(a) (b) 

Figure 1. (a) Structure of n-TOPCon solar cell and (b) schematic diagram of four-probe sheet
resistance tester.

After cleaning the wafers and removing the BSG and PSG, a clean P-doped poly-
Si/SiOx layer was obtained on one side only by etching the poly-Si wraparound side in
a mixed solution of KOH and polishing additives. The front and rear of the cells were
passivated with 4 nm thick Al2O3 through ALD/78 nm thick SiNx and 75 nm thick SiNx
through PECVD, respectively. The fingers and busbars of the wafers were metallized using
a commercial Ag paste, using an H-patterned grid which was screen-printed on both sides
with a 16-busbar configuration. Finally, the cells with Ag fingers were heat-treated at a
peak temperature of 730 ◦C.

2.2. Characterization

The current–voltage (I–V) parameters of the in-house standard cells were measured
using a Wavelabs tester. The J0 and J0,metal values of the samples were measured using a WCT-
120 Sinton and extracted at an excess carrier density of 3 × 1015 cm−3 (Boulder, CO, USA) [45].
The SiOx/P-doped poly-Si profiles of the monitor wafers were measured by an ECV device
(WEP CVP21), using a 0.1 M NH4F solution as an etchant. We used a four-probe test
rig to determine the sheet resistance (Figure 1b). The ρc values were measured using the
transfer-length method (TLM; GP-4 TEST) from the H-patterns printed on one side of
the J0 samples. The microstructures and chemical composition of the contact interfaces
were observed by energy-filtered scanning electron microscopy (FESEM-EDS, Regulus8230,
HITCHI, Tokyo, Japan) and transmission electron microscopy (Thermo Scientific Talos™
STEM, 200 kV, FEI Talos F200X, Waltham, MA, USA). The optical reflectance values and
losses of the cells were analyzed using a PVE300-IVT (Bentham Instruments, Reading, UK)
instrument and the Current Loss Analysis Calculator V1.4 (Series, from the Solar Energy
Research Institute of Singapore, based on the Yablonovitch limit of 46.43 mA/cm2 [46]).
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3. Results and Discussion

3.1. Microstructure and Performance

The n+-poly-Si layers of different thicknesses influenced the n+-poly-Si/SiOx profiles,
sheet resistance (R�), J0, ρc, and J0,metal of the n-TOPCon cells, and the results are shown in
Table 1. Figure 2 displays the ECV profiles and sheet resistances for different thicknesses
of n+-poly-Si/SiOx layers. In Figure 2a, n+-poly-Si layers with different thicknesses have
almost the same surface concentration of >5 × 1020 atoms/cm3 and nearly the same “knee-
shaped” tail ECV profile; these were doped at the same high temperature. On an n-type
silicon wafer, when the thickness of the n+-poly-Si layer was reduced from 100 to 30 nm,
the sheet resistance (R�) of the cell increased from 45 to 57 Ω/sq. This increase occurred
because the thickness of the poly-Si layer determined the total doping amount (Figure 2b).
Although the surface doping concentration is the same, ECV curves of poly-Si layers with
different thickness are integrated into the total doping amount. It can be found that as the
thickness of the poly-Si layer increases, the total doping amount also increases, leading to a
decrease in sheet resistance.

Figure 2. ECV profiles (a) and sheet resistances (b) of cells with different n+-poly-Si/SiOx layer
thicknesses. (The solid pattern represents the test data, and the hollow pattern represents the
average value).

The J0 values of n+-poly-Si/SiOx layers with different poly-Si thicknesses exhibit a
slight change of approximately 0.5 fA/cm2 when the thickness increases from 30 to 100 nm.
The penetration depth is determined from the inflection point of the SiOx layer to a doping
concentration of N = 1 × 1019 atoms/cm3 (Figure 3). It can be seen from Figure 3a that
as the poly-Si thickness increases, the penetration depth of p-doping increases, and the
inflection point concentration decreases. When the thickness of the poly-Si layer is 30 nm,
the inflection point concentration is higher, resulting in a large Auger recombination so the
J0 value becomes large. When the thickness of the poly-Si layer is 100 nm, the inflection
point concentration is low, the passivation effect is poor, and J0 increases. In order to study
the passivation properties of different poly-Si thicknesses, PL tests were performed. The
results showed that PL intensity decreased slightly with an increase in thickness. The
PL values also showed a minor change of approximately 1000 a.u. This indicates that
compared to a 100 nm thick layer of n+-poly-Si/SiOx, a 30 nm thick layer can also provide
effective field-effect passivation. This is attributed to the good passivation of the SiOx layer
and a 15~20 nm penetration depth of P doped into the Si substrate.

J0,measured plots of n+-poly-Si layers of various thicknesses with different metallization
fractions are depicted in Figure 4. The values of J0,metal are determined through a straight-
forward linear interpolation of the measured data points [42–44]. The results indicate
that the n+-poly-Si layers with a thickness of 100 nm have the lowest J0,measured values,
approximately 26 fA/cm2. This could be attributed to the thick layer’s ability to withstand
the depth of the corrosion of the poly-Si layer by Ag paste. The thinner the poly layer,
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the more it is destroyed by the paste, which greatly reduces the passivation performance.
However, when the thickness of the layer was decreased from 70 to 30 nm, J0,metal increased
from 304 to 545 fA/cm2. It is well known that metal contact recombination is related to
doping concentration and corrosion depth. When the poly-Si layer thickness is more than
70 nm, the doping concentration increases (Figure 2a), and a thick poly-Si layer provides
good resistance against the corrosion of the slurry. When the poly-Si layer is thin, it cannot
meet the demand for metallization. The thinner the poly layer, the more the paste destroys
the poly layer, which greatly reduces the passivation performance.

Cross-sectional SEM images of the interface between the screen-printed Ag bulk and
the n+-poly-Si/SiOx contacts are shown in Figure 5. The polished cross-section of the cell
shows a 100 nm thick n+-poly-Si layer uniformly covered by the glass layer beneath the Ag
bulk, with some voids. The interface between a Ag finger and the n+-poly Si/SiOx layer is
obvious in Figure 5a; it can be observed that the Ag bulks have a block structure and that
the interlayer n+-poly Si/SiOx layer seems to be non-uniform (Figure 5b). The thickness
of the interlayer is thin in some regions; however, there are some thick interlayers in the
dotted-line region (Figure 5c). It is hypothesized that the numerous small white particles
on the local area of the poly-Si layer’s surface are the result of Ag particle precipitation.
Meanwhile, we further show the chemical composition of the thick interlayer in Figure 5c,
the EDX elemental mapping images are displayed in Figure 6.

Figure 3. J0 (a) and PL (b) plots of cells. (The solid pattern represents the test data, and the hollow
pattern represents the average value).

Figure 4. Cont.
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Figure 4. J0,measured plots for n+-poly-Si layers (a) 30 nm, (b) 50 nm, (c) 70 nm, and (d) 100 nm thick
with different metallization fractions ranging from 5.9% to 17.3% and (e) J0,metal of different thickness
of n+-poly-Si layers. (The solid pattern represents the test data, and the hollow pattern represents the
average value).

Figure 5. Cross-sectional SEM images of the metal contact on (a) an n+-poly-Si layer, the interface of
Ag–Si fingers (b); and numerous little white particles on the local area of the surface of the poly-Si
layer (c) shown in (b).
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Figure 6. (a) HAADF-STEM image of the formed contact of an n+ poly-Si layer from Figure 5c;
(b) corresponding EDX elemental mapping and EDX elemental mapping of Si (c), O (d), N (e), and
Ag (f).

A large number of white schistose Ag particles embedded in the SiOx-based glass
phase are visible in a HAADF-STEM (High-Angle Annular Dark-Field Scanning Transmis-
sion Electron Microscopy, HITCHI, Japan) image of the contact interface between the Ag
grid finger and the polished surface of the n+-poly-Si layer (Figure 6a). The corresponding
elemental distribution was measured using EDX spectroscopy and is shown in Figure 6b as
an overlay of Ag, Si, N, and O; the matrix elements are shown separately in Figure 6b–f.
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The partial SiNx layer can still be observed at the interface between the Ag finger and the
n+-poly-Si/SiOx layer, which could influence the contact performance (Figure 6e). Some Ag
particles have corroded the poly-Si layer, which is crucial for metallization recombination
(Figure 6f). However, the SiOx tunneling layer is clearly present in Figure 6b,d.

As shown in the EDX line scan (Figure 7), the corrosion depth of the Ag particles is
approximately 0.06 μm, which is consistent with the J0.metal analysis mentioned above. This
imposes a constraint on the minimum thickness of the n+-poly-Si layer. Therefore, when
the thickness of the poly-Si layer is thin, it cannot resist the corrosion caused by the Ag
paste. This leads to the formation of metal–semiconductor contact to some extent, resulting
in a higher J0,metal.

Figure 7. STEM/EDX energy element line scan images of the Ag–Si interface.

TEM was conducted and revealed the composition of the contact cross-section formed
between the screen-printed Ag bulk and the n+-poly-Si/SiOx layers. As shown in Figure 8,
the thickness of the n+-poly-Si/SiOx layer is 50 nm. The Ag–Si alloy can be observed in
specific regions of the n+-poly-Si layer which are only 10 nm away from the SiOx layer. This
means that the depth of the Ag–Si alloy can reach up to 40 nm, which is consistent with
Figure 7. There are also some Ag embryos in certain areas of the n+-poly-Si layer (Figure 8b).
This can explain why the contact resistance is low but the metallization recombination
increased. However, the Ag embryos did not penetrate the Si substrate; instead, a clear
SiOx layer can be observed (Figure 8c). The above analysis indicates that under the current
process conditions, the thickness of the n+-poly-Si layer should be more than 40 nm.

The contact resistivity of the solar cells with varying n+-poly-Si layer thicknesses is
depicted in Figure 9. There is a remarkable change in ρc, which decreases from 40.4 to
7.8 mΩ·cm2 with an increase in the layer thickness from 30 nm to 100 nm. Due to an
increase in the total doping concentration, the width of the internal depletion region in
a silicon wafer can be narrowed, enabling the quantum mechanical tunneling of charge
carriers through Schottky barriers [47].
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Figure 8. STEM bright-field cross-sectional images of Ag bulk/glass layer/50nm n+ poly-Si/SiOx

layer contact; high-density of Ag embryos on SiNx layer was observed in (a). Ag–Si alloy in the n+

poly-Si layer (b), (c) Ag-embryo on n+ poly-Si layer, and (d) selected area of tunneling layer SiOx.

Figure 9. Plot of contact resistivity of solar cells.

3.2. I–V Parameters

Table 2 lists the I–V parameters of the cells as a function of the thickness of the n+-
poly-Si layer. The cells with 70 nm and 100 nm thick n+-poly-Si layers have the same
efficiency, approximately 25.45%, which is mainly due to the current gain compensating
for the loss in Voc. When the thickness of n+-poly-Si layer is equal to 70 nm, the cells
have a high J0,metal value, but the cells only exhibit a slight decrease in the Voc value of
1 mV and have the best FF. This result is consistent with the aforementioned analysis of
the ρc value. However, as shown in Figure 10, when the thickness of the n+-poly-Si layer
ranged from 30 to 50 nm, there was a sharp decline in the efficiency of the cells by over
0.2%. There is a slight decrease in the Voc of 1 mV for the cells with 50 nm thick n+-poly-Si
layers, while there is a significant decrease in the Voc of 8 mV for the cells with 30 nm thick
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n+-poly-Si layers. This occurred because the silver embryos penetrated the passivation
layer of SiOx. Meanwhile, the Jsc value of the cell does not exhibit any advantages with the
decreased thickness of the poly-Si layer. The decrease in the passivation performance of
the n+-poly-Si layer is primarily attributed to Ag corrosion, which impacts the generation
of photogenerated electrons. Based on the above data, it can be inferred that the optimal
thickness of the n+-poly-Si layer of cell for industrial production is 70 nm.

Table 2. I–V parameters of n-TOPCon solar cells.

Poly Thickness
(nm)

Eff
(%)

Voc
(mV)

Jsc
(mA/cm2)

FF
(%)

Cell Area
(cm2)

30 25.03 716.6 41.94 83.3

334.88
50 25.27 723.5 41.89 83.4
70 25.47 723.5 42.01 83.8

100 25.46 724.9 41.96 83.7
Eff: efficiency; Voc: open circuit voltage; Jsc: short-circuit current density; FF: fill factor.

Figure 10. I–V parameters of n-TOPCon solar cells.

3.3. Failure Analysis

Current loss was investigated to understand the effects of the n+-poly-Si layer thick-
ness. As shown in Figure 11a, there is no significant difference in optical reflection between
the 70 nm and 100 nm samples, as represented by a dashed curve. The solid line curve
represents the internal quantum efficiency (IQE). A notable disparity in the IQE between
70 nm and 100 nm is observed at short wavelengths of <550 nm. The blue responses of
these sizes were notably enhanced by the low total phosphorus doping concentration. The
IQE for the 70 nm cell exhibited a good response at wavelengths < 900 nm. The curve
shows that the values of the Jsc are increased by decreasing the thickness of the poly-Si
layer owing to the low degree of parasitic absorption on the rear surface.

A current loss analysis of n-TOPCon cells with 70 nm and 100 nm thick n+-poly-Si
layers is shown in Figure 11b. The cells with an n+-poly-Si layer thickness ranging from
70 nm to 100 nm have three advantages. The first is the “NIR parasitic absorption loss”,
which results in an increase of 0.14 mA/cm2 in the Jsc value due to the thin n+-poly-Si layer.
The other advantages are “blue loss” and “base collection loss”, which benefit from the low
total dopant concentration of P. However, there is one disadvantage of “ARC reflectance”
for the cells with a 70 nm thick n+-poly-Si layer. This issue is related to the wraparound
thin poly-Si layer, which is may damage the texture of the front surface and increase the
reflectance [48].
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Figure 11. Solid line curves show internal quantum efficiency (IQE), and dashed line curves show
optical refection (a) and current loss mechanisms of cells with 70 nm and 100 nm thick n+ poly-Si
layers (b).

After process optimization, the thin poly-Si layer can lead to an increase in Jsc value.
However, it is essential to strike a balance between maximizing the Jsc value and minimizing
the recombination effect of metallization on the etched depth of the poly-Si layer. Therefore,
the development in metallization of industrialized poly-Si selective emitter technology will
be the next focus of research.

4. Conclusions

J0, J0,metal, ρc, and microstructure analyses of contact formation were conducted, and
the I–V parameters of solar cells were investigated as functions of the n+-poly-Si layer
thickness. We introduced an n+-poly-Si layer with a thickness of 70 nm and a surface
concentration of 5 × 1020 atoms/cm3 to enhance the conversion efficiency to 25.65%.
The results showed that the J0 values of n+-poly-Si layers exhibit a minor change of
approximately 0.5 fA/cm2 when the thickness ranges from 30 to 100 nm. However, the
thickness of the n+-poly-Si layer had a significant impact on J0,metal values, which increased
from 304 to 545 fA/cm2, and ρc values, which decreased from 9 to 40.4 mΩ·cm2, when the
thickness decreased from 70 to 30 nm. The analysis above indicates that the thickness of the
n+-poly-Si layer cannot be less than 40 nm under current process conditions. This limitation
is primarily attributed to the presence of corroded silver (Ag) particles at a certain depth
within the n+-poly-Si layer. A reduction in the thickness of the poly-Si layer by 30–50 nm
did not result in an increase in the short-circuit current density, resulting in an inability
to effectively collect current. The ρc and J0,metal results, along with the I–V characteristics,
indicate that the thickness of the n+-poly-Si layer needs to exceed the depth of Ag particle
corrosion to achieve a low ρc. Simultaneously, it is crucial to ensure that the J0,metal value is
low. This optimized n+-poly-Si layer process can be commercially applied in photovoltaics
to reduce the processing time and thus lower costs.
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Abstract: As a direct band gap semiconductor, perovskite has the advantages of high carrier mobility,
long charge diffusion distance, high defect tolerance and low-cost solution preparation technology.
Compared with traditional metal halide perovskites, which regulate energy band and luminescence
by changing halogen, perovskite quantum dots (QDs) have a surface effect and quantum confinement
effect. Based on the LaMer nucleation growth theory, we have synthesized CsPbBr3 QDs with
high dimensional homogeneity by creating an environment rich in Br− ions based on the general
thermal injection method. Moreover, the size of the quantum dots can be adjusted by simply
changing the reaction temperature and the concentration of Br− ions in the system, and the blue
emission of strongly confined pure CsPbBr3 perovskite is realized. Finally, optical and electrochemical
tests suggested that the synthesized quantum dots have the potential to be used in the field of
photocatalysis.

Keywords: CsPbBr3 QDs; quantum confinement effect; blue emission; size-adjustable

1. Introduction

Over the past years, metal halide perovskite, a new type of semiconductor material,
has attracted wide attention in the photovoltaic [1], luminescence [2] and detection [3] fields
because of its excellent photoelectric properties. Compared with traditional semiconductors,
perovskites have a special structure, and the general formula is ABX3 [4]. This paper focuses
on metallic lead halide perovskites with an A-site of MA+, FA+ or Cs+; the B-site is occupied
by metal cations such as Pb2+ or Sn2+, and they have an X-site of Cl−, Br− or I−. The B-site
atoms are in the body center of the cube and form a regular octahedral structure of BX6

4−
with the X-site atoms, the A-site atoms are in the vertex of the cube, and correspondingly,
the X-site atoms are in the six face centers of the cube [5–9].

This material is a direct bandgap semiconductor with advantages such as high carrier
mobility, long charge diffusion distance, high defect tolerance and a low-cost solution
preparation process. Today, perovskite solar cells have achieved a photoelectric conversion
efficiency of more than 25.5%, and perovskite quantum dots (QDs) combine the prop-
erties of perovskite block materials and traditional semiconductor quantum dots with
excellent photoelectric properties, such as high fluorescence quantum yield, extremely
narrow half-peak width, adjustable band gap, full-spectrum coverage in visible light, etc.
These properties make perovskite quantum dots one of the most promising photoelectric
materials at present; they are therefore widely used in light-emitting diodes, solar cells,
photodetectors and other fields [10–13]. Meanwhile, there are relevant examples of the ap-
plication of quantum dots in the field of photocatalysis [14]. Similarly, composite materials
such as perovskite quantum dots combined with other materials to form heterojunctions
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also have the potential for photocatalytic applications [15]. Quantum dots are quasi-zero-
dimensional particles composed of a small number of atoms whose dimensions are close to
their Bohr radii [16]. In quantum dots, charge carriers are restricted in all directions and are
sometimes referred to as artificial atoms [17]. Quantum dots can be thought of as bridges
between molecular clusters and bulk crystals depending on their size. For semiconductors,
an extremely important parameter is the gap separating the conduction band (CB) and the
valence band (VB), which is fixed for macroscopic crystals and is determined only by the
material properties. However, for quantum dots, when the size is reduced to the nanometer
level, the electrons are limited by the boundary during movement, and the corresponding
energy level will be adjusted to match the change in size. When a quantum dot is excited
by a photon of higher energy, the electrons in the VB experience energy fluctuations and
are excited to the CB, while a hole is left in the valence band, and the formed electron–hole
pair (charge carriers) will be attracted to each other by electrostatic action; the average
distance between the electron and the hole is regarded as the Bohr radius (The Bohr radius
of CsPbBr3 is 7 nm). The diffusion of charge carriers in the semiconductor lattice is related
to the Bohr radius. When the size of the quantum dot is less than or close to its Bohr radius,
the quantization of energy will be triggered, which will cause the electronic energy-level
structure of the semiconductor material to change from a continuous energy level to a
discrete energy level, and also cause the band gap between CB and VB to widen; this is
the quantum-limited effect [18–20]. The quantum confinement effect can also be simply
understood: the blue shift of the absorption and fluorescence spectra occurs as the size of
the semiconductor decreases, and the blue shift of the spectrum becomes more obvious with
a smaller size. In addition, a reduction in size will result in an increase in the proportion of
atoms on the surface. Compared with bulk materials, quantum dots have a large specific
surface area, and the surface atoms will form a large number of suspension bonds due to
incomplete coordination [21,22]. The existence of suspension bonds may introduce defect
levels in the semiconductor band gap and cause non-radiative recombination. At this time,
the surface plays a decisive role in the structure and optical properties of the quantum
dot [23–26]. In short, there are some properties distinguishing quantum dots compared to
bulk materials.

Like traditional quantum dots, perovskite quantum dots can regulate the band gap
through the quantum confinement effect to achieve tunable luminescence, and the absorp-
tion spectrum will gradually shift toward blue with the decrease in quantum dot size [27,28].
Another, lighter way is to adjust the luminescence through component engineering, that
is, by adjusting the proportion of halogens. This is mainly because the CB of perovskite
materials is contributed by the 6p orbital of Pb and the np orbital of halogens, and the 6p
orbital contribution of Pb is a major part. The VB tops are mainly contributed by the 6s
orbits of Pb and the np orbits of halogens [29]. For all metallic lead halide perovskites,
the composition of lead is the same, so the band gap of perovskite can be continuously
adjusted easily by adjusting the halogen composition, and, thus, the emission of perovskite
in the entire visible band can be realized [30]. In addition, due to the soft ionic properties
of halide perovskites, there is strong ionic interaction with surface ligands [31–33]. This
makes it easy to exchange anions between perovskites with different halogens, and it is
also easy and convenient to adjust the full spectrum of the visible light band of perovskites
through composition engineering [34]. But, unfortunately, it is precisely because of this
characteristic that the phase separation of perovskite mixed halogens occurs very easily in
practical applications. Conversely, this problem can be fundamentally solved by regulating
luminescence through quantum confinement effects. At the same time, how to prepare and
control the size of quantum dots and ensure the uniformity of particle size has become a
new problem to be solved urgently [35]. Based on previous work, we know that the synthe-
sis of quantum dots follows LaMer nucleation growth theory. It mainly includes three parts;
first, the monomer formation stage: because the precursor reacts under certain conditions,
the monomer is formed quickly. Second, the nucleation stage: when the concentration of
monomer exceeds the critical concentration of nucleation, it will be rapidly nucleated due
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to supersaturation, and a large amount of monomer will be consumed during nucleation,
thereby reducing the monomer concentration to the critical concentration of nucleation
again. Third, the growth stage: since the monomer concentration is lower than the critical
concentration of nucleation, but still higher than the equilibrium concentration, within this
range, QDs will carry out the growth stage [36]. Then, as the concentration of monomers
in the solution is depleted, it enters the Ostwald ripening process. This process involves
the dissolution of small-size QDs and the continued growth of large-size QDs, which will
cause the widening of QDs [37]. The results show that accelerating the monomer formation
rate can reduce the nucleation time of QDs, which is conducive to the formation of a more
uniform QDs core. The homogeneous core can improve the uniformity of subsequent
growth and inhibit the Ostwald ripening process, thus achieving the synthesis of QDs with
a narrow size distribution.

Here, we add ZnBr2 to create a Br− ion-rich reaction system on the basis of the general
hot injection method, and effectively regulate the synthesis of CsPbBr3 QDs based on
LaMer nucleation growth theory [38]. By simply adjusting the concentration of Br− ions
and changing the reaction temperature, CsPbBr3 QDs of different sizes with ultra-high
particle size uniformity can be obtained easily. These CsPbBr3 QDs of similar size exhibit a
certain self-assembly behavior due to their high homogeneity, which can be demonstrated
by their XRD tests [39]. X-ray photoelectron spectroscopy (XPS) testing can also effec-
tively prove that the Cs, Pb and Br elements in CsPbBr3 QDs have a reasonable chemical
state environment. In addition, the ultraviolet–visible absorption (UV-vis) spectrum and
photoluminescence (PL) spectrum can prove that, based on the quantum confinement
effect, the corresponding luminous band of CsPbBr3 QDs is significantly blue-shifted with
the reduction in their size [40]. Finally, optical and electrochemical tests show that the
perovskite quantum dots have great potential for application in the field of photocatalysis.

