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Editorial

Functional Photocatalysts: Material Design, Synthesis
and Applications
Lin Ju

School of Physics and Electric Engineering, Anyang Normal University, Anyang 455000, China;
julin@aynu.edu.cn

Rapid industrial and economic growth, experienced on a global scale, has been greatly
facilitated by the extensive use and exploitation of traditional energy resources. However,
this progress has also resulted in significant environmental pollution and energy scarcity
issues, which pose serious threats to our living environment and the future advancement of
humanity. Consequently, many researchers are now shifting their focus towards exploring
and developing new clean energy solutions, with the aim of addressing the escalating
concerns of environmental degradation and energy deficits [1–4]. Among these solutions,
solar energy stands out as an endless and renewable power source. Its further application
in tackling the current environmental crises could represent a remarkable step forward
for the collective well-being of humanity worldwide. Therefore, the progress of solar
energy technology carries profound implications [5–7]. Semiconductor photocatalysis
is a defined process that utilizes solar energy to initiate excitation in semiconductors,
generating photogenerated carriers. These carriers subsequently promote catalytic redox
reactions on the surface of the semiconductor. This innovative approach not only enables
the transformation and storage of solar energy but also opens possibilities for conversion
into various forms of energy [8–11].

In this Special Issue, our focus is centered on the design, synthesis, and diverse ap-
plications of functional photocatalysts. We have curated a collection of ten high-quality
papers that are poised to capture the interest of researchers in the field of photocataly-
sis. Among them, four papers present a comprehensive examination of CO2 conversion
methods, two explore the synthesis of NH3, one is dedicated to investigating the water
splitting process, another delves into the degradation of organic pollutants, while the final
two papers focus on the development of promising heterojunction photocatalysts. We hope
that this Special Issue will act as a catalyst for further advancements in photocatalytic tech-
nologies, spurring progress in the generation of new energy sources and the remediation of
environmental pollution.

CO2 reduction reaction (CO2RR).
In recent years, the depletion of fossil fuel reserves and the rise in atmospheric CO2 lev-

els have underscored the urgency of developing sustainable solutions for converting excess
CO2 into valuable chemicals and fuels [12–14]. This not only addresses issues such as the
greenhouse effect, the melting of glaciers, and other environmental challenges associated
with carbon dioxide, but also provides a potential remedy for the ongoing energy crisis [15].
Carbon dioxide conversion can be achieved through diverse methods, including biochemi-
cal [16], electrochemical [17,18], photochemical [19,20], and thermochemical [21] processes.
Solar-powered CO2 reduction, harnessing sunlight as an inexhaustible energy source, has
emerged as the most promising approach among these methods [22,23]. Therefore, it
has attracted considerable attention, yielding significant advancements [24–27]. Through
first-principles calculations, Ju et al. (contribution 1) discovered that introducing selenium
vacancies leads to a transition from physical to chemical CO2 adsorption on Janus WSSe
nanotubes. These Se vacancies serve as effective adsorption sites, significantly boosting
electron transfer at the interface. This results in heightened electron orbital hybridization

1



Molecules 2024, 29, 1146

between adsorbents and substrates, thereby promising elevated activity and selectivity in
CO2RR. Under illumination, photoexcited holes and electrons generate adequate driving
forces, enabling simultaneous oxygen generation reaction (OER) and producing CO2RR
on the sulfur and selenium sides of the defective WSSe nanotube, respectively. This pro-
cess allows for the reduction of CO2 into methane, while O2 is produced through water
oxidation, which also supplies hydrogen and electrons for CO2RR. The findings unveil
a potential photocatalyst for achieving efficient photocatalytic CO2 conversion. Wang
et al. (contribution 2) developed an innovative dinuclear Gd (III) complex. This new
compound is distinguished by its intricate three-dimensional π–π stacking network, where
the voids are occupied by chloride anions and water molecules that are not coordinated.
A detailed examination of the complex’s Hirschfeld surface indicates the major presence
of H···H interactions, constituting 48.5% of the surface interactions. These are followed
by C···H/H···C and O···H/H···O interactions, contributing 27.2% and 6.0%, respectively.
The complex showcases notable efficiency in photocatalytic CO2 reduction experiments,
yielding 22.1 µmol/g of CO and 6.0 µmol/g of CH4 within a span of three hours, with an
impressive 78.5% selectivity for CO production. This research sheds light on new possibili-
ties for advancing the study and synthesis of rare earth metal complexes, particularly in
the realm of photocatalytic activities for CO2 reduction. Yuan et al. (contribution 3) delved
into the latest progress in solar-powered CO2 hydrogenation, emphasizing catalyst designs,
the architecture of active sites, and the underlying mechanisms. The quest to enhance
catalytic efficiency and tackle the hurdles associated with CO2 reduction has led to the
emergence of various innovative strategies. Key among these is the harnessing of light
energy, achieved by amplifying the light absorption capacity of catalyst materials. This is
primarily facilitated by localized surface plasmon resonances triggered by metal particles
(such as Pd, Rh, Ni, Co) and the creation of vacancies. The inclusion of metal particles not
only augments optical absorption but also furnishes vital active sites for the activation of H2
and CO2 molecules. Furthermore, the introduction of anion vacancies plays a crucial role
in surface catalytic reactions by bolstering CO2 adsorption and diminishing the activation
energy required for its reduction. Advanced nanostructures, including photonic crystals,
have been meticulously engineered to optimize light utilization. Notably, indium-based
oxides, distinguished by their versatile morphologies, phases, and surface-active sites, have
demonstrated significant potential in CO2 hydrogenation. Despite these advancements,
several challenges persist, including the limited catalytic activity of numerous catalysts,
their prohibitive costs, the notable scarcity of their industrial-scale production, and the
difficulties developing specialized apparatus. Moreover, among various photocatalysts,
transition metal oxide Cu2O stands out for its narrow band gap, effective visible light
absorption, appropriate conduction band level, affordability, and significant photocat-
alytic potential. Su et al. (contribution 4) delve into Cu2O’s fundamental characteristics,
fabrication techniques, and enhancement approaches. They survey recent Cu2O-based
photocatalysts, as well as their advancements in CO2 reduction and other applications.
The review also points out areas for improvement in Cu2O-based materials, such as the
reliance on costly noble metals for composite and sacrificial agent synthesis, hindering
widespread use; challenges in mass-producing high-quality photocatalysts due to potential
nanomaterial risks; ongoing issues with photocorrosion that impact durability; and the
yet-to-be-clarified catalytic structures and mechanisms of Cu2O composites.

NH3 synthesis.
Ammonia, vital in both modern chemical applications and as a structural compo-

nent in biological molecules, is largely produced industrially via the Haber–Bosch (H-B)
method [28]. This method synthesizes ammonia by catalyzing a reaction between nitro-
gen and hydrogen at elevated temperatures and pressures using metal catalysts [29,30].
Although effective, the H-B method consumes considerable energy and contributes sub-
stantially to carbon emissions. To counter this, the “double carbon” initiative promotes
combining photocatalytic technologies with synthetic nitrogen fixation, aiming for more
sustainable synthetic processes. Researchers harness the sun’s abundant energy, using
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photocatalysts to transform nitrogen/oxynitride into ammonia, a process noteworthy for
its energy-saving attributes and simplified storage and transport [31,32]. This approach
signifies a shift from solar to chemical energy, paving the way for zero carbon emissions,
and thus drastically curbing energy use and environmental impact in industrial ammonia
production. Photocatalytic methods in the nitrogen cycle are gaining traction as a signifi-
cant research field in renewable energy. Zuo et al. (contribution 5) primarily discuss the
utilization of composite materials in the field of photocatalytic nitrogen fixation. Their
research emphasizes the process of creating NH3 from N2 and H2O using solar power
as a renewable energy source under gentle conditions. The study investigates several
approaches, including the introduction of defects, the formation of heterojunctions, and the
doping of elements, that can be used to adjust the semiconductors’ band gap width. These
methods aim to enhance the semiconductor’s sensitivity to visible light and optimize the
usage of light energy. Furthermore, the review introduces the importance of enhancing the
movement and separation of photogenerated electrons and holes within the catalysts. This
improvement is crucial for increasing the lifespan of these photogenerated carriers and
boosting the quantum efficiency of photocatalytic processes. Besides, the photocatalytic
NO reduction reaction (NORR) is considered to be a dual-purpose method for both NO
removal and NH3 production. This highlights the necessity for the significant activation of
NO molecules by the catalyst, which requires effective chemisorption. Using first-principles
calculations, Ju et al. (contribution 6) report a notable transition from physical to chemical
adsorption of NO molecules on the Janus WSSe monolayer after introducing Se vacancies.
These vacancies potentially serve as optimal adsorption sites, substantially enhancing the
electron transfer at the interface. This leads to a pronounced hybridization of electronic
orbitals between the adsorbate and the substrate, indicating high NORR activity and selec-
tivity. Furthermore, the spatial constraints imposed by the Se vacancy defects effectively
inhibit the N≡N bond coupling and *N diffusion in NO molecules, thus endowing the
active site with superior selectivity for NORR in NH3 synthesis. Additionally, their study
reveals that the photocatalytic conversion of NO into NH3 can spontaneously occur, driven
solely by the photo-generated electrons. These insights pave the way for developing highly
efficient photocatalysts for NO-to-NH3 conversion.

Water splitting.
Semiconductor-based photocatalytic water splitting for hydrogen production has

gained prominence in sustainable energy research [33–36], especially since the initial dis-
coveries involving TiO2 photocatalysts [37]. The advent of two-dimensional materials has
furthered this field, offering novel photovoltaic and photocatalytic solutions due to their
superior properties like extensive specific surface areas, numerous active sites, and reduced
carrier migration distances. Huang et al. (contribution 7) examine four δ-IV–VI monolayers,
namely, GeS, GeSe, SiS, and SiSe, by employing the first-principles method. These monolay-
ers are noted for their remarkable resilience, with the GeSe monolayer displaying consistent
yield strength, even at 30% strain. Notably, the GeSe monolayer boasts an extraordinarily
high electron mobility along the x-axis, around 32,507 cm2·V−1·s−1, significantly surpass-
ing that of its δ-IV–VI counterparts. Additionally, these monolayers’ potential in hydrogen
evolution reaction capacity, as calculated, suggests promising applications in the realm of
photovoltaic and nano-devices.

Degradation of organic dye.
The growth of the textile industry presents notable environmental challenges, espe-

cially due to the release of organic dye waste. This wastewater normally contains dyes,
such as methyl orange (MO), crystal violet (CV), Congo red (CR), methylene blue (MB),
and metanil yellow (MY), or combinations thereof. These dyes, infiltrating water sources
for drinking, pose carcinogenic threats to human health [38]. Employing nanomaterials like
semiconductors for the photocatalytic breakdown of such dye contaminants offers a poten-
tial solution [39]. Wang et al. (contribution 8) utilize a mechanochemical activation-assisted
solid-state reaction (MAS) to create LuFe1−xCoxO3 powders (where x = 0, 0.05, 0.1, 0.15).
Investigations using X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spec-
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troscopy reveal that the substitution of B-site iron ions with cobalt ions leads to reductions
in lattice parameters. The powder’s morphology and elemental composition are further
analyzed using scanning electron microscopy (SEM) and energy-dispersive spectroscopy
(EDS). UV–visible absorption spectra indicated that LuFe0.85Co0.15O3 powders exhibit
a narrower bandgap of 1.75 eV and greater absorbance compared to LuFeO3 (2.06 eV),
significantly enhancing light absorption efficiency. Moreover, the LuFe0.85Co0.15O3 pow-
ders displayed superior photocatalytic ability over LuFeO3, demonstrating near-complete
degradation of methyl orange (MO) in 5.5 h under visible light irradiation with oxalic acid
aid. These findings underscore that cobalt doping can notably enhance the photocatalytic
efficiency of orthorhombic LuFeO3 for organic dye degradation.

Heterostructures for photocatalysts.
The use of semiconductor-based photocatalysis is garnering significant interest for

its potential to harness solar energy directly in order to produce solar-based fuels such as
hydrogen and hydrocarbons, in addition to its role in breaking down various pollutants.
Despite its promise, the current effectiveness of photocatalytic processes is limited due
to rapid recombination of electron–hole pairs and the suboptimal utilization of light. Ad-
dressing these challenges has become a focus of substantial research efforts. In particular,
the development of specially designed heterojunction photocatalysts has demonstrated
enhanced photocatalytic performance, attributable to the effective spatial separation of pho-
togenerated electron–hole pairs [40,41]. Obtaining precision in cultivating or assembling
intricate heterostructures remains a considerable challenge. Zhang et al. (contribution 9) ex-
plore this issue by examining the collision dynamics of carbon and boron nitride nanotubes
under varied collision scenarios, employing self-consistent-charge density-functional tight-
binding molecular dynamics. Their study, involving first-principles calculations, reveals
the energy stability and electronic structures of heterostructures post-collision. The authors
identify five primary collision outcomes: nanotubes can either (1) bounce off each other,
(2) join together, (3) merge into a larger, defect-free boron–carbon–nitrogen (BCN) hetero-
nanotube, (4) form a heteronanoribbon combining graphene and hexagonal boron nitride,
or (5) suffer severe damage. Notably, both the defect-free (12, 0) BCN heteronanotube
and the BCN heteronanoribbon are found to be direct band-gap semiconductors, with
band gaps of 0.808 eV and 1.34 eV, respectively. These findings suggest that the electronic
structures of nanotubes can be effectively altered through the collision of carbon and boron
nitride nanotubes, potentially impacting photocatalytic and other photo-electric applica-
tions. While the study initially focuses on the collision fusion of CNTs and BNNTs with
specific helicity, its methodology could be applicable to nanotubes of any helicity. Their
work not only theoretically introduces a novel method for creating heterostructures via
collision fusion but also provides a deeper understanding of the synthesis of heteronan-
otubes and heteronanoribbons, offering guidance for experimental endeavors. Furthermore,
Bissenova et al. (contribution 10) develop a hybrid structure comprising anodic TiO2 nan-
otubes intermixed with SrTiO3 particles through chemical synthesis methods. The TiO2
nanotubes are fabricated by anodization in a solution of ethylene glycol containing NH4F
and H2O, with a voltage of 30 volts applied. Subsequently, a nanotube array annealed at
450 ◦C is submerged in a dilute SrTiO3 solution within an autoclave. Scanning electron
microscopy (SEM) analysis reveals that the titanium nanotubes are characterized by clear
and open ends, boasting an average exterior diameter of 1.01 µm, an interior diameter
of 69 nm, and a length measuring 133 nm. Their findings verify the successful creation
of a composite structure with potential utility in numerous fields, notably for hydrogen
generation through the photocatalytic splitting of water under solar illumination.

It is our sincere hope that the articles published in this Special Issue will contribute
to innovation and further in-depth research in the field of photocatalysis. The insights
and perspectives presented in each article demonstrate the research results achieved under
distinct scenarios. With the impetus of this Special Issue, we eagerly look forward to the
emergence of breakthrough research in this field, which will play a key role in addressing
the energy crisis and solving the problem of environmental pollution.
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Abstract: Ammonia is an essential component of modern chemical products and the building unit
of natural life molecules. The Haber–Bosch (H-B) process is mainly used in the ammonia synthesis
process in the industry. In this process, nitrogen and hydrogen react to produce ammonia with
metal catalysts under high temperatures and pressure. However, the H-B process consumes a lot
of energy and simultaneously emits greenhouse gases. In the “double carbon” effect, to promote
the combination of photocatalytic technology and artificial nitrogen fixation, the development of
green synthetic reactions has been widely discussed. Using an inexhaustible supply of sunlight
as a power source, researchers have used photocatalysts to reduce nitrogen to ammonia, which is
energy-dense and easy to store and transport. This process completes the conversion from light
energy to chemical energy. At the same time, it achieves zero carbon emissions, reducing energy
consumption and environmental pollution in industrial ammonia synthesis from the source. The
application of photocatalytic technology in the nitrogen cycle has become one of the research hotspots
in the new energy field. This article provides a classification of and an introduction to nitrogen-fixing
photocatalysts reported in recent years and prospects the future development trends in this field.

Keywords: nitrogen; ammonia synthesis; photocatalysis technology; photocatalysts

1. Introduction

With the rapid development of the global economy, energy sources and the envi-
ronment are being irreversibly damaged, threatening the survival and development of
humankind. It is urgent to find solutions to the energy crisis and environmental pollution.
Ammonia is one of the most highly produced chemicals in the world [1]. The progress
of production directly affects the energy structure and environmental issues. Currently,
global NH3 production is approximately 170 million tons per year and highly relies on
the traditional Haber–Bosch (H-B) process [2,3]. Industrial ammonia synthesis is usually
carried out at high temperatures to improve the reaction rate and maintain optimal catalyst
activity (Table 1). At the same time, the H-B process uses high pressure to overcome
thermodynamic limitations and promote a rightward shift in reaction equilibrium, thereby
improving conversion rates. Despite the harsh reaction conditions, the one-way conversion
rate of synthetic NH3 can only reach 10–15%. In addition, the H-B process is powered by
energy from the reforming or gasification of natural gas and fossil fuels using pressurized
superheated steam. The H2 production process consumes about 75% of the energy input
and produces half as much carbon dioxide as the entire process. The annual emissions of
CO2 greenhouse gases from the entire H-B process amount to 300 million tons, accounting
for approximately 1.6% of the global total emissions (Figure 1a) [4]. Therefore, finding a new
substance to replace H2 as a proton source while overcoming harsh reaction conditions is
an ideal method to reduce fossil energy consumption and CO2 emissions [5]. Photocatalytic
nitrogen fixation technology utilizes renewable solar energy as the energy source to achieve
the catalytic synthesis of NH3 from N2 and water under mild conditions. In addition, pho-
tocatalysis, capable of promoting thermodynamic non-spontaneous N2 reduction reactions,
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would be a green and sustainable alternative to the H-B process by continuously supplying
electrons to activate adsorbed molecules to reduce N2 in synthesizing NH3 (Figure 1b).

Table 1. Comparison between the Haber–Bosh process and photocatalytic nitrogen fixation process.

Haber–Bosh Photocatalytic Nitrogen Fixation

Reaction equation N2 + 3H2 → 2NH3 2N2 + 6H2O→ 4NH3 + 3O2
Hydrogen source Natural gas Water

Catalysts Fe/Ru-based catalysts Mainly semiconductors
Temperature 400–600 ◦C Room temperature

Pressure 150–300 atm 1 atm
Energy source Fossil fuel Solar energy
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In the nitrogen reduction reaction, the efficiency of photocatalytic ammonia synthesis
remains low due to the inert structure of the N2 molecule, the difficulty in dissociating
the N≡N bond, and the presence of high-energy intermediates (e.g., N2H) [6,7]. The low
reaction efficiency severely limits the development and application of photocatalysis. En-
hancing the reaction activity using efficient photocatalysts is the core of photocatalytic
nitrogen fixation. In addition, the insolubility of nitrogen limits the gas–liquid contact of the
non-homogeneous reaction system, which reduces the efficiency of the photocatalytic reac-
tion. Therefore, establishing a new photocatalytic reaction system to improve the utilization
of visible light and enhance the gas–liquid mass transfer ability is an essential means to
realize the high efficiency and stability of photocatalytic nitrogen fixation reactions.

Currently, the research on photocatalysts for reducing nitrogen is mainly focused on
improving the overall reaction efficiency, including light absorption, the separation and
migration of photogenerated carriers, and the surface-catalyzed reaction. Several common
photocatalytic materials, such as metal oxides, metal sulfides, bismuth halides, carbon-
based materials, and MOFs, are presented in this paper. The semiconductor materials’
morphology, structure, and properties are analyzed to construct tunable catalytic systems.
A structural morphology with a large specific surface area is prepared by changing the
reaction conditions, precursor composition and ratio, and using other strategies to improve
the contact chances between the catalyst and the reactants, increase the active sites, promote
the adsorption and activation of N2, the rapid dissociation of the N≡N bond, as well as
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the reduction in the production of energetic intermediates. In addition, the semiconductor
bandgap width was adjusted by introducing vacancies, constructing heterojunctions, and
elemental doping to reduce the bandgap, realize the catalyst’s response to visible light, and
improve light energy utilization [8–10].

In future research, we will analyze the mechanism of photocatalysts and reactions in
combination with the density functional theory (DFT) and the feedback of the experimental
results. We strive to create a set of reasonable and efficient photocatalytic reaction systems
tailored for nitrogen fixation to achieve high energy utilization and excellent catalytic
activity in the nitrogen fixation process.

2. Photocatalysts for Nitrogen Fixation

The photocatalyst is one of the critical factors determining whether the photocatalytic
nitrogen fixation process can be carried out smoothly. So far, researchers have conducted
systematic studies on designing efficient photocatalytic materials and developed numerous
photocatalysts that could realize nitrogen reduction under mild conditions. Depending on
the elemental composition, the materials used for nitrogen fixation reactions include metal
oxides, metal sulfides, bismuth halides, carbon-based materials, and MOFs.

2.1. Metal Oxides

The use of metal oxides as materials for photocatalytic nitrogen fixation dates back to
the pioneering work of Schrauzer and Guth in 1977 [11]. Their study successfully reduced
nitrogen to ammonia and a small amount of hydrazine (N2H4) using Fe2O3-doped TiO2
as the catalyst and UV light and water as the light and proton sources, respectively. By
adjusting the Fe doping amount, the experiment showed that TiO2 containing 0.2% Fe had
the best ammonia production rate. Inspired by this, Augugliaro et al. [12] prepared a series
of Fe-doped TiO2 using co-precipitation and impregnation techniques to investigate the
nitrogen fixation activity of the samples in a continuous fixed-bed reactor, to analyze the
roles of OH and Fe3+ on the surface of the catalysts in the reaction process, and to probe
the reaction nature of photocatalysis. Radford et al. [13] synthesized Fe-doped anatase
and rutile TiO2 by metal vaporization. It was found that the undoped samples could
not drive the nitrogen reduction reaction, whereas the Fe-doped samples were endowed
with catalytic activity to drive the reaction, and the Fe-doped anatase had more negative
flat-band potential energy, thus having higher activity. Based on in-depth investigation,
the mechanism of Fe in the photocatalytic reaction was mainly reflected in two aspects:
On the one hand, the appropriate amount of Fe doping could capture photogenerated
electrons and inhibit the recombination of photogenerated carriers [14]. On the other hand,
Fe doping could generate oxygen vacancies and corresponding defect energy levels, and the
high spin state Fe(III) prompts Fe 3d electrons to feedback to the N 1πg* orbitals to activate
the adsorbed nitrogen molecules [15]. Other transition metals such as Ru, Co, Mo, and Ni
have been shown to contribute to the catalytic performance when introduced as dopants
into TiO2 [16,17]. In addition to element doping, constructing heterostructures to improve
the separation and transportation of photogenerated charges is also an effective means
to enhance photocatalytic activity and stability. For example, TiO2/Cu7S4 composites
were loaded onto copper mesh by hydrothermal and calcination methods, forming an
S-scheme heterojunction at the interface [18]. The calcination treatment increases the
specific surface area and surface defects of the photocatalyst. The rich oxygen vacancies
and S-scheme heterostructures of photocatalysts accelerate the separation and transport
of photogenerated carriers, resulting in a strong redox ability of photocatalysts. Under
visible light, the yield of NH3 synthesized by the OV-TiO2@Cu7S4 photocatalyst reached
133.42 µmol·cm−2·h−1, which is 5.2 and 2.2 times that of pure TiO2 and Cu7S4, respectively.