2. Materials and Methods

2.1. Materials

Cesium carbonate (Cs2CO3, Aladdin, Shanghai China, 99.9%), lead bromide (PbBr2,
Aladdin, Shanghai China, 99.99%), zinc bromide (ZnBr2, Aladdin, Shanghai China, 99%),
oleic acid (OA, Aladdin, Shanghai China, AR), oleylamine (OAm, Aladdin, Shanghai China,
80~90%), 1-octadecene (ODE, Aladdin, Shanghai China, >90% (GC)), n-hexane (Aladdin,
Shanghai China, >99%), acetone (Aladdin, Shanghai China, >99%).

2.2. Methods
2.2.1. Preparation of CsOA Precursors

The Cs-oleate precursor solution was prepared in a 50 mL three-necked round-
bottomed flask by dissolving Cs2CO3 (0.4 g) in a mixture of oleic acid (OA, 5 mL) and
1-octadecene (ODE, 15 mL). After drying with a vacuum pump for 1 h at 120 ◦C, it was
heated under N2 protection to 140 ◦C until all Ca2CO3 dissolved to form Cs-oleate. The
Cs-oleate precursor solution was preheated to 120 ◦C before injection.

2.2.2. Synthesis of CsPbBr3 Quantum Dots (QDs)

ODE (10 mL), PbBr2 (0.138 g) and ZnBr2 were loaded in a 50 mL 3-necked flask and
vacuum-dried for 1 h at 120 ◦C, and then oleylamine (2 mL) and OA (2 mL) were injected
under a N2 atmosphere. After the PbBr2 and ZnBr2 dissolved, the temperature was set to a
different temperature, and the Cs-oleate solution (0.8 mL, 0.125 M in ODE) was quickly
injected in. The reaction mixture was cooled by an ice-water bath after reacting for 30 s
for the crystal growth. The product was collected by centrifugation. The amount of ZnBr2
added depended on the molar ratio of bromine/lead. When the molar ratio of Br:Pb = 6:1,
ZnBr2 (0.17 g) was required, and when the molar ratio of Br:Pb = 10:1, twice as much
was required.
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2.2.3. Purification of CsPbBr3 Quantum Dots (QDs)

For the product in the centrifugation, the supernatant was left on the bench top under
ambient conditions for ~3 h until the unreacted salts precipitated. Then the mixture was
centrifuged to get the clear supernatant. With a proper amount of the clarified solution,
~5 mL of acetone was slowly added until the mixture became turbid to avoid decomposition
of the QDs. Then the QDs were centrifuged at 10,000 rpm for 10 min and the precipitate
was collected and dissolved in ~500 μL of hexane.

2.3. Characterization
2.3.1. Characterization via Transmission Electron Microscopy (TEM)

Images captured via transmission electron microscopy (TEM) were generated utilizing
a JEOL JEM-1400 Plus microscope (Beijing, China). This instrument, featuring a thermionic
emission source, was set to function at an acceleration power of 120 kV. For the examination,
quantum dot (QD) specimens underwent a precise preparation process, involving the
deposition of a thinned QD mixture in n-hexane onto grids coated with carbon on copper.
Following this, the analysis of the QDs’ size distribution was conducted through the
application of Nano Measurer software (1.2), bearing version number 1.02.0005.

2.3.2. Characterization via X-ray Diffraction (XRD)

X-ray diffraction (XRD) measurements were conducted utilizing a Bruker D8 AD-
VANCE diffractometer, from Karlsruhe, Germany, employing Cu-Kα radiation at a wave-
length of 1.540598 Å. Data collection covered a 2θ range from 10◦ to 60◦, utilizing a step
increment of 0.05◦ and a dwell time of 0.5 s per step. The instrument was set to a voltage of
40 kV and a current of 40 mA. To prepare for XRD, a dense suspension of quantum dots
(QDs) in n-hexane was drop-cast onto silicon dioxide/silicon (SiO2/Si) supports. Analysis
of the XRD patterns was subsequently performed with Jade 6.5 software.

2.3.3. X-ray Photoelectron Spectroscopy (XPS) Characterization

Spectra from X-ray photoelectron spectroscopy (XPS) of perovskite quantum dots
were captured with an AXIS SUPRA spectrometer from Kratos Analytical, part of the
Shimadzu Group, located in Manchester, UK. This device features a Thermo Scientific Kα

spectrometer and utilizes a monochromatic Al-Kα X-ray for illumination. Data collected
were then transformed into VGD format and analyzed using Avantage software (599-31),
release 5.9922. Calibration of the binding energy scale was aligned using the C 1 s peak,
attributing a binding energy of 284.8 eV specifically to the carbon–carbon (C–C) bond.

2.3.4. Fluorescence Spectrum Characterization

Optical absorption spectra in the UV–visible range were obtained using a Shimadzu
UV-1800 spectrophotometer (Kyoto, Japan), which was operated with UVProbe 2.52 soft-
ware. Concurrently, the emission characteristics were assessed through steady-state photo-
luminescence (PL) spectra, recorded using a Shimadzu RF-6000 spectrophotometer (Kyoto,
Japan) equipped with LabSolutions RF software (1.11). For CsPbBr3, the excitation wave-
length (λex) utilized was 400 nm. The preparation for optical evaluation involved the
dilution of quantum dot (QD) solutions in n-hexane, followed by their allocation into
quartz cuvettes, each with a path length of 10 mm, to ensure accurate measurements.

2.3.5. Electrochemistry (Photo) Measurements

Photocurrent and electrochemical impedance analyses on halide perovskite quantum
dots (QDs) were conducted using a Zennium workstation, supplied by Zahner Company
of Kronach, Germany. This investigation utilized a tri-electrode configuration comprising
a sample-based working electrode, a counter-electrode of platinum disk, and a Ag/AgCl
reference electrode (in saturated KCl solution) with a potential of +0.1989 V relative to
the Normal Hydrogen Electrode (NHE) within an electrolyte solution of 0.5 M Na2SO4.
Illumination for the photocurrent assessments was provided by a 405 nm wavelength
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LED, with its intensity quantified using a Newport photometer (Irvine, CA, USA). The
electrochemical impedance spectra were acquired at a potential of −0.1 V versus NHE,
with application of a 10 mV signal over a frequency range from 100 mHz to 20 kHz, in a
0.5 M Na2SO4 solution.

3. Results

The traditional synthesis of CsPbBr3 nanocrystals involves simple dissolution of PbBr2
and ligands in a solvent and hot injection of cesium oleate to obtain the corresponding halo-
gen perovskite nanocrystals. Although monodisperse nanocrystals have been synthesized
successfully, their sizes are not uniform, and effective size control methods are lacking.
Based on the LaMer nucleation growth theory, it can be seen that this is an extremely
rapid explosive nucleation process, accompanied by the Oswald maturation process in
parallel with crystal growth. Therefore, a BR−-rich reaction system was constructed by
introducing ZnBr2, which can improve the formation of perovskite monomer and shorten
the nucleation time. The homogeneous core is conducive to inhibiting the Oswald ripening
process in the later stage of growth, avoiding size widening and obtaining a narrow size
distribution of quantum dots. In addition, the size of the perovskite QDs can be adjusted by
changing the reaction temperature during hot injection. As the size of QDs decreases, we
obtain strongly confined CsPbBr3 QDs. Due to the great quantum confinement effect, the
luminous wavelength of CsPbBr3 QDs shifts from green to blue. Compared with the com-
ponent engineering of Cl/Br mixed halogens, the blue light formed based on dimension
engineering fundamentally solves the problem of easy phase separation of mixed halogens.
At the same time, with the addition of excessive Br− ions, the Br vacancy defects on the
surface of perovskite are greatly passivated [41]. In bromine-rich reaction systems, Pb2+

and Br− ions are combined to form a complex of [PbBr3]− firstly, and then the complex
is transformed into an octahedron. Once the octahedron is formed, sufficient nucleation
sites are provided for rapid nucleation with the addition of Cs-OA. We obtained CsPbBr3
QDs of different sizes at different reaction temperatures (150 ◦C, 130 ◦C, 110 ◦C, 90 ◦C)
(Scheme 1). Based on the weak-to-strong quantum confinement effect, the continuously
tunable emission of CsPbBr3 QDs from green light to blue light was realized.

Scheme 1. Illustrative representation of the CsPbBr3 QDs synthesis process.

Shown in Figure 1A–D are TEM images of CsPbBr3 QDs corresponding to reaction
temperatures of 150 ◦C, 130 ◦C, 110 ◦C and 90 ◦C, respectively. The size of CsPbBr3 QDs
can be visually observed through TEM images. It can be clearly seen from the TEM images
that the size of the obtained CsPbBr3 QDs decreased with the gradual decrease in the
reaction temperature during hot injection. In addition, we calculated the sizes of hundreds
of quantum dots, made a bar chart, and placed it under the TEM images of quantum
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dots we obtained, arranged by the corresponding reaction temperatures (Figure 1E–H).
According to the information in the bar chart, the average size and particle size distribution
of CsPbBr3 QDs obtained, from high to low reaction temperature, are d = 5.7 ± 0.1 nm,
d = 4.9 ± 0.05 nm, d = 3.9 ± 0.1 nm and d = 3.5±0.11 nm, respectively. In addition, com-
paring Figures S1 and 1, it can be found that as the molar ratio of bromine to lead increases
from Br: Pb = 6:1 to Br: Pb = 10:1, the sizes of QDs in the system with higher concentrations
of Br− ions at the same reaction temperature become smaller. This shows that in addition
to the temperature condition, the change in Br− ion content in the system also really affects
the size of the quantum dot. At the same time, in an environment with high-energy particle
impacts such as TEM, there are no white spots, which indicates the destruction of the
structure, and small black patches, which indicate the collapse of the structure, leading to
the precipitation of PbBr2. Studies indicate that increasing the concentration of halogen ions
can improve the radiation resistance of halide perovskite QDs [42]. This may be attributed
to the fact that with the increase in Br− ion content in the system, more nucleation sites are
formed while the surface defects are passivated. The increase in nucleation sites greatly
accelerates the nucleation process and, thus, effectively inhibits Oswald ripening in some
aspects, which means that the sizes of the perovskite quantum dots with extremely high
size uniformity obtained by the improved method in this paper can be controlled simply
and effectively. What is more interesting is that, compared with the monodisperse CsPbBr3
QDs synthesized by the general method, they show a chaotic arrangement (Figure S2).
The improved CsPbBr3 QDs synthesized in this paper are arranged in an orderly manner
on the substrate, and show a trend of self-assembly. It should be clear that this trend of
self-assembly has high requirements for the dimensional uniformity of the assembled units,
which is also evidence that the synthesized CsPbBr3 QDs have ultra-high dimensional uni-
formity. This high dimensional uniformity and size adjustability will also greatly facilitate
the installation of CsPbBr3 QDs in channel materials, further developing their potential in
areas such as catalysis.

Figure 1. (A–D) TEM images of CsPbBr3 QDs at different reaction temperatures, respectively (scale
bar: 50 nm) and (E–H) their size-of-particle-diameter distribution diagrams.

It is noteworthy that the X-ray diffraction (XRD) pattern exhibits only two highly
intense peaks, near the diffraction angles 2θ = 15◦ and 2θ = 30◦. These peaks correspond to
the (001) and (002) crystal faces of CsPbBr3 perovskite, respectively. The presence of these
specific peaks, in accordance with the ICSD code 029073, confirms the cubic crystal structure
of CsPbBr3 QDs (Figure S3). Just like the extremely ordered arrangement of quantum dots
in the TEM images, CsPbBr3 QDs are arranged along the preferred orientation of the (001)
crystal plane, with structural coherence, so that there are extremely strong diffraction
peaks at the peaks of the (001) crystal plane and the (002) crystal plane in the XRD pattern.
The special XRD pattern of the synthesized CsPbBr3 QDs is in good agreement with the
special arrangement in the TEM images. Figures 2B–D and S4 show the XPS spectrum
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of CsPbBr3 QDs. According to the curve of the spectrum, the chemical valence states of
Cs, Pb and Br were analyzed [43]. Figure 2B shows the binding energy curve of the Cs 3d
orbit, where the peaks corresponding to Cs 3d5/2 and Cs 3d3/2 are located near 724 eV and
738 eV, respectively. Similarly, Figure 2C shows the binding energy curve of the Pb 4f orbit,
where the peaks corresponding to Pb 4f7/2 and Pb 4f5/2 are located near 138 eV and 143 eV,
respectively. In addition, in Figure 2D, the coupling peaks near 68 eV and 69 eV come from
the Br 3d orbit, representing Br 3d5/2 and Br 3d3/2, respectively. In the above peak location,
the peak location of the Pb 4f track is similar to that recorded in reference [44].

Figure 2. (A) XRD pattern and (B–D) XPS spectra of CsPbBr3 QDs.

Subsequently, we performed optical characterization of CsPbBr3 quantum dot samples
at various reaction temperatures, including UV-vis and photoluminescence (PL) spectra.
As the average particle size of CsPbBr3 QDs decreases, the quantum confinement effect
changes from weak to strong, the continuous electronic energy levels split into discrete
energy levels, and the energy levels are constantly widened. Shown in Figure 3A–D are
CsPbBr3 quantum dot samples corresponding to reaction temperatures of 150 ◦C, 130 ◦C,
110 ◦C and 90 ◦C, respectively. We dispersed them in hexane and obtained the transition of
excitation light from green to blue light under the excitation of an ultraviolet lamp. The
corresponding UV-vis absorption peak and PL emission peak also gradually transited
from a green band to a deep blue band, indicating that the band gap gradually widened.
According to the detailed information shown in the UV-vis spectra and PL spectra in
Figure 3, the emission peak positions of PL shift from 494 nm, 484 nm and 474 nm to
464 nm (deep blue light), while the corresponding absorption peak positions shift from
485 nm, 474 nm and 459 nm to 450 nm. It should be noted that the intrinsic PL excitation
band of CsPbBr3 QDs should be around 520 nm. For details, see the illustration in Figure
S5. The solution of CsPbBr3 QDs dispersed with larger sizes appears bright green under
ultraviolet irradiation. The excited light color of the CsPbBr3 QDs solution obtained at
the reaction temperature of 150 ◦C under the UV lamp is more like the transition color
between green and blue, because the average particle size of the sample at this time was
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d ≈ 5.7 nm < 7 nm. At this time, an obvious quantum confinement effect appeared, and
the original continuous electronic energy levels split into discrete energy levels. As the
energy level widened, the band gap increased and the PL peak position shifted to blue.
The quantum confinement effect can also increase the exciton binding energy of the crystal;
the exciton binding energy in the halogen perovskite film is about 25 meV, and the excitons
in the perovskite film will decompose into free electrons and holes at room temperature.
For perovskite quantum dots, the exciton binding energy can reach hundreds of meV, and
the increase in exciton binding energy increases the possibility of radiation recombination,
which can significantly improve luminous performance. In addition, the adjustable band
gap of CsPbBr3 QDs also has great potential in the field of photocatalysis. By adjusting the
band gap of CsPbBr3 QDs and other materials to form heterostructures (Figure S7), it is
easier to form a type II band structure, effectively realize the separation of electrons and
holes, and improve the catalytic performance.

Figure 3. (A–D) images of CsPbBr3 QDs at different reaction temperatures under ultraviolet lamp
excitation and the corresponding UV-vis and PL spectra.

CsPbBr3 quantum dots (QDs), fabricated at a temperature of 150 ◦C, were subjected to
assessments of photocurrent response and electrochemical impedance spectroscopy (EIS),
as illustrated in Figure 4. The equivalent circuit analysis involved CPE as the notation
for double-layer capacitance, with RS representing the resistance across the electrolyte
between the reference and working electrodes, and RC indicating the resistance related to
charge transfer at the electrode interface. The EIS patterns for the CsPbBr3 QDs showcased
a distinct semicircle, a marker for charge transfer resistance. To accurately measure the
photocurrent response exclusive of external effects, measurements were systematically
taken with the initiation of the light source. Remarkably, when the illumination was
discontinued, the photocurrent density approached zero, but surged immediately when
the light was reinstated after a 30 s interval. Such periodic fluctuation in current, with light
modulation every 30 s, underscores the CsPbBr3 perovskite’s adeptness at carrier transport.
This efficiency in carrier migration underscores the potential of CsPbBr3 QDs for future
photoelectrocatalysis applications.
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Figure 4. (A) Electrochemical impedance spectroscopy (Nyquist plot) of CsPbBr3 QDs synthesized at
a reaction temperature of 150 ◦C. The inset illustrates the equivalent circuit model. (B) Instantaneous
photocurrent response of CsPbBr3 QDs in neutral water (0.5 M Na2SO4) at −0.1 V vs. NHE.

4. Conclusions

Based on the synthesis of perovskite by the hot injection method, we introduced
more Br− ions by adding ZnBr2 to create a bromine-rich reaction environment to regulate
the nucleation and growth process of perovskite, and finally synthesized monodisperse,
extremely uniform and adjustable CsPbBr3 QDs. Due to the presence of excessive Br−
ions in the solution, the reaction system had abundant nucleation sites, which greatly sped
up the explosive nucleation process in the hot injection stage, and effectively inhibited
the Oswald ripening process in the subsequent crystal growth. Thus, CsPbBr3 QDs with
an extremely uniform size were obtained. We can regulate the size of CsPbBr3 QDs by
adjusting the reaction temperature during hot injection and the amount of Br− ions added.
The general rule is as follows: when the content of Br− ions in the system is constant, the
size of the obtained quantum dots becomes smaller and smaller as the reaction temperature
gradually decreases. Similarly, when the temperature is constant, the size of the quantum
dot is negatively correlated with the Br− ion content in the system to a certain extent.
In addition, because the size is uniform enough, there is an interesting self-assembly
arrangement, which can be clearly seen in TEM images and is to some extent supported by
XRD. In addition, based on the quantum confinement effect, the size changes of CsPbBr3
QDs also bring special optical properties. When the size of the quantum dot enters the
critical value of the Boer exciton radius (7 nm), with a further reduction in the average
size, its photoluminescence wavelength shifts to a deep blue band. The results of spectral
and structural characterization show that the emission of CsPbBr3 perovskite, from green
light to blue light, can be continuously adjusted by adjusting the sizes of quantum dots.
In general, on the one hand, from the perspective of structure, CsPbBr3 QDs can achieve
more efficient catalytic performance by attaching to other materials, and the adjustable
size property greatly facilitates this method. Furthermore, based on the change in band
gap width caused by the size effect, the formation of a type II band structure with other
materials also has the potential to be applied in the field of catalysis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17071607/s1, Figure S1: (A–D) TEM images of CsPbBr3 QDs at
different reaction temperatures (scale bar: 50 nm) and (E,F) their size-of-particle-diameter distribution
diagrams; Figure S2: Image of CsPbBr3 QDs at different reaction temperatures under ultraviolet
lamp excitation and the corresponding UV-vis and PL spectra; Figure S3: (a) HR-TEM image and
its magnified local view; (b) the reciprocal space image after FFT; (c) the lattice image obtained by
inverse FFT and the reciprocal space image; Figure S4: The XPS spectrum of CsPbBr3 QDs; Figure S5:
Image of CsPbBr3 QDs under ultraviolet lamp excitation and the corresponding PL spectra; Figure S6:
(a) TEM image and (b) EDS spectra of CsPbBr3 QDs; Figure S7: The relationship between absorbance
and photon energy. The band gap (Bg) of CsPbBr3 QDs of different sizes.
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Abstract: Selective emitter (SE) technology significantly influences the passivation and contact
properties of n-TOPCon solar cells. In this study, three mask layers (SiOx, SiNx, and SiOxNy) were
employed to fabricate n-TOPCon solar cells with phosphorus (P)-SE structures on the rear side using
a three-step method. Additionally, phosphosilicon glass (PSG) was used to prepare n-TOPCon solar
cells with P-SE structure on the rear side using four-step method, and the comparative analysis of
electrical properties were studied. The SiOx mask with a laser power of 20 W (O2 group) achieved
the highest solar cell efficiency (Eff, 24.85%), The open-circuit voltage (Voc) is 2.4 mV higher than that
of the H1 group, and the fill factor (FF) is 1.88% higher than that of the L1 group. Furthermore, the
final Eff of solar cell is 0.17% higher than that of the L1 group and 0.20% higher than that of the H1
group. In contrast, using the four-step method and a laser power of 20 W (P2 group), a maximum
Eff of 24.82% was achieved. Moreover, it exhibited an Voc, which is elevated by 3.2 mV compared
to the H1 group, and FF increased by 1.49% compared to the L1 group. Furthermore, the overall
Eff of the P2 group outperforms both the L1 and H1 groups by approximately 0.14% and 0.17%,
respectively. In the four-step groups, the Eff of each laser condition group was improved compared
with the L1 group and H1 group, The stability observed within the four-step method surpassed that
of the three-step groups. However, in terms of full-scale electrical properties, the three-step method
can achieve comparable results as those obtained from the four-step method. This research holds
significant guiding implications for upgrading the n-TOPCon solar cell rear-side technology during
mass production.

Keywords: n-TOPCon; mask; laser; P-SE

1. Introduction

The TOPCon (tunnel oxide passivated contact) solar cell with a surface area of
4 cm2 was proposed and developed by the Fraunhofer Institute for Solar Energy Sys-
tems in Germany in 2013, achieving an impressive efficiency of 23.7% [1]. The efficiency
(Eff) was enhanced to 25.7% in 2017 by optimizing the village resistivity and process flow
at the Fraunhofer Institute for Solar Energy Systems in Germany [2]. The efficiency of the
POLO-IBC solar cell with the TOPCon structure combined with IBC reached 26.1% [3]
in 2018. Due to their excellent passivation performance, TOPCon solar cells have been
extensively studied in recent years [4–14]. There are many factors that affect the efficiency
of solar cells, including surface recombination rate [15] and contact resistance [16]. The
surface recombination rate primarily relies on the passivation quality of the surface, while
the contact resistance is influenced by the doping concentration in the contact region. As the
efficiency of TOPCon solar cells continues to improve, the reduction in frontal contact area
has emerged as a predominant factor constraining solar cell performance [17]. A commonly
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employed technique involves the fabrication of a selective emitter (SE) on the front side [18].
This approach serves two purposes: firstly, it mitigates carrier recombination in the emitter
region and enhances surface passivation; secondly, it reduces contact resistivity (ρc) in the
contact region, thereby augmenting the FF [19]. Currently, laser treatment has been shown
to increase Voc by 5–8 mV [20]. The maturity and widespread adoption of positive B-SE
technology in industrial production, coupled with the advancement of laser-enhanced con-
tact optimization (LECO) technology, offer potential for further enhancement of Voc and FF,
thereby augmenting the Eff of solar cells. Additionally, the rear-side surface is passivated
using SiOx/Poly-Si(n+) [21]. Despite the improved passivation and contact effects, due to
the high P atoms doping concentration leading to high recombination, it is still possible
to achieve SE through laser technology reducing the P atoms doping concentration in the
non-contact region while increasing it in the contact region. Consequently, optimal rear
surface passivation and superior rear contact performance are attained.