In addition to TiO2, other metal oxides such as iron oxide (Fe2O3) [19,20], bismuth
oxide (BiO) [21], tungsten oxide (WO3) [22,23], zinc oxide (ZnO) [24,25], and gallium
oxide (Ga2O3) [26,27] have been used as candidates for photocatalytic nitrogen fixation
materials. Khader et al. [19] used α-Fe2O3 partially reduced to Fe3O4 in the presence
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of 3–5% divalent iron ions in the catalyst, and ammonia production was detected in the
catalyst slurry by UV irradiation. Fe2O3 was shown to be an effective photocatalyst for
nitrogen reduction, and its narrow bandgap feature enabled response to visible light [28].
Wang et al. [11] used a simple hydrothermal synthesis method to prepare low-valent Bi2+

containing BiO materials for photocatalytic nitrogen fixation. As shown in Figure 1a, unlike
ordinary Bi3+, Bi2+ in BiO has empty 6d orbitals that accept electrons from N2 and provide
high-quality chemisorption and activation centers. N2 was activated by three aligned Bi
atoms by supplying electrons to the 6d orbitals of Bi and accepting lone pairs of electrons
from the three Bi atoms into their empty antibonding orbitals (σ*2px, π*2py, and π*2pz),
generating a 1N2-3Bi(II) side-pair bonding structure, which significantly weakened the
N≡N bond and accelerated the photocatalytic NRR process. Hao et al. [29] employed
nanostructured Bi2MoO6 crystals as a novel photocatalyst for synthesizing ammonia from
air and water molecules without adding any sacrificial agent. The significantly improved
photocatalytic nitrogen fixation performance (1.3 mmol·gcat

−1·h−1) was mainly attributed
to the ligand-unsaturated Mo atoms exposed at the edges of the MoO6 polyhedra becoming
the active centers to promote the chemisorption activation process of N2. Introducing
oxygen vacancies or noble metals on the surface to construct active centers was the key to
improving photocatalytic activity for the WO3 and ZnO. According to Hou et al. [22], the
grain boundaries (GBs) in nanoporous WO3 were induced to produce abundant surface
defects under light, which were able to modulate the energy band structure, enhance
the W-O covalency, and drive the photogenerated electron transfer to adsorbed N2. This
significantly enhanced the nitrogen-fixing activity of WO3-600. Janet et al. [24] used wet
etching and chemical precipitation to synthesize Pt-loaded ZnO with increased active
centers resulting in a reactive ammonia yield of 86 µmol·gcat

−1·h−1 at ambient temperature
and pressure (Figure 2a). Zhao et al. [26] used uniformly stabilized mesoporous β-Ga2O3
nanorods as photocatalysts for photocatalytic nitrogen fixation under UV light irradiation
(λ = 254 nm). The broad bandgap of the synthesized β-Ga2O3 material was about 4.4 eV,
which effectively suppressed the complexation of photogenerated carriers, and a quantum
yield of up to 36.1% for nitrogen fixation was obtained by the combined effect of in situ-
grown CO2-induced electron transfer and photocatalyst surface electron transfer (Figure 2b).
Meanwhile, methanol, ethanol, n-propanol, and n-butanol were employed as hole-trapping
agents to further improve the conversion efficiency.
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So far, metal oxides (mainly non-precious metal oxides) have attracted much attention
because of their advantages such as easy synthesis, stability and control, low cost, and
environmental friendliness. For example, SrTiO3, which is widely used in the field of water
cracking, has also received some attention in photocatalytic ammonia synthesis. However,
there is no universal consensus on the mechanism of photocatalytic reduction of N2 by
metal oxides. Based on theoretical calculation, the dissociative mechanism and associative
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mechanism for nitrogen fixation have been gradually explored and tested. In recent years,
some research results have provided new ideas and prospects for the application of metal
oxides in photocatalytic NRR.

2.2. Metal Sulfides

Metal sulfides have excellent optical, electrical, and magnetic properties, and their
narrow bandgap facilitates the absorption of visible light to obtain high light energy uti-
lization. Khan et al. [30] used CdS/Pt/RuO2 composite to reduce N2 under visible light
(λ = 505 nm) irradiation, and the activated dinitrogen reacted with [Ru(Hedta)(H2O)]− to
produce [Ru(Hedta)(N2)]− complex. A continuous supply of photogenerated electrons
from CdS to this complex reacts to form ammonia. As the photoreaction proceeded, the
ammonia yield decreased due to photocorrosion by CdS. To improve the photocatalytic
activity and stability, Ye et al. [31] used a Cd0.5Zn0.5S solid solution for photocatalytic
nitrogen fixation for the first time and employed a transition metal phosphide (Ni2P) as
a co-catalyst. Ni2P/Cd0.5Zn0.5S was used for photocatalytic nitrogen reduction reaction
without adding any sacrificial agent. After irradiation with visible light (λ > 400 nm) for
1 h, the NH3 concentration reached 101.5 µmol·L−1. The quantum efficiency under 420 nm
monochromatic light reached 4.32%, much higher than those of other semiconductors.
As tested by time-resolved fluorescence spectroscopy, photocurrent, and electrochemical
impedance spectroscopy, the samples with the addition of the co-catalysts rapidly trans-
ferred the photogenerated electrons to Ni2P through excellent heterogeneous interfacial
contacts to reduce the charge complexation, thus improving the photogenerated carrier
separation efficiency (Figure 3a). In addition, the photogenerated electron–hole pairs in
the ultrathin transition metal sulfides (TMDs) could form tightly bound excitons, which
give very high dissociation energies by trapping electrons. As a member of TMDs, MoS2 is
getting much attention [32–34]. Sun et al. [35] found that ultrasonically treated ultrathin
MoS2 could photocatalytically reduce nitrogen to ammonia with a photocatalytic ammonia
yield of up to 325 µmol·gcat

−1·h−1 without the use of a sacrificial agent or co-catalyst,
and had considerable stability. Photogenerated excitons captured the free electrons in the
ultrathin MoS2 to generate charged excitons near the Mo sites, which interacted with the
adsorbed N2 to promote the multi-electron transfer, lower the reaction thermodynamic
potential barrier, and accelerate the process of the photocatalytic reduction of nitrogen
(Figure 3b).
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Figure 3. (a) Photocatalytic nitrogen fixation mechanism of Ni2P/Cd0.5Zn0.5S [31]; copyright 2017,
Elsevier. (b) Schematic diagram of the exciton-induced multi-electron N2 reduction process [35];
copyright 2017, Elsevier. (c) Catalytic reaction mechanism of CdS: MoFe protein complexes [36];
copyright 2016, Elsevier.
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Inspired by nitrogen-fixing enzymes, researchers have studied photocatalytic nitrogen
reduction reactions in the cross-fertilized materials science and biology disciplines. Brown
et al. [36] adsorbed MoFe proteins (the active site of nitrogen-fixing enzymes) onto CdS
nanorods to form biological nanocomplexes and investigated their nitrogen-fixing activities.
Photosensitization of the MoFe protein using CdS nanocrystals replaced ATP hydrolysis
by capturing light energy (Figure 3c). Under visible light, the ammonia production rate
reached 315 µmol·mg−1·min−1, which was on par with the biological nitrogen-fixing en-
zyme capacity. Given the prominent role of the MoFe factor in nitrogen-fixing enzymes,
Banerjee et al. [37] deduced that solid compounds consisting of FeMoS inorganic clusters
could reduce nitrogen in water to ammonia in the presence of light, and thus a combination
of [Mo2Fe6S8(SPh)3]3+ and [Sn2S6]4− clusters was used to constitute bionic sulfur com-
pounds. The designed and synthesized Fe2Mo6S8 thiocolloid has strong light absorption,
high specific surface area, and excellent water stability. Thus, its performance was superior
to that of nitrogen-fixing enzymes. On this basis, Liu et al. [38] designed a novel thioglycolic
system consisting of Fe2Mo6S8(SPh)3 and Fe3S4 mimetic clusters. The bonding between
nitrogen and iron was determined using local orbital theory analysis, demonstrating that
Fe was the active site for N2 binding and that it drives the nitrogen reduction reaction more
readily than the Mo metal site [39,40].

Metal-sulfide-based photocatalysts have relatively narrow band gaps, abundant active
sites, and adjustable electronic properties, which are suitable for nitrogen fixation. However,
the metal sulfides applied to the photocatalytic reduction of N2 to date are mainly based
on CdS, and the ammonia production rate is generally low. For other metal sulfides, such
as two-dimensional metal disulfide and indium-based sulfide, the potential of catalytic
nitrogen fixation has been preliminarily predicted by theory and experiment. Considering
the diversity of metal sulfides, such catalysts need to be further explored as efficient artificial
nitrogen fixation catalytic materials.

2.3. BiOX-Based Materials

Bismuth halide oxide (BiOX, X = Cl, Br, I) has attracted much attention due to its supe-
rior optical properties. Its layered structure provides ample space for atomic polarization
and an internal electric field that facilitates the separation and transfer of photogenerated
carriers [41–43]. The application of BiOX-based materials in photocatalytic nitrogen fixation
has been demonstrated in recent works.

Li et al. [44] demonstrated that the photocatalytic reduction reaction of nitrogen could
be realized under visible light without any organic sacrificial agent or precious metal
co-catalyst using BiOBr nanosheets at room temperature and pressure. The prepared cata-
lysts possessed electron-donating properties upon photoexcitation, driving the interfacial
electron transfer from BiOBr nanosheets to adsorbed N2, and ammonia yields as high as
104.2 µmol·gcat

−1·h−1 were obtained. Combined with theoretical simulations, the oxygen
vacancies in BiOBr extend the activated N≡N bond length from 1.078 Å to 1.133 Å, pro-
moting the activation of nitrogen molecules. Due to the generation of abundant oxygen
vacancies on the surface, a defect state was formed at the bottom of the BiOBr conduction
band, which inhibits the recombination of electron–hole pairs. In addition, the group
examined the photocatalytic activity of BiOCl containing abundant oxygen vacancies [45].
The kinetics and mechanisms of the photocatalytic reactions differed due to the different
exposed crystalline surfaces. The mechanism of nitrogen fixation on the (110) crystalline
face follows a distal binding mechanism (N2→ •N-NH3→ •N + NH3→ 2NH3), while the
reaction on the (010) face follows an alternating binding mechanism (N2 → N2H3 → N2H4).
Under UV irradiation at a wavelength of 254 nm, the quantum yields of the BiOCl (001) and
(010) crystal faces were 1.8% and 4.3%, respectively. To further demonstrate the effect of
exposed crystal faces on photocatalytic activity, Bai et al. [46] prepared Bi5O7I nanosheets
with different exposed crystal faces, in which the nitrogen fixation activities of the cata-
lyst samples with exposed crystal faces of (001) and (100) were 111.5 mmol·L−1·h−1 and
47.6 mmol·L−1·h−1, respectively. The difference was due to the higher photogenerated
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carrier separation efficiency and more negative conduction band position (−1.45 eV) in
Bi5O7I-001. Zeng et al. [47] successfully synthesized carbon-doped BiOI (C-BiOI) by hy-
drothermal reaction, demonstrating that the surface carbon elements adsorb nitrogen. The
ammonia yield of C-BiOI-3 under visible light was as high as 311 µmol·gcat

−1·h−1, about
3.7 times higher than that of pure BiOI. Carbon clusters entered the intercalation of BiOI
crystals during the preparation process, interfered with the periodicity of the crystal lattice,
and induced the generation of vacancies in the BiOI structure, which resulted in a decrease
in the catalyst band gap and enhancement in visible light absorption, and the trapping of
photogenerated electrons by the vacancies, which led to improvement in the charge sepa-
ration efficiency and accelerated the photocatalytic reaction. In addition, carbon doping
affected the morphology of the catalysts with reduced crystal size and increased specific
surface area, facilitating the contact between the catalysts and reactants. However, the
induced surface oxygen vacancies in BiOX-based materials were easily oxidized during
the reaction process, decreasing photocatalytic NRR activity. To alleviate this difficulty,
Wang et al. [48] designed ultrafine Bi5O7Br nanotubes with abundant sustainable oxygen
vacancies to accelerate the photocatalytic reduction of nitrogen in aqueous solvent in order
to synthesize ammonia without the addition of any sacrificial agents or co-catalysts. The
synthesized sample has a large specific surface area (>96 m2·g−1), suitable light-absorbing
band edges, and a continuous supply of surface oxygen vacancies, and thus the ammonia
yield obtained is as high as 1.38 mmol·gcat

−1·h−1, and the apparent quantum efficiency at
420 nm is close to 2.3%.

The indirect bandgap of BiOX material effectively hinders charge recombination. Its
unique layered structure not only facilitates the generation of vacancies as active sites for
catalytic reactions but also provides internal electric fields as driving forces for charge
transfer. In addition, research was conducted on the photocatalytic reduction of N2 using
BiOX substrate materials from the perspectives of defect engineering, surface engineering,
and band gap structure adjustment. It is worth noting that high-quality 2D BiOX-based
materials have a photocatalytic surface that changes with the progress of photo reactions
and can serve as a dynamic crystal model for theoretical simulation. The combination of
a dynamic simulation algorithm and experimental data can be used as a new simulation
method to deeply understand the photocatalytic reaction mechanism.

2.4. Carbon-Based Materials

Carbon-based materials commonly used for photocatalysis include diamond, graphene,
carbon nanotubes, and graphitic carbon nitride. Zhu et al. [49] prepared boron-doped
diamonds to catalyze ammonia synthesis by nitrogen reduction under mild conditions.
Transient absorption tests at a wavelength of 632 nm showed that diamond transfers
solvated electrons to water when photoexcited. Comparative tests using samples and
purchased product powders showed that the photocatalytic activity depended on the H
terminals on the diamond surface and was correlated with the production of solvated
electrons. In this catalytic process, the electrons were transported directly to the reactants
without going through molecular adsorption on the catalyst’s surface, making it a new
paradigm for photocatalytic reduction. Diamond’s stability and acid resistance set it apart
from conventional photovoltaic materials. Bandy et al. [50] synthesized diamond thin films
on Mo, Ni, and Ti metal substrates, and photoresponse tests showed that H-terminated
thin films with a negative electron affinity drove nitrogen reduction.

In contrast, O-terminated thin films showed almost no photocatalytic activity. The
electrons in the metal substrate were transferred to the conduction band of the diamond
through a barrier-free electron emission process, thus providing enough energy to partici-
pate in the nitrogen fixation reaction (Figure 4a). Graphene, as an allotrope of diamond with
excellent electrical conductivity, is also considered an excellent substrate with the ability
to activate N2. Tian et al. [51] demonstrated the ability of aluminum-doped graphene
to convert nitrogen to ammonia through DFT simulations. Li et al. [52] proposed that
FeN3-embedded graphene could be used as a raw material for photocatalytic nitrogen
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reduction through first-principle calculations. In addition, Perathoner et al. [53] used
carbon nanotubes loaded with Fe as the photocatalyst to harvest an ammonia yield of
2.2 × 10−3 g·m−2·h−2 at ambient temperature and pressure. Liu et al. [54] prepared
nitrogen-doped porous carbon (NPC) using pyrolysis of an imidazolium zeolite skeleton,
which is a structure with high N content and tunable N species, to promote nitrogen
molecule chemisorption and activation, thus addressing the problem of the slow kinetics of
nitrogen fixation reactions.

The lack of active sites and photogenerated carriers in pure carbon materials limits
their nitrogen fixation applications. Therefore, researchers have developed graphitic carbon
nitride (g-C3N4)-based photocatalysts. Dong et al. [55] successfully synthesized g-C3N4
containing nitrogen vacancies by nitrogen heat treatment and reported the effect of nitrogen
vacancies on the activity of semiconductor photocatalytic nitrogen reduction reactions. In
the photocatalytic experiments, it was observed that the nitrogen vacancies endowed the
g-C3N4 with photocatalytic nitrogen fixation ability. Since nitrogen vacancies have the
same shape and size as nitrogen atoms, they could selectively adsorb activated nitrogen,
and thus the photocatalytic nitrogen fixation process did not interfere with other gases.
In addition to this advantage, nitrogen vacancies improve the separation efficiency of
photogenerated carriers and promote the transfer of photogenerated electrons from g-
C3N4 to adsorbed N2. Wu et al. [56] prepared a spongy g-C3N4, whose excellent nitrogen
fixation capability benefited from the trapping of photogenerated electrons by the surface
nitrogen vacancies (Figure 4b). Cao et al. [57] used urea as the raw material and, using a
simple one-step separation method, synthesized amine-functionalized ultrathin g-C3N4
nanosheets. Compared with bulk g-C3N4, the synthesized g-C3N4 nanosheets have a
larger specific surface area, higher reduction potential and carrier separation efficiency, and
improved photocatalytic activity and stability of nitrogen fixation reaction under visible
light irradiation.
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(b) Possible photocatalytic nitrogen fixation on M-GCN [56]; copyright 2016, Elsevier.

Li et al. [58] pretreated the samples with alkali solutions of appropriate concentrations,
which resulted in the C=N bond breaking and surface K+ grafting of the homotriazine
structural unit in g-C3N4. The g-C3N4 etched with KOH solution was used as the photocat-
alytic material, while methanol solution was introduced as the proton source for the first
time. The photocatalyst showed an ammonia yield of 3.632 mmol·g−1·h−1 and an apparent
quantum efficiency of up to 21.5% under light irradiation with a wavelength of ~420 nm.
The enhancement in the catalytic activity was due to the combined effects of various aspects,
including the enhanced absorption of light, the fast dissolution of N2 in methanol solution,
the increase in active centers on the catalyst surface, and the promotion of carrier transfer
and ammonia desorption by CH3OH and surface K+. In addition to structural optimization,
strategies such as elemental doping and material composites have also been used as modi-
fication methods for g-C3N4. For example, Hu et al. [59] synthesized honeycomb-shaped
Fe-doped g-C3N4 by controlling the concentration of Fe3+. Fe3+ enters the lattice sites and
stably exists in the structure of g-C3N4 through Fe-N coordination bonding. The Fe metal

15



Molecules 2023, 28, 7277

sites became the active centers for the adsorption and activation of nitrogen molecules and
promoted the interfacial charge transfer between the catalyst and the nitrogen molecules,
significantly improving nitrogen fixation capacity. The best ammonia yield was obtained
for Fe0.05-CN, about 5.40 mg·L−1·h−1·gcat

−1, close to 13.5 times that of pure g-C3N4. In
addition, the photocatalytic nitrogen fixation performance of g-C3N4 semiconductor-based
composites, such as MnO2-x/g-C3N4, Ti3C2/g-C3N4, and g-C3N4/FeOCl, was significantly
improved due to the construction of heterostructures to promote the separation and transfer
of photogenerated carriers [60,61].

At present, carbon-based materials applied in the photocatalytic reduction of N2 are
mainly g-C3N4 and 2D graphene. Due to their unique structure, excellent light absorption
performance, and conductivity, both are considered nitrogen-fixing photocatalysts with
infinite potential. In addition, inspired by the size-dependent photoluminescence effect,
modification of carbon-based materials by morphological regulation is an effective way
to improve the photoactivity of catalysts. For example, the design of zero-dimensional
carbon quantum dots enables carbon-based materials to obtain the advantages of adjustable
chemical structure, high quantum efficiency, and good biocompatibility, so as to improve
catalyst reaction activity.

2.5. MOFs and Derivatives

Metal-organic skeletons (MOFs), as porous materials with high crystallinity and
tunable organic ligands, have been shown to have efficient photocatalytic activity. In recent
years, researchers have designed a series of MOFs and their derivatives and performed
photocatalytic nitrogen reduction experiments [62–65].

Huang et al. [66] prepared NH2-MIL-125(Ti) catalysts by integrating metal sites
with amine-based functional groups and applied them to photocatalytic nitrogen fix-
ation reaction at ambient temperature and pressure, obtaining an ammonia yield of
12.3 µmol·g−1·h−1 under visible light. Through ligand functionalization, the light ab-
sorption range of the MOF materials was extended to the visible light region. Simultaneous
electron transfer between the ligand and the metal-induced Ti3+ production provides abun-
dant active sites for nitrogen reduction (Figure 5a). Inspired by chlorophyll, Shang et al. [67]
developed a porphyrin-based metal-organic skeleton (PMOF) with Fe as the active center,
with Al characterized as the metal node with excellent stability, and Fe atoms dispersed on
each porphyrin ring to facilitate nitrogen adsorption activation. Calculations showed that
the Fe-N site in Al-PMOF(Fe) acts as the active center of the photocatalytic reaction and
reduces the difficulty of the rate-determining step in the reaction process (Figure 5b). The
ammonia yield of Al-PMOF(Fe) was 127 µg·g−1·h−1, which was a 50% improvement in
performance compared to the pristine Al-PMOF catalysts. Zhang et al. [68] simulated the
π-orbitals of the reverse feeding mechanism of a designed and synthesized MOF-76(Ce)
material, in which Ce acts as the active center for capturing photogenerated electrons.
Experimental results and theoretical analyses showed that the presence of cerium metal in
a ligand-unsaturated state (Ce-CUS) on the surface of MOF-76(Ce) nanorods could provide
unoccupied 4f orbitals to collect electrons and transfer them to N2. The synthesized materi-
als exhibited excellent photocatalytic nitrogen reduction performance with ammonia yields
as high as 34 µmol·g−1·h−1 at ambient temperature and pressure. Xu et al. [69] successfully
synthesized CeZr5-MOF(UiO-66) bimetallic photocatalysts using the rare earth element
Ce to partially replace Zr. Ce was introduced into the nodes of Zr-MOFs(UiO-66) to form
CeZr5 clusters, which enhanced the separation and transfer rate of the photogenerated
electron–hole pairs through the charge-transfer process between the ligand and the metal,
thus enhancing the photocatalytic nitrogen fixation activity. In addition, the photocatalytic
performance was increased linearly with the increase in Ce content when the Ce content
was lower than 20%. The photocatalytic nitrogen fixation activity was 200.13 µmol·g−1·h−1,
105.9% higher than that of Zr-UiO-66. Zhao et al. [70] designed a MOF-based material
MIL-53 (FeII/FeIII), in which FeII and FeIII constituted a mixed-valence metal cluster, which
mimicked the Fe2+ active site and the high-valence metal ions in nitrogen fixation enzymes,
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respectively. The FeII/FeIII ratio was crucial for coordinating the catalytic activity and
the stability of the backbone structure, and the experimentally obtained optimal FeII/FeIII

ratio was 1.06:1, which gives the highest ammonia yield of 306 µmol·h−1·g−1. The activ-
ity enhancement of the MIL-53(FeII/FeIII) material was attributed to the combined effect
between catalytic and non-catalytic functions, i.e., increased ligand-unsaturated active
sites, prolonged visible absorption edge (650 nm), and reduced photogenerated carrier
complexation rate (Figure 5c).
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Figure 5. (a) Possible mechanism of NH2-MIL-125(Ti) photocatalytic immobilization of N2 [66];
copyright 2020, Elsevier. (b) Charge difference diagram of N2 adsorbed on AlPMOF (Fe): yellow,
positive density difference; cyan, negative density difference [67]. (c) Mechanism of photocatalytic
N2 reduction by MIL-53 (FeII/FeIII) in visible light [70]. Copyright 2020, Elsevier.