The principle of laser doping involves focusing a laser beam on the surface of crys-
talline silicon, resulting in the generation of high temperatures exceeding 1414 ◦C, followed
by a rapid quenching process (~735 ◦C/s) [22]. Sufficient energy can induce rapid melting
and recrystallization in the local area of the wafer surface, with minimal heat generated
outside of the laser region. The solubility of doped elements in liquid Si is an order of
magnitude higher than that in the solid state. By adjusting laser power, wavelength, and
pulse parameters, diffusion or activation of dopants can be achieved [23]. Due to the
significant recombination introduced by the frontal contact of n-TOPCon solar cells [17],
B-SE technology has garnered increased attention and been extensively investigated by
scholars [11]. Employing laser irradiation on the metallized pattern region enables the
attainment of selective emitter characteristics, with low doping concentration in the un-
doped region and high doping concentration in the doped region. Nevertheless, it is
worth noting that laser-induced defects, contamination, and discontinuities in selective
emitters may also lead to a degradation in solar cells’ performance [24,25]. As is widely
recognized, the conventional SE technology involves the laser processing of boron-rich
boron-silicate glass (BSG) or phosphate-rich phosphorus-silicon glass (PSG) as precursors,
followed by high-temperature annealing and oxidation to form a protective film on the
surface. Traditional B diffusion typically requires over 80 min at temperatures ranging
from 900 to 1000 ◦C [26]. Similarly, P annealing oxidation also necessitates approximately
50 min at temperatures between 800 and 900 ◦C [27]. Consequently, the conventional SE
method exhibits prolonged process duration and significant energy loss.

Currently, the P-SE of n-TOPCon solar cells prepared using the PECVD (plasma-
enhanced chemical vapor deposition) method can be accomplished through four steps:
firstly, preparing SiOx/a-Si(n+) and SiOx; secondly, depositing the P source to form PSG;
thirdly, performing laser treatment (SE); and finally, conducting annealing and oxidation.
Alternatively, it can be achieved in three steps: first, by the PECVD preparation of SiOx/a-
Si(n+) and a mask layer; then, by laser treatment (opening film and SE); and lastly by
annealing oxidation followed by deposition of P diffusion and oxidation. The two laser
methods have different effects as the three-step laser involves opening film and SE effects,
while the four-step laser only includes the SE effect. The LPCVD (low pressure chemical
vapor deposition) method can only be completed using the four-step method due to its
inability regarding in situ doping. Investigating various approaches to realize P-SE is
highly significant for enhancing the Eff of solar cells and reducing energy consumption.

2. Experiment and Characterization

2.1. Experiment

In this experiment, 182 × 182 × 0.14 mm3 n-type Cz silicon wafers (LONGi Green
Energy Technology Co., Ltd., Xi’an, China) with a resistivity of 1.0–1.2 Ω.cm were used to
fabricate n-TOPCon solar cells. The preparation process and variables for the n-TOPCon
solar cell test samples are illustrated in Figure 1. The three-step method to achieve the SE is
shown in Figure 1a. Alkali texturing was used to create a pyramid-like surface structure,
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enhancing light trapping. The height of the pyramids was controlled to be less than
2 μm, and the reflectivity was maintained at 9.5 ± 0.2%. B diffusion is used to form the PN
junction with a sheet resistance of 140 Ω/sq and junction depth of 0.8 μm. The rear side and
surrounding BSG layers were removed through HF chain cleaning, followed by polishing
with a mixed aqueous solution containing additives and alkali to eliminate the B wrap-
round on the rear and edges simultaneously, and in this step, the rear-side reflectance was
controlled to be 42.0 ± 0.2%. Subsequently, the tunneling oxidation passivation structure of
a-Si(n)/SiOx was prepared using PECVD (CETC, Changsha, China). An electric field was
applied in the reactor, relying on radio frequency induction to ionize the target material
source gas and generate plasma, increasing reactant activity for the low temperature
deposition (≤450 °C) process. After evacuating the wafers into the PECVD equipment
cavity, leakage detection was performed at 420 °C. The entire preparation process was
carried out at 420 °C. Firstly, the tunneling oxide layer, SiOx, was prepared with a flow rate
of N2O set at 8000 sccm, with the pressure maintained at 300 Pa, power set to 10,000 W,
and pulse on/off ratio adjusted to 2 ms/200 ms. Then, an a-Si(n) layer was fabricated for a
total duration of 1300 s. The PH4 flow rate was adjusted to 1200 sccm, while PH3 and H2
were introduced at rates of 1000 sccm and 3500 sccm, respectively. The process operated
under a pressure of 300 Pa with a power input of 14,000 W, employing a pulse on/off ratio
of 4 ms/50 ms. Finally, the mask layer deposition took place over a period lasting for 100 s.
During this step, the flow rate of SiH4 was 1100 sccm, the flow rate of N2O was 6000 sccm,
the pressure was 180 Pa, the power was 9000 W, and the pulse on/off was 5 ms/100 ms.
After completion of the steps, the tube underwent two cycles of pumping out and nitrogen
filling to restore normal pressure, and then the tube was released.

Figure 1. Experimental flow chart: (a) three-step SE process; (b) four-step SE process; (c) sample test
flow chart.

A green nanosecond laser was employed for film opening as well as selective emitter
formation, and the spot size of the laser is 120 × 120 μm2. The wafers were annealed,
P atoms diffused and oxidized; The PSG on the edge was removed through front chain
HF cleaning, while a portion of the BSG was retained on the front. The wrap-round was
removed through alkali polishing. Alumina passivation was applied to the front, along
with silicon nitride passivation on both sides. Metal electrodes were printed and fired to
form the final solar cells in this study. The deposition times of SiOx, SiNx, and SiOxNy were
set at 200 s to prevent P diffusion in the lightly doped region after laser treatment. The
power, source amount, and deposition temperature for all three types of masks deposited
by PECVD were kept consistent. The laser SE powers used were 15 W, 20 W, and 25 W.

Figure 1b illustrates the four-step P-SE process of the n-TOPCon solar cell preparation
process, wherein oxidation was required post laser to generate a SiOx protective layer
safeguarding the SE region when the wrap-round was removed. Despite the realization of a
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selective emitter in the four-step method, only one step corresponds to an effective selective
emitter. In the three-step method, although no P atoms exist in the surface mask layer,
laser played a role by driving P atoms from the shallow surface layer deeper. Following
laser treatment, the surface mask layer was etched away and subsequently, annealing,
P deposition, and drive in were conducted. However, due to the blocking effect of the
non-laser areas’ mask layers, it was challenging for P atoms to infiltrate poly. Conversely,
on the laser-treated region’s surface, P atoms were easily driven into poly as part of forming
a selective emitter, thus, constituting the second step involved in this process. Although
there are merely three steps involved here, two of them contribute towards establishing a
selective emitter.

The test wafers prepared during the experiment are shown in Figure 1c. The laser
area of Step 5 was square, full-face, and laser free. The laser block film after Step 6 was
utilized for sheet resistance (Rsheet) and the ECV test, while the ECV test was conducted on
the wafer after the wrap-round was removed to confirm the cleaning window and compare
it with the wafer without the wrap-round removed. J0 and iVoc were tested using both
full laser and non-laser wafers. The difference between the J0 of the non-laser wafer and
J0 of the full-face laser wafer at the rear side represents the compound J0 caused by laser
damage. By considering the width of the gate laser slot and number of gate lines, we can
calculate the increase in J0 brought about by rear-side lasers.

Figure 2 shows the schematic diagram of the high temperature diffusion process of
the two laser routes. Step 6 of the three-step method raised the temperature to 920 ◦C
first for nitrogen protection and crystallization for 45 min, after which POCl3 was fed for
the next 7 min, then the temperature was lowered to 850 ◦C, and then the temperature
was lowered after 30 min of oxygen constant temperature. Figure 2b shows Step 5 of the
four-step method, where the P atoms were deposited for 30 min at a low temperature of
750 ◦C; Figure 2c shows Step 7 of the four-step method, where the temperature was raised
to 920 ◦C, and oxygen was injected under constant temperature for 45 min. Figure 3
illustrates a schematic diagram of laser film opening. Table 1 presents all the experiments
along with their respective experimental conditions.

Figure 2. (a) Step 6 of the three-step method; (b) Step 5 of the four-step laser method; (c) Step 7 of the
four-step method.
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Figure 3. Laser diagram of P-SE process.

Table 1. Different experimental groups of P-SE process.

Groups L1 H1 O1 O2 O3 N1 N2 N3 S1 S2 S3 P1 P2 P3

Laser/w — — 15 20 25 15 20 25 15 20 25 15 20 25
mask — — SiOx SiNx SiOxNy PSG PSG PSG
Steps — — Three Four

2.2. Characterization

The rear-side morphologies were examined using an Olympus optical microscope
(DSX-HRSU, Olympus Optical Co., Ltd., Tokyo, Japan) under different experimental condi-
tions. Additionally, the Rsheet on the sample’s rear side was measured using a Napson test
instrument (RG-2000PV, Napson, Wuxi, Chaina), and the P atoms doping curve was deter-
mined under various experimental settings using a WEP Wafer Profiler (CVP21, Saratoga
Technology International, Saratoga, CA, USA). The solar cell’s open circuit voltage (Voc),
short circuit current density (Jsc), fill factor (FF), series resistance (Rs), and efficiency (Eff)
were evaluated using an IV test instrument (Delta Electronics, Inc., Shanghai, China) under
standard testing conditions of 1000 w/m2 illumination, temperature of 25 ± 1 ◦C, 70%
ambient humidity, and simulated am 1.5 spectral distribution.

In order to assess the minority carrier lifetime (τeff) and implied open circuit voltage
(iVoc), we conducted relevant experiments using the WCT-120 [28] instrument (Sinton
Instruments, Sinton, TX, USA). Additionally, the specific contact resistivity of the grid
line was measured using the transmission line model (TLM) and GP-4 [29] probe (GP
Solar GmbH, Memmingen, Germany) transmission line model method. The EQE test was
performed utilizing the PVE300-IV test equipment (Enli Technology Co., Ltd., Shenzhen,
China), while the current loss analysis relied on the V1.4 calculation tool provided by the
Singapore Solar Energy Research Institute [30].

3. Results and Discussions

3.1. Morphologies Analysis

After laser treatment under different experimental conditions, the spot morphologies
are depicted in Figure 4. By manipulating the laser processing speed and pulse frequency,
the laser overlap ratio can be adjusted [31]. In the mass production process, we regulated
the slight overlap of spots due to differential cooling rates between the spot’s edge and its
middle. Under high power conditions, micro-textures may manifest in the overlapping
region [32], leading to a reduction in the minority carrier lifetime of the solar cell. We know
that in the mass production process of n-TOPCon prepared using the low-pressure chemical
vapor deposition (LPCVD) method, some manufacturers judge the thickness of poly silicon
by the color of the front of the wafer after P atoms diffusion and annealing, because the
mask layer deposited on different poly silicon thicknesses show different colors. Following
the deposition of diverse mask layers through the PECVD method, a light gray hue akin
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to the wafers is observed on their surfaces. The localized high temperature generated
by laser formation induces crystallization of a-Si(n+) into Poly-Si(n+), which shows a
pink coloration on the masked layers, while cyan coloration emerges at spot junctions,
particularly noticeable at 15 W power. The 15 W laser produces the darkest color in each
mask group, while the 25 W laser produces the lightest color. Additionally, the SiOxNy mask
group’s 25 W laser creates the lightest color. Due to the presence of the mask layer, Poly-Si
with different thicknesses show different colors. The colors disappear after the mask layer
is removed, and there are some areas at the edge of the spot where the film is completely
opened. Higher power lasers can create cracks or even grooves in open areas [33]. This
creates more damage, which reduces the lifetime of a carrier. Previous studies have
demonstrated that noticeable defect formations occur only when laser irradiation surpasses
the silicon melting threshold, with the recrystallization rate being a crucial parameter for
defect generation. Specifically, the surface electrical and optical properties of solar cells are
influenced by dislocation density and oxygen incorporation [34,35]. Generally, the types
of defects commonly observed depend largely on two factors: (1) initial concentration of
external impurities (carbon, oxygen, nitrogen, dopants); and (2) structural defects in the
silicon crystal, which directly impact its melting threshold [36].

Figure 4. Microscope image of the laser spot on n-TOPCon cell: (a) O1; (b) O2; (c) O3; (d) N1; (e) N2;
(f) N3; (g) S1; (h) S2; (i) S3.

In the three-step process, the microscopic morphology damage of the spot after laser
treatment with different masks is not readily discernible, whereas in the four-step process,
a more distinct visualization of the state of the surface film layer opening can be observed.
As depicted in Figure 5, at a power of 15 W, the laser spot is barely discernible on the
surface. However, upon increasing the laser power to 20 W, it becomes evident that the
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surface film layer Is removed, thereby exposing the wafer directly. Notably, the initial
removal by the laser occurs precisely at the center of the spot. Subsequently, raising the
laser power to 25 W leads to a further expansion of the PSG removal area. The PSG
serves as an effective reservoir for doping diffusion, resulting in highly doped emitters
with significant junction depths [37]. When moved from the interstitial position to the
substituted position, the inactive phosphorus atoms in the emitter become electrically
active [38]. If excessively high laser power is selected, the ablation of the surface is initiated,
leading to severe silicon damage that can be visualized under microscopy [39]. As depicted
in red circle position of Figure 5c, excessive heat provided by lasers causes the ablation of
mask layers and melting on transmitter surfaces, resulting in debris upon solidification
on wafer surfaces [40]. Furthermore, extensive dislocations along with micro-twins and
swirling defects have been identified [41–44]. Additionally, SEM imaging has revealed
other defects within melting zones when continuous wave (CW) lasers are employed [45].
Other defects in the melting region have been also observed using SEM imaging, and the
trap state defects are mainly associated with oxygen vacancy and vacancy [44–47].

Figure 5. Microscope image after four-step SE laser: (a) P1, (b) P2, (c) P3.

The microscope images after the wrap-round removal and cleaning are presented in
Figure 6. We show the SiOx mask groups in the three-step method, and the images of the
four steps after the wrap-round removal and cleaning. As the laser energy increases, the
extent of the damage becomes more pronounced, with Figure 6a,b showing slight damage
in the center area of the laser spot, while Figure 6c provides a clearer depiction. The laser
area of the four-step method may be due to the thick PSG, and the laser spot is indistinct
after cleaning. To achieve a higher laser doping concentration through the P-SE process,
reliance on PSG as a P source is necessary but limited; thus, increasing the P atoms content
within PSG becomes imperative for augmenting the SE’s P source. Augmenting the P
content also leads to an increase in the PSG thickness, which subsequently lowers the
damage layer during the application of the laser SE technique. Nevertheless, Figure 6f
clearly demonstrates the recrystallization occurring on the silicon wafer post melting due
to the surface tension effects between liquid phases [25], resulting in a blurred division line
at the pyramid base.

The four-step process of P diffusion annealing after the laser is mainly used for
three reasons: firstly, it facilitates the conversion of a-Si(n+) into Poly-Si(n+); secondly, it
enables the deposition and promotion of P atoms to enhance the P concentration in the
contact region; thirdly, it facilitates the formation of a protective PSG film. During the
deposition process of P atoms and oxidation, BPSG tends to wrap round the front surface
of the wafer, as illustrated in Figure 7a. Chain single-sided HF cleaning is required before
the wrap-round removal and cleaning, and the corrosion rate of BPSG is much higher than
that of PSG. However, a critical aspect of this step is that the corrosion time of BPSG should
be longer than that of PSG. If the deposition of P atoms and oxidation takes too long, an
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increased amount of BPSG is formed, leading to a comparable or shorter corrosion time for
BPSG compared to PSG. Consequently, there is no available window for the wrap-round
removal and cleaning. In such cases, if the front part of the BPSG is retained during the
wrap-round removal and cleaning, it becomes impossible to clean the Poly-Si(n+) around
the wafer (as shown in Figure 7b), resulting in a pyramid base size on the side remaining
unchanged after the wrap-round removal and cleaning. Our observation indicates that after
the wrap-round removal and cleaning, an increase in the pyramid base size from its original
range of 8–9 μm to more than 13 μm (as depicted in Figure 7c) is required for the complete
removal/cleaning of Poly-Si(n+)/SiOx. It should be noted that a certain thickness of a PSG
protective layer needs to be prepared in order to ensure Poly-Si corrosion by alkali solution
during the wrap-round removal and cleaning. The oxidation time cannot be reduced here,
and only the time for deposition of P atoms can be reduced. But if the amount of deposition
of P atoms is insufficient, it is impossible to pull apart the concentration difference between
the heavily doped region and the lightly doped region, and then a good selective emitter
cannot be formed, so the time for P deposition needs to be strictly controlled. We verified
that the best P deposition time is 7 min. However, when the deposition time exceeds
10 min, no window is observed for the wrap-round removal and cleaning. Additionally,
if the deposition time of P atoms is less than 4 min, the concentration difference between
the heavily doped and lightly doped regions falls below 1 × 1020 atoms/cm3, rendering it
incapable of forming a satisfactory selective emitter.

Figure 6. Morphologies of laser region after wrap-round removal and cleaning: (a) O1; (b) O2; (c) O3;
(d) P1; (e) P2; (f) P3.
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Figure 7. (a) BPSG wrap-round; (b) Unqualified side; (c) Qualified side.

3.2. ECV Profiles of Experimental Groups

The inhibitory effects of various mask structures and mask deposition durations in
the three-step laser method on the advancement of P atoms deposition (ECV profiles) are
illustrated in Figure 8, while Table 2 presents the peak concentrations of P atoms doping.
The measured P atoms concentration after direct annealing in the lightly doped zone is
determined to be 2.30 × 1020 atoms/cm3. It is observed that both SiOx depositions for
100 s and 150 s exhibit weak blocking effects on P atoms during annealing deposition in the
lightly doped zone, failing to effectively maintain the P concentration within this region.
However, a good blocking effect against P atoms entering the wafer is achieved with a
SiOx deposition time of 200 s. The peak concentration of P atoms only increases by merely
4.3 × 1019 atoms/cm3 for this case, whereas for SiNx at a deposition time of 150 s, it increases
by just 5.4 × 1019 atoms/cm3, and for SiOxNy, it increases by merely 3.6 × 1019 atoms/cm3.
The deposited SiNx and SiOxNy layers at a deposition time of 150 s demonstrate an effective
blocking effect on P atoms driving in, while even stronger blocking effects are observed
by their respective depositions at 200 s. Considering the imperative for efficient mass
production, it is crucial to minimize the process time of the mask layer to ideally within
200 s. To ensure comparability in our study, we standardized the deposition time of the
mask layer to 200 s. According to the differential blocking effects of various mask layers on
P atoms, SiOx exhibits the weakest blocking effect, followed by SiNx and SiOxNy. Both SiNx
and SiOxNy demonstrate similar blocking effects. Considering the mask layer structure,
deposition mask time, and laser power, we designed the experimental groups as presented
in Table 2. Additionally, we designed the L1 group with a low doping concentration of
non-SE and the H1 group with a high doping concentration of non-SE, respectively. To
compare the SE groups using the four-step methods, we also designed the SE groups
using the four-step methods with the laser powers for F1–F3 were set at 15 W, 20 W, and
25 W, respectively.
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Figure 8. ECV profiles of light diffusion zones with different masks and times: (a) SiOx groups;
(b) SiNx groups; (c) SiOxNy groups; (d) 200 s for three mask layers.

Table 2. Peak concentrations of light doping regions in different mask layer groups.

Mask 100 s (Atoms/cm3) 150 s (Atoms/cm3) 200 s (Atoms/cm3)

SiOx 4.05 × 1020 3.42 × 1020 2.73 × 1020

SiNx 3.46 × 1020 2.69 × 1020 2.47 × 1020

SiOxNy 3.49 × 1020 2.84 × 1020 2.42 × 1020

In order to facilitate the investigation of doping concentration changes in the laser
region P atoms, we employed a 4 × 4 cm2 square laser for experimentation. To avoid
discrepancies between wafers, we put the laser square in the position adjacent to the
same piece of wafer. The ECV profiles obtained after annealing in different SE regions
are depicted in Figure 9. It is observed that varying laser powers significantly influence
ECV profiles types, with higher power lasers resulting in steeper emitter profiles and
increased doping depths [38]. Elevating the laser power leads to the additional diffusion
of phosphorus atoms from the phosphorus emission layer into silicon, thereby forming a
highly doped region [38]. The depth of diffusion is typically correlated with the mass of the
SiOx film and the annealing temperature [19]. In the three-step method, the concentration
of the shallow surface is driven in by the laser. After opening the mask layer, the wafer
is deposited and subsequently driven in. Due to oxidation at 850 ◦C, the P atoms in the
shallow surface precipitate out, resulting in the ECV profiles becoming a parabola. The
higher the laser power, the higher the peak concentration.
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Figure 9. ECV profiles of (a) SiOx groups, (b) SiOxNy groups, (c) SiNx groups, and (d) four-step
method groups.

Laser not only affects peak concentration but also significantly influences poly thick-
ness and ECV inflection point concentration near the wafer. In the three-step method,
increasing laser power gradually raises the lower inflection point concentration while
weakening the tunneling oxide layer blocking effect. At 25 W laser power, no obvious in-
flection point is observed in the ECV profiles, and instead it appears smooth. This indicates
that the tunneling oxide layer fails to effectively block P atoms from entering into the wafer,
and its passivation ability weakens accordingly. Additionally, at 25 W laser power level, the
partial ablation of poly occurs making it impossible to determine Poly-Si layer thickness
from ECV profiles alone. Figure 9d illustrates the ECV profiles of the four-step method,
where peak concentration closely aligns with surface due to mutual diffusion between PSG
and Poly-Si [48].

The peak concentrations and inflection point concentrations of various experimental
conditions are presented in Table 3. It is observed that the inflection point concentration
exhibits an increasing trend with the augmentation of laser power. However, when the laser
power reaches 25 W, the inflection point becomes less discernible. The primary cause lies in
the excessive infiltration of phosphorus atoms into the wafer through the tunnelling oxide
layer, thereby compromising the passivation of SiOx/Poly-Si(n+) and subsequently exerting
a direct impact on the solar cells’ electrical performance. In the four-step method, the peak
concentration of 15 W is increased from 2.15 × 1020 atoms/cm3 to 3.25 × 1020 atoms/cm3,
resulting in a net increase of 1.10 × 1020 atoms/cm3 in concentration. Furthermore, when the
laser power is raised to 20 W, an additional increase of 1.13 × 1020 atoms/cm3 is observed.
However, due to limited P atom availability in PSG, increasing the laser power to 25 W only
leads to a marginal increment of 7.5 × 1019 atoms/cm3 compared to that at 20 W.
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Table 3. Peak concentrations of ECV profiles at different conditions.