Introducing foreign atoms into the main lattice of a semiconductor induces defective
states in the electronic and chemical structure, which in turn affects the overall performance
of the catalyst [71]. In the photocatalytic nitrogen fixation process, the critical roles of the
dopant sites were to act as active centers for N2 adsorption activation and to promote
photogenerated charge separation. In addition to the materials mentioned above, Table 2
organizes the recent representative photocatalysts for nitrogen fixation and summarizes the
photocatalytic systems by catalyst type, sacrificial agent, light source, and ammonia yield.
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Table 2. Recently reported photocatalytic systems for nitrogen fixation.

Type Photocatalyst Sacrificial
Agent Light Source Ammonia Yield/µmol·gcat−1·h−1 Ref.

Metal oxides

N-TiO2 - 300 W Xe lamp
(λ > 400 nm) 80.09 [72]

Ni-TiO2 - 300 W Xe lamp 46.8 [73]

Rutile TiO2 Methanol 300 W Xe lamp
(λ > 420 nm) 116 [74]

Fe-TiO2-SiO2 - 300 W Xe lamp 32 [75]

TiO2-Au-BiOI - 300 W Xe lamp 534.5 [76]

CuxO/CNNTs Ethanol 300 W Xe lamp
(λ > 420 nm) 1380 [77]

WO3/B-CN Methanol 300 W Xe lamp
(λ > 420 nm) 450.94 [78]

U-Cu2O-0.05 M-2 h - 300 W Xe lamp
(λ > 400 nm) 4100 [79]

Cu2O/MoS2/ZnO-cm - 350 W Xe lamp
(λ > 420 nm) 111.94 [80]

Metal sulfides

1T’-MoS2/CNNC Methanol 300 W Xe lamp
(AM 1.5G filter) 9800 [81]

CdS/CNS - 350 W Xe lamp
(400–800 nm) 327 [82]

5%NiS-KNbO3 Ethanol 300 W Xe lamp 155.6 [83]

MoS2/OPC - 300 W Xe lamp
(λ > 400 nm) 37.878 [84]

Zn0.8Cd0.2S Sodium sulfite 300 W Xe lamp
(λ > 420 nm) 66.91 [85]

Fe-MoSy/CuxS - 350 W Xe lamp
(λ > 420 nm) 8171 [86]

BiOX-based materials

BiVO4 - 300 W Xe lamp
(200–800 nm) 103.4 [87]

P-Bi2WO6 - 300 W Xe lamp 73.6 [88]

Bi@BiOBr-Bi2MoO6 - 300 W Xe lamp 167.2 [89]

Fe-BiOCl - 300 W Xe lamp
(200–800 nm) 60 [90]

Mo-Bi5O7Br-1 - 300 W Xe lamp
(λ > 420 nm) 122.9 [91]

Bi5O7Br - 300 W Xe lamp
(λ > 400 nm) 12700 [92]

Carbon-based
materials

S-CNNTs Ethanol 300 W Xe lamp
(λ > 420 nm) 640 [93]

B-C3N5 Methanol 300 W Xe lamp
(200–2500 nm) 421.18 [94]

Ti3C2/g-C3N4 Methanol 300 W Xe lamp
(λ > 420 nm) 601 [95]

RuPd NPs/C3N4 Ethanol 300 W Xe lamp
(λ > 420 nm) 1389.84 [96]

NYF(15)/NV-CNNTs Ethanol 300 W Xe lamp
(λ > 420 nm) 1720 [97]

MOF-based materials

Zn-MIL-88A - 300 W Xe lamp 300 [98]

Au@UiO-66/PTFE
membrane - 300 W Xe lamp

(λ > 400 nm) 360 [99]

MOF@DF-C3N4 Methanol 300 W Xe lamp
(λ > 400 nm) 2320 [100]
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3. Other Photocatalytic Nitrogen Fixation Materials

In addition to the common photocatalytic materials mentioned above, single-atom
catalysts, black phosphorus, layered double hydroxides, molecular sieves, and plasmonic
materials have also been shown to have photocatalytic nitrogen fixation activity.

The size of the catalyst directly affects the number of surface low coordination sites,
influencing the binding strength to the reactants and determining the catalytic performance
to a certain extent. Single-atom metals dispersed on the carrier have the characteristics
of uniform catalytic active sites, the low coordination environment of metal atoms, and
optimal metal utilization efficiency. Hence, single-atom catalysts have outstanding catalytic
activity, stability, and selectivity and have recently attracted wide attention [101]. Liu
et al. [102] designed and prepared Ru single-atom modified oxygen-rich vacancy TiO2
nanosheets, which catalyzed the nitrogen under xenon lamp light reduction to ammonia.
The composite photocatalyst containing 1 wt% Ru showed a significantly improved NH3
generation rate of 56.3 µg·h−1·gcat

−1, two times higher than the performance of the pure
TiO2 nanosheets. DFT calculations showed that the single Ru metal atoms were immobi-
lized on oxygen vacancies, which inhibited the hydrogen precipitation reaction, facilitated
the chemical adsorption of N2, and improved the carrier separation process, resulting in
the enhancement of the photocatalytic reduction ability.

Layered double hydroxides (LDHs) belong to two-dimensional nanomaterials, which
provide new resources for developing novel catalytic and photocatalytic materials due to
their controllable particle size, flexible composition, and easy synthesis. Zhang et al. [103]
successfully synthesized ultrathin nanosheets of ZnAl-LDH by a facile co-precipitation
method. The 0.5%-ZnAl-LDH nanosheets (Cu doped with 0.5 mol%) with abundant oxygen
vacancies and electron-rich ligand unsaturated Cuδ+ exhibited excellent photocatalytic ac-
tivity and stability under UV–vis irradiation. A catalytic reaction rate of 110 µmol·g−1·h−1

(4.12 µmol·m−2·h−1) was achieved at ambient temperature and pressure without any sacrifi-
cial agent or co-catalyst addition. Detailed structural analyses and density-functional theory
calculations indicate that the oxygen vacancies and Cuδ+ in 0.5%-ZnAl-LDH contribute
to the efficient separation and transfer of photogenerated electrons and holes, activating
nitrogen molecules and accelerating the multi-electron reduction process.

Plasma catalysis originates from local surface plasmon resonance of metal nanos-
tructures and has been proven to be an effective method for converting light energy into
chemical energy. Thanks to the surface plasmon resonance effect of plasma metals and the
Schottky barrier formed at the interface with semiconductors, loading plasma metals (Au,
Ag, Cu) on semiconductors can effectively expand the light absorption of catalysts to the
visible light region and improve the separation efficiency of photogenerated carriers [104].
Xiong’s team [105] selected Au nanocrystals to absorb light, and Ru atoms to adsorb N2
molecules as active sites. They reported a surface plasma that can provide sufficient energy
to activate N2 through a dissociation mechanism in the presence of water and incident
light. This mechanism was demonstrated using in situ synchrotron radiation infrared spec-
troscopy and near-ambient pressure X-ray photoelectron spectroscopy. The photocatalytic
nitrogen fixation reaction was carried out using AuRu core-antenna nanostructures with a
wide light absorption range and a large number of active sites at room temperature, two
atmospheres, and without any sacrificial agents, resulting in an ammonia generation rate of
101.4 µmol·g−1·h−1. Theoretical simulations have verified that the electric field enhanced
by surface plasma, plasma hot electrons, and interface hybridization may play a key role in
N≡N dissociation. This work demonstrates the importance of surface plasma in activating
inert molecules.

4. Conclusions and Prospects

In the future, the preparation of photocatalysts could be approached by taking into
account the following aspects:

In view of the conformational relationship between morphology, structure, and per-
formance, a structural morphology with a large specific surface area could be prepared
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by changing the reaction conditions, composition, and ratio of precursors to improve the
contact probability between the catalysts and the reactants, increase the surface active sites,
and promote the adsorption and activation of N2.

By introducing vacancies, constructing heterojunctions, and element doping, the band
gap bandwidth of the semiconductor could be modulated, resulting in enhanced catalyst
response to visible light and improved light energy utilization.

To extend the lifetime of photogenerated carriers and to improve the quantum effi-
ciency of photocatalytic reactions, a modification strategy may be utilized to improve the
separation and transport efficiency of photogenerated electrons and holes in catalysts. We
analyze the mechanisms of photocatalysts and reactions to achieve high energy utiliza-
tion and excellent catalytic activity in the nitrogen fixation process. We strive to create a
reasonable and efficient photocatalytic reaction system tailored for nitrogen fixation.
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Abstract: With the development of the world economy and the rapid advancement of global indus-
trialization, the demand for energy continues to grow. The significant consumption of fossil fuels,
such as oil, coal, and natural gas, has led to excessive carbon dioxide emissions, causing global
ecological problems. CO2 hydrogenation technology can convert CO2 into high-value chemicals and
is considered one of the potential ways to solve the problem of CO2 emissions. Metal/semiconductor
catalysts have shown good activity in carbon dioxide hydrogenation reactions and have attracted
widespread attention. Therefore, we summarize the recent research on metal/semiconductor catalysts
for photocatalytic CO2 hydrogenation from the design of catalysts to the structure of active sites and
mechanistic investigations, and the internal mechanism of the enhanced activity is elaborated to give
guidance for the design of highly active catalysts. Finally, based on a good understanding of the
above issues, this review looks forward to the development of future CO2 hydrogenation catalysts.

Keywords: photocatalytic CO2 reduction; metal/semiconductor; surface plasmon resonance; photocatalysts

1. Introduction

The world’s consistent and large-scale dependence on fossil fuels during the past
hundred years has had serious repercussions, including energy crises and the deterioration
of the global climate, which was caused primarily by increasing atmospheric concentrations
of CO2 [1–9]. Though it has historically been discharged directly into the atmosphere as
waste, increasing global interest in transitioning away from the use of fossil fuels now
forces us to change our previous conceptions by employing carbon dioxide as a recyclable
feedstock for the production of renewable synthetic fuels [10–17]. In recent decades, several
methods have developed for carbon dioxide reduction, for example, electrocatalytic [18–21],
photocatalytic [22–28], photoelectrochemical (PEC) [29–32], thermocatalytic [33–37], and
photothermal [38–40] reduction, etc. These mentioned methods can be driven by clean
electric energy or solar energy; therefore, they are considered the most promising strategies.
In the case of electrocatalytic reduction [41–44], the two key issues facing electrocatalytic
CO2 reduction are obtaining an inexpensive and a renewable source of electrical energy and
the development of highly active CO2 reduction electrocatalysts. As a result, photovoltaic
cells are typically used as the electricity source (thereby allowing for more direct energy
conversion from sunlight), and carefully designed electrocatalysts form the cathodes on
which CO2 reduction takes place. Though much research has been conducted to address
these issues, high overpotentials, poor selectivity, low electric current densities, catalyst
instability, and relatively high costs of renewable electric energy continue to limit the
large-scale application of electrocatalytic CO2 reduction [45]. Photocatalytic CO2 reduction
offers another appealing strategy for reducing CO2 into fuels by also directly absorbing
solar energy as a source of energy while employing water as an electron donor [46–49].
Due to the limitations of low separation efficiency for photogenerated carriers and slow
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reaction kinetics in both CO2 reduction and H2O oxidation, the highest product formation
rates reach only micromoles per gram of catalyst per hour (µmol gcat

−1 h−1) [50]. To
overcome those limitations, many studies have been trying to embed the donor–acceptor
scheme into the primary photosensitizing module [51–56]. By comparison, thermocatalytic
CO2 reduction has proven an efficient approach for the hydrogenation of CO2 to form
methanol (CH3OH), methane (CH4), carbon monoxide (CO), and more at high rates using
heterogeneous catalysts [57–62]. However, these processes require higher reaction tempera-
tures (e.g., 200 to 250 ◦C) and high pressures (5 to 10 MPa) than the previously mentioned
methods. Such high temperatures can be disadvantageous, though, when synthesizing
products, such as methanol, whose high reaction exothermocity results in diminishing
maximum theoretical yields at higher temperatures [63,64]. A related technology, solar
thermal catalysis, has also emerged as a promising approach for the synthesis of renewable
fuels from CO2, combining the efficacy of thermocatalysis with a clean source of energy
(focused sunlight).

Compared to the electrocatalytic, photocatalytic, and pure thermocatalytic approaches
introduced previously, solar thermal reduction methods utilize energy from a large range of
the solar spectrum (making use of materials exhibiting intense, broadband light absorption),
while also offering high product selectivity relative to photochemical and electrochemical
paths [65]. In light of these advantages, solar thermal catalysis has demonstrated its potential
for use in industrially relevant chemical reactions, such as reducing nitrogen to ammonia
(Haber process) [66], methane reforming [67], and preparing synthesis gas [68,69]. Though
there have been many recent discoveries and developments regarding solar thermal cat-
alytic reactions, these specific examples are highlighted for being significantly endothermic;
as such, they benefit greatly from the high temperatures and thermal input generated by
solar thermal systems.

2. Application of Metal/Semiconductor Catalysts for Photocatalytic CO2
Hydrogenation

The solar energy utilization efficiency in photocatalytic processes is determined by
both the incident quantum absorption capability of the catalyst and its internal quantum
yield. As a result, expanding the range of wavelengths absorbed by a catalyst has been
proven to be one of the most effective ways of enhancing catalytic activity, especially for the
semiconductor-based materials. Though great attention has been paid to broadening optical
absorption ranges, such as introducing dopants, defects, sensitizers, or plasmonic metal,
these strategies often result in unintended side effects (weakened redox capacity, decreased
internal quantum yield, etc.). Thus, it is necessary to further explore novel catalytic
systems and new mechanisms that can maximize both the light absorption efficiency
and internal quantum yield [70]. Loading noble metal nanoparticles onto photocatalysts
can enhance energy harvesting from visible-light photons, thanks to high-energy (“hot”)
electrons generated by localized surface plasmon resonance (LSPR) [71,72]. The design
of metal/semiconductor catalysts has been one potential strategy for the preparation of
efficient photocatalytic CO2 hydrogenation catalysts.

2.1. Pd-Based Catalysts

To lower the temperature needed in a thermocatalytic CO2 reduction and increase
solar energy utilization, Ni et al., fabricated a palladium-nanoparticle-loaded TiO2 (PNT)
catalyst employed using a photothermochemical cycle (PTC) method [73]. In this system,
the uniformly dispersed Pd nanoparticles achieved LSPR absorption in the visible region.
As a result, the PNT exhibited enhanced light utilization thanks to its red-shifted absorption
range in the visible spectrum (Figure 1a). Absorbed visible IR light could then be converted
to thermal energy and incorporated into a chemical reaction, allowing the 1.0 PNT catalyst
to realize a stable CO production rate of 11.05 µmol gcat

−1 h−1 (more than eight times the
CO production rate of P25 using the PTC) (Figure 1c). The structure of the PNT catalyst
also allowed the electron–hole pairs generated from the photoexcitation of TiO2 to be
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more efficiently separated (Figure 1b), thereby increasing the number of available charge
carriers. Thus, the reduction rate of CO2 production can be accelerated by an advantage
of photothermal synergy. Complementary density functional theory (DFT) calculations
indicated that Pd can play a further role in promoting CO2 adsorption by forming Pd-CO2

−

and Pd-CO2
−-VO at defect sites during the thermal catalytic progress (Figure 1d).
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Figure 1. (a) Diffuse reflectance UV-vis spectra of original P25 and PNT samples (inset: determination
of the optical band gap). (b) Photoluminescence spectra of P25 and the PNT samples. (c) CO yields
obtained from five successive PTC runs. All samples were illuminated for 50 min under a He
atmosphere and then heated at 773 K for 50 min under a CO2 atmosphere (The dashed line represents
the changing trend of CO yield for each catalyst.). (d) DFT-calculated reaction pathways proceeding
on P25 and PNT catalysts [73].

Another promising series of photothermal catalysts was developed by Ozin et al.,
using Pd to provide deeper insight into the synergistic mechanisms responsible for the
highly selective reduction in CO2. In the first such work, nanostructured Pd@Nb2O5
nanorod catalysts were prepared via an impregnation method and tested in the gas-phase
hydrogenation of CO2 to CO [74]. The use of ethanol as a reducing agent was instrumental
in forming uniformly small Pd nanoparticles on the Nb2O5 nanorods, as it allowed the
reduction reaction rate of the palladium precursor to be controlled, thereby suppressing
particle formation. Experiments proved that the Pd nanoparticles were well dispersed on
the surface of the Nb2O5 nanorods and had diameters ranging from 2 to 10 nm. Due to
their size, these Pd nanocrystals were able to absorb shorter wavelengths of light (visible
and near-infrared (NIR) light) by exciting inter-band and intra-band electronic excitations,
helping to initiate CO2 reduction. This increased amount of thermal energy was beneficial,
as it was also proven that the reaction rate was significantly enhanced by the generation of
Nb4+ and oxygen vacancies in situ (on reduction by H2). The Nb2O5 nanorods also featured
a large surface area (as measured via BET gas adsorption), which provided a large number
of CO2 adsorption sites for the reaction. Wavelength- and intensity-dependent catalytic
activity measurements performed on the nanostructured Pd@Nb2O5 catalyst (Figure 2)
revealed that the reverse water–gas shift (RWGS) reaction was activated photothermally,
depending primarily on the conversion on light to thermal energy rather than the formation
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of electron–hole pairs. By virtue of this combination of features, the RWGS reaction can
be catalyzed by the Pd@Nb2O5 catalyst under visible and NIR light even without external
heating, achieving an impressive reaction rate of 1.8 mmol gcat

−1 h−1.
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of absorbed power for the series of batch reactions A through F (red line) and I through V (black
line) [74].

Silicon-based support materials have also been used in conjunction with ultrasmall
(19-atom) Pd nanoparticles, which were deposited onto two-dimensional silicon–hydride
nanosheets (Pd@SiNS) and used to catalyze the RWGS reaction. Due to the innovative
synthesis method, Pd precursors were reduced in situ on the surface of the Si nanosheets,
resulting in highly dispersed and well-immobilized Pd nanoparticles while also retain-
ing the large surface area (197 m2 g−1) of the two-dimensional Si nanosheets. Several
characterization techniques were also employed, including Fourier transform infrared
spectroscopy, in situ isotopic labeling, and theoretical calculations to understanding the
internal catalytic mechanism. [40] The Pd@SiNS sample showed a 13CO production rate of
10 µmol gcat

−1 h−1, which was much better than that of the pristine SiNS sample (Figure 3a),
and retained its good stability under repeated cycling (relative to pristine SiNSs). A crucial
supporting experiment showed that Pd nanoparticles on fully oxidized Si nanosheets
(Pd@oxSiNS) had no activity in CO2 reduction (Figure 3b), demonstrating the limited
activity of Pd nanoparticles alone and proving the synergetic effect between Pd and the
Si nanosheets. By studying these experimental results, a clear and fundamental under-
standing was reached, in that the H-transfer process from Pd to the oxidized SiNS surface
represented two mechanisms. First, one H atom adsorbed onto a Pd nanoparticle interacted
with a surface Si-O-Si site of the SiNSs. Resulting in the formation of a surface Si–OH site.
Second, another active H from the Pd nanoparticle forms a bond with the generated Si-OH,
leading to the desorption of a molecule of water and the formation of a highly reactive
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surface Si radical site capable of reacting with CO2 and enabling a catalytic reaction cycle.
The strain induced in the SiNS surface by the Si-O-Si bonds is believed to be responsible
for the enhanced reactivity of the oxidized SiNS surface toward catalytic hydrogenation
of CO2 under mild conditions. This work also highlights the potential role of Si surface
chemistry in designing and developing new heterogeneous CO2 catalysts in the future.
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Similar synergistic mechanisms between metal co-catalysts and metal oxide supports
were also presented by Li et al., in which a catalyst consisting of palladium nanoparticles
deposited into tungsten–bronze nanowires (Pd@HyWO3−x) was used to efficiently catalyze
the reduction in CO2 to CO at a rate of 3.0 mmol gcat

−1 hr−1 with a selectivity exceeding
99% [75]. WO3 nanowires loaded with Pd nanocrystals provided the synthetic pathway
to obtaining Pd@HyWO3−x. Through various characterization techniques, it was demon-
strated that HyWO3−x was formed via spillover of activated H from the Pd nanoparticles.
The existence of Brønsted acid hydroxyls (-OH), W(V) sites, and oxygen vacancies (VO) in
HyWO3−x all contributed to the CO2 capture and reduction reactions.

2.2. Ru-Based Catalysts

Ye et al., prepared a series of Group VIII metals (Ru, Rh, Ni, Co, Pd, Pt, Ir, and Fe)
loaded onto Al2O3 or TiO2 to form classical metal/metal oxide nanocatalysts and studied
their photothermal effects on the catalytic reduction in CO2 into CH4 and CO (using H2) [39].
The loading of Group VIII metals onto Al2O3 or TiO2 resulted in highly active materials that
had a dark grey or black color (Figure 4a) due largely to their nanoscale structure. A high
product selectivity (over 95%) for either CH4 or CO could be achieved by adjusting the metal
and support materials used in a catalyst (Figure 4b). The outstanding CO2 conversion ability
of the prepared catalyst was attributed to two main features: highly efficient utilization
via photothermal processes and the unique ability of the Group VIII metals to activate
CO2 hydrogenation. Compared to pure photocatalytic pathways, photothermal CO2
conversion is not restricted to utilizing ultraviolet irradiation, as it can readily absorb
energy from visible and infrared wavelengths (this range contains 96% of the solar energy)
can utilized by photothermal CO2 conversion. In related research from the same group, Ru-
loaded ultrathin, layered double hydroxides (Ru@FL-LDHs) were also prepared, achieving
efficient photothermal CO2 methanation in a flow reactor system [76]. These catalysts
were composed of well-dispersed Ru nanoparticles embedded in ultrathin, exfoliated LDH
sheets. Under light irradiation, a maximum CH4 production rate of 277 mmol gcat

−1 h−1

or 230.8 mol h−1 m2 (irradiation area) was attained, which was significantly higher than
most reported LDH-based catalysts [77–79]. These experiments proved that ultrathin LDH
sheets can provide an abundance of active sites for the adsorption and activation of CO2
molecules, allowing for the use of a high flow rate of feedstocks without decreasing the
percent conversion of CO2 to products. Meanwhile, the highly dispersed Ru nanoparticles
contributed by providing higher local surface temperatures under light irradiation (via
photothermal heating) and activating H2 molecules, thereby promoting the hydrogenation
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of CO2. In this example, the noble metal particles and supporting LDH matrix activated the
CO2 and H2 reagents separately, highlighting the potential benefits of designing catalysts
by targeting the activation of individual reactant molecules.
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photothermal nanocatalyst (Ru/Al2O3) [36].