Mask n+ (Atoms/cm3) 15 W (Atoms/cm3) 20 W (Atoms/cm3) 25 W (Atoms/cm3)

SiOx 2.24 × 1020 3.44 × 1020 4.35 × 1020 5.66 × 1020

SiNx 2.18 × 1020 3.28 × 1020 4.19 × 1020 5.50 × 1020

SiOxNy 1.87 × 1020 2.82 × 1020 4.06 × 1020 5.43 × 1020

PSG 2.15 × 1020 3.25 × 1020 4.38 × 1020 5.13 × 1020

3.3. Rsheet of Each Experimental Group

Since the formation of a selective emitter enhances the current collection characteristics
of the PN junction, the improved FF in SE can be attributed to an enhancement in Rs
resulting from improved electrode-emitter contact and reduced Rsheet [49]. The Rsheet of
each experimental group is illustrated in Figure 10. In the lightly doped region, the Rsheet of
the SiOx mask decreased from 56.3 Ω/sq to 54.4 Ω/sq, followed by the SiNx group and
then the SiOxNy group. The blocking ability of the 200 s deposited mask layer against P
atoms deposition and diffusion was found to be in the order of SiOx < SiNx < SiOxNy. These
findings are consistent with our ECV testing results in the lightly doped region. However,
the Rsheet of the four-step method is considered to be constant due to the simultaneous
oxygenation and deposition of P atoms using low temperature precipitation at 750 ◦C.
At this temperature, we believe that there is no driving in effect, and P atoms are solely
deposited on the surface. SiOx can maintain continuity at 750 ◦C [50]. However, due to the
PSG’s blocking action and the phosphorus absorption effect, it becomes challenging for P
atoms to drive in or separate out.

Figure 10. Rsheet of different experimental groups.

When employing 15 W laser power, the three-step laser method only reduces the
thickness of the mask layer in the laser region, resulting in a certain level of blocking effect.
Conversely, the four-step laser method directly introduces low-temperature deposited
P-source into the wafer with a weaker blocking effect. Consequently, at 15 W power, the
Rsheet decline is most pronounced for the four-step laser method compared to the three-step
laser method. However, as the laser power increases to 20 W, the phenomenon of partial
laser film opening to poly is visible in the three-step laser method. As the deposition rate of
SiOx was the slowest, the laser was switched on the most, and partial poly was dissolved.
Although the square resistance decreased, the decrease rate was smaller than that of the
SiNx and SiOxNy groups. There is no significant difference between the SiNx and SiOxNy
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groups. From 15 W to 20 W, the wafer Rsheet of the SiOx group decreased by 9.4 Ω/sq,
the Rsheet of the SiNx group decreased by 10.5 Ω/sq, and the Rsheet of the SiOxNy group
decreased by 13.6 Ω/sq. When the laser power increases from 15 W to 20 W, the Rsheet
continues to decrease with the increase of laser power in the four-step laser method, but
the rate of decrease is less than that of the three-step laser method. After the increase of
laser power in the three-step laser method, more P atoms are driven into the wafer after
the mask is opened, but the amount of P atoms in the PSG was limited. As the laser power
increases to 25 W, the Rsheet of the four-step method continues to decrease to 36.4 Ω/sq,
slightly surpassing the Rsheet observed with 20 W laser power in the three-step method.
Moreover, the 25 W laser power of the three-step method ablates part of the a-Si(n), so the
Rsheet of the three-step method shows an increasing trend, and the increase of amplitude is
similar. Considering that the SiOx, SiOxNy, and SiNx mask methods adhere to the same
principles under varying power conditions, we exclusively selected the S2 and N2 groups
for a comparative analysis.

3.4. J0, iVoc and τeff

In order to compare the conventional process with P-SE, we prepared two experimental
groups of concentrations for comparison. The first group is a low concentration group
(L1 group) with a peak concentration of approximately 2.0 × 1020 atoms/cm3. The second
group consisted of high concentration samples (H1 group) with a peak concentration of
4.0 × 1020 atoms/cm3. The rear side of the wafer has 130 grid lines with an actual printed
line width of 35 ± 3 μm. Our laser has a spot width of 120 μm, and the grid graphic
incorporates a half-piece design to prevent breakage of the grid lines. Based on the laser
used for the grid graphic, we calculated that the laser area covers approximately 8.6%.
We prepared the non-SE group (SE group light doping zone concentration), L1 group,
H1 group, and full-surface laser group following the experimental process in Figure 11b.
Before printing and then firing, a J0 test was carried out. The results are shown in Figure 11.

Figure 11. (a) J0 of the full-face laser wafer; (b) J0 calculated from the average value.

The J0 is the current density of recombination, which reflects the strength of the
recombination. In order to improve the efficiency of the solar cell, it is necessary to reduce
the value of J0 as much as possible. The J0 value of the entire wafer after laser treatment
is denoted as J0t,laser. The J0 value of the front and rear sides of the full-face laser on the
rear side of the wafer is represented as J0t,full. The sum of the J0 values for both the front
and rear sides of the wafer after direct annealing is expressed as J0t,annealed. The J0 value of
the heavily doped region on the rear side of the wafer is indicated by J0,finger.The lightly
doped region on the rear side of the wafer is denoted as J0,light. The front area’s J0 value is
represented by J0,front. Slaser represents the J0 value in the laser area, while Swafer denotes its
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corresponding film area. For calculating different experimental lasers’ respective values of
J0t,laser, the following formula is used:

J0t,laser = J0,finger + J0,light + J0,front = (J0t,full − J0t,annealed) × (Slaser/Swafer) + J0t,annealed

After calculation, the J0t,laser values are shown in Figure 11b. J0 increases with the
increase of doping concentration, whether it is the three-step method or the four-step
method; J0 increases with the increase of laser power. In laser groups, due to an only 8.6%
laser region and a 91.4% light doping region, the comprehensive J0 is between the L1 and
H1 groups. The J0 of the three masks is very close. Under the same laser power conditions,
the J0 of the four-step method is lower than that of the three-step method.

We conducted direct firing and testing of the wafers prior to printing in order to obtain
iVoc and τeff (effective carrier lifetime), as illustrated in Figure 12. Both iVoc and τeff exhibit
consistent trends. The L1 group achieved the highest iVoc at 731 mV, surpassing all the
other groups. In contrast, the highly concentrated H1 group exhibited a lower iVoc of only
720 mV. In the laser groups, the iVoc of the O3 group with only 25 W is lower than that
of the H1 group, while all the other groups exhibit higher iVoc values compared to the
H1 group. Although the peak concentrations in the doped region of the O2, S2, and N2
groups is higher than that in the H1 group, due to its limited coverage (8.6% of the rear-side
surface), the lightly doped region exhibits a lower concentration (91.4% of the rear-side
surface) compared to that in the H1 group. Additionally, the mask layer in the lightly
doped region fails to completely obstruct the P atoms, resulting in a similar concentration
of the lightly doped region in the SE group compared to the L1 groups. Consequently,
laser damage occurs within this region, serving as a recombination center for carriers. As
a result, both iVoc and τeff are lower in the SE group than those observed in the L1 group
with a larger reduction range.

Figure 12. (a) iVoc and (b) τeff of the precursors.

In order to enhance the concentration of the contact region, the F1–F3 groups employed
a four-step laser method to deposit P atoms ahead of the laser, while utilizing a four-step
laser method resulted in a thicker PSG mask layer, thereby minimizing damage compared
to the three-step laser method. Under identical laser power conditions, iVoc and τeff exhibit
higher values than those achieved with the three-step laser method. Increasing the laser
power led to elevated recombination rates, indicating that high-power lasers can induce
defect formation (such as cracks and displacements). However, when operating at powers
below 20 W, even graphics with less than 9% coverage display favorable iVoc and τeff.

3.5. Specific Contact Resistivity

The significant increase in FF can be attributed to the presence of a heavily doped
surface beneath the silver-metal contacts, which effectively drives a limited number of
carriers by reducing surface recombination through field-effect passivation [49]. The
specific contact resistivity of the rear side for each experimental group is illustrated in
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Figure 13. As the concentration of the contact area increases, there is a gradual decrease
in the specific contact resistivity of the rear side. Among all groups, the O3 group ex-
hibits superior performance with a remarkable specific contact resistivity value of only
0.25 mΩ/cm2. Notably, the concentration of P atoms within the contact area emerges as
a critical factor influencing the observed specific contact resistivity. The specific contact
resistivity decreases as the P atoms doping concentration in the contact region increases.
Under the 20 W laser condition, both the three-step and four-step laser methods outperform
the H1 high doping contacts. By combining iVoc and τeff in Figure 12, it is observed that
at 20 W, the iVoc and three-step laser method exhibit superior performance compared
to the high-doping concentration group, thus achieving a selective emitter effect in this
study. The low doping concentration group achieved a higher iVoc but compromised on
contact quality.

Figure 13. Specific contact resistivity of the rear side for each experimental group.

3.6. Electrical Performance

The electrical performance data of each experimental group are presented in Table 4.
The low doping concentration group (L1) exhibits the highest Voc, albeit at the expense of a
significant reduction in FF, resulting in a solar cell efficiency of 24.68%. On the other hand,
the high doping concentration group (H1) achieved higher FF by sacrificing Voc, leading
to an efficiency of 24.65%, which is marginally lower than that of the L1 group by 0.03%.
Among the different laser power groups of SiOx, the O1 group exhibits a higher Voc, which
is 5.2 mV greater than that of the H1 group. Additionally, it demonstrates significantly
improved FF compared to the L1 group and achieves a solar cell efficiency that is 0.04%
higher than that of the L1 group. Despite Group O2 having a slightly compromised Voc
compared to Group O1, it showcases further enhancement in FF and attains the highest
solar cell efficiency of 24.85%, surpassing Group L1 by 0.17%. The implementation of a
selective emitter enhances the current collection characteristics of the PN junction, while
the enhancement in FF can be attributed to an improvement in series resistance (Rs) [49].
However, when the laser power is increased to 25 W, Group O3 exhibits a significant
decrease in FF and Jsc, resulting in a solar cell efficiency of only 23.72%, which is 0.96%
lower than that of Group L1. This decline can primarily be attributed to severe damage
inflicted on Poly-Si(n+) due to excessive laser power, leading to substantial surface damage
and consequently causing notable reductions in Voc and Jsc. It can be seen from Figure 9a
that the laser power of 25 W reduced the thickness of Poly-Si, which resulted in the decrease
of FF. At the same time, too many P atoms entered the Si bulk through the tunnel oxide
layer, the tunneling effect of the solar cell weakened, and a large recombination was brought
about, all of which resulted in the decrease of Voc and Jsc. As shown in Figure 12a, iVoc
decreased significantly, and there was a corresponding relationship between iVoc and Voc.
From the efficiency formula of the solar cell, Eff = Voc × Jsc × FF/1000 × 100%, it can be seen
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that the Eff of the solar cell is proportional to Voc, Jsc, and FF, and the Voc, Jsc, and FF of the
O3 group are significantly reduced than those of the O2 group, bringing about a significant
decline in Eff. The laser power of the S2 and N2 groups are equivalent; however, there exists
a slight disparity in the ECV profiles. The discrepancies in Voc, Jsc, and FF are minimal, with
only a 0.02% variance observed in the efficiency of solar cells. Furthermore, the difference
in efficiency of solar cells between the N2 group and O2 group is merely 0.1%. Notably,
the Voc of the O2, S2, and N2 groups gradually diminishes primarily due to light doping
within this region. Additionally, distinct mask layers exhibit varying abilities to impede
P diffusion into Poly-Si. The four-step method adheres to a consistent rule, with the P2
group exhibiting superior efficiency. As a result of direct laser doping, the concentration of
the non-contact region remains unchanged and is lower compared to that achieved by the
three-step method. Consequently, higher Voc and Jsc values can be attained in comparison
to those obtained using the three-step method. We found that the FF improvement in the
O2 group is larger than that in the P2 group. This could potentially be attributed to a higher
P atoms doping concentration in the O2 group as opposed to the P2 group, primarily driven
by externally deposited P atoms and further facilitated by elevated temperatures, thereby
enabling the attainment of a higher FF in Group O2. The surface damage in Group P3
occurred due to the high laser power, resulting in a slight decrease in Voc and Jsc. However,
the improvement of FF is insufficient to compensate for this decline, leading to an overall
reduction in the efficiency of solar cells. Finally, the efficiency of the P3 group is close to
that of the P1 group.

Table 4. Electrical performance parameters of each experimental group.

Groups
Voc

(mV)
Jsc

(mA/cm2)
Rs

(mΩ)
FF (%) Eff (%)

L1 711.4 41.87 5.37 82.86 24.68
H1 703.3 41.34 3.48 84.77 24.65
O1 708.5 41.76 4.63 83.56 24.72
O2 705.7 41.56 3.93 84.74 24.85
O3 693.5 41.22 3.65 82.96 23.72
N2 705.8 41.64 4.01 84.45 24.82
S2 706.3 41.68 4.26 84.38 24.84
P1 708.7 41.78 4.87 83.42 24.70
P2 706.5 41.65 4.12 84.35 24.82
P3 703.4 41.41 3.76 84.76 24.69

4. Discussion

The rear-side laser has a significant impact on the Voc, Jsc, and FF, which has an impact
on the efficiency of solar cells. The main factors affecting the Voc are as follows:

Voc =
kT
q

ln
Jsc + J01

J01
≈ kT

q
ln

Jsc
J01

In this equation, Jsc 	 J01, a strong correlation between Voc and the dark current is
observed, encompassing reverse saturation current, thin layer leakage current, and bulk
leakage current. During the process of achieving a selective emitter on the rear side, certain
damages are formed that act as recombination centers by trapping electrons and holes for
subsequent recombination. The Voc of the SiOx, SiNx, and SiOxNy groups exhibit minimal
variation. As shown in Figure 14, the Voc gradually decreases with increasing laser power
for the three-step and four-step SE groups. In the 15 W laser group (O1), only a partial
vaporization of the mask layer occurred without any damage to the poly layer. The main
gasification of the mask layer still occurred in the 20 W laser group (O1), while causing
some destruction to the Poly-Si layer. However, when the laser power was increased to
25 W (O3 group), a further decrease in Voc was observed, primarily due to more significant
damage inflicted by the laser on the poly layer. Consequently, compared to the O1 group,
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the O2 group exhibited a smaller reduction in Voc, whereas the O3 group demonstrated a
greater decrease than that of the O2 group. In the four-step method, despite an increase
in laser power, the declining trend of Voc remained consistent. This can be attributed to
the relatively thicker PSG layer compared to the SiOx mask layer and the minimal damage
caused by a 25 W laser on Poly-Si.

Figure 14. Comparison of Voc, FF and Eff of three masks groups, three-step groups, and four-step groups.

The FF has a direct relationship with contact resistance, and the contact resistance
is directly affected by the concentration of P atoms in the contact region [49]. Selective
emitter formation enhances the current collection characteristics of PN junctions. The P
atoms doping concentrations of the SiOx, SiNx, and SiOxNy mask layers are comparable.
Hence, there is no significant difference in the FF values. Moreover, due to similar Voc
values among these three groups, their efficiencies also exhibit close proximity.

In the three-step selective emitter groups, the Voc exhibits a gradual decline with
increasing laser power, while the FF and Eff display an initial increase followed by a
subsequent decrease. Amongst these groups, the 20 W O2 group demonstrates the highest
efficiency, whereas the 25 W O3 group exhibits significantly lower efficiency compared to
both the O1 and O2 groups.

In the four-step selective emitter groups, the FF shows a progressive increase with
increasing power; however, the overall Eff also showcases an initial rise followed by a
subsequent decline due to the combined influence of Voc, Jsc, and FF. The P2 group achieves
the highest efficiency, while the P1 group has the lowest efficiency. Notably, there is minimal
disparity in the efficiency of solar cells among the three laser groups indicating their higher
tolerance towards laser irradiation as compared to that observed in the four-step method.

The increase in annealing temperatures leads to a higher kinetic energy in dopant
atoms, while SiOx is degraded at elevated temperatures, resulting in an augmentation of
pinhole formation and increased bulk recombination [51] and thereby reducing passivation
efficiency. The annealing temperature not only influences the density and integrity of SiOx
but also significantly impacts the crystallization rate of Poly-Si (χc). The χc value of silicon
can be increased by raising the annealing temperature [52]. However, it should be noted
that χc does not exhibit a linear relationship with temperature due to its susceptibility to
various factors such as film composition and stress release. Moreover, achieving optimal
passivation results requires a delicate balance between multiple mechanisms. Therefore, a
higher Poly-Si value of χc does not necessarily guarantee superior passivation performance.

The current loss analysis of each experimental groups is presented in Figure 15. The
influence mechanism of a short-circuit current is relatively complex, which is comprehen-
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sively affected by surface area recombination, metal recombination, contact properties, etc.
The n-TOPCon solar cells mitigate compound loss in the base layer by tunneling through
the oxide layer and implementing Poly-Si bulk passivation.

Figure 15. Current loss analysis of each experimental group.

The primary differences among the groups are attributed to NIR parasitic absorption,
base collection loss, and non-uniformity loss. Near-infrared light is partially reflected by
the rear, and some of it is absorbed and lost, resulting in rear parasitic absorption loss.
Different laser conditions lead to varying degrees of passivation in the laser region, which
affect near infrared parasitic absorption losses. Higher laser power results in greater NIR
parasitic absorption loss. The parasitic absorption loss of near-infrared is greater at high
doping concentrations compared to low doping concentrations. The near-infrared parasitic
absorption loss follows the same trend as the base collection loss and non-uniform loss,
which are also influenced by the quality of rear-side passivation. Despite an increase in
laser power leading to a decrease in specific contact resistance and an improvement in
carrier collection ability, there is a simultaneous increase in base collection loss. Amongst
all groups, the H1 group exhibits the highest base collection loss primarily due to its
high doping concentration on the rear side. On the other hand, the O3 group experiences
decreased bulk passivation mass resulting from the high laser energy causing some P atoms
to penetrate through the tunnel oxidation layer into the wafer.

Both the three-step and four-step laser methods can enhance the efficiency of n-
TOPCon solar cells, with the former reducing one step in industrial production. The
various mask structures of the three-step method effectively block the light-doped region P
atoms to achieve a selective emitter. The three-step method is simpler and more effective
but not more stable. Because the P atoms of the three-step method are deposited at
920 ◦C for 7 min, the high temperature increases the diffusion rate of P atoms, which forms
a severe wrap-round of P atoms. The severe wrap-round of P atoms forms BPSG with BSG
at the front, which is difficult to clean. The four-step method only needs to deposit the P
atoms at a low temperature because there is also a step of oxidation annealing for 45 min,
which is enough to form good PSG that is protective of the wafer. The corrosion in the
cleaning process needs to be strictly controlled, and the four-step method provides better
control. The large-scale production additives and cleaning processes currently focus on
SiOx and PSG, with better coordination of the SiOx mask layer. However, the mask layer
containing N also presents an environmental issue of N emission, so, we recommend the
SiOx mask. The efficiency of SiOx is the highest, which is mainly due to the best matching
of 20 W laser power, 200 s SiOx, the amount of deposited P atom, etc. Due to the better
blocking effect of SiNx, the optimal power matching condition may be above 20W but
below 25 W. The same effect can be achieved in the four-step method.
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The precise control of laser power during mask opening yields excellent comprehen-
sive electrical properties without damaging Poly-Si. Although laser technology is a very
attractive approach for a large number of applications in silicon photovoltaic manufac-
turing, its application requires a significant amount of fine-tuning of laser parameters to
reduce the harmful effects that accompany laser processing. In particular, laser processing
can adversely affect device performance by reducing minority carrier lifetime [41,53–55], in-
creasing leakage current [41,42,56], and reducing carrier transport [57]. All of these depend
on the surface preparation, the pre-existing dielectric pile, and the laser conditions (pulse
duration and energy density) of the application. The optimization direction of the rear side
of n-TOPCon solar cells can be achieved through the experimental method employed in
this study, enabling the preparation of a-Si without doping or with a lower concentration of
doping to achieve a poly-finger structure on the rear side. Currently, mass-produced LECO
technology [58] utilizes full-face laser treatment, which not only enhances contact on the
front side but also improves contact performance on the rear side. This approach enables
excellent contact performance at low doping concentrations and allows for lower doping
concentrations in non-contact areas on the rear side, resulting in higher overall electrical
properties. The future optimization direction of n-TOPCon solar cells also encompasses
the reduction in poly layer thickness to mitigate near parasitic absorption losses [59,60].
Furthermore, the prospective technological advancements include double-sided TOPCon
technology, poly-finger technology, and ultimately integrating BC with TBC technology.

5. Conclusions

The rear-side selective emitter technique significantly impacts the passivation and
contact properties of n-TOPCon solar cells. Both the three-step and the four-step laser
methods can effectively reduce the specific contact resistivity at the rear-side surface. In
the three-step method, among the three mask layers deposited for 200 s, the blocking
effect on phosphorus in the non-contact region followed the order: SiOx < SiNx < SiOxNy.
Considering current mass production cleaning conditions, SiOx is recommended as the
optimal choice for mass production without introducing nitrogen elements. In terms of
stability, the four-step method exhibits higher performance compared to the three-step
method. However, in terms of comprehensive electrical properties, the three-step method
can achieve comparable results to the four-step method. The O2 group demonstrated the
highest efficiency (24.85%), with a comprehensive Voc of 2.4 mV higher than that of the
high doping concentration group (H1 group). Additionally, it exhibits an increase in FF
by 1.88% compared to the low doping concentration group (L1 group), resulting in a final
efficiency that is 0.17% higher than the L1 group and 0.20% higher than the H1 group.
Compared with Group O2 (20 W), its Voc decreases by 12.2 mV, leading to a substantial
decline in the solar cell’s electrical performance with an efficiency of only 23.72%. In the
four-step method, the group with a laser power of 20 W (P2 group) achieved the highest
efficiency (24.82%). The Voc is 3.2 mV higher than that of the H1 group, while the FF is
1.49% higher than that of the L1 group. Moreover, the overall efficiency is found to be 0.14%
higher than that of the L2 group and 0.17% higher than that of the H1 group. Notably,
in comparison to both the L1 and H1 groups, each laser condition group demonstrates
significant improvements within this four-step method study, thereby providing valuable
guidance for enhancing n-TOPCon solar cells’ back technology during mass production.
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Abstract: In this paper, an environmentally friendly polyacrylonitrile-based (PAN-based) composite
membrane with a Janus structure for wastewater treatment was successfully fabricated. To achieve
the optimum adsorption of PAN-based Janus composite membrane, the asymmetric wettability was
regulated through electrospinning, resulting in TiO2 modifying PAN as the hydrophilic substrate
layer, and PCL gaining a different thickness as the hydrophobic layer. The prepared Janus composite
membrane (PAN/TiO2-PCL20) showed excellent oil/water separation performance for diverse
surfactant-stabilized oil-in-water emulsions. For n-hexane-in-water emulsion, the permeate flux
and separation efficiency reached 1344 L m−2 h−1 and 99.52%, respectively. Even after 20 cycles of
separation, it still had outstanding reusability and the separation efficiency remained above 99.15%.
Meanwhile, the PAN/TiO2-PCL20 also exhibited an excellent photocatalytic activity, and the removal
rate for RhB reached 93.2%. In addition, the research revealed that PAN/TiO2-PCL20 possessed
good mechanical property and unidirectional water transfer capability. All results indicated that
PAN/TiO2-PCL20 with photocatalysis and oil/water separation performance could be used for
practical complex wastewater purification.

Keywords: Janus composite membrane; PCL; oil/water separation; photocatalysis

1. Introduction

In recent years, water pollution problems from frequent oil spills and discharge
of industrial oily wastewater have posed a potential threat to the ecological environ-
ment and human health [1,2]. The wastewater containing organic oils and dyes from
the process of industrial production needs to be settled urgently due to its toxicity,
non-biodegradability, carcinogenicity and mutagenicity [3–6]. Therefore, it is neces-
sary to develop efficient and environmentally-friendly technology to remove organic
contaminants from the water environment.

Traditional methods for treating oil-contaminated wastewater, such as biological
treatment, membrane separation, flocculation, air flotation, gravity separation and adsorp-
tion etc., have been reported [7–15]. Among them, the membrane separation method at-
tracts tremendous attention in oil/water separation because of its high separation efficiency,
wide application range and easy operation [16–18]. Han et al. fabricated a titanium dioxide-
acrylonitrile-butadiene-styrene composite membrane (TiO2-ABS) via 3D printing. This
TiO2-ABS composite membrane demonstrated exceedingly high flux (1.8 × 105 L m−2 h−1)
and oil rejection rate (99.5%) [19].

The conventional membrane separation method for water purification is not effi-
cient enough. Recently, some researchers retained the filtration properties and fabricated
membranes used in an integrated filtration-adsorption process [20,21]. Photocatalytic
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degradation is considered to be an effective and green approach for traditional organic
dye adsorption and removal [22,23]. Zhao et al. prepared a n-p type Bi2WO6/AgInS2 S-
scheme heterojunction for organic pollutants degradation. The Bi2WO6/AgInS2 exhibited
much higher photocatalytic activity, achieving degradation efficiency of 97% for RhB under
visible light for 60 min [24]. Recently, the utilizing of both photocatalysis and membrane
adsorption technologies have become a research hotpot for attempts to remove organic
dyes in wastewater [25,26]. Baig et al. fabricated superhydrophobic/superoleophilic photo-
catalytic membranes (CeO2 nanoparticles coated membrane) that exhibited simultaneously
high removal efficiency of dyes (99.96%) and oils (99.95%) [27].

The name “Janus membrane” comes from Janus, the two-faced god in ancient Ro-
man mythology [28]. Janus membrane is a general term for membranes with opposite
properties, such as composition, morphology, wettability, surface charge, and so on. Layer-
by-layer electrospinning, surface coating, unilateral deposition and chemical modification
are often used to prepare Janus membranes [29–32]. In recent years, Janus membranes
with a unique hierarchical structure of asymmetric hydrophilicity/hydrophobicity have
attracted more and more attention [33,34]. Meanwhile, Janus membranes are widely used
as an ideal material for water treatment [35,36]. Chen et al. fabricated a Janus wood (JW)
through a unidirectional vacuum impregnation method that had a unidirectional transport
of water, and presented high flux (3700 L m−2 h−1) and separation efficiency (99.6%) [37].
Sun et al. fabricated a Janus membrane via hydrophilic ZnO nanowires modified hydropho-
bic polyvinylidene fluoride (PVDF) nanofiber. The membrane showed excellent oil/water
separation fluxes (1210 L m−2 h−1) for heavy oil-water mixtures; 7653 L m−2 h−1 for light
oil-water mixtures; and good photocatalytic degradation performance (95%) [38].

Herin, PAN and PCL were used as a matrix to design a multifunctional oil-water
separator with a Janus membrane structure. In order to improve its oil-water separation
efficiency and endow it with multifunctionality for water remediation, TiO2 was added to
modify the hydrophilic PAN layer, which was expected to improve oil-water separation
performance by modifying asymmetric wettability, and further endowing the multifunction
(such as photocatalytic degradation and unidirectional water transfer capability) of the
Janus membranes. The morphology, chemical structure, and wettability of all the as-
prepared PAN/TiO2-PCLs were characterized by SEM, LSCM, FT-IR and contact angle
measurement. The oil/water separation performance of the PAN/TiO2-PCLs were operated
by a homemade experiment device. The photocatalytic degradation performance of the
PAN/TiO2-PCL20 was investigated under simulated solar irradiation. The mechanical
properties and unidirectional water transfer capability were also tested.

2. Materials and Methods

2.1. Materials

Polyacrylonitrile (PAN, Mw = 150,000), Polycaprolactone (PCL, Mw = 50,000), TiO2
nanoparticles (anatase-type nano powder, particle size: 5~10 nm), dichloromethane, color-
ing agent: Rhodamine B (RhB), Sudan III and methylene blue were provided by Aladdin
Industrial Corporation, China. Sodium dodecyl sulfate (SDS, ACS reagent) was purchased
from Saan Chemical Technology (Shanghai) Co., Ltd., China. Chloroform (CF), n-hexane,
glycerin and N,N-dimethylformamide (DMF) were obtained from Beijing Chemical Works,
Beijing, China. Diesel oil was supplied from National Petroleum Co., Ltd., China. Olive oil
was purchased from China Oil & Foodstuffs Corporation (COFCO) (Beijing, China). Benzyl
benzoate was obtained from Xilong Chemical Technology Co., Ltd., Guangzhou, China.
1,1,2,2-Tetrabromoethane was purchased from Jiangshun Chemical Technology Co., Ltd.,
Guangzhou, China. All chemical reagents and drugs used in this study were analytical
reagents without further purification.
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2.2. Fabrication of PAN-Based Janus Membrane
Fabrication of PAN/TiO2-PCL Janus Membrane

1 g PAN and 0.3 g TiO2 were dissolved in 10 mL DMF by magnetic stirring for 12 h
at room temperature, and then PAN/TiO2 precursor solution was obtained. At the same
time, 2 g PCL was added into 10 mL CF/DMF (4:1, v/v) mixed solvent to obtain 20 wt%
PCL precursor solution. Both precursor solutions were placed into 5 mL syringes. The
PAN/TiO2 substrate layer was fabricated by electrospinning at 16 kV applied voltage and
1 mL h−1 feeding speed for 2 h. Then the PCL fiber membranes with different thickness
were electrospun on PAN/TiO2 substrate layer with an applied voltage of 12 kV and a
flow rate of 2 mL h−1 for different electrospinning times (10 min, 20 min and 30 min,
respectively). The prepared Janus membranes were named PAN/TiO2-PCLx, where x rep-
resented the electrospinning time of PCL. The manufacturing process of PAN/TiO2-PCLx
was schematically displayed in Scheme 1. The PAN-PCLx Janus membranes were prepared
by the same procedure and more details were referred to the Supplementary Materials.

Scheme 1. The fabrication process of (a) electrospinning PAN/TiO2 substrate; (b) electrospinning
PCL layer on PAN/TiO2 substrate.

2.3. Characterizations

The morphologies of all prepared nanofiber membranes were observed by a cold-field
emission-scanning electron microscope (SEM, JSM-6700F, JEOL, Tokyo, Japan) at 8 kV
acceleration voltage under the vacuum condition. The nanofiber diameters were assisted
by Image J software (http://cnij.imjoy.io/, accessed on 17 April 2023). Viscometer (NDJ-1,
Shanghai Precision Instruments Corporation, Shanghai, China) was used to measure the
viscosity of the solution, and conductivity of the solution was measured by using a con-
ductivity meter (DDS-11A, Shanghai Precision Instruments Corporation, Shanghai, China).
The specific surface area and porosity of all prepared membranes were measured according
to the Brunauer-Emmett-Teller analyzer (BET, Autosorb-iQ, Quantachrome Instruments,
Boynton Beach, FL, USA). The surface morphology and roughness of membranes were
detected through a Confocal Laser Scanning Microscope (LSCM, OLS3000, Olympus Corpo-
ration, Tokyo, Japan). The chemical compositions and functional groups of all samples were
analyzed through a Fourier-transform-infrared spectrometer (FT-IR, FTIR-4100, JASCO,
Tokyo, Japan). The mechanical strength was tested on an electronic universal testing ma-
chine (XQ-1C, Shanghai New Fiber Instrument Co., Ltd., Shanghai, China). The underwater
oil contact angles (UOCAs) were tested by using a droplet shape analyzer (DSA100, Cruise,
Berlin, Germany). The droplet size distribution of oil-water emulsion, both before and
after filtration, was measured through dynamic light scattering (DLS, Nano ZS90, Malvern
Instruments Ltd., Malvern, UK) and optical microscopy (TE2000-U, Nikon, Tokyo, Japan).
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The photocatalytic performance of the membranes was studied by using an ultraviolet
spectrophotometer (UV-6100s, MAPADA, Shanghai, China).

2.4. Oil/Water Separation Experiments
2.4.1. Separation of Immiscible Oil-Water Mixtures

The separation experiments of immiscible oil-water mixtures were performed under
gravity. The immiscible oil-water mixtures were prepared by mixing water (methylene
blue dyed) and oil (1:1, v/v). The separation effective area was 12.96 cm2. During sep-
aration, water was collected after penetrating the membrane, while oil was rejected on
the membrane. After separation, the device was left to stand for 10 min to ensure that all
water droplets permeated through. The separation efficiency (%) was determined by the
Equation (1):

E f f iciency(%) = (V/Vi)× 100 (1)

where Vi (L) and V (L) represented the volume of water before and after oil/water sep-
aration, respectively. In addition, the water permeate flux (L m−2 h−1) was calculated
according to the following Equation (2):

Flux =
V

S × Δt
(2)

where V (L) was the volume of water permeated through the membrane, S (m2) was the
effective filtration area of membrane, and Δt (h) was the total filtration time.

2.4.2. Separation of Oil-in-Water Emulsions

For the preparation of the oil-in-water emulsions, SDS was chosen as the emulsifier.
A total of 5 mL oil and 500 mL water were taken into a beaker, and then added 0.1 g
Span 80 at 1200 rpm for 24 h by stirring. Ultimately, the surfactant-stabilized emulsion was
obtained. N-hexane, diesel oil, olive oil, benzyl benzoate, 1,1,2,2-tetrabromoethane and
glycerol were used as oils. The separation efficiencies and permeate fluxes were calculated
by Equations (1) and (2), respectively.

The reusability of the PAN/TiO2-PCL20 was evaluated by separation of the n-hexane-in-
water emulsion for 20 cyclic experiments. After each separation, the PAN/TiO2-PCL20 was
washed with ethanol and dried at 40 ◦C for 3 h in an oven to remove the residual solvent.

2.5. Adsorption and Photocatalytic Experiments

To evaluate the adsorption process, PAN/TiO2-PCL20 was immersed in 50 mL RhB
aqueous solution (12 mg L−1) and magnetically stirred under dark conditions for 60 min.
3.5 mL solution was extracted from the RhB solution at 15 min intervals to evaluate the
adsorption capacity. The adsorption capacities were calculated by Equation (3).

q =
Ci − Ct

m
× V (3)

where Ci (mg L−1) and Ct (mg L−1) were the initial concentration and the equilibrium
concentration of RhB at time t. V (L) represented the volume of dye solution and m (mg)
was the adsorbent dosage.

The photocatalytic activity of PAN/TiO2-PCL20 for RhB was measured through the
following experiments. The PAN/TiO2-PCL20 was performed for RhB degradation under
simulated solar irradiation for 80 min. A total of 3.5 mL liquid was extracted at 10 min
intervals to evaluate removal rate. The removal rates (R%) of RhB were calculated by
Equation (4).

R(%) =
C0 − Ct

C0
× 100 (4)
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where C0 (mg L−1) and Ct (mg L−1) represented the initial and equilibrium concentration
of the RhB organic dye, respectively.

3. Results and Discussion

3.1. FT-IR Analysis

The functional group characteristics of the PAN, PAN/TiO2, PAN/TiO2-PCL20 were
investigated by FT-IR (Figure 1). The characteristic peaks of PAN were as follows: 1452
cm−1 and 2939 cm−1 (-CH2 symmetric and asymmetric stretching vibration), 2242 cm−1

(-C≡N stretching vibration) and 1631 cm−1 (-C=N stretching vibration) [39]. Compared
with the FT-IR spectra of PAN, the broad band in the range of 3000–3500 cm−1 in PAN/TiO2
spectra corresponded to the stretching vibration of -OH, which was attributed to the intro-
duction of TiO2 [40]. At the same time, the adsorption band at 450–900 cm−1 was attributed
to the Ti-O bonds of TiO2 [41]. For PAN/TiO2-PCL20, the new peak that appeared at 1730
cm−1 belonged to the C=O stretching vibration, and the peak at 1157 cm−1 contributed to
the C-O stretching vibration of PCL [42].

Figure 1. FTIR spectra of PAN, PAN/TiO2 and PAN/TiO2-PCL20. (Two dashed boxes represented
the range of characteristic peaks).

3.2. Surface Morphology Analysis

As depicted in Figure 2, the surface morphologies of the PAN/TiO2-PCL20 were char-
acterized by SEM images. The surface of PCL layer was relatively rough and the average
fiber diameter was 553.7 ± 4.3 nm (Figure 2a,e). The PAN substrate layer had a smooth
surface with an average fiber diameter of 158.4 ± 2.4 nm (Figure 2b,f). After the incorpora-
tion of TiO2 into PAN fibers, a large number of beaded structures appeared in PAN/TiO2
fibers and the PAN/TiO2 fiber diameter decreased to 153.8 ± 1.7 nm (Figure 2c,g). This
was attributed to an increase in the viscosity and conductivity of the PAN/TiO2 precursor
solution (Table 1).
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Figure 2. SEM of (a) PCL top layer, (b) PAN and (c,d) PAN/TiO2 substrate layer; Diameter distribution
of (e) PCL top layer, (f) PAN and (g) PAN/TiO2 substrate layer.

Table 1. The physical parameters of electrospinning solutions.

Sample Viscosity (mPa s) Conductivity (μS cm−1)

PCL 360.2 0.351
PAN 85.5 34.2

PAN/TiO2 125.4 67.8

3.3. BET Analysis

The Nitrogen (N2) adsorption-desorption isotherms for PAN, PAN/TiO2, PAN/TiO2-
PCLx are shown in Figure S1, while the BET results are analyzed in Figure 3. The specific
surface area and pore volume of pure PAN were 45.198 m2 g−1 and 0.220 cc g−1, respec-
tively. Compared with pure PAN, the specific surface area and pore volume of PAN/TiO2
increased to 113.901 m2 g−1 and 0.251 cc g−1. This indicated that PAN/TiO2 had a smaller
pore size and larger specific surface area, which further enhanced the hydrophilicity of
PAN substrate [43]. After the incorporation of the PCL layer, the specific surface area and
pore volume of PAN/TiO2-PCLx increased significantly. The PAN/TiO2-PCL20 had the
largest specific surface area (147.377 m2 g−1) and pore volume (0.326 cc g−1). Compared
with PAN, the PAN/TiO2-PCL20 Janus membrane appeared to have a large number of
pore diameters smaller than 50 nm—this was confirmed by BET analysis, which showed
the advantages for the separation of oil-water emulsions and the adsorption of RhB [44,45].

Figure 3. BET analysis of the PAN, PAN/TiO2 and PAN/TiO2-PCLx.
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3.4. LSCM Analysis

The average surface roughness (Ra) of the PCL layer, and the PAN and PAN/TiO2
substrate layers is analyzed in Figure 4. The Ra of the PCL layer and PAN substrate layer
was 1.547 ± 0.023 μm and 1.113 ± 0.047 μm, respectively (Figure 4a,b). Compared with the
PAN substrate layer, the Ra of PAN/TiO2 substrate layer increased to 1.716 ± 0.073 μm
(Figure 4c). It could be observed that the surface roughness of the PAN/TiO2 substrate
layer improved significantly. Owing to the impact of PAN on the hydrophilic layer, the
larger roughness for PAN/TiO2 could lead to a further improvement in hydrophilicity [46],
which could further increase the asymmetric wettability of the Janus membrane when
combined with BET analysis.

 

Figure 4. LSCM images of the (a) PCL top layer; (b) PAN layer; and (c) PAN/TiO2 substrate layer.
(Ra: arithmetic mean height; X, Y, Z: the axis of 3D images).

3.5. Surface Wettability

The surface wettability of Janus composite membranes was studied by measuring the
underwater oil contact angle (UOCA). Figure S2 showed the dynamic wetting behaviors of
water droplets on the PAN, PAN/TiO2 and PAN/TiO2-PCLx, and all prepared membranes
exhibited hydrophilic layer in the air. As shown in Figure 5a–c, the oil droplets were all dis-
persed on the PAN, PAN/TiO2 and PAN/TiO2-PCL20 surface in a spherical shape, which
indicated the three samples possessed underwater oleophobic properties. As displayed
in Figure 5d, the UOCA of PAN was 144.6 ± 1.5◦. The UOCAs of PAN-PCLx decreased
from 129 ± 1.1◦ to 91 ± 1.2◦ as the PCL electrospinning time increased. After adding TiO2
to the PAN substrate layer, the UOCA of PAN/TiO2 increased to 158 ± 1.5◦. The UOCAs
of PAN/TiO2-PCLx decreased from 143 ± 1.3◦ to 105 ± 1.6◦ as the PCL electrospinning
time increased. All the UOCAs of PAN/TiO2-PCLx were significantly higher than corre-
sponding PAN-PCLx, which illustrated the hydrophilic layer modified by TiO2 enhanced
the underwater oleophobic properties of the PAN/TiO2-PCLx Janus membrane.
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Figure 5. Oil droplets underwater onto (a) PAN, (b) PAN/TiO2, (c) PAN/TiO2-PCL20; (d) UOCAs
onto PAN, PAN-PCLs and PAN/TiO2-PCLs with a different electrospinning time of PCL (10 min,
20 min, 30 min).

3.6. Oil/Water Separation

Figure 6a showed the separation procedure for the immiscible n-hexane-water mixture.
During the separation process, water (methyl blue dyed) permeated the membrane and
rapidly flowed into the collector below, while n-hexane was retained above the membrane
surface. Figure 6b shows the separation procedure for surfactant-stabilized n-hexane-in-
water emulsion by PAN/TiO2-PCL20. The emulsion showed the color of milky white
before purification and became clear and transparent after filtration.

 
Figure 6. (a) Separation experiment of immiscible n-hexane-water mixture; (b) Separation experiment
of n-hexane-in-water emulsion.

Figure 7a,b shows the separation performance of n-hexane-water mixture and
n-hexane-in-water emulsion by different membranes. The permeate fluxes and sepa-
ration efficiencies of PAN/TiO2 for mixture and emulsion were all higher than PAN.
For PAN/TiO2-PCLx, the permeate fluxes and separation efficiencies for mixture and
emulsion all increased rapidly and then decreased with the increase of PCL layer
content. In summary, the PAN/TiO2-PCL20 possessed the highest permeate fluxes
(5340 ± 60 L m−2 h−1 for n-hexane-water mixture, 1344 ± 35 L m−2 h−1 for n-hexane-in-
water emulsion) and separation efficiencies (99.95% for n-hexane-water mixture, 99.52%
for n-hexane-in-water emulsion).
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Figure 7. (a) Permeate fluxes and (b) separation efficiencies of different membranes for immiscible n-
hexane-water mixture and n-hexane-in-water emulsion; (c) Permeate fluxes and separation efficiencies
of PAN/TiO2-PCL20 for different types of oil-in-water emulsions; (d) Permeate fluxes and separation
efficiencies of PAN/TiO2-PCL20 for n-hexane-in-water emulsion in 20 cycles.

Thus, PAN/TiO2-PCL20 was selected to carry out the following separation experi-
ments for different types of oil-in-water emulsions. N-hexane, diesel oil, olive oil, benzyl
benzoate, 1,1,2,2-tetrabromoethane and glycerol were chosen to prepare the oil-in-water
emulsions, and the separation efficiencies for these oil-in-water emulsions by PAN/TiO2-
PCL20 were all higher than 92.5%. Especially in the case of n-hexane-in-water emulsion,
the permeate flux and efficiency reached 1344 ± 35 L m−2 h−1 and 99.52%, respectively
(Figure 7c). The different separation performance for different oil-in-water emulsions might
be ascribed to the viscosity and density of the oils [47]. More importantly, the durability test
demonstrated that there was no significant decrease in permeate flux, and the separation
efficiency of hexane-in-water emulsion for PAN/TiO2-PCL20 still remained above 99.15%,
even after 20 cycles of separation (Figure 7d). The as-prepared PAN/TiO2-PCL20 had
superior reusability of oil-in-water emulsions than other reported separation materials (see
Table 2).

Table 2. Reusability of the other reported oil-in-water emulsion separation materials.

Material Flux (L m−2 h−1) Efficiency (%) Reference

PAN/TiO2-PCL20 1285 99.15 This work
Waste PET plastics 1197 95 [48]

PVDF/TiO2 1398 99 [49]
PVP-VTES 17.45 91.47 [50]

PDMS@SiO2@UiO66-OSiR 970 98.64 [51]
F-PPS@TiO2 950 98.4 [52]

Figure 8 shows the optical microscope images and DLS analysis of PAN/TiO2-PCL20m
both before and after separation for n-hexane-in-water emulsion. The optical microscope
images revealed that, prior to separation, the oil droplets were evenly spread in the emul-
sion with an average particle size of 4.03 ± 0.05 μm. After filtration, there were no apparent
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oil droplets in the filtrate, and few droplets were examined with an average particle size of
138.8 ± 5 nm.

Figure 8. Optical microscope images and DLS analysis, both before and after separation of n-hexane-
in-water emulsion.

3.7. Oil/Water Separation Mechanism

The mechanism of oil/water separation was summarized in accordance with the
preceding discussion. Compared to PAN and PAN-PCLx membranes, the PAN/TiO2-
PCL20 exhibited excellent oil/water separation performance, which could be ascribed to
its asymmetric wettability and hierarchical structure. This asymmetric wettability could be
explained by the Young-Laplace Equation (5) [53]:

δP =
2γcosθ

R
(5)

where δP was the capillary pressure, γ was the water surface tension, θ was the water
contact angle and R was the pore radius.

When the PCL layer faced up to and operated in oil/water separation experiments,
the hydrophobic layer provided negative capillary pressure (Fn-c) and the hydrophilic layer
provided positive capillary pressure (Fp-c). When δP within the composite membrane was
positive, water could penetrate successfully [54]. When water droplets were in contact
with the surface of the hydrophobic PCL layer, it would be subjected to two opposing
forces (the water gravity G and Fn-c). As the quantity of the water droplet increased,
the value of G increased accordingly. When G > Fn-c, the water droplets could penetrate
through the hydrophobic PCL layer to the PAN-based substrate layer, and the water
then penetrated through the PAN/TiO2-PCL20 by Fp-c. PAN/TiO2 substrate had better
hydrophilicity than PAN substrate due to its larger specific surface area and roughness,
which could enhance asymmetric wettability for the Janus membrane and generate the
larger Fp-c. Meanwhile, compared with the PAN substrate, the hydration layer formed in
the PAN/TiO2 substrate improved the oleophobicity of PAN/TiO2-PCL20 and resisted
oil penetration (Figure 9a)—all of these developments contributed to efficient emulsion
separation performance.

3.8. Removal of RhB Organic Dye

RhB was chosen as the representative stain for evaluating the removal performance of
the PAN/TiO2-PCL20. As displayed in Figure 10a, PAN/TiO2-PCL20 exhibited adsorption
capacity with 5.02 mg g−1 for RhB within 60 min of adsorption equilibria under a dark
condition (see Figure 10a). The removal rate of RhB by PAN/TiO2-PCL20 achieved 59%t
adsorption equilibria. When the removal experiment for RhB by PAN/TiO2-PCL20 was
exposed to the simulated solar irradiation, the removal rate of PAN/TiO2-PCL20 for RhB
could reach 93.2% (Figure 10b). The reason for this could be because, under simulated
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solar irradiation, TiO2 generated hydroxyl radicals and superoxide radicals to degrade RhB
dye molecules into carbon dioxide and water on the PAN/TiO2-PCL20 [55,56]. This could
provide evidence that PAN/TiO2-PCL20 exhibited photocatalytic performance for RhB
under the simulated solar irradiation. The inset of the Figure 10b shows the color change
of the RhB solution at different time intervals, and it should be noticed that the color of the
RhB solution became transparent after adsorption and photocatalytic degradation.