In a related work by Dai et al., a Ru/TiO(2−x)Nx catalyst was prepared by loading
Ru onto nitrogen-doped TiO2 support via an impregnation–reduction method [80]. The
catalytic CO2 methanation performance of this catalyst was evaluated under both visible
light irradiation (435 nm < λ < 465 nm) and under dark conditions in a fixed-bed flow reactor.
With the illumination of visible light, the turnover frequency (TOF) of the catalyst increased
to 15.0 h−1 (compared to the 7.0 h−1 under dark condition), with the CH4 selectivity
remaining stable at about 80% throughout the duration of the reaction. A combination
of chemisorption, surface analysis, and photocurrent measurements revealed that visible
light contributed to the catalytic reaction in two ways. First, a greater number of oxygen
vacancies were formed due to the stronger visible light response of TiO2−xNx, allowing
CO2 to be more efficiently adsorbed, activated, and converted into the CO. Second, Ru
nanoparticles can accept photogenerated electrons from TiO(2−x)Nx, increasing the surface
electron density of Ru nanoparticles and promoting the adsorption and activation of CO2.

In another study from the same group, Ru/silicon nanowire catalysts (Ru/SiNW)
(Figure 5a,b) were prepared by forming 10 nm Ru on silicon nanowires (SiNWs) via
sputtering. In this case, the coexistence of Ru and SiNWs resulted in the possibility of
activating the Sabatier reaction (CO2 + H2 → CH4 + H2O) both thermochemically and
photochemically [81]. Detailed investigations were performed in the presence and absence
of light irradiation (Figure 5c), with varying atmospheric pressure, (Figure 5d,e) and using
varying wavelengths of light (Figure 5f) to better understand the internal mechanisms
responsible for the observed catalytic activity. The results of these investigations revealed
that the observed CO2 reduction mechanism could be predominantly photochemical or
thermochemical, depending on the wavelengths of irradiating light. When the photon
energy was less than the bandgap energy of silicon, the Ru/SiNW catalyst relied upon
photothermal heating to activate the Sabatier reaction thermochemically. When the incident
photon energy is sufficient to overcome the bandgap of Si, however, electron–hole pairs
generated in the Ru/SiNW catalyst assisted the formation of R-H bonds. Eventually, a
proportion of these excited charge carriers eventually thermalize and recombine, generating
heat and supporting the thermochemical promotion of the Sabatier reaction. In this way,
the prepared Ru/SiNW catalysts achieved a CH4 production rate of 0.74 mmol gRu

−1 h−1

with a simulated solar light intensity of 14.5 suns, a 4:1 H2/CO2 ratio, and an atmospheric
pressure of 15 psia. The concepts and the experimental approaches introduced in this work
are significantly helpful for understanding the synergistic contributions of photochemical
and thermochemical mechanisms to the overall process of photothermal CO2 reduction.
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In yet another study, the photothermal reduction in gaseous CO2 over Ru/silicon
photonic crystal photocatalyst (Figure 6a,b) was studied at ambient temperature [82]. Ru/i-
Si-o catalysts showed increasing activity as light intensity increased, achieving peak rates of
up to 4.4 mmol gcat

−1 h−1 (Figure 6c). The high photomethanation rates over the Ru/i-Si-o
catalyst are attributed to the excellent light-harvesting properties of the silicon photonic
crystal, as proven using control experiments (Figure 6d). Complementary simulation
results further indicated that the charged Ru surfaces are beneficial for CO2 destabilization–
adsorption progress; additionally, the charged Ru surfaces are crucial for the adsorbing and
dissociating of H2, which can react with CO2 to accelerate the Sabatier reaction.

2.3. Other Metal-Based Catalysts

Recently, the plasmonic properties of Rh and Au in photocatalytic CO2 reduction were
investigated by Liu et al. [83]. A Rh/Al2O3 catalyst was prepared via an impregnation
method. Rh nanocube colloids were dropped onto Al2O3 nanoparticles, and the formed
solid was ground and calcined in air (Figure 7a) and then tested in a fixed-bed reactor
(Figure 7b). It was found that the CH4 and CO production rates for Rh/Al2O3 were similar
at 350 ◦C without light irradiation. When ultraviolet light (3 W cm−2) was introduced, a
seven-fold increase in the CH4 production rate was detected, while the CO production
rate changed only very slightly (Figure 7c). In contrast, plasmonic Au nanoparticles could
catalyze only CO production, regardless of the presence of irradiation (Figure 7d). It is
also worth noting that the CH4 selectivity of unheated Rh nanoparticles was over ~86% or
~98% compared to the dark condition or thermo condition, respectively. And, the reaction
rate was double that of the thermocatalytic reaction rate at 350 ◦C (Figure 7d,e). These
experimental results together indicated the selective production of CH4 via a photothermal
catalytic process. Further kinetic studies, together with DFT calculations, revealed that
photo-excited hot electrons generated through the LSPR effect of Rh nanocubes would
selectively be transferred into the antibonding orbital of the CHO intermediate, which can
lower the activation energy of CH4 production by ~35% relative to the thermal activation
energies (Figure 7f). This study well demonstrates the idea of tuning product selectivity
in CO2 reduction by using light to excite plasmonic electrons and activate key reaction
intermediates.
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corresponding to Au nanoparticles (Figure 8a) [11]. In a flow reactor system with visible 
light illumination of 420 to 800 nm and a temperature of 500 °C, the activity catalyst was 
enhanced 1.7 times compared to that observed in the dark. Additionally, the catalytic ac-
tivity of Rh-Au/SBA-15 was much higher than that of either Rh/SBA-15 or Au/SBA-15 (Fig-
ure 8b). UV-Vis spectra and electromagnetic field simulation results confirmed the corre-
sponding relationship between the enhanced dry reforming activity and the LSPR band 
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Figure 7. (a) Transmission electron microscopy (TEM) images of the Rh/Al2O3 photocatalyst (Scale
bar, 100 nm (inset: 25 nm)). (b) Schematic of the photocatalytic reaction system. (c) Rates of CH4(green)
and CO (black) production at 350 ◦C on Rh/Al2O3 and Al2O3 under conditions of dark and ultraviolet
illumination at 3 W cm−2. (d) Selectivity toward CH4 as a function of overall reaction rates in the
dark and under ultraviolet light. (e) Selectivity toward CH4 of the thermocatalytic and photocatalytic
reactions. (f) Reaction mechanism on a rhodium nanocube (The black, red, and blue spheres represent
carbon atom, oxygen atom, and hydrogen atom.) [83].
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In order to achieve an efficient dry reforming reaction (CO2 + CH4 → 2CO + 2H2),
Ye et al., used plasmonic nanoparticles to promote the activity of their noble metal-based
catalyst (Figure 8) [9]. In this case, a Rh-Au/SBA-15 bimetallic catalyst was synthesized via
a subsequent impregnation pathway, with the prepared catalyst showing a strong LSPR
corresponding to Au nanoparticles (Figure 8a) [11]. In a flow reactor system with visible
light illumination of 420 to 800 nm and a temperature of 500 ◦C, the activity catalyst was
enhanced 1.7 times compared to that observed in the dark. Additionally, the catalytic
activity of Rh-Au/SBA-15 was much higher than that of either Rh/SBA-15 or Au/SBA-15
(Figure 8b). UV-Vis spectra and electromagnetic field simulation results confirmed the
corresponding relationship between the enhanced dry reforming activity and the LSPR
band of Au (Figure 8c,d). This demonstrated the photothermal activity of the dry reforming
reaction over the Rh-Au/SBA-15 catalyst and the role of energetic “hot” electrons excited
by LSPR in Au, contributing both thermal energy and polarization/activation of CO2 and
CH4 to the catalytic reaction.
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Figure 8. (a) UV-Vis spectra of the Rh/SBA-15, Au/SBA-15, and Rh-Au/SBA-15 catalysts. (b) Effects
of visible light intensity on the performance of catalysts in the dry reforming reaction. (c) H2 and CO
yields without and with light irradiation of different wavelength ranges. (d) Cross-sectional views
of the electromagnetic field distribution and enhancement simulated for Rh-Au/SBA-15 through a
finite-difference time-domain (FDTD) method [11].

In another work from the same group, TaN was used as a support for loading Pt
nanoparticles, chosen due to its intense light absorption over a range of wavelengths
(Figure 9a) [84]. This Pt/TaN catalyst was prepared via a simple impregnation method,
resulting in an average Pt nanoparticle diameter of approximately 2.7 nm (Figure 9b). The
Pt/TaN catalyst was also tested in the dry reforming reaction under visible light irradiation
at 500 ◦C, which revealed that the CO2 conversion rate of the catalyst was 2.7 times that
observed in the dark. In a control experiment employing Pt/Ta2O5 as a catalyst, the
catalytic activity remained nearly constant even under visible light illumination (Figure 9c).
Using DFT calculation results, the polarity of TaN was revealed to be a critical parameter for
the efficient separation of electron–hole pairs generated in the photothermal excitation. In
conclusion, this study emphasized the importance of a support material’s optical absorption
properties in photothermal reactions (Figure 9d).
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illustration of the visible-light-assisted dry-reforming reaction over Pt/TaN catalysts [84].

The aforementioned plasmonic properties of Pd, Rh, and Au demonstrate the pro-
motion of photocatalytic activity by extending the light absorption range, suppressing
the charge-carrier recombination, and forming highly active surface reaction sites. How-
ever, the relatively high cost and low abundance of noble metals place a hard limit on
their practical application on a global scale. With this in mind, Ozin et al., have recently
developed plasmonic cobalt superstructures capable of achieving nearly 100% sunlight
absorption while acting as photocatalysts for efficient CO2 reduction. [70] This cobalt plas-
monic superstructure was composed of a nanoporous, needle-like structure containing
Co metal cores and an enclosing silica shell, Co-PS@SiO2 (Figure 10a). For comparison,
Co@SiO2 and Co/FTO samples were also prepared via traditional impregnation meth-
ods. The diffuse reflectance spectra of different catalysts were characterized as shown in
Figure 9b. It was demonstrated that the silica shell can prevent the nanoneedle structure
from collapsing and confine the growth of Co nanocrystal. As a result, more active sites
will be preserved, and the photon path length can be simultaneously increased through
multiple reflection. Through detailed experimental comparisons, this study concluded that
the strong light absorption of Co metal combined with the antireflection of the nanoarray
structure contributes to the broadband optical absorption across the entire solar spectrum.
(Figure 10b). The photocatalytic activity was evaluated in a batch reactor system operating
at atmospheric pressure with a 1:1 feed ratio of H2/CO2. The catalytic testing results of
the three aforementioned catalysts are presented in Figure 10c,d. The CO2 conversion rate
of Co-PS@SiO2 was about 0.6 mol gCo

−1 h−1 (normalized to the mass of Co), which is
6 times that of Co@SiO2 and 277 times that of Co/FTO (Figure 9a). When normalized by
surface area, these respective activity increases were 20 and 151 times greater (Figure 10b).
Moreover, the CO selectivity of Co-PS@SiO2 was higher than that of Co@SiO2, which is also
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consistent with the higher local catalyst temperature caused by the better light absorption
ability. The ability of Co-PS@SiO2 to fully harvest solar energy demonstrates the applica-
bility of base metal plasmonic superstructures in other solar energy harvesting systems.
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3. Summary and Outlook

In this review, we have focused on recent developments in solar-energy-driven CO2
hydrogenation reactions, from the design of catalysts to the structure of active sites and
mechanistic investigations. To date, several strategies have been developed to improve the
catalytic efficiency and overcome the challenges facing CO2 reduction. For the purpose
of utilizing light energy, localized surface plasmon resonances of metal particles (Pd, Rh,
Ni, Co, etc.) and vacancies have been proven as two simple and efficient approaches
to widening the light absorption range of light-driven catalyst materials. The presence
of metal particles not only enhances the optical absorption capability but also provides
active sites for the activation of H2 and CO2. As a surface catalytic reaction, the presence
of anion vacancies can both improve the adsorption of CO2 molecules and lower the
activation energy associated with their reduction. Specialized nanostructures have also
been constructed to increase the utilization of light, including photonic crystals that can
enhance light trapping. Indium-based oxides are found to have excellent performance
in CO2 hydrogenation because of their flexibility in terms of morphologies, phases, and
surface-active sites. Though good progress has been made, several challenges must still be
overcome before practical applications of these catalysts becomes possible.

First, the catalytic activity of many reported catalysts is still limited; therefore, improv-
ing nanoscale architectural design, bandgap engineering, and broad spectral adsorption
appears to be particularly important. Many experimental and theoretical studies have been
undergoing to study the relationship between spectral adsorption properties and catalytic
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performance; however, the lack of enough in-situation or operando activities make it a
challenge to discover the internal mechanism.

Second, the cost of many of these catalysts is prohibitively high. Most of the devel-
oped catalysts contain precious metals; however, increasing atomic efficiency through
alloying or the development of single atom catalysts may be offering some improve-
ment. Moreover, it is also important to design some non-noble metals and noble metals
(bimetal)/semiconductor catalysts in the process of photocatalytic CO2 reduction, such as
Cu, Bi, et al.

Finally, the industrial-scale preparation of these catalysts and the developments of
specialized equipment are still relatively scarcely reported. In a word, with the continuous
development of broadband, highly absorbing materials, and increased understanding of
photochemical and thermal properties in nanostructured catalysts, the future of photother-
mal catalysis offers many interesting opportunities for CO2 capture and conversion tech-
nologies. The combining of photocatalytic and thermocatalytic approaches will doubtlessly
provide new development opportunities for efficient CO2 hydrogenation.
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Abstract: Photocatalysis technology has the advantages of being green, clean, and environmentally
friendly, and has been widely used in CO2 reduction, hydrolytic hydrogen production, and the
degradation of pollutants in water. Cu2O has the advantages of abundant reserves, a low cost, and
environmental friendliness. Based on the narrow bandgap and strong visible light absorption ability
of Cu2O, Cu2O-based composite materials show infinite development potential in photocatalysis.
However, in practical large-scale applications, Cu2O-based composites still pose some urgent prob-
lems that need to be solved, such as the high composite rate of photogenerated carriers, and poor
photocatalytic activity. This paper introduces a series of Cu2O-based composites, based on recent
reports, including pure Cu2O and Cu2O hybrid materials. The modification strategies of photocata-
lysts, critical physical and chemical parameters of photocatalytic reactions, and the mechanism for the
synergistic improvement of photocatalytic performance are investigated and explored. In addition,
the application and photocatalytic performance of Cu2O-based photocatalysts in CO2 photoreduction,
hydrogen production, and water pollution treatment are discussed and evaluated. Finally, the current
challenges and development prospects are pointed out, to provide guidance in applying Cu2O-based
catalysts in renewable energy utilization and environmental protection.

Keywords: heterojunction; photocatalysis; synthesis; modification; application

1. Introduction

With the development of industrialization, the use of fossil fuels in industry has caused
many problems, such as carbon dioxide emissions causing global warming, water pollution,
and the destruction of surrounding biological habitats. Energy shortages and environ-
mental pollution pose a serious threat to the development of industry and agriculture,
and have become hot topics that need to be addressed [1,2]. Photocatalytic technology
utilizes semiconductor materials to achieve the photoreduction of CO2, the photocatalytic
decomposition of water, and the degradation of pollutants, and has the advantages of a
low cost, simple operation, and no secondary pollution [3–5]. Photocatalysis is a green
technology that fully utilizes solar energy, and is considered one of the most feasible and
promising methods to solve environmental and energy problems.

Since Fukushima et al. [6] discovered in 1967 that TiO2 can decompose water to
produce hydrogen under light, tremendous progress has been made in photocatalytic
technology. Due to its stable structure, high efficiency, low cost, nontoxicity, and high
optical stability, TiO2 has become widely studied in the past few decades [7,8]. However,
TiO2 can only absorb 3–5% of total ultraviolet light, so its utilization of sunlight is not high,
significantly limiting its practical application under sunlight [9,10]. To effectively utilize the
maximum proportion of visible light covering the solar spectrum (λ > 400 nm), in addition
to modifying TiO2, researchers have studied a series of novel photocatalysts with a visible
light response, such as simple oxides (ZnO [11] and Cu2O [12]), sulfides (CdS [13] and
MoS2 [14]), Bi-based materials (Bi2WO6 [15] and BiVO4 [16]), and nitrides (C3N4 [17]).
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Compared with other semiconductors, copper(I) oxide (Cu2O) has the advantages
of nontoxicity, a favorable environmental acceptability, low cost, and high activity. It has
been widely used in solar cells [18], carbon monoxide oxidation [19], photocatalysts [20],
electrocatalysts [21], and sensors [22]. As a p-type semiconductor, Cu2O has a bandgap
width of 2.17 eV, and a broad response range to the solar spectrum. A Cu2O material
is currently one of the most promising visible light photocatalysts, and has become a
research hotspot in photocatalysis. Li et al. [23] researched cubic c-Cu2O with the main
exposure surface of (100), and tested its photocatalytic degradation performance on methyl
orange (MO). It could completely decompose MO in an aqueous solution within 80 min
under visible light, and almost remained unchanged in five consecutive cycles, showing a
satisfactory stability. However, the application prospects of Cu2O in photocatalysis have
been limited due to its poor stability, susceptibility to photocorrosion, and low quantum
yield. To further improve the photocatalytic performance and stability of Cu2O, researchers
have focused on a series of studies on morphology control, heteroatom doping, and the
construction of semiconductor heterojunctions. With the increasing maturity in preparation
and detection methods, the research on improving the photocatalytic activity of Cu2O has
become more in-depth and diversified.

Unlike other reports in the literature [24–26], this paper reviews the preparation
methods and applications of different Cu2O-based composites reported in recent years. By
analyzing the roles of the different components in the photocatalytic process, we explain
the reasons behind the improvement of photocatalytic performance, and point out the
future direction that the industrial application of Cu2O-based composites could take.

According to data from the Web of Science platform by Clarivate Analytics (Figure 1),
research on the subject of the photocatalysis of Cu2O and Cu2O-based materials is increas-
ing year by year, indicating that Cu2O-based materials are becoming ideal candidates
for a variety of energy and environmental photocatalysis applications. Based on the re-
search direction of Cu2O photocatalysts, in this paper, the main preparation methods are
introduced, including their merits and demerits, and the current main research focus and
progress are reviewed. The research ideas and framework of this review are shown in
Figure 2. The frequently used methods for improving their photocatalytic performance
are reviewed, including morphology and size improvement, doping, metal loading, and
semiconductor hybridization. In addition, several representative Cu2O-based composite
photocatalysts are introduced, including metal/Cu2O composite, Cu2O semiconductor
composite, Cu2O/carbon material composite, and ternary composite photocatalysts. Their
applications in the photocatalytic reduction of CO2, photocatalytic hydrolysis of hydrogen,
photocatalytic degradation of pollutants, and photocatalytic reduction of metal atoms are
discussed through the combination of the experimental numbers and reaction principles.
Finally, the future development of Cu2O-based composite photocatalysts is considered.
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Figure 2. The research framework and basis of thinking for this review.

2. Synthetic Methods

The low utilization of visible light by single CuO materials, and the easy complexation
of electron–hole pairs generated by CuO under photoexcitation limit the application of
CuO materials in photocatalysis. There is currently more research on doping Cu2O with
high Li or Na metal concentrations. The bonding network of the off-domain two- and
three-electron centers is disrupted, effectively localizing the electrons in the limited space.

2.1. Preparation Methods

Different preparation methods to prepare effective Cu2O materials for photocatalytic
experiments have been reported in the literature. The thermal oxidation of metals is a
widely used method for synthesizing high-quality oxides. The final desired thickness of
the Cu2O layer is prepared based on the oxidation of the high-purity copper foil. The
temperature range is between 1000 and 1500 ◦C under a pure oxygen atmosphere or mixed
gas atmosphere (e.g., Ar + O2). The obtained Cu2O is polycrystalline, with different grain
structures depending on the chosen experimental conditions. In general, a mixture of
CuO and Cu2O appears in copper foil at the end of oxidation. The Cu2O appears first,
at the beginning of the oxidation process, while the CuO takes a long time to appear
in the oxidation process. Electrodeposition is one of the methods for the production of
high-quality Cu2O. The advantages of this method are that it is cheap, can efficiently
work on different substrates, and allows for adjustments in the material properties and
morphology according to the following parameters: the applied potential, current, and
temperature, and the pH of the tank solution. The first electrochemical synthesis of Cu2O
was by Stareck [27]. Subsequently, many other scholars developed different synthesis
methods, using copper precursors, electrolytes, and electrochemistry. Two types of Cu2O
nanoparticles were successfully synthesized by adjusting the pH of the electrolyte [28].
Firstly, the pH of the electrolyte was adjusted to 10, and a pyramid-shaped p-type Cu2O
crystal was grown on the FTO substrate. Subsequently, the pH was adjusted to 4.9, and
an ultra-thin layer of n-Cu2O deposition product was obtained (Figure 3). The p-Cu2O
nanoparticles and the n-Cu2O protective layer on the surface formed a p/n heterojunction.
The modified p/n-Cu2O had a bandgap of 2–2.2 eV, and could be excited by visible light
with a wavelength less than 600 nm. Its photocurrent response was significantly improved,
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increasing the charge transfer rate and the stability of the catalyst. Thus, the modified
p/n-Cu2O catalyst exhibited much higher activity than the original p-Cu2O.
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Figure 3. Schematic diagram of the procedure for the electrodeposition of p/n Cu2O on the FTO
substrate [28].

Magnetron sputtering is a process that uses high-energy particles to bombard a solid
target, so that atoms or molecules sputtered from the surface of the target form a thin
film in a specific region. The CuO films prepared using this method exhibit nanometer-
sized columnar structures, and the crystallinity, grain size, and film thickness of the Cu2O
films can be controlled by varying the sputtering parameters (e.g., the sputtering power,
oxygen content, oxygen concentration, sputter deposition time, and annealing temperature).
Cu2O–CuO films with an excellent photocatalytic performance have been deposited on
glass substrates using RF magnetron sputtering (Figure 4) [29]. It has been observed
that with the prolongation of the sputtering deposition time, the size of the Cu2O–CuO
nanoparticles has increased from 7 nm to 13 nm, and the thickness of the thin films
from 7 nm to 50 nm, resulting in a rougher surface, reduced bandgap, and decreased PL
strength. The results indicate that the structure, morphology, and optical and photocatalytic
properties of prepared Cu2O–CuO films are strongly dependent on the deposition thickness.
Under sunlight exposure, Cu2O–CuO films can completely degrade pollutants (methylene
blue and methyl orange) from water within only 60 min.
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2.2. Other Methods

In addition to the above methods, different surfactants [30–35] and micelles [36] have
been used, mainly to control the morphology of the prepared Cu-based catalyst parti-
cles. Cu2O nanocrystals and nanoarray with cubic [37–39], octahedral [40], and multipod
structures [41] have been prepared using these methods. Yang et al. [42] have proposed
a metal-induced thermal reduction (MITR) method for the in-situ growth of Cu2O crys-
tals on a copper substrate. The corresponding scheme is shown in Figure 5, and the
operation is divided into two steps: (a) under alkaline conditions, the Cu(OH)2 nanorod
array is in-situ grown by impregnating copper foil with a mixed solution of (NH4)2S2O8
and ammonia; and (b) the Cu(OH)2 on copper foil is directly thermally reduced to Cu2O
nanorod array films in a N2 atmosphere at 500 ◦C. The average diameter of a nanorod was
400 ± 100 nm, with a length of several micrometers. The method is simple and efficient,
and the preparation process has a low energy consumption and is controllable. In addition,
the introduction of the substrate metal Cu can significantly reduce the reduction tempera-
ture, by changing the Gibbs free energy of the reaction. Surfactant-free synthesis has also
been developed to reduce the interference of these surfactants [43–45]. Solvothermal [46,47]
and sol–gel [48] methods have also been tested. The wet chemistry route [49,50], thermal
evaporation [51,52], chemical vapor deposition [53,54], and hydrothermal route [55–58] are
also common methods for synthesizing such semiconductors. In addition, the correspond-
ing properties of Cu2O-based materials synthesized by different methods are detailed in the
Section 4, including their morphology, structure, band gap, and photocatalytic applications.
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Figure 5. The schematic illustration of the synthesis process of Cu2O nanorod array films [42].
Copyright 2016, Elsevier.

3. Modification Strategies

Although noble metals have been used in photocatalytic organic waste degradation
and CO2 reduction, their efficiency is still high. However, the cost is also high (e.g., Pt
and Au), making them unsuitable for future industrial development. In contrast, Cu2O is
inexpensive to use. It also has excellent CO2 capture ability and photochemical and struc-
tural properties, and shows unlimited development potential in CO2 reduction. However,
the high electron–hole complexation rate and the low optical quantum efficiency limit the
application of Cu2O in photocatalysis. To improve the photocatalytic efficiency of Cu2O,
the structure of Cu2O needs to be modified. The modified structures are mainly divided
into binary and ternary Cu2O heterostructure structures, and the addition of co-catalysts,
in this section.
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3.1. Binary Cu2O-Based Heterojunctions
3.1.1. Cu2O/Noble Metal Heterojunction

The Fermi energy level of the noble metal material is relatively low compared to that
of the catalyst in the photocatalytic reduction of CO2, which has a higher work function
than that of the catalyst. The mutual contact between the two will form a Schottky barrier
at the metal–semiconductor interface, which can effectively inhibit the complexation of
photoexcited electron–hole pairs, thus promoting the catalytic process, and improving the
catalytic efficiency of the catalyst. The currently synthesized Cu2O/noble metal composites
are Cu2O/Ag [59], Cu2O/Au [60], and Cu2O/Pt [61]. These materials show more than
90% photocatalytic efficiency for modified Cu2O.

Cu2O/Au nanostructures have been extensively investigated in recent years.
Kuo et al. [62] reported the synthesis of Au@Cu2O core–shell nanocrystals using a chemical
reduction method. The nanocrystals exhibited high activity in degrading methyl orange.
Ag is relatively inexpensive, and has a higher electron transfer efficiency than metallic Au.
Therefore, Ag/Cu2O catalysts have been more widely studied. Yang et al. [63] prepared
Cu2O/Ag spherical microstructures by depositing silver nanoparticles on the surface of
Cu2O through the thermal decomposition of silver acetate.

3.1.2. Cu2O/Graphene (GO) Heterojunction

From amorphous carbon black to crystalline structured natural layered graphite, and
from zero-dimensional nanostructured fullerenes to two-dimensional structured graphene,
carbon materials have been the most widely used and endlessly promising materials
on earth. In recent decades, carbon nanomaterials have attracted much attention. The
discovery of graphene self-assembled hydrogels with three-dimensional mesh structures
has dramatically enriched the carbon material family, and provided a new growth point for
new materials. Due to their unique nanostructure and properties, they have also shown
significant scientific significance and experimental results. Thus, they provide a new target
and direction when it comes to researching carbon-based materials. Graphene has been
compounded with semiconductor photocatalysts, using its regular two-dimensional planar
structure as a photocatalyst carrier. On the one hand, this could improve the dispersion of
the catalyst. On the other hand, it could accelerate the photogenerated charge migration
rate, and improve the photocatalytic activity of the composites.

Huang et al. [64] used the hydrothermal method to add graphene with the mass
fractions of 0.1, 0.5, and 1 to Cu2O, which were noted as Cu2O/GO-0.1, Cu2O/GO-0.5, and
Cu2O/GO-1, respectively (Figure 6). The experimental results showed that the highest
hydrogen yield of Cu2O modified with graphene (118.3 mmol) was more than twice
that of pure Cu2O (44.6 mmol). During the formation of Cu2O/GO composites, many
negatively charged functional groups in graphene can recombine with positively charged
copper ions by electrostatic adsorption, thus forming Cu2O/graphene composite structures
directly during the reduction process. This principle has been used to synthesize cubic
and octahedral Cu2O/GO composites. This structure could improve the efficiency of
electron–hole separation. It could also improve the stability of the prepared catalysts. The
experimental results showed that the cubic and octahedral Cu2O/GO composites degraded
methyl orange with more than 90% efficiency. After six replicate tests, the efficiency
remained above 70%, indicating that the prepared catalysts had excellent stability [65].

Graphene has properties such as the half-integer Hall effect, a unique quantum tun-
neling effect, and the bipolar electric field effect. In particular, its excellent electrical
conductivity and huge specific surface area provide a feasible way to solve the bottleneck
problem in the photocatalytic reaction of Cu2O-based composites.
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3.2. Ternary Cu2O-Based Heterojunctions

In recent years, binary photocatalytic composites of Cu2O have achieved high achieve-
ments in the treatment of organic matter form wastewater and CO2 reduction. How-
ever, it will be a long time before binary photocatalytic composites can be used in soci-
ety and daily life. Therefore, the development of ternary photocatalytic composites has
become inevitable.

Yang et al. [66] used ternary Ag-CuO/GO as a photocatalytic material in the photocat-
alytic degradation of methyl orange, and the degradation efficiency of Ag-CuO/GO on
the methyl orange was 90% after 60 min of visible light irradiation. Fu et al. [67] prepared
TiO2-Ag-Cu2O composite catalysts for enhanced photocatalytic hydrogen production. The
experimental results showed that the synergistic effect of Ag and Cu2O improved the
photocatalytic efficiency of the reaction. In addition, the prepared composite catalysts had a
double Z-scheme charge transfer pathway, which reduced the electron–hole complexation
probability. The weak oxidation holes and weak reduction electrons in the charge transfer
process were directly quenched, and the photogenerated carrier separation efficiency and
catalyst reduction capacity were significantly enhanced.

3.3. Co-Catalyst Addition

In addition to constructing heterojunction structures, the photocatalytic efficiency can
be improved by adding co-catalysts. Suitable co-catalysts are often present on the photocat-
alyst surface as active centers for oxidation or reduction, which can reduce the oxidation
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or reduction overpotential, and thus contribute to the photocatalytic reaction. In general,
co-catalysts have three primary roles: (1) promoting the separation of the photoexcited
electron–hole pairs; (2) inhibiting side reactions; and (3) improving the selectivity of the
target products. Yu et al. [68] reported that adding the co-catalyst Cl to Cu2O nanorods led
to a strong CO2 reduction ability. The experimental results showed that the addition of
co-catalyst Cl mainly reduced its direct energy band, and also achieved an increase in the
carrier density and conductivity. Zhang et al. [69] doped Zn in Cu2O microcubes, and the
hydrogen production rate of Cu2O was six times higher than that of pure Cu2O when the
Zn content was 0.1 wt.%. Kalubowila et al. [70] proposed a new method for introducing co-
catalysts. They used ascorbic acid (AA) to reduce the prepared Cu2O/GO, where Cu2O was
partially converted to Cu, and GO was fully converted to rGO. Cu nanoparticles with tens
of nanometers have acted as co-catalysts in Cu2O/Cu/rGO composites, providing centers
for effective charge transfer, and enhancing the performance of photocatalytic degradation.

4. Photocatalytic Applications

Semiconductor photocatalytic reactions are based on the solid energy band theory.
Under the light, the available photogenerated electrons (e−) and holes (h+) in the conduction
band (CB) and valence band (VB) of the semiconductor migrate to the surface, to participate
in the redox reaction. Therefore, the appropriate match between the CB/VB position of the
photocatalyst and the redox potential determines whether the reaction can occur. In general,
the CB position of the photocatalyst should be more negative to the reduction potential of
the reaction, to promote the transfer of e− from CB to the reactant; at the same time, the
VB position should be corrected to the oxidation potential of the reaction, to ensure that
holes can be transported from VB to the reactant. The bandgap of Cu2O-based materials
is shown in Figure 7 [71]. It has been proven that they can be used as photocatalysts to
achieve CO2 reduction (CO2RR), hydrogen production from water, pollutant degradation,
and the reduction reaction of Cr. This section summarizes and discusses the latest progress
in applications of Cu2O-based photocatalysts.

Molecules 2023, 28, x FOR PEER REVIEW 8 of 25 
 

 

process were directly quenched, and the photogenerated carrier separation efficiency and 

catalyst reduction capacity were significantly enhanced. 

3.3. Co-Catalyst Addition 

In addition to constructing heterojunction structures, the photocatalytic efficiency 

can be improved by adding co-catalysts. Suitable co-catalysts are often present on the pho-

tocatalyst surface as active centers for oxidation or reduction, which can reduce the oxi-

dation or reduction overpotential, and thus contribute to the photocatalytic reaction. In 

general, co-catalysts have three primary roles: (1) promoting the separation of the photo-

excited electron–hole pairs; (2) inhibiting side reactions; and (3) improving the selectivity 

of the target products. Yu et al. [68] reported that adding the co-catalyst Cl to Cu2O nano-

rods led to a strong CO2 reduction ability. The experimental results showed that the addi-

tion of co-catalyst Cl mainly reduced its direct energy band, and also achieved an increase 

in the carrier density and conductivity. Zhang et al. [69] doped Zn in Cu2O microcubes, 

and the hydrogen production rate of Cu2O was six times higher than that of pure Cu2O 

when the Zn content was 0.1 wt.%. Kalubowila et al. [70] proposed a new method for 

introducing cocatalysts. They used ascorbic acid (AA) to reduce the prepared Cu2O/GO, 

where Cu2O was partially converted to Cu, and GO was fully converted to rGO. Cu nano-

particles with tens of nanometers have acted as co-catalysts in Cu2O/Cu/rGO composites, 

providing centers for effective charge transfer, and enhancing the performance of photo-

catalytic degradation. 

4. Photocatalytic Applications 

Semiconductor photocatalytic reactions are based on the solid energy band theory. 

Under the light, the available photogenerated electrons (e−) and holes (h+) in the conduc-

tion band (CB) and valence band (VB) of the semiconductor migrate to the surface, to par-

ticipate in the redox reaction. Therefore, the appropriate match between the CB/VB posi-

tion of the photocatalyst and the redox potential determines whether the reaction can oc-

cur. In general, the CB position of the photocatalyst should be more negative to the reduc-

tion potential of the reaction, to promote the transfer of e− from CB to the reactant; at the 

same time, the VB position should be corrected to the oxidation potential of the reaction, 

to ensure that holes can be transported from VB to the reactant. The bandgap of Cu2O-

based materials is shown in Figure 7 [71]. It has been proven that they can be used as 

photocatalysts to achieve CO2 reduction (CO2RR), hydrogen production from water, pol-

lutant degradation, and the reduction reaction of Cr. This section summarizes and dis-

cusses the latest progress in applications of Cu2O-based photocatalysts. 

 

Figure 7. Diagram of the bandgap of copper-oxide-based photocatalysts [71]. Copyright 2022, Else-

vier. 

Figure 7. Diagram of the bandgap of copper-oxide-based photocatalysts [71]. Copyright 2022, Elsevier.

4.1. Photocatalytic CO2 Reduction

Photocatalytic technology can convert CO2 into CO and hydrocarbon fuels, achieving
carbon recycling, and reducing greenhouse gas emissions. The application of Cu2O has
been hampered largely by its inherent photocorrosion, ultra-fast charge recombination
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rate, and slow charge transport dynamics. In recent years, researchers have conducted and
developed a series of novel Cu2O-based photocatalysts, making significant progress.

As is well known, semiconductors with different morphologies often expose different
crystal faces, and exhibit varying photocatalytic activity. Celaya et al. [72] calculated by
density-functional theory (DFT) that the (110) and (111) crystal faces of Cu2O have the
potential of photocatalytic reduction of CO2 to produce hydrocarbon derivatives. To further
determine the catalytic mechanism and active site, Wu and his colleagues [73] successfully
prepared Cu2O nanocrystals with (110) and (100) crystal faces through colloidal synthesis,
and carried out photocatalytic reactions using CO2 and H2O. gas chromatography–mass
spectrometry (GC-MS), confirming that methanol was the only product of photoreduction,
and the internal quantum yield was approximately 72%. In photocatalytic reactions, the
(110) surface of a single Cu2O particle showed photocatalytic activity, while the (100)
surface was inert. The electronic density of the Cu active site on the (110) surface moved
from Cu (i) to Cu (ii), and the oxidation state of the Cu changed from Cu (ii) to Cu (i) after
CO2 conversion under light. In 2022, Sahu et al. [74] synthesized and characterized Cu2O
photocatalysts with cubic and truncated cubic structures. Their correspondingly exposed
crystal faces were different (Figure 8). Due to the selective accumulation of e− and h+ on
different crystal planes, the photocatalytic activity in selectively reducing CO2 to methanol
on cubic Cu2O with anisotropic {100} and {110} crystal planes was nearly 5.5 times higher
than that on cubic Cu2O with only {100} crystal planes.
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Meanwhile, researchers have adopted various modification methods to optimize the
structure and performance of the photocatalyst. Element doping is a commonly used
method to effectively change the physical properties of semiconductors, to improve their
catalytic activity. Cl doping has been shown to optimize the catalytic activity of Cu2O [75].
At 400 nm, the apparent quantum yield (AQE) of Cl-doped Cu2O photocatalytic reduction
of CO2 to CO and CH4 increased, with 1.13% and 1.07% for CO and CH4, respectively.
The reason behind the enhanced performance of CO2RR was not only that the Cl doping
optimized the energy band structure and conductivity of Cu2O, and improved the adsorp-
tion capacity of CO2 and the separation efficiency of the photogenerated carriers, but also
that the Cl-doped Cu2O was conducive to the conversion of CO2 into the intermediates of
*COOH, *CO, and *CH3O, thus improving the yield and selectivity of CO and CH4.

Constructing heterojunction structures is also an effective method for band reconstruc-
tion. In heterostructures, the internal electric field is formed at the contact interface of two
or more semiconductors with the movement of the Fermi level, which drives the directional
migration and separation of photogenerated electrons and holes. Common heterojunctions
include the traditional (Type-I, II, and III), p–n, Z-scheme, and S-scheme. The p–n hetero-
junction of Cu2O and n-type semiconductors can effectively delay the recombination of
photogenerated carriers, and promote electron transfer [76]. The yield of the photocatalytic
reduction of CO2 to CH3OH from the Cu2O/TiO2 heterojunction after 6 h of UV–Vis ir-
radiation has been 21.0–70.6 µmol/gcat. At the p–n heterojunction, the photogenerated
electrons and holes are separated and transferred to the CB/VB with lower potential energy,
respectively, resulting in a redox ability closer to the lower of the two semiconductors. The
Z-scheme heterostructure solves this problem perfectly. Electrons and holes in the CB/VB
with lower energy recombine, and cancel each other out in the Z-scheme heterojunction,
thus retaining the higher conduction and valence band values in the two semiconductors,
and enhancing the redox ability of the photocatalyst. For example, the Ag-Cu2O/ZnO
nanorods (NRs) reported by Zhang and his team showed an enhanced photocatalytic CO2
reduction performance [77]. Under UV–vis light, the yield of CO significantly increased,
which was seven times higher that of pure ZnO or Cu2O NRs. The results showed that the
deposited Cu2O can enhance the chemical adsorption of CO2 on the catalyst surface, and
the Z-scheme charge transfer pathway formed between the ZnO and Cu2O can promote
effective charge separation, thereby improving the photocatalysis performance.

Due to the small bandgap energy and high conduction band value of Cu2O-based
materials, the products of photocatalytic CO2RR are complex, mainly including CO and
various organic compounds (CH4, CH3OH, HCOOH). According to the different reaction
products, the application of Cu2O-based materials in photocatalytic CO2 reduction is
summarized in Table 1.

49



M
ol

ec
ul

es
20

23
,2

8,
55

76

Ta
bl

e
1.

Th
e

ap
pl

ic
at

io
n

of
C

u 2
O

-b
as

ed
ph

ot
oc

at
al

ys
ts

fo
r

C
O

2R
R

.

Ph
ot

oc
at

al
ys

t
Sy

nt
he

si
s

M
et

ho
d

M
or

ph
ol

og
y

an
d

St
ru

ct
ur

e
Si

ze
B

an
dg

ap
(E

g
)

Li
gh

tR
es

ou
rc

e
Pr

od
uc

t
Yi

el
d

(µ
m

ol
·g

−
1

h
−

1 )

En
er

gy
C

on
ve

rs
io

n
Ef

fi-
ci

en
cy

/S
el

ec
ti

vi
ty

R
ef

s.

C
u 2

O
/C

u/
C

V
O

H
yd

ro
th

er
m

al
an

d
w

et
ch

em
ic

al
re

du
ct

io
n

m
et

ho
ds

C
u 2

O
na

no
cl

us
te

rs
an

d
C

u
N

Ps
co

ve
r

th
e

su
rf

ac
e

of
el

lip
tic

C
V

O
N

Ps

~1
00

nm
Eg

C
V

O
:2

.3
4

eV
;

Eg
C

u 2
O

:1
.8

7
eV

30
0

W
X

e
la

m
p

(λ
>

40
0

nm
)

C
O

an
d

C
H

4
6.

97
an

d
1.

62
Se

le
ct

iv
it

y:
51

.3
%

fo
r

C
O

[7
8]

3D
po

ro
us

C
u 2

O
El

ec
tr

od
ep

os
it

io
n

an
d

th
er

m
al

ox
id

at
io

n.
3D

po
ro

us
st

ru
ct

ur
e

23
–2

5
µ

m
2.

0
eV

30
0

W
X

e
la

m
p

(λ
>

42
0

nm
)

C
O

,C
H

4,
an

d
C

2H
4

26
.8

,4
.0

4,
an

d
0.

66
—

[7
9]

Sp
he

ri
ca

lC
u/

C
u 2

O
So

lu
ti

on
ch

em
ic

al
m

et
ho

d
Sp

he
ri

ca
ls

tr
uc

tu
re

1
µ

m
—

30
0

W
X

e
la

m
p

(λ
>

42
0

nm
)

C
O

,C
H

3O
H

,
an

d
H

2
87

.7
,1

0.
2,

an
d

5.
4

—
[8

0]

C
u 2

O
-P

d
A

A
re

du
ct

io
n

an
d

in
si

tu
m

et
ho

ds
C

ub
e

~2
µ

m
1.

90
eV

30
0

W
X

e
la

m
p

(λ
>

42
0

nm
)

C
O

0.
13

—
[8

1]

U
io

-6
6-

N
H

2/
C

u 2
O

/C
u

H
yd

ro
th

er
m

al
m

et
ho

d

O
ct

ah
ed

ro
n

U
iO

-6
6-

N
H

2
an

d
C

u
at

ta
ch

ed
to

th
e

su
rf

ac
e

of
po

ly
he

dr
on

C
u 2

O

1.
5
µ

m
2.

79
eV

30
0

W
X

e
la

m
p

C
O

4.
54

—
[8

2]

C
u 2

O
-1

11
-C

u0
O

ne
-p

ot
m

et
ho

d
O

ct
ah

ed
ra

ls
tr

uc
tu

re
si

de
le

ng
th

of
~1

µ
m

1.
98

eV
30

0
W

X
e

la
m

p
C

H
4

78
.4

97
%

[8
3]

A
g 4

/C
u 2

O
@

rG
O

W
at

er
ba

th
co

m
bi

ni
ng

w
it

h
ga

s-
bu

bb
lin

g-
as

si
st

ed
m

em
br

an
e

re
du

ct
io

n

U
lt

ra
th

in
rG

O
na

no
sh

ee
ta

nd
A

g
N

Ps
su

pp
or

te
d

on
C

u 2
O

oc
ta

he
dr

al
na

no
cr

ys
ta

ls

C
u 2

O
:3

00
nm

;
A

g:
10

.7
nm

;
rG

O
:1

.0
nm

(t
hi

ck
ne

ss
)

Eg
A

g/
C

u 2
O

:
1.

92
eV

;
Eg

C
u 2

O
:2

.0
eV

30
0

W
X

e
la

m
p

(λ
>

38
0

nm
)

C
H

4
82

.6
A

Q
E:

1.
26

%
.

Se
le

ct
iv

it
y:

95
.4

%
[8

4]

1D
C

u 2
O

@
C

u
N

R
s

In
si

tu
re

du
ct

io
n

m
et

ho
d

O
ne

-d
im

en
si

on
al

na
no

ro
d

ar
ra

ys
<1

00
nm

2.
03

eV
35

0
W

X
e

la
m

p
(λ

>
42

0
nm

)
C

H
4

an
d

C
2H

4
—

A
Q

E:
2.

4%
[8

5]

R
T-

C
u 0

.7
5

Lo
w

te
m

pe
ra

tu
re

th
er

m
oc

he
m

ic
al

re
du

ct
io

n
an

d
ph

ot
o-

de
po

si
ti

on

—
—

2.
72

eV
10

0
W

so
la

r
si

m
ul

at
or

w
it

h
an

A
M

1.
5

fil
te

r
C

H
4

77
nm

ol
·g

−
1

h−
1

A
Q

E:
0.

01
2%

[8
6]

U
-C

u 2
O

-L
TH

@
PC

N
-X

In
si

tu
re

du
ct

io
n

U
lt

ra
fin

e
na

no
cl

us
te

rs
<3

nm
Eg

PC
N

:2
.6

2
eV

;
Eg

U
-C

u 2
O

-L
TH

:
2.

07
eV

30
0

W
X

e
la

m
p

(λ
>

40
0

nm
)

C
H

3O
H

51
.2

2
A

Q
E:

1.
01

%
[8

7]

50



M
ol

ec
ul

es
20

23
,2

8,
55

76

Ta
bl

e
1.