Figure 9. Schematic diagram of the oil/water separation and unidirectional permeation mechanism
of PAN/TiO2-PCL20. ((a): the PCL faced to water and separated emulsion, (b): the PAN/TiO2 faced
to water and resisted water).

Figure 10. (a) Effect of adsorption time on adsorption capacity of PAN/TiO2-PCL20; (b) Removal
performance of PAN/TiO2-PCL20 of RhB under simulated solar irradiation.

3.9. Unidirectional Water Transfer

The asymmetric wettability of membranes might result in unidirectional water transfer
capability [53]. The unidirectional water transfer capability of PAN/TiO2-PCL20 was
further studied. When the hydrophilic PAN/TiO2 layer faced up, water merely spread
on the surface of PAN/TiO2-PCL20 (Figure 11a). When the hydrophobic PCL layer faced
up, water could spontaneously pass through PAN/TiO2-PCL20 (Figure 11b). PAN/TiO2-
PCL20 exhibited unidirectional water transfer capability. The possible mechanism of
unidirectional water transfer could also be explained, as illustrated in Figure 9: when
the hydrophilic PAN/TiO2 layer faced up, water droplets continuously diffused to the
surface of the membrane and formed a thin water layer. G value per unit area of water
was less than the upward force to the water droplets provided by the hydrophobic PCL
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layer, meaning water would be blocked on the surface of PAN/TiO2-PCL20 (Figure 9b).
When the hydrophobic PCL layer faced up, G value per unit area of water was higher than
the repulsive force provided by the hydrophobic side counterpart. When G > Fn-c, water
droplets passed through the PAN/TiO2-PCL20 by gravity and the capillary force of the
substrate (Figure 9a). The result showed that the asymmetric wettability of PAN/TiO2-
PCL20 exhibited unidirectional water transfer capability within a certain water pressure
range [57,58].

Figure 11. Unidirectional water transfer process of PAN/TiO2-PCL20: (a) PAN/TiO2 side facing
water and (b) PCL side facing water.

3.10. Mechanical Properties

The mechanical performance of the separator was also necessary in the practical
application for oil/water separation. Figure 12 shows the stress-strain curves of PAN,
PAN/TiO2 and PAN/TiO2-PCLx. The tensile strength and train of PAN was 6.69 MPa
and 28.67%, respectively. Compared with pure PAN, the tensile strength and strain of
PAN/TiO2 substrate layer were reduced to 5.68 MPa and 25.33%, respectively, which might
be attributed to the existence of bead structures and porosities in the PAN/TiO2. Compared
to PAN/TiO2, the PAN/TiO2-PCLx possessed superior mechanical properties. With the
increase of PCL content, PAN/TiO2-PCLx exhibited a decrease in tensile strength and an
increase in strain. The PAN/TiO2-PCL30 had the most outstanding mechanical property
and the maximum strain reached 53.67%. The result indicated that PAN/TiO2-PCLx all
had good mechanical performance for oil/water separation (Figure S3).

Figure 12. Stress-Strain curves of PAN, PAN/TiO2 and PAN/TiO2-PCLx.
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4. Conclusions

In summary, an environmentally friendly PAN-based Janus composite membrane with
asymmetric wettability and hierarchical structure was successfully fabricated. The addition
of TiO2 could further enhance the hydrophilicity of the hydrophilic PAN substrate by
increasing the specific surface area and roughness, which further improved the asymmetric
wettability of the Janus membrane. The prepared PAN/TiO2-PCL20 exhibited excellent
oil/water separation performance for diverse surfactant-stabilized oil-in-water emulsions.
Even after 20 cycles, the separation efficiency for n-hexane-in-water emulsion remained
above 99.15%, which exhibited the excellent reusability for an environmentally friendly sep-
arator. Meanwhile, the PAN/TiO2-PCL20 also had superior adsorption (5.02 mg g−1) and
removal performance (93.2%) for RhB. In addition, the PAN/TiO2-PCL20 had outstanding
unidirectional water transfer capability and mechanical property. However, the corrosion
resistance of PCL layer was expected to be further improved. To address this problem, the
corrosion-resistant inorganic and organic component may be used to functionalize PCL
modification by subsequent studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17020417/s1, Figure S1: Nitrogen (N2) adsorption-desorption
isotherms of (a) PAN, PAN/TiO2, (b) PAN/TiO2-PCL10, (c) PAN/TiO2-PCL20 and (d) PAN/TiO2-
PCL30. Figure S2: Dynamic optical images of the wettability of a water droplet on (a) PAN,
(b) PAN/TiO2, (c) PAN/TiO2-PCL10, (d) PAN/TiO2-PCL20 and (e) PAN/TiO2-PCL30. Figure S3:
Stress-strain curve of PCL. References [59,60] are cited in the supplementary materials.
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Abstract: Reducing the interfacial defects between the perovskite/electron transport layer (ETL) is
the key point to improving the efficient and stable performance of perovskite solar cells (PSCs). In
this study, two self-assembled molecules ((aminomethyl)phosphonic acid and glycine) with different
functional groups (phosphonic acid (-H2PO3) and carboxylic acid (-COOH)) were mixed to form the
buried bottom interface of PSCs. The synergistic effect of -H2PO3 with its higher anchoring ability
and -COOH with its fast carrier transport improved the performance of PSCs. Additionally, the
SnO2 modified by mixed self-assembly molecules (M-SAM) showed a more appropriate energy level
alignment, favoring charge transport and minimizing energy loss. In addition, the amine group
(-NH2) on the two small molecules effectively interacted with uncoordinated Pb2+ in perovskite and
improved the quality of the perovskite films. Consequently, the (FAPbI3)0.992(MAPbBr3)0.008 PSCs
with M-SAM reached a PCE of 24.69% (0.08 cm2) and the perovskite modules achieved a champion
efficiency of 18.57% (12.25 cm2 aperture area). Meanwhile, it still maintained more than 91% of its
initial PCE after being placed in nitrogen atmosphere at 25 ◦C for 1500 h, which is better than that of
the single-SAM and control devices. Further reference is provided for the future commercialization
of perovskite with efficient and stable characteristics.

Keywords: interface passivation; anchoring; charge transfer; self-assembled small molecule; large area

1. Introduction

Planar perovskite solar cells (PSCs) have gradually been considered to be a com-
mercially promising device due to their small current–voltage hysteresis, high power
conversion efficiency and simple preparation process [1–3]. In the past decade, the power
conversion efficiency (PCE) of PSCs has increased from 3.8% to 26.1% [4–6]. The electron
transport layer (ETL) in the typical n-i-p structure has electron-selective contact with the
perovskite absorption layer. Concurrently, the upper surface of the ETL also affects the
number of nucleation points and the grain growth of the absorption layer, and ETLs with
low-defect concentrations are of decisive significance for improving the performance of
PSCs devices [7,8]. The commonly reported ETLs in the n-i-p structure are titanium oxide
(TiO2) and tin oxide (SnO2). However, compared with TiO2, the SnO2 substrate has the
potential for the best ETL due to its high-electron mobility and easy preparation.

The common preparation methods of SnO2 when used as electron transport layer
mainly include spin-coated SnO2 nanocrystals and chemical bath deposition (CBD) of SnO2.
Different from the spin-coated SnO2 method, the SnO2 film prepared via CBD is more
compact and uniform. Moreover, the CBD method is not limited by the size of substrate and
is more beneficial to the future commercial development of PSCs [9]. However, there are
hydroxyl (-OH) and oxygen vacancy (OV) defects on the surface of SnO2 film prepared via
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CBD, which significantly increase the non-radiative recombination of the ETL/Perovskite
interface, thus changing the performance of PSCs and accelerating their degradation [10].
At the same time, a large number of defects on the ETL/perovskite layer interface are
not conducive to the energy level matching of the charge transfer, and lead to serious
non-radiative recombination at the interface [11,12]. In order to solve these problems,
researchers have made many attempts which can be divided into SnO2 body passivation
and surface passivation. For body passivation, it has been reported that the addition of
phosphonate ethanolamine (PE) to the aqueous colloid of SnO2 can significantly reduce
the number of Sn dangling bonds in SnO2, which is beneficial for improving the electrical
properties of SnO2. At the same time, the amino group (NH2) of PE can interact with the
uncoordinated Pb2+ in the perovskite active layer, further inhibiting interface defects and
improving device performance [13]. However, some researchers have tried to passivate
or modify the surface defects of SnO2 to reduce the interface defects between SnO2 and
perovskite [12]. It has been reported that the use of ultraviolet ozone to improve the surface
wettability of SnO2 while reducing surface defects can achieve a champion efficiency of
17.21%. Some researchers have also reported that the use of KCl aqueous solution to modify
the surface of SnO2 can passivate the surface defects of SnO2 to improve the performance
of the device, and finally achieve a champion efficiency of 22.2%. At the same time, using
some self-assembled molecules with anchoring groups to passivate the interface is also an
effective interface passivation strategy [14]. It has been reported that an anchoring group
with strong bonding strength not only shortens the assembly adsorption time and improves
the uniformity of adsorption distribution, but also makes the carrier transporting layers
(CTL) have a high compatibility with the deposition of the active layer of the perovskite
device, thus greatly reducing interface defects [15]. Yang et al. studied a series of self-
assembled molecules (SAM) with carboxylic acid groups (-COOH), such as benzoic acid, 3-
aminopropionic acid, etc., and found that appropriate interface interactions can significantly
reduce the density of defect states and promote charge extraction and transfer at the
interface, which increases the efficiency by about 10% compared with solar cells without
SAMs, and investigated different chemical interactions between SnO2/perovskite [16].
Although small molecules containing -COOH have excellent electron transport capacities
due to their special structure, their binding energy on the surface of SnO2 is low [17–19].
The widely used anchoring group, which is similar to -COOH and has similar anchoring
ability, is the phosphonic group (-H2PO3) [13,20,21]. Its binding energy on the surface of
SnO2 is much larger than that of the -COOH. Unfortunately, due to the geometric shape
and conjugate loss of -H2PO3, the charge transfer rate of the -H2PO3 is not competitive
with that of -COOH [22]. In addition, it has been reported that the amino group (-NH2)
contained in the small molecule has the effect of interacting with the uncoordinated Pb2+

in the perovskite, which can effectively decrease interface defects [13,23]. Sargent et al.
combined ammonium fluoride with CBD-SnO2 and found that -NH2 could reduce the
surface defect sites and match energy levels better with perovskite. This strategy showed
a PCE of 23.3% and a higher open circuit voltage (VOC) [20]. Meanwhile, the application
of CBD SnO2 to a large area also reflects the problem of non-uniformity. Although CBD
SnO2 has more commercial potential than spin-coated SnO2 nanocrystals, the uniform
passivation of SnO2 defects is also a problem that must be solved first. Lin et al. developed
a simple post-treatment method using periodic acid to modify the SnO2 film and increased
the proportion of tin oxide (IV) with the help of periodic acid. Consequently, the 3 × 3 cm2

perovskite modules with a champion efficiency of 18.10% were shown [24]. Therefore, a
strategy that can not only effectively passivate the surface defects of SnO2 but also serve as
a reference for large-scale commercialization is needed.

In this study, two self-assembled molecules ((aminomethyl)phosphonic acid and
glycine) with similar molecular structures but different anchoring groups (phosphonic
acid (-H2PO3) and carboxylic acid (-COOH)) were used as interlayers in SnO2/perovskite.
Phosphonic acid groups have a stronger anchoring ability on the surface of metal oxides
than carboxylic acid groups due to their unique structure, while carboxylic acid groups
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have their unique characteristics of rapid charge transfer. The different anchoring groups
can meet the requirements of the buried bottom interface for carrier transport (-COOH)
and anchoring ability (-H2PO3), so as to solve the defect problem of single functional
group. Photovoltaic performance may be further improved by using the complementary
advantages of the two groups while improving the anchoring capacity and charge transfer.
In addition, the same partial amine group (-NH2) on the two small molecules effectively
interact with uncoordinated Pb2+ in the perovskite layer, which can decrease interface
defects. The energy level between SnO2 and the perovskite layers was further adjusted
by mixed self-assembly molecules (M-SAM). Finally, the PCE of PSC was increased from
22.72% to 24.69% (0.08 cm2) and the VOC was increased from 1.12 V to 1.16 V. Meanwhile,
the stability of the device modified by M-SAM was significantly improved, which main-
tained more than 91% of its initial PCE after 1500 h and 100 h placed at 25 ◦C and 65 ◦C
in nitrogen atmosphere. In addition, the 4 × 4 cm2 (12.25 cm2 aperture area) perovskite
modules achieved the best efficiency of 18.57%. This study demonstrates an effective
strategy for passivating the surface of SnO2, which improves the PCE of PSCs while taking
into account stability. This complementary synergistic passivation strategy provides a
simple and effective method for future high-performance and durable commercial devices.

2. Experimental Section

Materials. Hydrochloric acid (HCl, 37 wt.% in water) was purchased from Sinopharm
(Shanghai, China). SnCl2·2H2O (>99.98%) and urea (>99.0%), thioglycolic acid (TGA,
≥99.0%), chlorobenzene (CB, ≥99.9%), isopropanol (IPA, ≥99.9%) and acetonitrile (≥99.9%)
were purchased from Sigma-Aldrich (Shanghai, China). Dimethyl sulfoxide (DMSO)
(≥99.9%), and dimethylformamide (DMF) (≥99.9%) were purchased from Alfa Aesar
(Shanghai China). FAI (≥99.5%), PbI2 (99.99%), MAPbBr3 (≥99.5%), MACl (≥99.5%),
PEAI (≥99.5%), Spiro-OMeTAD (≥99.8%), 4-tert-Butylpyridine (tBP, ≥96%), Co-TFSI salt
(≥99.5%) and Li-TFSI salt (≥99.5%) were purchased from Xi’an Polymer Technology Corp
(Xi’an, China). (Aminomethyl)phosphonic acid (≥98%) and glycine (99%) were purchased
from Adamas (Shanghai China).

CBD SnO2. The SnO2 layer was deposited on the surface of FTO by chemical bath
deposition (CBD). The CBD solution was prepared by mixing 5.625 g of urea, 1.2375 g of
SnCl2·2H2O, 5.625 mL of HCl, 112.5 μL of TGA, and 450 mL of deionized water (DI water).
The FTO substrates and the CBD solution were loaded into a glass reaction vessel and
reacted at 94 ◦C in an oil bath for 5.5 h. Then, the SnO2-deposited FTO were removed from
the reaction vessel and cleaned via sonication with DI water and ethanol for 10 min each.

Preparation of perovskite solution. The perovskite precursor solution was prepared
by mixing 1.4 M FAI, 1.53 M PbI2, 0.5 M MACl, and 0.8 mol% MAPbBr3 in 1 mL mixture
solvent (volume ratio, DMF:DMSO = 8:1).

Device fabrication. The FTO/SnO2 substrates were annealed at 170 ◦C for 60 min
and treated with UV-Ozone for 20 min. Then the FTO/SnO2 substrate was immersed in a
small molecule aqueous solution for 20 min, then dried with nitrogen, and finally placed
in a 100 ◦C hot stage for annealing for 5 min. The prepared FTO FTO/SnO2/SAM were
transferred to the glove box. The perovskite film was spin-coated on the substrates at
1000 rpm for 10 s, and 5000 rpm for 30 s, and chlorobenzene was dripped at 20 s after
starting, then annealed at 100 ◦C for 60 min. For the 2D perovskite passivation, PEAI
(15 mM in IPA) was deposited at 5000 rpm for 30 s. For HTL, the 25 μL Spiro-OMeTAD
solution was spin-coated on the perovskite layer at 3800 rpm for 30s. The Spiro-OMeTAD
solution was prepared by dissolving 101.92 mg of Spiro-OMeTAD, 24.4 μL Li-TFSI salt
(520 mg·L−1 in acetonitrile solution), 49.6 μL FK209 salt (300 mg·in 1 mL acetonitrile
solution), and 45.4 μL tBP solution in 1 mL chlorobenzene. Finally, 100 nm of Au was
deposited via thermal evaporation.
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3. Results and Discussion

The electrostatic surface potential (ESP) diagram and structural formula of P-SAM
and C-SAM are shown in Figure 1a and Figure S1, respectively. The dipole moment value
of P-SAM (2.11 D) was higher than that of C-SAM (1.66 D). The dipole moment can reflect
the polarity of the molecule, and it is easy to obtain the relative level of the van der Waals
force of the two molecules; thus P-SAM was more easily anchored on the surface of SnO2
than C-SAM was. Figure 1b shows a flow chart of the preparation of the buried bottom
interface. The glass/FTO/SnO2 substrate was immersed in a M-SAM aqueous solution
with a volume ratio of 1:1 (1 mM in deionized water) for 20 min, and we then used N2 to
blow away the residual solution on the surface of SnO2, and annealed it at 100 ◦C for 5 min.
Meanwhile, this immersion method using SAM has the potential to be applied to a large
area. The perovskite films on SnO2, SnO2/P-SAM, SnO2/C-SAM and SnO2/M-SAM were
characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD). It is
evident from Figures 1c–f and S2 that the average grain size of perovskite films was similar,
but the grain boundary was improved after M-SAM modification (Figures S2a–d and S3).
Meanwhile, this method is also applicable to large areas; Figures S4 and S5 show M-SAM,
as a buried interface, can enhance the uniformity of perovskite grains. The enhanced
hydrophilicity of the SnO2/SAM films (Figure S3) from -NH2 in SAM molecules are
helpful for the deposition of perovskite precursor solutions and the growth of better-quality
perovskite films, which is consistent with the SEM results [25]. The XRD spectra in Figure 1g
show that the perovskite films with an M-SAM interlayer have stronger crystallinity, which
indicates that M-SAM regulates crystallinity.

Figure 1. (a) ESP map of P-SAM (Left) and C-SAM (Right). (b) Diagram of the preparation work
of M-SAM. SEM of perovskite films, (c) pristine SnO2, (d) SnO2/P-SAM, (e) SnO2/C-SAM and
(f) SnO2/M-SAM as substrates. (g) XRD patterns of perovskite films on SnO2, SnO2/P-SAM, SnO2/C-
SAM and SnO2/M-SAM. (h,i) UPS spectra of SnO2 and SnO2/M-SAM films. (j) Energy level diagram
of FTO, SnO2, SnO2/M-SAM, and perovskite.
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The effect of M-SAM modification on the band structures was further studied by
ultraviolet photoelectron spectroscopy (UPS) in Figure 1h,i and ultraviolet-visible spec-
trophotometer (UV-Vis) in Figure S6. The band-gaps of SnO2 and SnO2/M-SAM were 3.94
and 3.97 eV, respectively. The Fermi level (−EF = Ecutoff − 21.22 eV) and the conduction
band (CB) were both up-shifted with the M-SAM modification and thus coordinate the
interface energy level arrangement. The CB of SnO2 and SnO2/M-SAM were −6.39 eV and
−5.52 eV, respectively (the details are showed in Table S1). In addition, the transmittance of
SnO2 films was not affected by SAMs modification. Correspondingly, a better energy band
alignment was achieved between ETL/perovskite, favoring efficient electron transport
(Figure 1j) [26].

Figure 2. FTIR spectra of (a) SnO2, SnO2/P-SAM, SnO2/C-SAM, P-SAM, and C-SAM films, (b) PbI2,
PbI2/P-SAM, PbI2/C-SAM, P-SAM, and C-SAM films. XPS spectra of (c) Sn 3d, and (d) O 1s for
the pristine SnO2, SnO2/P-SAM, SnO2/C-SAM and SnO2/M-SAM films, (e) Pb 4f for the PbI2,
PbI2/P-SAM, PbI2/C-SAM and PbI2/M-SAM films.

The interaction mechanism of P-SAM, C-SAM and M-SAM in the buried bottom
interface was further explored (Figure 2). In Figure 2a, the Fourier transform infrared
spectroscopy (FTIR) spectra shows the P-O vibration shifts from 1167.88 cm−1 in pure P-
SAM to 1175.17 cm−1 of the SnO2/P-SAM and the C-O vibration shifts from 1135.25 cm−1 in
pure C-SAM to 1129.93 cm−1 of the SnO2/C-SAM, confirming the interaction of P-SAM and
C-SAM with SnO2, respectively. Similarly, the interaction between the SAM and perovskites
is shown in Figure 2b. It can be clearly seen from the moment of initial N-H stretching
peak moves from 3162.40 (P-SAM) to 3107.96 cm−1 (PbI2/P-SAM) and from 3177.48 (C-
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SAM) to 3166.48 cm−1 (PbI2/C-SAM), respectively, confirming that both small molecules
interact with PbI2 [23]. The X-ray photoelectron spectroscopy (XPS) measurements was
further studied and the effect of SAM on surface chemical environment was discussed.
The Sn 3d peaks in the pure SnO2 at 495.28 and 486.88 eV, corresponding to Sn 3d3/2
and Sn 3d5/2, respectively, shifted to higher binding energies after SAM modifications
in Figure 2c (SnO2/P-SAM: 495.40 and 486.98 eV, SnO2/C-SAM: 495.38 and 486.97 eV,
SnO2/M-SAM: 495.44 and 487.02 eV). The results show that both P-SAM and C-SAM had
chemical interactions with SnO2 [27]. As shown in Figure 2d, two peaks fitted at 532.5 eV
and 531.1 eV corresponded to the -OH on the surface of SnO2 and the saturated lattice
oxygen in the SnO2 film. Compared with the pure SnO2, the calculated areas of -OH
in the modified SnO2 are all reduced. This indicates that more chemisorbed off-lattice
oxygen is transferred to the lattice oxygen, and that the oxygen atom in SnO2 exists as
O2−. The reduced -OH is beneficial for improving the electron transport and suppressing
the nonradiative recombination [28]. Meanwhile, in Figure 2e, two peaks fitted at 143.14
and 138.31 eV of Pb 4f spectrum for pure PbI2 film, corresponding to Pb 4f5/2 and Pb
4f7/2, respectively, shifted towards higher binding energies for all SAM-modified samples
(SnO2/P-SAM: 143.32 and 138.41 eV; SnO2/C-SAM: 143.35 and 138.49 eV; SnO2/M-SAM:
143.47 and 138.63 eV). The results indicate that the interaction occurs between P-SAM,
C-SAM, M-SAM and perovskite.