C
on

t.

Ph
ot

oc
at

al
ys

t
Sy

nt
he

si
s

M
et

ho
d

M
or

ph
ol

og
y

an
d

St
ru

ct
ur

e
Si

ze
B

an
dg

ap
(E

g
)

Li
gh

tR
es

ou
rc

e
Pr

od
uc

t
Yi

el
d

(µ
m

ol
·g

−
1

h
−

1 )

En
er

gy
C

on
ve

rs
io

n
Ef

fi-
ci

en
cy

/S
el

ec
ti

vi
ty

R
ef

s.

Fe
3O

4@
N

-C
/C

u 2
O

A
A

re
du

ct
io

n
an

d
ae

ro
bi

c
ox

id
at

io
n

R
od

-s
ha

pe
d

co
re

–s
he

ll
na

no
st

ru
ct

ur
e

5
nm

(t
hi

ck
ne

ss
of

N
C

sh
el

ll
ay

er
)

—
5

W
X

e
H

ID
la

m
p

C
H

3O
H

14
6.

7
—

[8
8]

D
od

ec
a-

C
u 2

O
/r

G
O

So
lu

ti
on

-c
he

m
is

tr
y

R
ho

m
bi

c
do

de
ca

he
dr

a
40

0–
70

0
nm

2.
16

eV
30

0
W

X
e

la
m

p
(λ

>
42

0
nm

)
C

H
3O

H
17

.7
65

—
[8

9]

C
ar

bo
n

la
ye

r@
C

Q
D

s/
C

u 2
O

H
yd

ro
th

er
m

al
m

et
ho

d
N

ea
rl

y
sp

he
ri

ca
l

st
ru

ct
ur

e
~2

µ
m

di
am

et
er

2.
09

eV
30

0
W

X
e

la
m

p
C

H
3O

H
99

.6
—

[9
0]

Ti
3C

2
Q

D
s/

C
u 2

O
N

W
s/

C
u

Se
lf

-a
ss

em
bl

y
st

ra
te

gy
Q

D
s

in
co

rp
or

at
ed

on
to

N
W

s
~5

00
nm

(d
ia

m
et

er
of

N
W

s)
2.

02
eV

A
M

1.
5,

30
0

W
X

e
la

m
p

C
H

3O
H

78
.5

0
—

[9
1]

C
u@

C
u 2

O
Th

er
m

al
tr

ea
tm

en
t

C
or

e–
sh

el
l

na
no

pa
rt

ic
le

s
~7

0
nm

di
am

et
er

—
X

e
la

m
p

(4
20

–7
80

nm
)

H
C

O
O

H
67

.3
5

A
Q

E:
0.

12
%

at
56

0
nm

[9
2]

N
H

2-
C

@
C

u 2
O

Lo
w

te
m

pe
ra

tu
re

an
ne

al
in

g
O

ct
ah

ed
ra

ls
tr

uc
tu

re
—

1.
79

eV
30

0
W

X
e

la
m

p
(λ

>
42

0
nm

)
H

C
O

O
H

13
8.

65
Se

le
ct

iv
it

y:
92

%
[9

3]

51



Molecules 2023, 28, 5576

4.2. Photocatalytic H2 Production

Hydrogen energy is abundant and renewable, which can effectively avoid energy
exhaustion, and the products of hydrogen energy combustion will not cause pollution.
Photocatalytic hydrogen production has the advantages of high efficiency, low cost, and
environmental friendliness, and has great potential in high-efficiency hydrogen evolu-
tion. Common semiconductor photocatalysts (such as TiO2, ZnO, and g-C3N4.) have the
disadvantage of a low utilization of sunlight, and the photocatalytic hydrogen evolution
efficiency is not ideal. In recent years, Cu2O has become a research hotspot in photocat-
alytic hydrogen evolution because of its excellent photoresponsiveness. However, the poor
charge separation ability of pure Cu2O lowers its hydrogen evolution performance. It is
essential to modify and adjust Cu2O-based catalysts to meet the practical need to increase
the hydrogen production yield.

Hybridizing Cu2O with other semiconductor materials to construct heterojunctions
can achieve the effective separation of photo-induced charge carriers, which is an effective
method to enhance photocatalytic activity, and has been validated in numerous studies
on photocatalytic hydrogen production. NiFe2O4/Cu2O with different mass percentages
has been synthesized by impregnation and thermal annealing methods to construct p–n
heterojunctions [94]. The photocatalytic hydrogen production rate of all heterojunctions was
significantly higher than that of the original material. The 50/50 mass ratio was the most
effective, and the hydrogen production rate within 24 h was 102.4 mmol·g−1, while NiFe2O4
and Cu2O only obtained 1.35 and 0.85 mmol·g−1, respectively. The increase in activity
came from the enhanced charge separation at the heterojunction, which increased the
concentration of charge carriers (Figure 9). Cu2O/CaTiO3 series samples were synthesized
using the hydrothermal method and NaBH4 reduction treatment [95]. The photocatalytic
hydrogen production effect of the 50Ca10Cu sample was the best (8.268 mmol·g−1·h−1),
about 344.5 times that of the CaTiO3 sample. It also exhibited perfect stability after multiple
cyclic tests.
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The above p–n heterojunctions are typical type-II heterojunctions, which often im-
pair the redox capacity of photogenerated electrons and holes. Researchers have recently
designed and constructed Z-scheme and step-scheme (S-scheme) heterojunctions for photo-
catalytic hydrogen production. For example, dendritic branched Cu2O was synthesized
hydrothermally, and Cu2O/TiO2 composites were prepared via surface charge modu-
lation [96]. The hydrogen production rate of the optimized CT-70 (Cu2O coupled with
70 wt.% TiO2) photocatalyst reached 14.020 mmol−1 within six hours, which was 264 and
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44 times higher than that of pure Cu2O and TiO2, respectively. The electron transfer mech-
anism of the Z-scheme was proposed and verified via DFT calculation and EPR analysis.
Under simulated sunlight, photoexcited electrons migrate from the CB of TiO2 to the VB of
Cu2O, and then recombine with photogenerated holes in the VB of Cu2O, thereby retaining
highly reducing electrons and highly oxidizing holes (Figure 10). Therefore, under the
conditions of sensitive photosensitivity and the effective separation of photogenerated
electrons and holes, the performance of photocatalysts in hydrogen evolution under visible
light is significantly improved. The S-scheme heterojunction photocatalyst has a similar
efficient carrier separation performance and enhanced redox capacity. Cu2O/g-C3N4 com-
posites were successfully synthesized using a simple wet chemical method, and applied in
the field of photocatalytic energy production. Cu2O/g-C3N4 series samples showed high
catalytic activity. In particular, 1-Cu2O/g-C3N4 showed the highest hydrogen evolution
rate of 480.6 µmol·g−1·h−1 under visible light irradiation, 12.0 times that of the original
Cu2O sample. Based on the analysis of the experimental and simulation results, the ideal
catalytic performance of the Cu2O/g-C3N4 photocatalyst was derived from the efficient
interfacial charge separation and transfer of the S-scheme heterostructure [97].
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Figure 10. (a) Type-II and (b) Z-scheme electron transfer mechanism in Cu2O/TiO2 photocatalyst [96].
Copyright 2021, Elsevier.

Furthermore, photocorrosion is currently an urgent problem for Cu2O photocatalysts,
and finding effective strategies to suppress photocorrosion in photocatalysts is still an
enormous challenge. To overcome this challenge, Liu et al. [98] proposed a core–shell
model: the Cu2O/PyTTA-TPA COF nanocube photocatalyst was constructed using an
energy level matching the Cu2O and 2D PyTTA-TPA COF. It exhibited an excellent photo-
catalytic hydrogen evolution rate of 12.5 mmol·g−1·h−1, approximately 8.0 and 20.0 times
higher than the PyTTA TPA COF and Cu2O, respectively. Most importantly, under the
protection of the stable PyTTATPA-COF shell, the Cu2O nanocube core was protected from
photocorrosion, and did not show noticeable morphological or crystal structure changes
after 1000 light excitations, thus significantly improving the photocorrosion resistance
stability of the catalyst. Table 2 shows the recently reported Cu2O-based materials for
photocatalytic hydrogen production.
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4.3. Photocatalytic Degradation of Pollutants

With the rapid development of the global economy, industrial and agricultural waste
is produced in large quantities, and continues to enter the environment. Many organic
pollutants also enter the environment, and some show persistent pollution, which is dif-
ficult to remove through microbial action and hydrolysis. The long-term existence and
accumulation of refractory pollutants leads to environmental pollution and ecological im-
balance, and even threatens human survival and development. Research and development
around pollutant degradation technology are critical. Photocatalytic technology has shown
promising prospects for treating refractory pollutants, such as the photocatalytic processes
that mineralize organic pollutants into water and CO2, and which essentially eliminate
secondary pollution, rather than concentrating these pollutants and their by-products
into the waste stream. In the past few decades, extensive research has been conducted
on Cu2O-based photocatalysts to purify the environment. Table 3 summarizes the recent
reports of Cu2O-based photocatalysts in pollutant degradation.

Among all the types of pollutants, organic dyes have become an important source of
water pollution. As refractory organic pollutants, dyes cause severe damage to human
health and the ecological balance. Traditional adsorption methods only transfer toxic
organic molecules to the solid surface, without eliminating them, and still run the risk
of desorption. MBC@Cu2O composites have been prepared by loading porous spherical
Cu2O onto wood biochar carriers, with a liquid-phase synthesis strategy, at room temper-
ature [109]. As a bi-functional adsorption-based photocatalytic composite, MBC@Cu2O
showed great potential in removing anionic dye methyl orange (MO) from water. Under
visible light irradiation, the photocatalytic degradation efficiency of MO reached 94.5%,
and remained above 80% after five cycles. In another work, Sehrawat and his team pre-
pared MoS2/Cu2O composites with different weight ratios via precipitation, using MoS2
nanosheets and Cu2O nanospheres [110]. The photocatalytic degradation of indigo carmine
(IC) dye was carried out under simulated visible light. Compared to the original MoS2,
the optimized MC-3 sample showed the best degradation performance, with a degrada-
tion rate of 99.59% for IC within 90 min, and no significant change in performance after
five cycles. Experiments regarding the capture of active species showed that the photo-
catalytic reaction relied on the production of the superoxide radical (•O2

−), and further
verified the Z-scheme mechanism of the MoS2/Cu2O photocatalyst. In the same year,
Li et al. synthesized the core–shell WO3-Cu2O Z-scheme heterojunction via hydrothermal
and electrochemical deposition methods for the photocatalytic degradation of methylene
blue (MB) under visible light [111]. The Cu2O nanoparticles deposited on the surface of
WO3 enhanced the visible light absorption ability. The Z-scheme heterojunction achieved
the effective spatial separation of the charges, and retained the strong redox ability of
the photogenerated electrons and holes. The WO3-Cu2O-120s photocatalyst showed the
highest reaction rate, almost twice that of the original WO3.

As a typical persistent organic pollutant, antibiotics are difficult to degrade and remove,
due to their low biodegradability, which has become a thorny problem in water pollution
control. Research has shown that the defect states and vacancies caused by element
doping significantly impact the catalytic performance of semiconductor materials. Doping
semiconductor functional materials with specific elements provides a feasible way to
overcome the obstacles in applications for photocatalytic degradation. Nie et al. synthesized
Cl-doped Cu2O microcrystals using a simple hydrothermal method, and used them to treat
levofloxacin contaminants (LVX) under mild reaction conditions [112]. Compared with
other reaction systems, the synthesis of Cl-doped Cu2O has a higher degradation efficiency
for levofloxacin. After 240 min of photocatalytic reaction, the maximum degradation rate
of LVX was 85.8% and 80.3% after eight cycles, indicating the stability and reusability of the
photocatalyst. Based on the theoretical calculation and test results, it can be concluded that
introducing hybrid orbitals and oxygen vacancy defects into Cu2O crystal cells by doping
Cl reduces the band gap of Cu2O, resulting in a red shift in the absorption edge. Compared
with pure Cu2O microcrystals, the prepared Cl-doped Cu2O single crystals with oxygen
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vacancy had a narrower band gap, and higher photogenerated electron–hole separation
and transport efficiency. Considering the close relationship between the morphology and
electronic structure, surface energy, and chemical reactivity of nanocrystals, it is of great
significance to explore the influence of the morphology/exposed crystal surface of Cu2O
on the synthesis process and the photocatalytic performance. Wu et al. developed a
series of Cu2O@HKUST-1 core–shell structures via self-constrained strategies, using Cu2O
nanocrystals with different morphologies as templates [113]. The characterization results
indicated that the (111) surface of Cu2O was more favorable for the growth of HKUST-1 than
the (100) surface. Comparing the photocatalytic degradation performance of tetracycline
hydrochloride (TC-HCl), it was found that Cu2O@HKUST-1 had the best photocatalytic
performance among the three types of composite material, with a degradation efficiency of
95.35% for TC-HCl. It was attributed to the excellent photoresponse, and the most effective
interfacial charge transfer and separation in the Cu2O@HKUST-1 cubes.

In addition to organic dyes and antibiotics, solar-powered Cu2O-based photocatalysts
can degrade heavy metal pollutants in wastewater, mainly toxic hexavalent chromium (Cr
(VI)). Xiong et al. [114] constructed a Cu2O/LDH photocatalyst by grafting Cu2O-NP, and
embedding it into the LDH host layer through an in-situ reduction strategy. CuZnTi LDH
is valuable in two aspects: (a) as a source of Cu2O, and (b) as a support bracket to avoid
the self-oxidation of Cu2O-NPs. The optimized photocatalyst showed a high degradation
efficiency for difficult-to-degrade pollutants under visible light conditions, with a reduction
rate of 95.5% for Cr (VI) by Cu2O/LDH0.10, and a degradation rate of 71.6% for TC. The
excellent photocatalytic efficiency was attributed to the charge transfer mechanism of the
Cu2O/ZnTiLDH p–n heterojunction, effectively promoting the separation and migration
of the photogenerated electron–hole. Recently, Zhu et al. [115] used the Si and Cu of
waste serpentine tailings and WPCB to prepare low-cost waste-based Cu-Cu2O/SiO2
photocatalysts. Due to the dispersion of Cu-Cu2O3 on the surface of the SiO2 carrier, the
composite material obtained a higher specific surface area. The photocatalytic reduction of
Cr (VI) using waste-based catalysts was the best at a loading rate of 9% Cu and 7g·L−1 SiO2,
and the photocatalytic activity decreased by only 4.93% after five cycles. The mechanism of
Cr (VI) reduction by the waste Cu-Cu2O/SiO2 photocatalyst is to excite the waste Cu2O
to produce photoelectron–hole pairs. The electrons in the waste group Cu2O CB reduce
Cr (VI) adsorbed on the surface to Cr (III), and the surface Cu drives the electrons to the
surface of the Cu metal, without returning the waste group Cu2O.

Moreover, the accumulation in soil and water of herbicides, insecticides used in the
agriculture and food industries, and phenolic compounds emitted from industry, such
as petrochemicals and pharmaceuticals, can have significant harmful effects on humans
and aquaculture systems. The use of metal oxide photocatalysts has been proven to be
an effective, low-cost, and green method for treating such wastewater. In 2021, Alp [116]
successfully synthesized hybrid Cu2O-Cu cubes by reducing D(+)-glucose in an alkaline
solution using a one-step aqueous solution synthesis method, without any toxic reagents
or surfactants. The Cu2O-Cu exhibited excellent photocatalytic properties for dyes and
herbicides, due to the effective separation of photogenerated electron–holes and the en-
hanced charge transfer mechanism at heterojunctions. In particular, when dealing with
2,4-Dichlorophenoxyacetic acid (2,4-D), one of the widely used herbicides in agriculture
and urban landscaping, the degradation effect of the Cu2O-Cu heterojunction was out-
standing. It photodegraded all of the 2,4-D in the medium within 40 min, while the original
Cu2O cube photodegraded 85% within 60 min. In the same year, Mkhalid et al. [117] pre-
pared a Cu2O photocatalyst loaded with Cu nanoparticles via sol–gel and photo-assisted
deposition technology. The structure and optical and photoelectric properties of the pre-
pared photocatalyst were improved by adjusting the Cu content. The results showed
that the band gap of the Cu2O loaded with 15% Cu was reduced to 1.95 eV, significantly
enhancing the visible light absorption ability. The optimized Cu@Cu2O photocatalyst
completely photodecomposed atrazine (AZ, a commonly used triazine herbicide) within
30 min, and demonstrated excellent durability. In recent years, effectively solving the
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problem of phenolic pollutants in livable environments has also been a major challenge
faced by humanity, and has received a high level of attention from many researchers. A low-
cost but highly efficient phosphate-doped carbon/Cu2O composite (HKUST-1-P-300) was
reported by Dubai et al. [118]. The catalyst was derived from the modification of HKUST-1
with triphenylphosphine and conditioned calcination. Under visible light irradiation, the
degradation efficiency of HKUST-1-P-300 for phenol was 99.8%, the hydrogen evolution
rate was 1208 µmol, and the external quantum efficiency was 48.6% (at 425 nm) within
90 min, and the high performance could still be maintained after four cycles. Mechanism
studies showed that the excellent photocatalytic activity of HKUST-1-P-300 came from
multiple synergistic effects: an enhanced visible light absorption efficiency, a larger surface
area, the effective separation of photogenerated carriers, a reduced aggregation of Cu2O,
and the P-doped carbon/Cu2O structure. These novel Cu2O-based materials, as highly
efficient photocatalysts, have potential applications in removing environmental pollutants,
and generating clean energy, to promote sustainable environmental construction.

Table 3. Recently reported Cu2O-based materials for the photocatalytic removal of pollutants.

Photocatalyst Synthesis
Method

Morphology and
Structure Size Bandgap (Eg) Light Resource Targe Pollu-

tant/Concentration/Volume Efficiency Cycle Refs.

Ag-Cu2O
Electrochemical
deposition and
redox reaction

Composite film — 2.02 eV 500 W halogen lamp MB/30 mg·L−1/50 mL 92% 3 [119]

Cr-doped Cu2O Hydrothermal
method Octahedrons 800–1200 nm 2.06 eV 500 W tungsten halogen

lamp (400–1100 nm) LVX/40 mg·L−1/50 mL 79.6–72.4% 1–8 [120]

BiOCl/Cu2O Solvothermal
method Spherical shape 3–5 µm 2.00 eV 500 W Xenon lamp Moxifloxacin/

20 mg·L−1/50 mL 72.3% 5 [121]

C-dots/
Cu2O/SrTiO3

Hydrothermal
and two-step

method

Chocolate ball
with sesame on

the surface
~2.16 µm

EgSrTiO3
:

3.19 eV;
EgCu2O: 2.10 eV

500 W Xenon lamp
(λ > 420 nm)

CTC.HCl/15 mg·L−1/
50 mL

92.6% 4 [122]

CuO-Cu2O
Chemical–

thermal
oxidation

Nanorods 60 nm 1.90 eV 150 W metal halide lamp
(λ > 400 nm) MB/5 mg·L−1/50 mL 80% 3 [123]

Cotton
fabrics/Cu2O-NC

Impregnation and
HH reduction

Octahedron
Cu2O attached to

cotton fibers

20–40 nm of
diameter of Cu2O EgCu2O: 2.20 eV 350 W Xenon lamp

(λ > 400 nm) MB/200 ppm/200 mL 98.32–85% 1–5 [124]

Cu2O@HKUST-1 In-situ converted
strategy

Octahedron
structure —

EgCu2O: 1.95 eV;

EgHKUST-1:
2.59 eV

Tungsten lamp
(>420 nm, 500 W)

TC-HCl/20 mg·L−1/
100 mL

93.40–90.02% 1–4 [125]

Fe3O4/Cu2O-Ag
Solvothermal and
liquid deposition

methods

Double six peak
structure ~5 nm 2.23 eV — PAHs/5 mg·L−1/100 mL 95–90% 1–8 [126]

Cu2O/ZnO@PET
Electroless
template

deposition

Rectangular-
shaped ~13 ± 4.5 nm 3.2–3.4 eV Ultra-Vitalux 300W Czm/1.0 mg·L−1/100 mL 98–26% 1–6 [127]

Cu2O-Au-TiO2

Two-step
photocatalytic

deposition

Core–shell
structure ~50 nm 1.4–1.7 eV Xenon lamp (λ > 422 nm) Cr(VI)/10 mg·L−1/50 mL 100% (3h) 3 [128]

Cu2O/N-CQD/
ZIF-8

Reduction
precipitation

Spherical
structure ~80–100 nm 2.6 eV, 300 W Xenon lamp

(λ > 420 nm) Cr(VI)/20 mg·L−1/50 mL 98.99–97.13% 1–5 [129]

Cu2O/rGO/BiOBr Two-step strategy Hierarchical
microspheres 500 nm–1 µm EgBiOBr: 2.7 eV;

EgCu2O: 1.9 eV
300 W Xenon lamp

(λ ≥ 420 nm) Cr(VI)/20 mg·L−1/50 mL 100% (40 min) 5 [130]

Cu-TiO2-Cu2O Photodeposition The triple
junction structure ~20 nm — 300 W Xenon lamp

(200–2400 nm) 2,4,5-T/50 ppm/100 mL 93% 3 [131]

Ag-Cu2O/rGO Two-step
reduction process

Spherical AgNPs
deposited on the

Cu2O situated on
the surface of

rGO sheets

~60 nm —
60 W tungsten filament

lamp (500–700 nm,

0.24 W/cm2)

MO/40 mg·L−1/50 mL

Phenol/20 mg·L−1/50 mL

90% (60min);
Rate constant

of phenol
degradation:

0.09732

3 [132]

4.4. DFT Study Applied in the Photocatalysis

At the present time, there are fewer studies revealing the reaction mechanism of Cu2O
through DFT simulations. Moreover, the catalytic microstructure and mechanism of Cu2O-
based composites are still unclear. Designing Cu2O-based photocatalysts, and investigating
the mechanism of improving photocatalytic activity at the molecular level require the
introduction of theoretical calculations. In future studies, DFT simulations and experiments
are needed, to reveal the relationship between the establishment of the microstructure
and the catalytic activity of the photocatalysts, which will provide the theoretical basis for
future photocatalytic industrial applications.
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Lv et al. [133] analyzed the electronic structure and photocatalytic properties of Cu2O
doped with different contents of Mn, using first-principle calculations. The simulation
results showed that the visible light absorption intensity and photocatalytic efficiency
were enhanced with the increase in doping concentration, and varied with the doping
configuration, compared to pure Cu2O. The enhanced light absorption was mainly at-
tributed to the in-band leaps of the electrons in the three-dimensional state of Mn. The
enhancement of light absorption was mainly due to the in-band leaps of electrons in the
three-dimensional state of Mn, which gave the semiconductor material certain metallic
properties, and increased the absorbance of the visible light. Therefore, Cu2O applied to
the future industrialization of photocatalysis could be doped with a small amount of Mn in
the semiconductor, to improve the photocatalytic efficiency.