To further investigate the effect of SAM layers on the carrier transport dynamics, steady-
state photoluminescence (SSPL) and time-resolved photoluminescence (TRPL) tests were
performed (Figure 3a–d). From the analysis of perovskite, the SnO2/SAM/perovskite dis-
plays lower PL signals than that of the SnO2/perovskite and the SnO2/M-SAM/perovskite
possesses the lowest PL intensity among the SAM-modified samples. The TRPL curves
in Figure 3b exhibit how the average time constant (τave) of perovskite film on SnO2,
SnO2/P-SAM, SnO2/C-SAM and SnO2/M-SAM decreased from 1.482 μs to 1.294 μs, and
1.142 μs and 1.056 μs, respectively [29]. The detailed carrier lifetime is listed in Table S2.
The decreased PL intensity and TRPL lifetime indicates that P-SAM-, C-SAM- and M-SAM-
modification inhibits non-radiative recombination due to the passivated interface defects
of SnO2 and the optimized perovskite grain quality [19]. In general, the fast decay process
(τ1) is related to the charge extraction and transport, and the slow decay (τ2) is related
to the radiative recombination of the bulk perovskites. The value of τ1 decreased from
0.020 μs (SnO2/perovskite) to 0.013 μs (SnO2/M-SAM/perovskite), which proves that
M-SAM-modification is beneficial for the extraction of electrons at the buried interface. In
addition, by comparing the SSPL and TRPL results of perovskite films’ deposition on the
glass substrate without ETL (Figure 3c,d), the samples show a significantly opposite trend
and the corresponding fitted results are presented in Table S3. The SSPL intensity and the
average lifetime of the perovskite films grown on the modified glass were significantly
improved, which is attributed to the passivation of interface defects and the optimized
grain quality of perovskite [29,30]. Then, the effect of SAM on perovskite films was further
studied by PL intensity imaging (Figures 3e,h and S7). Compared with the control films, a
weaker PL emission was observed from the SnO2/M-SAM/perovskite, which is consistent
with the SSPL spectrum shown in Figure 3a. In addition, the SnO2/M-SAM/perovskite
film exhibited more a uniform PL emission in the substrate compared to the control. These
results further prove that M-SAM-modified SnO2 can passivate the defects on the surface
of SnO2 and reduce the non-radiative recombination at the interface to improve the perfor-
mance of the device. Additionally, the corresponding carrier lifetimes were summarized in
Tables S4 and S5.

172



Materials 2023, 16, 7306

Figure 3. (a) SSPL and (b) TRPL curves of SnO2/perovskite, SnO2/P-SAM/perovskite, SnO2/C-
SAM/perovskite and SnO2/M-SAM/perovskite films. (c) SSPL and (d) TRPL curves of per-
ovskite, P-SAM/perovskite, C-SAM/perovskite and M-SAM/perovskite films. (e–h) PL intensity
imaging of SnO2/perovskite, SnO2/P-SAM/perovskite, SnO2/C-SAM/perovskite and SnO2/M-
SAM/perovskite films (size of 0.6 × 0.6 mm2).

In short, P-SAM, C-SAM, and M-SAM interlayers in the buried bottom exhibited strong
interactions with SnO2 and perovskite, and thus suppressed the surface defects and facilitated
carrier transport. Therefore, the device structure of FTO/SnO2/SAM/perovskite/Spiro-
OMeTAD/Au (Figure S8) was constructed to investigate the effect of SAM on photovoltaic
performance. Figure S9 shows the statistical analysis of the PSCs performance on the
devices with different molar ratios of P-SAM and C-SAM. The best PCE of the PSC was
achieved at a ratio of 1:1 and the corresponding photocurrent density–voltage (J–V) curves
under AM 1.5 illumination are presented in Figure 4a. The champion PCE of the device
using M-SAM increased from 22.72% (control), 23.99% (with P-SAM), 23.56% (with C-SAM)
to 24.69%. Compared with the control PSCs, the increase in PCE was mainly due to the
obvious increase in VOC (from 1.12 to 1.16 V) and JSC (from 24.37 to 25.54 mA/cm2). In
addition to this, a laser-etched perovskite solar module (PSM) with an area of 4 × 4 cm2

and an aperture area of 12.25 cm2 were also made, and the related J–V curve is exhib-
ited in Figure 4b. The PSMs with M-SAM-modifications achieved an excellent PCE of
18.57%, while the PCE of the control PSMs was only 16.07%. A stabilized photocurrent
of 23.77 mA/cm−2 and an efficiency of 24.25% were obtained at 1.02 V (Figure 4c). The
stability was further evaluated. The PCE of the unpackaged device with an M-SAM modifi-
cation remained at 91% and 92.4% of the initial PCE after exposure to nitrogen atmosphere
at 25 ◦C for 1500 h (Figure 4d) and at 65 ◦C for 105 h (Figure 4e), respectively. Meanwhile,
the control device retained 82% and 79.2% of its original PCE. The improved stability of the
M-SAM-modified device is attributed to the synergistic effect of P-SAM and C-SAM, as well
as to energy level regulation and improved film quality. In addition to device stability, the
perovskite films under different aging conditions were also tested. Figure 4f shows the XRD
patterns of SnO2/perovskite and SnO2/M-SAM/perovskite films before and after aging at
60 ◦C and 40% relative humidity (RH). After 100 h of aging, the SnO2/M-SAM/perovskite
film showed a much weaker additional δ-FAPbI3 phase diffraction peak than that of the
control sample; the result implies that the presence of M-SAM could effectively suppress
the phase transition induced by an exposure to moisture, which is consistent with the
results in Figure S11. It is therefore further proved that the M-SAM can improve the defects
of the SnO2/Perovskite interface, and that a stable perovskite film provides an important
guarantee for the stability of the later device.
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Figure 4. J–V curves of the champion PSCs for (a) 0.08 cm2 and (b) 4 × 4 cm2 modules (c) Stable
power output curves under maximum power-point conditions. Long-term stability test under
nitrogen atmosphere (d) at 25 ◦C and (e) at 65 ◦C. (f) XRD patterns for SnO2/perovskite and SnO2/M-
SAM/perovskite films aged at ≈40%RH, ~60 ◦C.

Figure 5a shows the external quantum efficiency (EQE) spectra of the control and
the M-SAM-modified PSC, and that the related integrated currents were 24.21 mA/cm2

and 24.47 mA/cm2, respectively, which are consistent with the result derived from the
J–V curves. In addition, the EQE spectra of M-SAM-modified PSC was improved in the
ultraviolet region, which is attributed to the passivation of Pb2+ via -NH2 in M-SAM, which
reduces the deep-level defects of perovskite films. The dark J–V curves (Figure 5b) show
the PSCs with M-SAM modifications had a reduced leakage current, ascribing to a lower
trapping density and carrier recombination at the interface of SnO2/perovskite through
M-SAM modification. A quantitative characterization of the defects was obtained by space
charge limited current (SCLC) test with the electron-only device (Figure 5c). The trap filling
limit voltage (VTFL) of the device with the M-SAM modification was significantly reduced.
The trap state densities were 2.22 × 1016 cm−3 and 1.94 × 1016 cm−3 for the control and M-
SAM-modified devices, respectively, indicating that the M-SAM can passivate the defects
(the parameters were listed in Table S7) [30]. The Nyquist impedance in Figure 5d shows
that the recombination resistance (Rrec) (2117 Ω) of the device with M-SAM is higher than
the control (1201 Ω), suggesting a reduced charge recombination at the ETL/PVK interface
by M-SAM. Additionally, M-SAM-modified devices achieved higher extracted the built-
in potentials (Vbi, 0.95 V) from Mott–Schottky plots (Figure 5e) compared to the control
device (0.92 V). The enlarged Vbi contributed to the higher VOC, following the same trend
of VOC values shown in the J–V curves [30]. The dependence of VOC on light intensity
(Plight) was fitted to obtain the ideality factor n (Figure 5f). The M-SAM-modified PSCs
possessed the lower n value (1.58) compared to the control (1.93), indicating that the trap-
assisted recombination of PSCs was significantly reduced after M-SAM treatment. It has
been proven that using M-SAM as the buried interface has a positive effect on improving
device performance.
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Figure 5. (a) The EQE spectra and integrated JSC of SnO2 and SnO2/M-SAM devices, (b) dark
J–V curves of SnO2 and SnO2/M-SAM devices, (c) dark J–V curves for the devices with structure
of FTO/SnO2(M-SAM)/PVK/PCBM/Ag, (d) Nyquist plots of SnO2 and SnO2/M-SAM devices,
(e) Mott–Schottky plots of SnO2 and SnO2/M-SAM devices, (f) dependence of VOC and light intensity
dependence of SnO2 and SnO2/M-SAM devices.

4. Conclusions

Aiming at the passivation problem of surface defects commonly used in SnO2 ETL,
we developed a synergistic effect strategy by combining the strong anchoring ability of
phosphonic acid (-H2PO3) in metal oxide surfaces and the better charge transfer ability of
carboxylic acid (-COOH). At the bottom of the interface, the -H2PO3 in P-SAM was used to
enhance the anchoring ability and the -COOH in C-SAM was used to transport carriers
quickly. In addition, the molecules interacted with both SnO2 from -H2PO3 and -COOH
with Sn and perovskite from -NH2 and Pb2+, thus improving the energy level arrangement
and quality of perovskite films. The (FAPbI3)0.992(MAPbBr3)0.008 PSCs with mixed SAM
modification passivated the defect density and accelerated the charge extraction and
transport. Consequently, the champion PCE of 24.69% and VOC of 1.16 V were achieved.
Meanwhile, a PCE of 18.57% was obtained for a 4 × 4 cm2 (12.25 cm2 aperture area)
perovskite module. At the same time, more than 91% of the initial PCE was maintained
after storage at 25 ◦C and 65 ◦C for 1500 h and 100 h under nitrogen atmosphere. This
work improves the device efficiency by mixing two complementary self-assembled small
molecules to passivate ETL/perovskite interface defects while taking into account stable
improvements. This method can improve the passivation uniformity CBD SnO2 surface,
and is simple and suitable for future commercialization. The reuse of M-SAM passivation
solutions need to be further researched in future works.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16237306/s1, Figure S1: Structural formula of (a) P-SAM and (b) C-
SAM. (-R, -CH2); Figure S2. SEM images of perovskite surface based on (a) SnO2, (b) SnO2/P-SAM SnO2,
(c) SnO2/C-SAM SnO2 and (d) SnO2/M-SAM. The perovskite grain size of (e) SnO2, (f) SnO2/P-SAM
SnO2, (g) SnO2/C-SAM SnO2 and (h) SnO2/M-SAM; Figure S3. Contact angles of (a) SnO2, (b) SnO2/P-
SAM, (c) SnO2/C-SAM, and (d) SnO2/M-SAM as substrates; Figure S4. SEM images for five different
locations of the 4 × 4 cm2 perovskite film deposited on SnO2 substrate. The scale bar is 10 μm. The distri-
bution of the grain size is plotted in histogram for comparison; Figure S5. SEM images for five different
locations of the 4 × 4 cm2 perovskite film deposited on SnO2/M-SAM substrate. The scale bar is 10 μm.
The distribution of the grain size is plotted in histogram for comparison; Figure S6. (a) Transmission
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and absorption spectra FTO, SnO2 SnO2/P-SAM, SnO2/C-SAM and SnO2/M-SAM films. (b) Tauc
plots of pristine SnO2 and SnO2/M-SAM films; Figure S7. PL intensity imaging of SnO2/perovskite
and SnO2/M-SAM/perovskite films (size of 0.02 × 0.02 mm2); Figure S8. PSCs with the structure of
FTO/SnO2/SAM/Perovskite/Spiro-OMeTAD/Au; Figure S9. The PSCs performance (a) VOC, (b) JSC,
(c) FF and (d) PCE of the devices with different molar ratios of P-SAM and C-SAM; Figure S10. J–V
curves for control and M-SAM modified PSCs under reverse and forward scans (at illumination of
100 mW/cm2); Figure S11. XRD patterns for (a) SnO2/perovskite and (b) SnO2/M-SAM/perovskite
films aged at a RH ≈ 40%, T: ≈25 ◦C; Table S1: Table S1. Summarized parameters of energy band struc-
ture for SnO2, SnO2/M-SAM (on FTO substrates); Table S2. Fitted parameters of the TRPL curves for
SnO2/perovskite SnO2/P-SAM/perovskite, SnO2/C-SAM/perovskite and SnO2/M-SAM/perovskite
films (on glass substrates); Table S3. Fitted parameters of the TRPL curves for glass/perovskite,
glass/P-SAM/perovskite, glass/C-SAM/perovskite and glass/M-SAM/perovskite films; Table S4.
Fitted parameters of the PL intensity imaging for SnO2/perovskite SnO2/P-SAM/perovskite, SnO2/C-
SAM/perovskite and SnO2/M-SAM/perovskite films (on glass substrates); Table S5. Fitted parameters
of the PL intensity imaging for SnO2/perovskite and SnO2/M-SAM/perovskite films (on glass sub-
strates); Table S6. Photovoltaic parameters for SnO2 and M-SAM modified PSCs under reverse scan
and forward scan (HI = (PCEforward-PCEreverse)/PCEforward); Table S7. Calculated parameters and trap
densities (Ntrap) of perovskite films grown on SnO2 and SnO2/M-SAM substrates for electron only
devices; Table S8. The modification of CBD SnO2 for getting the improved performance of PSCs are
listed below. References [31,32] are cited in the Supplementary Materials.
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Abstract: Sn3O4 are promising semiconductor materials due to their visible light absorption ability.
In this work, a series of materials, such as SnO2, Sn3O4 and Sn3O4/SnO2 heterostructures, with
different phase ratios were prepared using hydrothermal synthesis. The materials were characterized
using X-ray diffraction (XRD), Raman and diffuse reflectance spectroscopy (DRS), high resolution
transmission electron microscopy (HRTEM), nitrogen adsorption (BET). Flat-band potentials (EFB) of
the samples were determined using the photocurrent onset potential (POP) method. It was shown
that the potentials obtained with open circuit potential measurements versus illumination intensity
(OCP) likely corresponded to the EFB of SnO2 nanoparticles in heterostructures due to interfacial
electron transfer from the conducting band of Sn3O4 to that of SnO2. The photo-electrooxidation
processes of a series of organic substrates were studied in the potential range of 0.6–1.4 V vs. RHE
under irradiation with ultraviolet (λ = 370 nm) and visible (λ = 450 nm) light. The Sn3O4 sample
showed high activity in the photo-electrooxidation of acetone and formic acid in visible light. The
Sn3O4/SnO2 samples exhibited noticeable activity only in the oxidation of formic acid. The presence
of the SnO2 phase in the Sn3O4/SnO2 samples increased the photocurrent values under ultraviolet
illumination, but significantly reduced the oxidation efficiency in visible light.

Keywords: Sn3O4; Sn3O4/SnO2; band gap; photo-electrooxidation; acetone; glycerol; methanol

1. Introduction

Tin dioxide is a promising material with high corrosion stability, high oxidation poten-
tial, low toxicity and high economic efficiency [1,2]. SnO2 is widely used as supports for fuel
cell catalysts [3], sensors [4], electrodes for supercapacitors [5], conductive transparent ma-
terial [6], photocatalysts and electrocatalysts for the oxidation of organic substances [1,2,7].
However, the large band-gap energy, about 3.6 ÷ 4 eV, and the recombination of photogen-
erated electrons and holes [8] do not allow the material to be widely used for working in
either visible or solar light and lead to low values of quantum efficiency. Approaches to
broadening the wavelength range of light absorption and reducing recombination process
comprise doping with various metals and nonmetals, including tin itself, mixed valency tin
oxide (e.g., Sn3O4), heterojunction engineering, solid solution with another oxide materials
and morphology control [2,9]. With these approaches, an increase in efficiency is achieved
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either by introducing new energy levels into the band gap or by reducing the band-gap
width, which leads to a shift in the absorption edge to the visible region [2].

Sn3O4 and composites based on it are promising materials that arouse increased inter-
est in various photo-stimulated and electrochemical processes, including hydrogen produc-
tion [10–14], water decomposition [15], oxidation of dyes and organic compounds [16–21],
sensors [22–24], lithium and sodium ion batteries [25–28], supercapacitors [29], solar
cells [30], CO2 reduction [31,32], visible light photodetectors [33], etc. The morphology
of Sn3O4 represents a layered structure in which two layers of SnO alternate with a layer
of SnO2 [34]. The presence of Sn2+ ions leads to the appearance of absorption in the
visible-light region [34] and also forms a morphology as nanosheets [12] or nanowires [13],
which significantly increase the specific surface area and its availability for the reaction.
The ability to vary the band gap and the position of the conduction band and, hence, the
oxidation potential associated with the position of the valence band by adding hydrogen
peroxide during synthesis has been shown theoretically and confirmed experimentally [12].
Despite this, the main disadvantage for the use of Sn3O4 is that the potential of the va-
lence band is not high enough for photo-oxidation reactions. To increase the efficiency of
charge separation, composites of Sn3O4 with electrically conductive materials based on
graphene [10,35], graphene oxide [14,32], Ni foam [19], Sn [20] and heterostructures based
on C3N4 [17], SnO [36,37], SnO2 [22,24,38–40] and Si nanowires [41] are being studied
intensively. Heterostructures based on high valence band oxidation potential of SnO2 with
an absorbance in the visible region of Sn3O4 can increase the efficiency of photocatalytic
reactions. SnO2-Sn3O4 heterostructures were used as sensors and showed high sensitivity
to NO2 due to a large number of oxygen vacancies and improved electron transfer [22]. The
structures of Sn3O4/SnO2 were studied in the reaction of CO2 electroreduction to formic
acid. The increased efficiency is attributed to the increased adsorption energy of interme-
diates at the SnO2 and Sn3O4 interface [39]. SnO2–Sn3O4 heterostructures were used as
sensors for formaldehyde. The improved performance was attributed to the high concen-
tration of adsorbed oxygen involved in oxidation and the characteristics of the heterophase
Schottky junction [24]. SnO/Sn3O4 and SnO2/Sn3O4 heterostructures were studied in
the photooxidation of rhodamine B. The authors concluded that such heterostructures are
promising in photocatalysis due to the presence of heterojunctions [36].

Despite the many works on Sn3O4, the processes of photo-electrooxidation of organic
substances on such materials have been practically not considered. Photoelectrochem-
ical studies are mainly devoted to the characterization of materials with photocurrent
values [14,42] and the determination of the position of the flat-band potential with the
Mott–Schottky method [13,14,16,32,33,41]. The photo-electrooxidation of rhodamine B on
vertically aligned Sn3O4 nanoflakes grown on carbon paper was studied under visible
light irradiation. The authors associated the increase in photocurrent with the presence of
channels for electron transport and the accessibility of the surface [33]. Sn3O4 was studied
in the hydrogen evolution reaction. It was discovered that polarization of the electrode
and treatment of the material with phosphoric acid leads to an increase in the efficiency of
charge separation and a decrease in photo-corrosion of the material due to a difficulty in
capturing holes from Sn (II) ions [43].

In this work, a series of Sn3O4/SnO2 samples with varying phase contents was synthe-
sized. The conduction band potentials were measured using a set of photoelectrochemical
methods, and the obtained data were compared. The photo-electrocatalytic properties of
materials were studied in the oxidation of a number of simple organic substances (methanol,
acetone, formic acid, glycerol) at different potentials under ultraviolet and visible light.

2. Materials and Methods

2.1. Materials

The following materials were used in the work: Sodium citrate pentahydrate (99.99%,
special purity, LLC “Khimkraft”), SnCl2*2H2O (analytical grade, JSC “Vekton”), NaOH
(special purity, LLC “Component-Reaktiv”), ethanol (J. T. Baker, >99.9% reagent grade),
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HCl (special purity 35–38 wt.%, Sigma-Tek LLC), acetone (EKOS-1, special purity grade),
formic acid (Sigma-Aldridge, reagent grade >95%), glycerol (analytical grade, JSC Vekton),
methanol (J. T. Baker, (Ultra) Gradient HPLC grade), Nafion (5 wt.% solution in ethanol,
Sigma-Aldrigh).

2.2. Synthesis

Samples TO1 and TO2 were synthesized in accordance with ref. [20]. An amount of
25 mmol of sodium citrate and 10 mmol of tin (II) chloride were dissolved in 50 mL of
water with stirring, and 25 mL of 0.2 M sodium hydroxide solution was slowly added.
Stirring of the solution continued for 20 min (sample TO1). For sample TO2, the same
procedure was followed without the addition of sodium citrate. For sample TO3, the
synthesis procedure was slightly modified in accordance with ref. [10]. An amount of
0.01 mol of tin (II) chloride were dissolved in 75 mL of water with stirring, and 25 mL of
4 M sodium hydroxide solution was slowly added. The solution was stirred continuously
for 20 min. Then, 6.5 mL of concentrated hydrochloric acid was slowly added to the
resulting clear solution. The resulting solutions were transferred to a Teflon autoclave liner
(150 mL) and placed in an oven. Hydrothermal synthesis was carried out at 180 ◦C for 12 h.

For comparison, SnO2 was synthesized (sample TO4). An amount of 3.960 mL of
50 wt.% NaOH solution was diluted to 71.040 mL with water, followed by adding 1.7028
g of tin (II) chloride under vigorous stirring. The resulting clear solution was transferred
to a Teflon autoclave liner (150 mL) and placed in an oven. Hydrothermal synthesis was
carried out at 150 ◦C for 24 h.

The resulting yellow-brown (TO1 and TO3), dirty yellow (TO2) and white (TO4)
precipitates were separated from the solution and washed 2 times with 0.2 M sodium
hydroxide solution and 2 times with ethanol using a centrifuge. The powders were dried
in an oven at 60 ◦C for 12 h.

2.3. Physico-Chemical Characterization

The porous structure was analyzed with low-temperature nitrogen adsorption at 77 K
on an ASAP 2400 specific surface area analyzer (Micromeritics, Norcross, GA, USA). X-ray
diffraction patterns were obtained using a Thermo ARL X’tra diffractometer (Thermo Fisher
Scientific Inc., Ecublens, Switzerland) using a Mythen2R 1D linear detector (Dectris AG,
Baden-Daettwil, Switzerland) with CuKα radiation (λ = 1.5418 Å). The value of the average
coherent scattering region (CSR) was calculated as the average value over two peaks at 24
and 37◦ 2θ using the Scherrer formula D = λ/(βcos(θ)), where β is the peak width at half
maximum, without taking into account instrumental broadening. The lattice parameters
were refined using the POLYCRYSTAL software package [44]. XPS spectra were recorded
on a SPECS X-ray photoelectron spectrometer (SPECS Surface Nano Analysis GmbH, Berlin,
Germany) using non-monochromatic MgKα radiation (hν = 1253.6 eV). UV–Vis diffuse
reflectance spectra (DRS) were recorded using a Cary 300 UV–Vis spectrophotometer
(Agilent Technologies Inc., Santa Clara, CA, USA). Raman spectra were recorded using
a Horiba Jobin Yvon LabRAM HR spectrometer coupled with an Olympus BX41 optical
microscope, an argon laser (wavelength 488 nm) and a CCD Symphony detector (Horiba
Ltd., Kyoto, Japan) in backscatter geometry. The HRTEM study was carried out using
ThemisZ electron microscope (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Photoelectrochemical Studies

Catalyst suspension was obtained using ultrasonication of 10 mg of sample and
0.1 mg of Nafion (as ethanol solution) in 0.6 mL of deionized water. Then, suspensions
were supported on FTO with drop-casting followed by drying and thermal treatment at
100 ◦C for 30 min to obtain a uniform layer with mass ratio of ~1.5 mg cm–2 and good
stability in Na2SO4 electrolyte. Before the measurements, the sample was mounted to the
cell and irradiated in air for 30 min with UV light to completely oxidize the remaining
organic impurities. Before each experiment, the potential of mercury sulfate electrode was
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measured relative to reversible hydrogen electrode (RHE), and the potentials presented in
the work were recalculated relative to RHE.

Experiments were performed in homemade three-electrode cell using potentiostat
Autolab PG302N with a frequency response analyzer. Mercury sulfate electrode, Pt foil
and fluorinated tin oxide (FTO) glass coated with photocatalyst were applied as refer-
ence, counter and working electrodes, respectively. An amount of 1 M Na2SO4 and
1 M Na2SO4 + 1 M EtOH were used as electrolytes. Ethanol as hole trap was added in
order to reduce recombination effect. High power (100 W) light emitting diodes (LEDs)
with a maximum irradiation at 370 nm and 450 nm were used as light sources.