5. Conclusions

In recent years, the practical photocatalytic applications of Cu2O-based materials in sci-
entific fields such as solar energy conversion and environmental remediation have attracted
great interest. As a transition metal oxide, Cu2O has the advantages of a narrow band
gap, strong visible light response, suitable conduction band position, low cost, and great
potential as a photocatalyst. This paper introduces the basic properties, synthesis meth-
ods, and modification strategies of Cu2O-based materials. Recently reported Cu2O-based
photocatalysts and their recent advances in photocatalysis, such as photocatalytic CO2
reduction, photocatalytic hydrogen production, and pollutant degradation, are reviewed.
However, the research on Cu2O-based materials is still in its early stages, and there is room
for improvement in their photocatalytic performance.

1. Currently, most Cu2O-based composites and sacrificial agents are synthesized from
noble metal materials, which have high costs and significantly limit their large-scale
applications. The development of non-precious metal catalysts, such as graphene, is
vital to future development. More importantly, the catalytic efficiency of most Cu2O-
based composites is very low, and the catalytic performance needs to be improved to
meet the requirements of practical applications.

2. Although many experimental studies on the photocatalysis of Cu2O-based composites
are introduced in this paper, these works are still in their infancy. In addition, the
large-scale production of high-quality Cu2O-based photocatalysts faces numerous
difficulties, considering the secondary hazards of nanomaterials. Therefore, it is urgent
that we further study the photocatalytic mechanism of Cu2O-based composites from
the above perspectives, and promote the industrial application process of Cu2O-based
composite catalysts.

3. The photocorrosion of Cu2O still deserves attention. Although the current method of
constructing heterojunctions to suppress photocorrosion has achieved certain results,
the photocorrosion phenomenon of Cu2O still exists, and affects its long-term use.
Establishing a core–shell structure is a good governance measure but, when synthesiz-
ing photocatalysts, it is necessary to carefully handle the thickness of the shell layer,
to ensure sufficient absorption of light by the Cu2O.

4. The structure of the catalyst determines the catalytic activity, while the catalytic mi-
crostructure and mechanism of Cu2O-based composites is still unclear. Theoretical
calculations should be introduced when designing a Cu2O-based photocatalyst, and
studying the mechanism of improving photocatalytic activity at the molecular level.
In future research, DFT simulations and experiments are needed, to reveal the rela-
tionship between the establishment of the microstructure and the catalytic activity of
photocatalysts.
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Abstract: A new dinuclear Gd(III) complex was synthesized and named [Gd2(L)4(Phen)2(H2O)2(DMF)2]
·2H2O·2Cl (1). Here, L is the 6-phenylpyridine-2-carboxylate anion, Phen represents 1,10-phenanthroline,
DMF is called N,N-dimethylformamide, and Cl− is the chloride anion, which is characterized by
IR and single crystal X-ray diffraction analysis. The structural analysis reveals that complex (1)
is a cation–anion complex, and each Gd(III) ion is eight-coordinated with four O atoms (O1, O5,
O2a, O4a, or O1a, O2, O4, O5a) of four different bidentate L ligands, two O atoms (O6, or O6a)
of DMF molecules, two N atoms (N1, N2, or N1a, N2a) of Phen ligands, and two O atoms (O3
or O3a) of coordinated water molecules. Complex (1) forms the three-dimensional π–π stacking
network structure with cavities occupied by chloride anions and uncoordinated water molecules.
The Hirschfeld surface of the complex (1) shows that the H···H contacts represented the largest
contribution (48.5%) to the Hirschfeld surface, followed by C···H/H···C and O···H/H···O contacts
with contributions of 27.2% and 6.0%, respectively. To understand the electronic structure of the
complex (1), the DFT calculations have been performed. The photocatalytic CO2 reduction activity
shows complex (1) has excellent catalytic activity with yields of 22.1 µmol/g (CO) and 6.0 µmol/g
(CH4) after three hours. And the selectivity of CO can achieve 78.5%.

Keywords: 6-phenylpyridine-2-carboxylic acid; 1,10-phenanthroline; dinuclear Gd(III) complex;
synthesis; crystal structure; hirschfeld surface analysis; photocatalytic CO2 reduction

1. Introduction

The increased human social activities not only accelerate the consumption of fossil
energy but also result in a surge in CO2 concentration in the atmosphere. Therefore, the
catalytic conversion and utilization of CO2 have become a research hotspot. At present,
studies on photocatalytic CO2 reduction have received extensive attention [1]. So far,
many studies have reported that precious metal catalysts show high catalytic activity and
selectivity in the photocatalytic CO2 reduction reaction [2–7]. However, the disadvantages
of expensive costs and a lack of storage limit the further applications of precious metal
catalysts. It is a trend to explore new-type photocatalysts. Recently, some metal complex
photocatalysts have become one of the research hotspots due to their excellent properties
in photocatalytic CO2 reduction [8–14]. However, their activities are still low and cannot
meet the needs of industrial applications. Rare earth elements often exhibit many special
activities due to their special electronic structures. Therefore, earth-based rare complex
photocatalysts are likely to exhibit good activity in photocatalytic CO2 reduction. And there
are few reports on THE photocatalytic CO2 reduction in rare earth metal complexes [15,16].

Herein, we have chosen the Gd elements as the research object and prepared a new
dinuclear Gd(III) complex using GdCl3·6H2O, 6-phenylpyridine-2-carboxylic acid, 1,10-
phenanthroline, and NaOH as reactants. The complex (1) was characterized by IR and single
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crystal X-ray diffraction analysis, thereby confirming it is a cation–anion complex, and each
Gd(III) ion is eight-coordinated with four O atoms. Subsequently, the photocatalytic CO2
reduction activity of complex (1) has been explored and found to have excellent catalytic
activity, with yields of 22.1 µmol/g (CO) and 6.0 µmol/g (CH4) after three hours. And
the selectivity of CO can achieve 78.5%. The synthetic route for complex (1) is shown in
Scheme S1 (Supplementary Materials).

2. Results and Discussion
2.1. Infrared Spectra

The infrared spectrum of complex (1) is given in Figure 1. The 6-phenylpyridine-2-carboxylic
acid ligand exhibited characteristic bands at ca. 1646 (νasCOO−) and 1575 (νsCOO−) cm−1 [17],
and in complex (1), they appeared at ca. 1619 (νasCOO−), and 1425 (νsCOO−) cm−1, respec-
tively. Phen ligand showed characteristic bands at 1597 (C=N) cm−1 [18], and in complex
(1), it appeared at 1577 (C=N) cm−1. These results indicate that the 6-phenylpyridine-2-
carboxylic acid ligand and Phen ligand are coordinated with the Gd(III) ion. The IR results
are consistent with single-crystal X-ray diffraction measurements of complex (1).

Molecules 2023, 28, x FOR PEER REVIEW  2  of  9 
 

 

Herein, we have chosen the Gd elements as the research object and prepared a new 

dinuclear Gd(III) complex using GdCl3·6H2O, 6-phenylpyridine-2-carboxylic acid, 1,10-

phenanthroline, and NaOH as reactants. The complex  (1) was characterized by  IR and 

single crystal X-ray diffraction analysis, thereby confirming it is a cation–anion complex, 

and each Gd(III) ion is eight-coordinated with four O atoms. Subsequently, the photocata-

lytic CO2 reduction activity of complex (1) has been explored and found to have excellent 

catalytic activity, with yields of 22.1 µmol/g (CO) and 6.0 µmol/g (CH4) after three hours. 

And the selectivity of CO can achieve 78.5%. The synthetic route for complex (1) is shown 

in Scheme S1 (Suppelementary Materials). 

2.. Results and Discussion 

2.1. Infrared Spectra 

The infrared spectrum of complex (1) is given in Figure 1. The 6-phenylpyridine-2-

carboxylic  acid  ligand  exhibited  characteristic  bands  at  ca.  1646  (νasCOO−)  and  1575 

(νsCOO−) cm−1  [17], and  in complex  (1),  they appeared at ca. 1619  (νasCOO−), and 1425 

(νsCOO−) cm−1, respectively. Phen ligand showed characteristic bands at 1597 (C=N) cm−1 

[18], and in complex (1), it appeared at 1577 (C=N) cm−1. These results indicate that the 6-

phenylpyridine-2-carboxylic acid ligand and Phen ligand are coordinated with the Gd(III) 

ion. The IR results are consistent with single-crystal X-ray diffraction measurements of 

complex (1). 

 

Figure 1. The infrared spectrum of the complex (1). 

2.2. Structural Description of Complex (1) 

The coordination environment of Gd(III) in complex (1) is given in Figure 2. Selected 

bond lengths (Å) and angles (°) for complex (1) are given in Table 1. Figure 3 shows the 

3D network structure of complex (1). The asymmetric unit of complex  (1) contains one 

Gd(III) ion, two 6-phenylpyridine-2-carboxylate ligands, one 1,10-phenanthroline ligand, 

one coordinated N,N-dimethylformamide molecule, one coordinated water molecule, one 

uncoordinated  chloride  anion,  and one uncoordinated water molecule  (Figure  2). The 

structural analysis reveals that complex (1) is a cation–anion complex and two Gd(III) ions 

are eight-coordinated with four O atoms (O1, O5, O2a, O4a, or O1a, O2, O4, O5a) of four 

different bidentate L ligands, one O atom (O6, or O6a) of DMF molecules, two N atoms 

(N1, N2, or N1a, N2a) of Phen ligands, and one O atom (O3 or O3a) of coordinated water 

molecules (symmetry code: 0.5-x, 1.5-y, 1.5-z). Complex (1) forms a dinuclear structure by 

bidentate chelate coordination mode of 6-phenylpyridine-2-carboxylate ligands, and the 

distance of two adjacent Gd(III) ions is 4.388 Å. Eight oxygen atoms are coordinated with 

two adjacent Gd(III) ions to form two stable eight-membered rings: ring 1 (O1-Gd1-O2a-

C36a-O1a-Gd1a-O2-C36-O1) and ring 2 (O4a-Gd1-O5-C24-O4-Gd1a-O5a-C24a-O4a). The 

dihedral angle of ring one and ring two is 87.32°, indicating that the two eight-membered 

Figure 1. The infrared spectrum of the complex (1).

2.2. Structural Description of Complex (1)

The coordination environment of Gd(III) in complex (1) is given in Figure 2. Selected
bond lengths (Å) and angles (◦) for complex (1) are given in Table 1. Figure 3 shows the
3D network structure of complex (1). The asymmetric unit of complex (1) contains one
Gd(III) ion, two 6-phenylpyridine-2-carboxylate ligands, one 1,10-phenanthroline ligand,
one coordinated N,N-dimethylformamide molecule, one coordinated water molecule, one
uncoordinated chloride anion, and one uncoordinated water molecule (Figure 2). The
structural analysis reveals that complex (1) is a cation–anion complex and two Gd(III) ions
are eight-coordinated with four O atoms (O1, O5, O2a, O4a, or O1a, O2, O4, O5a) of four
different bidentate L ligands, one O atom (O6, or O6a) of DMF molecules, two N atoms
(N1, N2, or N1a, N2a) of Phen ligands, and one O atom (O3 or O3a) of coordinated water
molecules (symmetry code: 0.5-x, 1.5-y, 1.5-z). Complex (1) forms a dinuclear structure by
bidentate chelate coordination mode of 6-phenylpyridine-2-carboxylate ligands, and the
distance of two adjacent Gd(III) ions is 4.388 Å. Eight oxygen atoms are coordinated with
two adjacent Gd(III) ions to form two stable eight-membered rings: ring 1 (O1-Gd1-O2a-
C36a-O1a-Gd1a-O2-C36-O1) and ring 2 (O4a-Gd1-O5-C24-O4-Gd1a-O5a-C24a-O4a). The
dihedral angle of ring one and ring two is 87.32◦, indicating that the two eight-membered
rings are nearly vertical. The bond distances of Gd–O and Gd–N are 2.313(3) Å (Gd1-O1),
2.379(3) Å (Gd1-O2a), 2.436(3) Å (Gd1-O3), 2.372(3) Å (Gd1-O4a), 2.331(3) Å (Gd1-O5),
2.406(3) Å (Gd1-O6), 2.560(3) Å (Gd1-N1), and 2.585(3) Å (Gd1-N2), respectively, which are
consistent with those reported in the literature [14,19,20]. The uncoordinated chloride anion
and the uncoordinated water molecule are embedded in the molecule by intramolecular

66



Molecules 2023, 28, 7595

O-H···Cl hydrogen bonds. And complex (1) molecules form a three-dimensional network
structure (Figure 3) by the π–π interaction of aromatic rings.
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Table 1. Selected bond lengths (Å) and bond angles (◦) for complex (1).

Bond d Angle (◦)

Gd1-N1 2.560(3) N1-Gd1-N2 63.79(11)
Gd1-N2 2.585(3) N1-Gd1-O1 147.23(12)
Gd1-O1 2.313(3) O1-Gd1-N2 145.07(11)
Gd1-O2a 2.379(3) O1-Gd1-O2a 123.07(11)
Gd1-O3 2.436(3) O1-Gd1-O3 77.17(12)
Gd1-O4a 2.372(3) O1-Gd1-O4a 79.20(10)
Gd1-O5 2.331(3) O1-Gd1-O5 74.45(11)
Gd1-O6 2.406(3) O1-Gd1-O6 81.61(11)

N1-Gd1-O2a 74.76(11)
O2a-Gd1-N2 69.35(10)
O2a-Gd1-O3 139.53(10)
O2a-Gd1-O6 139.90(10)
N1-Gd1-O3 73.26(12)
O3-Gd1-N2 115.87(12)

N1-Gd1-O4a 79.48(11)
O4a-Gd1-N2 134.52(10)
O4a-Gd1-O2a 76.06(10)
O4a-Gd1-O3 74.29(11)
O4a-Gd1-O6 143.58(10)
N1-Gd1-O5 138.32(11)
N2-Gd1-O5 77.15(11)
O5-Gd1-O2a 78.50(10)
O5-Gd1-O3 141.59(11)

O4a-Gd1-O5 123.93(10)
O5-Gd1-O6 79.25(10)
O6-Gd1-N1 101.73(11)
N2-Gd1-O6 73.42(10)
O6-Gd1-O3 71.41(10)

Symmetry transformations: a: 1/2 − x, −1 + y, 1 − z.

Hydrogen bonds and π–π interaction play important roles in forming the 3D su-
permolecule of complex (1), and the detailed parameters are listed in the following
Tables 2 and 3.

Table 2. Detailed parameters of hydrogen bonds in complex (1).

Donor-H Acceptor D-H (Å) H. . .A (Å) D. . .A (Å) D-H. . .A (◦)

O3-H3A O7 1.07 2.46 3.125(6) 120
O3-H3B O7 #1 1.07 2.59 3.294(6) 123
O7-H7B Cl1 0.85 2.50 3.143(5) 133

Symmetric operation code: #1: 1/2 − x, y, 1 − z.

Table 3. Detailed parameters of π–π stacking interactions in complex (1).

Ring1 Ring2 Symmetry Distance between
Ring Centroids Slippage

Cg2 Cg8

1/2 − x, 1/2 − y, 3/2 − z

3.713(2) 1.412
Cg5 Cg5 3.465(3) 0.620
Cg5 Cg8 3.746(3) 1.563
Cg5 Cg9 3.432(3) 0.583
Cg5 Cg10 3.464(2) 0.731
Cg8 Cg2 3.713(2) 1.577
Cg8 Cg5 3.746(3) 1.554
Cg8 Cg9 3.526(2) 1.002
Cg9 Cg5 3.432(3) 0.527
Cg9 Cg8 3.526(2) 0.963
Cg9 Cg9 3.800(2) 1.722
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Table 3. Cont.

Ring1 Ring2 Symmetry Distance between
Ring Centroids Slippage

Cg9 Cg10

1/2 − x, 1/2 − y, 3/2 − z

3.586(2) 1.172
Cg10 Cg5 3.465(2) 0.711
Cg10 Cg9 3.586(2) 1.186
Cg10 Cg10 3.6798(19) 1.445

Ring number: Cg2: N2-C6-C7-C10-C11-C12; Cg5: C4-C5-C6-C7-C8-C9; Cg8: N1-C1-C2-C3-C4-C9-C8-C7-C6-C5;
Cg9: N2-C6-C5-C4-C9-C8-C7-C10-C11-C12; Cg10: N1-C1-C2-C3-C4-C9-C8-C7-C10-C11-C12-N2-C6-C5.

2.3. DFT Computation

In order to understand the electronic structure of the complex, DFT calculations were
performed. Figure 4 shows the electron density distributions and energy levels (eV) of
HOMO-1, HOMO, LUMO, and LUMO + 1 for the ligands L and phen. These two ligands,
neutral 6-phenylpyridine-2-carboxylic acid (L) and phen, were optimized at the theoretical
level of B3LYP/6–31G* with the Gaussian 16 package [21–23]. In contrast to the planar
phen, there is a dihedral angle of 15.50 between the phenyl group and pyridine subunit in
the ligand L, which is different from those of the ligands L in the complex (1) in the crystal
(27.40 and 8.90). It indicates that the coordinates and steric hindrance in complex (1) change
the planarity of the ligand L. Moreover, the electron density distributions and energy levels
of the frontier molecular orbitals are shown in Figure 4, which were realized by the VMD
package and the Multiwfn program [24].
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2.4. Hirschfeld Surface Analysis of Complex (1)

The Hirschfeld surface of the complex (1) was analyzed by the CrystalExplorer soft-
ware. As shown in Figure 5, the original crystal structure unit, the Hirschfeld surfaces, are
mapped over the dnorm, di, and de of the crystal (Figure 5a–d). The two-dimensional (2D)
fingerprint plots represented overall, and the top three interactions (H···H, C···H/H···C,
and O···H/H···O) were shown in (Figure 5e–h). Based on the calculations, it can be con-
cluded that the H···H contacts represented the largest contribution (48.5%) to the Hirschfeld
surface, followed by C···H/H···C and O···H/H···O contacts with contributions of 27.2%
and 6.0%, respectively. It is worth noting that the π–π stacking interactions play a subordi-
nate role in forming the crystal for the C···C contacts with a Hirschfeld surface contribution
percentage of 5.1%.
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2.5. Photocatalytic CO2 Reduction Activity Assessment of the Complex (1)

As a newly discovered Gd(III) complex material, we want to try to explore its applica-
tion field. Therefore, we tested its photocatalytic CO2 reduction activity, and the results
are shown in Figure 6. Figure 6(a) shows that photocatalytic CO2 reduction activity using
complex (1). Figure 6(b) describes that product selectivity diagram in the photocatalytic
CO2 reduction reaction. It can be observed that the Gd(III) complex exhibits obvious
photocatalytic CO2 activity. The main products of the whole photocatalytic reaction are CO
and CH4, and their yields have reached 22.1 µmol/g and 6.0 µmol/g, respectively, after
three hours of UV–vis light irradiation. In addition, the selectivity of CO can achieve 78.5%.
With the increase in reaction times, the total amount of product also gradually increased,
indicating that the photocatalytic CO2 reduction was sustainable. We have reported that
a new Gd(III) coordination polymer exhibited photocatalytic CO2 reduction with a CO
yield of 60.3 µmol•g−1 and a CO selectivity of 100% [16]. Compared with our previous
results, complex (1) gives a different product, activity, and selectivity in photocatalytic
CO2 reduction. These results demonstrate that the environment of the catalytic center
Gd(III) is vital to its catalytic activity. As a photocatalyst, the light absorption capacity is
important. So, the UV–vis absorption spectrum of complex (1) was examined. Figure S1
(Supplementary Materials) exhibits the UV–vis absorption spectrum of the complex (1). It
could be observed that the absorption edge of complex (1) is in the range of ultraviolet.
Therefore, the researchers can design an idea to expand the light absorption capacity of
complex (1) to improve its performance in photocatalytic CO2 reduction in future studies.

Molecules 2023, 28, x FOR PEER REVIEW  6  of  9 
 

 

 

Figure 5. The Hirschfeld surface of the complex (1). 

2.5. Photocatalytic CO2 Reduction Activity Assessment of the Complex (1) 

As a newly discovered Gd(III) complex material, we want to try to explore its appli-

cation field. Therefore, we tested its photocatalytic CO2 reduction activity, and the results 

are shown in Figure 6. Figure 6(a) shows that photocatalytic CO2 reduction activity using 

complex (1). Figure 6(b) describes that product selectivity diagram in the photocatalytic 

CO2 reduction reaction. It can be observed that the Gd(III) complex exhibits obvious pho-

tocatalytic CO2 activity. The main products of the whole photocatalytic reaction are CO 

and CH4, and  their yields have reached 22.1 µmol/g and 6.0 µmol/g, respectively, after 

three hours of UV–vis  light  irradiation.  In  addition,  the  selectivity of CO  can  achieve 

78.5%. With the increase in reaction times, the total amount of product also gradually in-

creased,  indicating  that  the photocatalytic CO2  reduction was sustainable. We have  re-

ported that a new Gd(III) coordination polymer exhibited photocatalytic CO2 reduction 

with a CO yield of 60.3 µmol•g−1 and a CO selectivity of 100% [16]. Compared with our 

previous results, complex (1) gives a different product, activity, and selectivity in photo-

catalytic CO2 reduction. These results demonstrate that the environment of the catalytic 

center Gd(III) is vital to its catalytic activity. As a photocatalyst, the light absorption ca-

pacity  is important. So, the UV–vis absorption spectrum of complex (1) was examined. 

Figure S1 (Supplementary Materials) exhibits the UV–vis absorption spectrum of the com-

plex (1). It could be observed that the absorption edge of complex (1) is in the range of 

ultraviolet. Therefore, the researchers can design an idea to expand the light absorption 

capacity of complex  (1)  to  improve  its performance  in photocatalytic CO2  reduction  in 

future studies. 

 

Figure 6. (a) Photocatalytic CO2 reduction activity using complex (1); (b) product selectivity diagram 

in the photocatalytic CO2 reduction reaction. 
Figure 6. (a) Photocatalytic CO2 reduction activity using complex (1); (b) product selectivity diagram
in the photocatalytic CO2 reduction reaction.

70



Molecules 2023, 28, 7595

3. Experimental
3.1. Materials and Measurements

The materials of GdCl3·6H2O, 6-phenylpyridine-2-carboxylic acid, 1,10-phenanthroline,
and NaOH were used as received from Jilin Chinese Academy of Sciences-Yanshen Tech-
nology Co., Ltd (Changchun, China). IR spectra were recorded on a Tianjin Gangdong
FTIR-850 spectrophotometer (KBr discs, range 4000~400 cm–1). The Hirschfeld surface of
the complex (1) was analyzed by the CrystalExplorer software 21.5 [25]. The crystal data of
complex (1) were received on a Bruker CCD area detector (SuperNova, Dual, Cu at zero,
296.15 K, multi-scan).