Photo-electrocatalytic oxidation of a series of organic substrates (formic acid, methanol,
glycerol and acetone) with concentration of 0.1 M was carried out at constant photon flux
of 2 × 1016 cm−2 s−1 in the potential range of 0.6–1.4 V vs. RHE by alternating light phase
(30 s)–dark phase (30 s). Impedance measurements were recorded at different potentials
using frequency range of 1–50,000 Hz with 10 mV of voltage amplitude. Capacity was
calculated according to Equation (1):

C =
1

2π f Z′′ , (1)

where C was capacity (F/g), f was frequency (Hz), Z′ ′ was imaginary part of impedance (Ohm).
Flat-band potential values (EFB) were obtained with three independent Mott–Schottky

(MS) plot, open-circuit-potential (OCP) and photocurrent-onset-potential (POP) methods.
The values obtained will be referred to as EMS, EOCP and EPOP, respectively. Since these
values obtained are quite different, as will be shown later, the correct value of flat-band
potential proposed in the work will be denoted as EFB.

EMS was determined using Equation (2):

C−2
sc =

2
Nde0ε0εsS2 (E − EMS − kT

e0
), (2)

where Csc (F/g) was the depletion layer capacity, Nd (m−3) was the charge carriers
density, e0 was the electron charge (1.6 × 10–19 C), ε0 was the vacuum permittivity
(8.85 × 10–12 F m–1), εs was the dielectric constant of material, S (m2) was the electrode
surface area, E (V) was the potential of electrode, k (1.381·× 10–23 J K–1) was the Boltzmann
constant, T (K) was the temperature.

EPOP was determined from chopped illumination (3 s) of the catalysts at 370 nm when
recording cyclic voltammograms with scan rate of 1 mV/s. EPOP was obtained at potential
when positive and negative spikes of photocurrents become equal. EOCP was determined
from the dependence of OCP of catalyst irradiated by UV light (λ = 370 nm) on light
intensity, which ranged from 3 to 190 mW/cm2. EOCP was estimated by extrapolation of
measured potentials data to infinite light power density.

3. Results

3.1. Physico-Chemical Properties

The XRD analysis (Figure 1a) showed that TO1 represents the triclinic phase Sn3O4
(P−1, PDF #16-0737), while TO4 only showed the SnO2 phase (P42/mnm, PDF #41-1445).
Samples TO2 and TO3 contain SnO2 and Sn3O4 phases in different proportions. Table
S1 shows the calculated cell parameters. For sample TO1, all observed peaks are slightly
shifted to smaller angles relative to those of the Sn3O4 phase, which indicates an increase
in unit cell parameters due to the possible presence of water molecules. For samples TO2
and TO3, the observed positions coincide quite well with the literature’s data. The coherent
scattering region (CSR) values and phase composition estimates are presented in Table 2
and discussed below.
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Figure 1. (a) XRD patterns. Bars show reflections and relative intensities of SnO2 (black) and Sn3O4

(red) phases. Indexes of main reflections are also presented; (b) Raman shifts in the wavenumber
range of 60–270 cm−1 (left) and 400–900 cm−1 (right). Greek letters indicate phases found: α—Sn3O4,
β—SnO2, γ—SnO, δ—Sn3

IIO2(OH)2 [45], ε—SnO2; (c) Spectra of DRS (left), Kubelka–Munk trans-
formed (right) and Tauc plots (inset); (d) XPS spectra in Sn3d (left) and O1s (right) regions.

The Raman spectra (Figure 1b) of a SnO2 phase are characterized by the presence
of main peaks at 631 cm−1 (A1g), 773 cm−1 (B2g) and 474 cm−1 (Eg). [46–48]. For sample
TO4, a large band is observed at 576 cm−1 (ε), characteristic of an amorphous phase with
small particle sizes and surface defects [49–51]. The presence of 3 nm nanoparticles in
TO4 sample is confirmed with XRD data (Table 2). A large number of β peaks with low
intensity corresponds to surface phonon vibrations [47]. TO2 and TO3 samples exhibit α
peaks at 135 cm−1 and 167 cm−1. For the pure Sn3O4 phase (sample TO1), the intensity
of these peaks increases, and new ones appear at 72 cm−1, 83 cm−1. All these peaks are
assigned to the Sn3O4 phase [16,19,20,23]. Of the three low intensity peaks observed at
205 cm−1, 215 cm−1 and 233 cm−1, the last one belongs to the Sn3O4 (α) phase. A similar
peak at 241 cm−1 was observed for Sn3O4 in refs. [23,25]. The peak at 215 cm−1 (δ) may
arise due to the presence of hydroxyl groups. A similar band was reported at 224 cm−1

for Sn3
IIO2(OH)2 in ref. [45]. Impurities of the SnO phase (γ) were noted at 118 cm−1 and

205 cm−1 [48]. Since the SnO phases for all samples and the SnO2 phase for TO1 were not
observed in the XRD spectrum, it can be assumed that these species may be present in
small quantities in the form of amorphous impurities.
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In the DRS spectra (Figure 1c), the presence of the Sn3O4 phase results in the visible-
light absorption appearance. In Kubelka–Munk coordinates, the spectra are characterized
by a wide absorption tail in the visible region extended to more than 600 nm (less than
2 eV). The complex structure of the spectra in Tauc coordinates is most likely caused by
the complex structure of energy levels in the band gap due to the interaction of the SnO2
and SnO layers. From the Tauc equation, the band-gap values for indirect transitions were
determined in accordance with the literature’s data [15,27,52]. The results are present in
Table 2. The XPS spectra are shown in Figure 1d, while the decomposition into spectral
components are shown in Figure S1. The TO4 sample in the Sn3d region is characterized
by the presence of a doublet at 486.8 eV and at 495.2 eV, which correspond to Sn3d5/2 and
Sn3d3/2 bands, respectively. Decomposition of the band at 486.8 eV shows only the Sn4+

form of ions, of which the energy, according to the literature’s data, lies at 486.9 eV [53]. In
the oxygen region, decomposition produces bands at 530.7, 532.2 and 535.5 eV associated
with lattice oxygen [53–55], surface OH groups and/or chemisorbed oxygen [56,57] and
with adsorbed water, respectively. The Sn3d5/2 bands of other samples consist of two
components at 486.6–486.9 eV and 485.9–486.1 eV, corresponding to Sn4+ and Sn2+ ions,
respectively [25,26]. The O1s band decomposes into two components at 530.2 eV (O1) and
at 531.5 eV (O2). The assignment of bands of oxygen groups is quite difficult. In some
studies, the O1 and O2 bands are assigned to oxygen groups associated with Sn2+ and
Sn4+, respectively [21,28]. Since in this work the intensity of the O1 and O2 bands does not
correlate with the content of these ions, we attribute O1 to lattice oxygen groups and O2 to
chemisorbed oxygen in accordance with ref. [24,25]. The calculated surface composition of
the samples is presented in Table 1.

Table 1. Surface chemical composition of the samples according to decomposition of XPS spectra.

Sample Sn2+, % 1 Sn4+, % 1 O1, % 2 O2, % 2 Surface Composition

TO1 54 46 81 19 SnO1.25
TO2 38 62 94 6 SnO1.3
TO3 28 72 91 9 SnO1.43
TO4 0 100 81 3 19 4 SnO1.88

1 In relation to the Sn content, 2 In relation to the O content, 3 Lattice oxygen, 4 Defective oxygen.

According to Table 1, the surface chemical composition of the TO1 sample is Sn3O3.75,
which is close to the ideal Sn3O4. A higher Sn4+ content (46%) than expected (33%) indicates
the presence of small amounts of amorphous SnO2 on the surface, which is confirmed by
Raman spectra. For samples TO2 and TO3, an increase in the amount of Sn4+ is observed,
which correlates with the XRD data, where the content of the SnO2 phase increases. Sample
TO4 has the formula SnO1.88 and corresponds to the SnO2 phase. The small size of TO4
particles (CSR 3 nm, Table 2) results in a high content of defective surface oxygen groups.
Figure 2 shows the HRTEM data for the TO3 sample. Differently oriented Sn3O4 nanosheets
with dimensions of the order of several tens of nanometers and a thickness of about 5 nm
are well observed.

Table 2. Results obtained with XRD, DRS and low-temperature nitrogen adsorption methods. The
phase composition was estimated from the ratio of the integral intensities of the diffraction maxima
(111) for Sn3O4 and (110) for SnO2.

Sample
CSR 1, nm Phase Composition, %

Band-Gap
Width, eV

SBET
2, m2/g Vpore

3, cm3/g

Sn3O4 SnO2 Sn3O4 SnO2

TO1 27 - 100 0 2.94 38.5 0.077
TO2 24 9 46 54 2.64 63 0.131
TO3 12 5.5 38 62 2.86 95.9 0.098
TO4 - 3 0 100 3.98 2.05 0.008

1 Coherent scattering region; 2 specific surface area determined by Brunauer–Emmet–Teller method; 3 specific
pore volume.
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Figure 2. High-resolution TEM microphotographs of TO3 sample in low (left) and high (right) resolution.

The SnO2 phase consists of nanoparticles of 5–10 nm in size, which are in close contact
with the surface of Sn3O4 nanosheets. The found nanoparticle sizes correlate with the CSR
sizes obtained for this sample with XRD (Table 2). Table 2 summarizes the data obtained
with the methods discussed above.

TO1 and TO4 samples represent Sn3O4 and SnO2 phases with CSR sizes of 27 and
3 nm, respectively. The band-gap values obtained are consistent with the literature for these
phases: 2.94 eV for Sn3O4 [10] and 3.98 eV for SnO2 [58]. The specific surface area of the
TO4 sample is very low (2.05 m2/g), which could be associated with the rigid structure of
small-sized SnO2 particles (3 nm). It is noteworthy that the incorporation of SnO2 enhances
the specific surface area of Sn3O4/SnO2 heterostructures, as reflected by an increase in
the specific surface area from 38.5 m2/g to 95.9 m2/g with an increase in the SnO2 phase
content from 0% to 62%.

3.2. Flat-Band Potential Determination

The Mott–Schottky (MS), photocurrent onset (POP) and open-circuit potential (OCP)
methods were used to determine flat-band potentials in pure electrolyte and with ethanol
additives. The obtained data are presented in Figures S2 and S3 and in Figure 3 for TO1
sample. The potentials values obtained are compared in Table 3.

Table 3. Values of potentials (V vs. RHE) measured by MS (EMS), POP (EPOP) and OCP (EOCP) meth-
ods as well as EFB values corresponding to EPOP obtained in ethanol-containing electrolyte EPOP(Et).

Sample EMS, V EPOP, V EOCP, V EFB, V

TO1 −0.06 ± 0.02 −0.38 0.127 −0.42TO1 + EtOH −0.04 ± 0.02 −0.42 −0.133

TO2 −0.04 ± 0.04 −0.39 0.163 −0.44TO2 + EtOH −0.01 ± 0.03 −0.44 −0.155

TO3 0.04 ± 0.03 −0.14 0.191 −0.44TO3 + EtOH 0.01 ± 0.03 −0.44 −0.131

TO4 −0.11 ± 0.03 −0.05 0.295 −0.15TO4 + EtOH −0.26 ± 0.04 −0.15 0.121
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Figure 3. (a) MS plot obtained for TO1 sample; (b) Dependence of the open-circuit potential on the
light intensity (OCP method) in pure electrolyte (full symbols) and with the addition of ethanol
(empty symbols). The errors in determining potentials are ± 15 mV for all samples; (c) POP method
for TO1 sample in pure electrolyte; (d) Potential values of the conduction band (CB), calculated
valence band (VB) and potential levels, obtained by POP and OCP methods in pure electrolyte and
with the addition of ethanol (Et).

For the MS method, several frequencies were used, and the resulting EMS values were
averaged. The observed differences in potential values for different methods may be due to
various reasons. EMS values were found to differ significantly from those of other methods.
Apparently, the MS method is not applicable in our case for various reasons, which may
include the influence of particle size, the influence of the FTO substrate, the presence of
two phases with different characteristics and morphology and others [59–61]. In the OCP
method, as was shown earlier [60], the determined potential can be limited by defect levels
below the conduction band, at which rapid recombination occurs. We previously suggested
that, for TiO2-N samples, methanol additions reduce the degree of recombination due to an
interaction with holes, and the detected EOCP becomes close to the EPOP corresponding to
EFB [60]. Previously, we also showed that the POP method for monophase samples can be
recommended as the principal one for measuring EFB [60]. Based on these considerations,
we assume that the EFB values for the studied samples correspond to the EPOP values
measured in the presence of the sacrificial agent ethanol. The obtained EFB values for
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samples containing the Sn3O4 phase showed similar values of about −0.43 V and did not
depend on the SnO2 content. For pure SnO2 (TO4), the EFB value was found to be −0.15 V.

In the literature, EFB values were estimated either from data on the position of the
Sn3O4 valence band obtained with XPS or using the MS method, and they were not
studied with photoelectrochemical methods. In the first case, such an assessment leads
to clearly overestimated values. Thus, the theoretically calculated value was about −2 V
vs. EH+/H2 [15], −1.14 eV vs. NHE [17], −1.2 V vs. RHE [62]. Data obtained with the MS
method show higher values and a large spread: −0.97 V vs. NHE (=−0.56 V vs. RHE) [13],
−0.94 V vs. NHE (=−0.53 V vs. RHE) [32], −0.6 V vs. NHE (=−0.19 V vs. RHE) [33],
−1.1 V vs. NHE (=−0.69 V vs. RHE) [16], −1.1 V vs. RHE [41], −0.23 V vs. NHE at pH 0
(=−0.23 V vs. RHE) [14]. Samples synthesized using citrate ions showed values close to
ours: −0.3 V vs. SHE at pH 0 (=−0.3 V vs. RHE) [11].

EOCP(Et) values obtained with the addition of ethanol were found to be similar for all
samples containing the Sn3O4 phase, which prompted us to plot these values in an energy
diagram calculated from the data on the band gap and EFB potentials (Figure 3d). Close
EOCP (dark yellow lines) values found for all samples (0.13–0.19 V) and a higher one (0.29 V)
found for the TO4 sample having the SnO2 phase suggest that these potentials correspond
to defect levels at which rapid recombination of the electron–hole pair occurs [60]. The
presence of oxygen vacancies was reported for Sn3O4 at a potential of −0.3 V vs. NHE at
pH 7 (=0.09 V vs. RHE) [33], which is close to the value found in our work. The EOCP(Et)
(red lines) in the presence of ethanol do not reach the EFB, in contrast to the results obtained
for this method in our previous work [60]. However, the values obtained for all samples
containing the Sn3O4 phase are similar and coincide with the EFB of the SnO2 (TO4) sample.
We assume that interfacial electron transfer may occur from the EFB levels from Sn3O4
in TO2 and TO3 samples to the EFB level of SnO2. Unlike the OCP method, in the POP
method, the electrode is polarized, and due to the excess of electrons, the influence of the
recombination process is significantly reduced. For TO1, TO2 and TO4 samples, the effect
of ethanol is not observed, and the EPOP potentials correspond to EFB. For the TO3 sample
with a high content of the SnO2 phase, EPOP in a pure electrolyte is fixed at the level of EFB
SnO2 due to interfacial transfer and high recombination, and with the addition of ethanol,
it coincides the EFB level of Sn3O4 due to a decrease in recombination.

3.3. Photoelectrocatalytic Oxidation of Organic Substrates

The samples were studied in the photoelectrochemical oxidation of small organic
molecules (methanol, acetone, glycerol and formic acid). Experiments were carried out
at potentials of 0.6, 1 and 1.4 V and at wavelengths of 370 and 450 nm. Dependencies of
the current density on time at potential of 1 V vs. RHE are presented in Figure S4. The
photocurrent values showed an insignificant increase with the potential (Figure S5). The
exception is the TO2 sample, where the current in the oxidation reaction of formic acid
under visible light irradiation sharply decreases with increasing potential, which may
be due to the deactivation of the catalyst that resulted from the oxidation of Sn2+ ions.
Under the influence of UV radiation, the catalysts operate stably and a slight increase in the
photocurrent from the potential is observed. Photocurrents were compared at a potential
of 1 V vs. RHE. The data are presented in Figure 4.

In general, the photocurrents of samples under UV illumination is several times higher
than that found under visible light, which is associated with higher light absorption by
the sample. For most materials, it increases in the series water = acetone < methanol <
formic acid < glycerol. A comparison of the materials with each other shows that SnO2
(TO4) exhibits the greatest activity in all reactions, except for the oxidation of formic acid,
which is explained by the highest potential of the TO4 valence band (Figure 3d). Under
visible light irradiation, for all substrates (except formic acid), the activity correlates with
the level of the valence band: TO1 (2.52 eV) > TO3 (2.42 eV) > TO2 (2.20 eV). The TO4
sample, representing SnO2, does not absorb visible light, so its photocurrent values are at
the detection levels. The photocurrents of TO2 and TO3 samples in the oxidation under
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visible light of all substrates do not depend on the addition of an organic substrate and
correspond to the photocurrents of water oxidation. TO1 is the most active one, and its
photocurrent falls in the order acetone > HCOOH 	 glycerol > methanol = water. The
oxidation of formic acid probably proceeds with a different mechanism since all samples
are active under both UV and visible light, and the series of photocurrent values differs
depending on the type of illumination: TO2 > TO4 > TO3 > TO1 (UV irradiation) and
TO1 > TO2 > TO3 (visible light).
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Figure 4. Photocurrents density in the electrooxidation of various organic substrates at a potential
of 1 V RHE under (a) UV illumination (λ = 370 nm) and (b) visible light illumination (λ = 450 nm).
Electrolyte—1 M Na2SO4 + 0.1 M organic substrate.

4. Discussion

Additions of organic compounds as a sacrificial agent—electron donors—are widely
used to increase the yield of hydrogen in photoreforming reactions [63]. The mechanism
is the efficient trapping of photoinduced holes, which leads to a sharp decrease in recom-
bination and an increase in the number of free electrons that participate in the formation
of hydrogen from water [64]. The amount of hydrogen released during ultraviolet irra-
diation in an alcohol solution is determined by the number of hydrogen atoms located
near the OH groups and decreases in the order glycerol > ethylene glycol > methanol >
ethanol [63,65], which is consistent with the results obtained in our work for alcohol com-
pounds (methanol and glycerol) under UV illumination. Oxidation of organic molecules
on a surface occurs through a series of successive stages of electron transfer from the
adsorbed molecules to the semiconductor. The ref. [66] presents the oxidation pathways of
various molecules. Methanol is adsorbed to form methoxy groups, which are successively
oxidized to formaldehyde and formate groups. Acetone is successively converted into
acetate groups, then into formate groups. Formic acid is adsorbed as formate and oxidized
to CO2 and H2O [66].

The low rate of oxidation of acetone under UV irradiation is due to the lower affinity
for the surface adsorption of acetone than of alcohols [67,68]. The desorption of acetone
from the surface of TiO2 as an intermediate product of the photooxidation of isopropanol
was observed in work [68]. The high efficiency of HCOOH oxidation is due to the low
isoelectric point of Sn3O4, which lies in the acidic region at pH = 2.5–3 [18] and the acidic
nature of formic acid, which leads to strong adsorption of formate ions on the surface of
the material, which are more reactive than molecular particles [69]. The resulting series
of activity in the oxidation of HCOOH is most likely associated with the influence of the
surface pH of the samples. Using formic acid as a sacrificial agent for hydrogen evolution
under UV light on strontium titanates resulted in more hydrogen evolution than using
methanol [70], which is consistent with our results.
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To clarify the influence of the valence band potential on the measured photocurrents,
the oxidation potential of organic compounds was assessed, and the dependence was plot-
ted in coordinates photocurrent-exp(−(E0

ox−EVB)) (Figure 5), as proposed for alcohols in
work [65]. A detailed description of potential calculations is provided in the Supplementary
File and Table S2.
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Figure 5. Dependence of photocurrents density in ultraviolet light regions on the difference in the
oxidation potentials of organic substrates (E0

ox) and the valence band of the samples (EVB). Symbols
and colors indicate the following samples: red squares—TO1, olive circles—TO2, blue triangles—TO3,
black inverted triangles—TO4. Photocurrents of formic acid are not shown here.

With the increase in difference between the valence band of the samples and the
oxidation potential of organic compounds, an increase in photocurrents is observed, which
is consistent with the hydrogen evolution increase reported in ref. [65]. For each substrate
and each sample, the photocurrent under UV illumination increases with increasing valence
band potential or decreasing substrate oxidation potential, respectively. The behaviour
of acetone and formic acid are different. In the first case, low photocurrent values are
associated with a low degree of acetone adsorption. In the second case, the surface acidic
properties of the samples play a more decisive role in oxidation. Under visible light, a
similar trend is observed.

5. Conclusions

In this work, a series of Sn3O4, SnO2 and Sn3O4/SnO2 samples with different phase
ratios were prepared using hydrothermal synthesis. The structure of the samples was
confirmed with XRD and Raman spectroscopy. The HRTEM method showed that SnO2
nanoparticles are in close contact with Sn3O4 nanosheets. DRS data showed that all
samples containing the Sn3O4 phase absorb light in visible region. Flat-band potential
measurements showed that the intermittent illumination (photocurrent onset potential)
method with the addition of a sacrificial agent (ethanol) makes it possible to determine
the EFB for all samples, while the potential determined with the OCP method most likely
corresponds to either the EFB of SnO2 nanoparticles in the Sn3O4/SnO2 samples due to the
possibility of interfacial electron transfer to tin dioxide or the potential of defective centers,
where charge recombination occurs. The flat-band potentials for samples containing Sn3O4
were determined to be −0.43 V vs. RHE, while that for SnO2 was −0.15 V vs. RHE. The
samples were studies in photo-electrocatalytic oxidation of a series of organic substrates
(acetone, methanol, glycerol, formic acid) at a potential of 1 V vs. RHE under irradiation
with ultraviolet (λ = 370 nm) and visible (λ = 450 nm) light. The presence of the SnO2
phase was shown to increase oxidation photocurrents in the ultraviolet region and to
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decrease those in the visible region. It was found that the photocurrent magnitudes can
be related to the potentials of both the valence band of materials and oxidation of the
substrate. For acetone, low photocurrent values were supposed to be associated with a
low adsorption value. In the case of formic acid, the acidic properties of the surface are of
decisive importance. Under visible light, the Sn3O4 sample showed high activities in the
acetone and formic acid photo-electrooxidation, while the Sn3O4/SnO2 samples exhibited
noticeable activity only in the oxidation of formic acid.
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mdpi.com/article/10.3390/ma16237300/s1, Figure S1: Decomposition of the obtained XPS bands in
the Sn3d and O1s energy regions; Figure S2: Dependence of capacitance on potential in Mott–Schottky
coordinates (MS method) in pure electrolyte and with ethanol additives; Figure S3. Intermittent
irradiation (photocurrent onset potential, POP method) of samples in pure electrolyte and with the
addition of ethanol; Figure S4. Dependence of current densities on the time at a potential of 1 V vs.
RHE in the electrooxidation of water, acetone, methanol, formic acid and glycerol under irradiation
with ultraviolet at 370 nm and visible at 450 nm light; Figure S5. Dependence of photocurrents on
the potential in the electrooxidation of water, acetone, methanol, formic acid and glycerol under
irradiation with ultraviolet at 370 nm and visible at 450 nm light. Table S1: Comparison of the
literature’s data and experimental results of lattice parameters of the Sn3O4 phase in sample TO1 and
the SnO2 phase in other samples; Table S2: Standard oxidation potentials (versus NHE) calculated for
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