3.2. Synthesis of Complex (1)

GdCl3·6H2O (0.1858 g, 0.5 mmol), 6-phenylpyridine-2-carboxylic acid (0.1992 g, 1.0 mmol),
1,10-phenanthroline (0.1802 g, 1.0 mmol), and NaOH (0.040 g, 1.0 mmol) were added to a
100 mL flask containing 30 mL of water–ethanol–DMF (v:v:v = 2:3:1) solution. The mixed
suspension was stirred at 70 ◦C for 5 h and then cooled to room temperature. The colorless
block crystals of complex (1) were obtained in four weeks.

3.3. Crystal Structure Determination

Single-crystal X-ray diffraction measurement of complex (1) was carried out on a
Bruker CCD area detector and using Olex2 [26] for data collection at 219.98 (10) K. The
structure was solved and refined with the SHELXT [17] and SHELXL [27] programs,
respectively. The coordinates of hydrogen atoms were refined without any constraints or
restraints. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were
positioned geometrically (C–H = 0.93–0.96 Å and O–H = 0.85–1.06 Å). Their Uiso values
were set to 1.2 Uiso or 1.5 Uiso of the parent atoms. Crystallographic data and structural
refinement details of complex (1) are summarized in Table 4.

Table 4. Crystallographic data and structural refinement details of complex (1).

Empirical formula C78H74Cl2Gd2N10O14
Formula weight 1760.87
Temperature/K 219.98(10)
Crystal system monoclinic

Space group P-1
a/Å 25.5838(6)
b/Å 13.6998(4)
c/Å 21.8202(6)
α/◦ 90
β/◦ 90.824(3)
γ/◦ 90

Volume/Å3 7647.0(4)
Z 4

ρcalc, mg/mm3 1.529
µ/mm−1 1.860

S 1.060
F(000) 3544

Index ranges
−23 ≤ h ≤ 30,
−13 ≤ k ≤ 16,
−25 ≤ l ≤ 25

Reflections collected 17406
2θ/◦ 4.722–49.999

Independent reflections 6746 [R(int) = 0.0252]
Data/restraints/parameters 6746/2/484

Goodness-of-fit on F2 1.044
Refinement method Full-matrix least-squares on F2

Final R indexes [I ≥ 2σ (I)] R1 = 0.0328, wR2 = 0.0792
Final R indexes [all data] R1 = 0.0397, wR2 = 0.0747
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Crystallographic data for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication No. CCDC
2292956. The CIF file can be obtained conveniently from the website: https://www.ccdc.
cam.ac.uk/structures (accessed on 15 October 2023)

3.4. Photocatalytic CO2 Reduction Evaluation

The process of photocatalytic CO2 reduction is as follows: First, the 50 mg complex (1)
sample was uniformly dispersed into 100 mL of deionized water H2O in a quartz reactor
and sealed. The reaction temperature was kept at 20 ◦C using the cooling water circulation
equipment. Subsequently, high-purity CO2 gas was bubbled into the above suspension
solution with vigorous stirring for 15 min. Then, the reactor was irradiated by a 300 W
Xe arc lamp (PLS-SXE300, Beijing Trusttech Co., Ltd., Beijing, China). The gas has been
released every hour and tested via a gas chromatograph (FID detector, Shandong Huifen
Instrument Co., Ltd., Laiwu, China).

4. Conclusions

In summary, a new dinuclear Gd(III) complex has been synthesized and characterized
by IR and X-ray single-crystal diffraction analysis. The Hirschfeld surface of the complex
(1) was analyzed. The photocatalytic CO2 reduction experiment showed that complex (1)
has excellent catalytic activity with yields of 22.1 µmol/g (CO) and 6.0 µmol/g (CH4) after
three hours. And the selectivity of CO can achieve 78.5%. It provides references for us to
continue the study on the synthesis of rare earth metal complexes and their photocatalytic
activities in the CO2 reduction reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28227595/s1. Scheme S1. Synthetic route for complex
(1); Figure S1. UV-vis absorption spectrum of complex (1).
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Abstract: Layers of TiO2 nanotubes formed by the anodization process represent an area of active
research in the context of innovative energy conversion and storage systems. Titanium nanotubes
(TNTs) have attracted attention because of their unique properties, especially their high surface-to-
volume ratio, which makes them a desirable material for various technological applications. The
anodization method is widely used to produce TNTs because of its simplicity and relative cheapness;
the method enables precise control over the thickness of TiO2 nanotubes. Anodization can also be used
to create decorative and colored coatings on titanium nanotubes. In this study, a combined structure
including anodic TiO2 nanotubes and SrTiO3 particles was fabricated using chemical synthesis
techniques. TiO2 nanotubes were prepared by anodizing them in ethylene glycol containing NH4F
and H2O while applying a voltage of 30 volts. An anode nanotube array heat-treated at 450 ◦C was
then placed in an autoclave filled with dilute SrTiO3 solution. Scanning electron microscopy (SEM)
analysis showed that the TNTs were characterized by clear and open tube ends, with an average outer
diameter of 1.01 µm and an inner diameter of 69 nm, and their length is 133 nm. The results confirm
the successful formation of a structure that can be potentially applied in a variety of applications,
including hydrogen production by the photocatalytic decomposition of water under sunlight.

Keywords: photocatalyst; TiO2; TNT; SrTiO3; anodizing

1. Introduction

Rapid growth in the world population has increased the demand for energy, the
bulk of which is provided by fossil fuels for power generation, industrial needs, and
transportation [1–4]. However, in addition to limited availability, the use of fossil fuels
has a negative impact on the environment, creating by-products such as carbon, nitrogen,
and sulfur oxides [5,6]. Therefore, there is an urgent need to develop cleaner alternative
energy sources that are sustainable and have a minimal impact on the environment [7,8].
Hydrogen stands out as a clean and efficient energy source, and its production is becoming
an important challenge in the field of sustainable energy sources.

Water is an abundant source of hydrogen, but given the need to introduce energy to
overcome the energy barrier associated with chemical stability, it is difficult to separate
water into stoichiometric hydrogen and oxygen on an industrial scale. Nevertheless, one
method of hydrogen production is the photocatalytic splitting of water. Photocatalysis can
efficiently utilize solar energy to split water into its individual elements [9–11]. This is a
unique and promising method of hydrogen production based on the use of solar energy
to convert water into hydrogen and oxygen [12]. This process could be an important
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step toward sustainable energy sources, as it combines the efficiency of solar panels with
the ability to produce clean hydrogen. In particular, photocatalysis has been shown to
be a more efficient form of wastewater treatment because of the impressive efficiency of
photocatalytic removal, rapid oxidation process, lower costs, and a lack of toxicity [13].
Photocatalytic water splitting involves the use of semiconductors as photocatalysts. The
most studied photocatalysts are TiO2, ZnO, CdS, and SrTiO3, which are used for various
photocatalytic applications including photocatalytic water splitting [14–16]. To achieve
efficient photocatalytic water splitting, a sophisticated photocatalyst is required that can
overcome problems in the water oxidation process.

Titanium dioxide (titanium, TiO2) is considered the most promising and versatile mate-
rial. Over the past decades, TiO2 has been extensively investigated in various fields because
of its unique properties such as outstanding corrosion resistance, high biocompatibility,
suitable bandgap for water splitting, and stable physicochemical characteristics [17,18].
The narrow– bandgap facilitates the more efficient collection of solar energy, making it an
ideal material for creating an electron–hole pair. This pair is actively involved in redox
reactions and finds applications in various fields, such as dyes, food, biomedicine, photo-
catalysis, photodegradation of water, photosensitive materials, dye-sensitized solar cells,
and gas-sensitive devices. In recent years, significant research efforts have been devoted
to the development of new nanomaterials, including nanostructured titanium obtained
via anodization, sol–gel, hydrothermal treatment, and vapor deposition techniques [19].
Nowadays, a wide range of materials are required to develop and research advanced
devices suitable for various commercial applications. Nanomaterials play a key role in
emerging technologies, enabling the creation of high-performance devices [20,21]. The
performance of such devices is largely determined by the geometry, shape, and morphology
of the nanostructures [7]. The exponential growth in the literature indicates that interest
in the nanoscale began in the 1990s. Interest in the nanoscale is driven by the commercial
availability of tools used to manipulate and measure nanoscale characteristics for several
reasons: (1) the anticipation of the novel physical, chemical, and biological properties of
nanostructures; (2) the assumption that nanostructures will provide new building blocks for
innovative materials with unique properties; (3) the miniaturization of the semiconductor
industry to the nanoscale; and (4) the recognition that molecular mechanisms in biological
cells function at the nanoscale [22].

2. Results and Discussion

The morphology of the obtained SrTiO3 samples was studied using scanning (SEM)
and transmission (TEM) electron microscopes at different resolutions. The scanning electron
microscopy results (Figure 1a–c) show that the SrTiO3 particles that calcined at 900 ◦C
possess cubic shapes and have sizes ranging from 150 nm to 300 nm. Calcination at 800 ◦C
leads to the formation of finer particles but with more significant numbers of impurities
such as SrCO3. Based on the literature and experimental data [23,24], the optimal calcination
temperature is 900 ◦C, which is followed by treatment in 1 m nitric acid solution to remove
residual SrCO3. However, it is worth noting that the particle sizes are highly heterogeneous.
Given studies in the literature, doping SrTiO3 with other elements, such as Al or Mn, can
contribute to the size reduction and distortion in SrTiO3‘s crystal shape.

In the case of TEM, clearly formed cubes of SrTiO3 with anisotropic structures with an
average size of about 200 nm are clearly visible, as shown in Figure 1d–f. An important
feature of these particles is the anisotropic structure, which creates a difference in energy at
different faces, leading to the formation of p–n junctions. This allows the charge within
each photocatalyst particle to be separated using an inter-domain electric field. Thus,
electrons are concentrated on some faces and holes on other faces, which provides for the
separation of photocatalytic reduction and oxidation processes on different faces. Given
the anisotropic crystal structure, the selective deposition of catalysts takes place, which
leads to the release of hydrogen and oxygen on the faces of the cubic photocatalyst.

75



Molecules 2024, 29, 1101

Molecules 2024, 29, x FOR PEER REVIEW 3 of 9 
 

 

the anisotropic crystal structure, the selective deposition of catalysts takes place, which 
leads to the release of hydrogen and oxygen on the faces of the cubic photocatalyst. 

 
Figure 1. SEM (a–c) and TEM (d–f) images at different magnifications of cubic SrTiO3 obtained by a 
chemical precipitation method. 

Among various nanostructured oxide materials, TiO2 nanotubes have been empha-
sized because of their improved properties, economical design, and higher surface-to-vol-
ume ratio [25]. TNTs with high specific surface areas, ion exchange abilities, and photo-
catalytic properties have been considered for various potential applications and can be 
excellent candidates as catalysts in photocatalysis [26]. Figure 2 shows images of the top 
surfaces of the anodized TiO2 nanotube samples before and after the deposition of SrTiO3 

on their surfaces. The top surfaces of the anodized and annealed TNTs at 450 °C shown in 
Figure 2a show well-defined tubes with open ends that form a hexagonal order. This is 
typical of anodization, as previously noted in [27]. After applying SrTiO3, pronounced 
morphological changes are observed with the presence of interface regions between 
SrTiO3 and TNT, which indicates the success of the combination (Figure 2b). During 6 h 
of autoclave treatment, the surface showed a tendency to be coated with nanoparticles, 
and uneven deposition was also found. Agglomerates are formed on the surface, and 
round holes corresponding to TNT are still visible. Note that increasing the treatment time 
to 6 h significantly affects the surface morphology, leading to the formation of larger ag-
glomerates and the blocking of the tube tops [28]. Figure 2c shows that the initial TNTs 
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Figure 1. SEM (a–c) and TEM (d–f) images at different magnifications of cubic SrTiO3 obtained by a
chemical precipitation method.

Among various nanostructured oxide materials, TiO2 nanotubes have been empha-
sized because of their improved properties, economical design, and higher surface-to-
volume ratio [25]. TNTs with high specific surface areas, ion exchange abilities, and
photocatalytic properties have been considered for various potential applications and can
be excellent candidates as catalysts in photocatalysis [26]. Figure 2 shows images of the top
surfaces of the anodized TiO2 nanotube samples before and after the deposition of SrTiO3
on their surfaces. The top surfaces of the anodized and annealed TNTs at 450 ◦C shown
in Figure 2a show well-defined tubes with open ends that form a hexagonal order. This
is typical of anodization, as previously noted in [27]. After applying SrTiO3, pronounced
morphological changes are observed with the presence of interface regions between SrTiO3
and TNT, which indicates the success of the combination (Figure 2b). During 6 h of au-
toclave treatment, the surface showed a tendency to be coated with nanoparticles, and
uneven deposition was also found. Agglomerates are formed on the surface, and round
holes corresponding to TNT are still visible. Note that increasing the treatment time to 6 h
significantly affects the surface morphology, leading to the formation of larger agglomerates
and the blocking of the tube tops [28]. Figure 2c shows that the initial TNTs have an average
outer diameter of 1 µm, while Figure 2a shows an inner diameter of 69 nm. The length of
the tubes is 133 nm, as seen in the inset. A cross-sectional view of a freestanding titanium
dioxide membrane with an average thickness of more than 50 nm is shown in Figure 2d,
mechanically collapsed for visualization. In a related study [25], Paulose et al. obtained
nanotubes measuring 360 µm in length over a 96 h period, utilizing a voltage of 60 V. They
employed a titanium foil with a thickness of 0.25 mm, immersed in a solution comprising
0.3 wt% NH4F and 2% H2O in ethylene glycol. Our results—derived from anodization
in a solution comprising 0.7 wt% NH4F and 3.5 wt% distilled water at 30 V—revealed
the length of the TNT nanotubes to be 133 nm at the nanoscale. The SEM images also
demonstrate that the obtained nanotubes are ordered and have clear open ends. Despite
the low voltage (30 V), we compensated for this by increasing the concentrations of NH4F
and H2O in the anode solution. Given the higher mass percentage of NH4F, compensation
is accomplished by increasing the concentration of H2O, resulting in faster growth and,
hence, longer nanotube lengths.

76



Molecules 2024, 29, 1101Molecules 2024, 29, x FOR PEER REVIEW 4 of 9 
 

 

 
Figure 2. (a) SEM images showing the top surface of the TNT anode array; (b) the TNT@SrTiO3 
array; (c) the top view and (d) side view of samples with magnification of the surface of the anode 
array prepared at 30 V. 

XRD analysis of the TNT@SrTiO3 samples was performed on an X-ray diffractometer 
with detection unit rotation angles ranging from 20° to 80° and a minimum detection unit 
movement step of 0.01, as shown in Figure 3a. The characteristic peaks of the TNT samples 
appear at 2θ 25.4°, 37.9°, and 53.4°, 71.5°, indicating the polycrystalline structure of the 
anatase, in good agreement with the standard map for TNT (JCPDS map 1286) [20]. In 
addition, the appearance of new peaks at 32.2°, 46.9°, and 57.8° in the X-ray diffraction 
spectrum of the TNT@SrTiO3 samples indicates the combination of two components in the 
composite, which additionally proves the successful connection and interaction between 
the components. This confirmation is based on a comparison of the diffraction spectra of 
the composite with TNT, which makes it possible to determine whether changes have oc-
curred in the crystal structure during their combination. It is particularly important to 
note that the peak at 2θ, equal to 71.23°, has a high intensity, indicating the high crystal-
linity of the semiconductor. This is significant because the transport efficiency of charged 
carriers generated during photogeneration can be strongly dependent on the crystallinity 
of the material. Low crystallinity can lead to the inefficient migration of charged particles. 
In addition, semi-quantitative elemental analysis of the particles confirmed the composi-
tion of the obtained samples. The presence of the elements Ti and Sr was confirmed with-
out detecting other impurities. According to the atomic percentages in the index (Figure 
3b), it can be established that Ti/Sr is 81.10%/18.90%, respectively. These results confirm 
that the designs contain the expected elements and have no significant impurities. 

Figure 2. (a) SEM images showing the top surface of the TNT anode array; (b) the TNT@SrTiO3 array;
(c) the top view and (d) side view of samples with magnification of the surface of the anode array
prepared at 30 V.

XRD analysis of the TNT@SrTiO3 samples was performed on an X-ray diffractometer
with detection unit rotation angles ranging from 20◦ to 80◦ and a minimum detection unit
movement step of 0.01, as shown in Figure 3a. The characteristic peaks of the TNT samples
appear at 2θ 25.4◦, 37.9◦, and 53.4◦, 71.5◦, indicating the polycrystalline structure of the
anatase, in good agreement with the standard map for TNT (JCPDS map 1286) [20]. In
addition, the appearance of new peaks at 32.2◦, 46.9◦, and 57.8◦ in the X-ray diffraction
spectrum of the TNT@SrTiO3 samples indicates the combination of two components in the
composite, which additionally proves the successful connection and interaction between
the components. This confirmation is based on a comparison of the diffraction spectra
of the composite with TNT, which makes it possible to determine whether changes have
occurred in the crystal structure during their combination. It is particularly important to
note that the peak at 2θ, equal to 71.23◦, has a high intensity, indicating the high crystallinity
of the semiconductor. This is significant because the transport efficiency of charged carriers
generated during photogeneration can be strongly dependent on the crystallinity of the
material. Low crystallinity can lead to the inefficient migration of charged particles. In
addition, semi-quantitative elemental analysis of the particles confirmed the composition
of the obtained samples. The presence of the elements Ti and Sr was confirmed without
detecting other impurities. According to the atomic percentages in the index (Figure 3b), it
can be established that Ti/Sr is 81.10%/18.90%, respectively. These results confirm that the
designs contain the expected elements and have no significant impurities.

Low-temperature electron paramagnetic resonance (EPR) spectra were determined
on the SrTiO3/TiO2 samples to confirm the presence of Ti3+ and oxygen vacancies. The
initial SrTiO3/TiO2 (Figure 4c, marked in red), containing mainly Ti4+ 3d0 states, exhibits a
weak EPR signal, which may be due to the surface adsorption of O2 from air. For SrTiO3
and TiO2, a strong signal from Ti3+ spins (marked in blue and black) is also observed. It is
generally believed that photoelectrons can be captured by Ti4+ and lead to the reduction of
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Ti4+ cations to the Ti3+ state, which is usually accompanied by the loss of oxygen from the
surface of TiO2 and SrTiO3. Thus, these data clearly confirm that Ti3+ and oxygen vacancies
were formed in all SrTiO3/TiO2, TiO2, and SrTiO3 samples.
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TiO2 nanotubes can be produced in various ways [29], among which, the most widely
studied is the use of electrochemical anodization. The advantage of anodic TiO2 nanotubes
over TiO2 nanotubes produced by other methods is their availability and cost-effectiveness.
Also, one of the advantages of this method is that the anodic TiO2 nanotubes grow vertically
on the Ti substrate with nanotube holes on top and closed nanotube bottoms attached to the
Ti substrate. Thus, no further immobilization on the substrate is required. The TNT layers
are highly ordered, which favors a direct diffusion pathway. In addition, the nanotube
layers can be removed from the Ti substrate and used as powders if required. Another
advantage is that the nanotube layer thickness and nanotube diameter can be controlled by
adjusting the anodization electrolyte, potential, and time [30].
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3. Materials and Methods
3.1. Materials

Ti foil (99.9%; thickness, 0.1 mm; China), ethanol (45%), ethylene glycol (99.9%, Russia),
ammonium fluoride, and sodium nitrate (70%) were used without further purification.
Distilled water was used as a solvent in all experiments.

3.2. Synthesis of SrTiO3

SrTiO3 was obtained using a chemical precipitation method [24,31–33]. For this
purpose, 2.54 g of Sr (NO3)2 was mixed with 100 mL of distilled water; then, 0.958 g of TiO2
was added in a 1:1 ratio of Ti and SrTiO3 to this solution. The solution was then treated for
30 min in an ultrasonic bath. The solution was gradually added while maintaining vigorous
stirring, and the pH of the mixture was brought to 6–7 using 10% NH3OH solution. The
suspension was washed several times with distilled water. The resulting powder was dried
at 60 ◦C overnight and then calcined at 900 ◦C for 1 h.

3.3. Nanotube Synthesis

TiO2 was obtained using an anodization method. The 0.1 mm thick Ti foil was initially
cut into 1 cm × 6 cm samples and mechanically polished with P150 sandpaper. The sheets
were then ultrasonically treated in sodium nitrate, ethanol, and distilled water for final
cleaning. Electrochemical anodization experiments were carried out in a two-electrode
electrochemical cell, where titanium foil served as the working electrode and a sheet of
nickel foil as the counter electrode at constant potential and room temperature (≈22 ◦C).
Figure 1 shows a schematic of the titanium nanotube formation process. A constant current
power supply unit model, UNI-T UTP3315TPL from UNI-TREND Technology, China, was
used. This unit was used as a voltage source to control the anodization. The electrolyte
for anodizing consisted of ethylene glycol with 0.7 wt% NH4F and 3.5 wt% distilled water
added. The anodization process was carried out at 30 V for 96 h at room temperature. The
anodized titanium nanotube samples were then placed in ethylene glycol and subjected
to ultrasonic stirring until the nanotube film separated from the titanium substrate. The
suspension was filtered; the residue was washed several times with distilled water. The
resulting powder was dried at 60 ◦C for 3 h and then calcined at 450 ◦C for 1 h.

3.4. Synthesis of TNT@SrTiO3

To create the combined TNT@ SrTiO3 structure, powders of 0.2 g of TNT and 0.1 g
of SrTiO3 were taken, mixed with 40 mL of distilled water, and placed in a stainless
autoclave. The sealed autoclave was heated to 90 ◦C and incubated for 6 h. At the end of
the experiment, the autoclave was cooled to room temperature. The samples were then
washed with distilled water and dried in an oven for 5 h at 60 ◦C.

3.5. Material Characterization Techniques

The morphologies of the TNT and the combined TNT@SrTiO3 were analyzed using
a JSM-6490LA scanning electron microscope from JEOL, Tokyo, Japan. TESCAN MAIA3
XMU scanning transmission electron microscopy (STEM) was used to further investigate
the morphology at high resolution. The crystal structure of the samples was studied using
a Drone-8 X-ray diffractometer. An EPR spectrometer “JEOL” (JES-FA200, Japan) was also
used. Measurements were in ranges of ~9.4 GHz (X-Band) and ~35 GHz (Q-Band). Mi-
crowave frequency stability—~10− 6. Sensitivity—7 × 109/10− 4 Tl. Resolution—2.35 µT.
Output power—from 200 mW to 0.1 µW. Quality factor (Q-factor)—18,000.

4. Conclusions

In this paper, the synthesis of arrays of TiO2 nanotubes using an electrochemical
anodization method was successfully demonstrated. The obtained nanotubes have clear
and open ends and are 133.9 nm long, and their membranes are more than 1 µm thick. The
anodization process of 0.1 mm thick Ti foil at 450 ◦C can easily produce such nanotube
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arrays. SEM analysis showed that the TNTs are characterized by clear and open tube
ends, with an average outer diameter of 1 µm and an inner diameter of 69 nm, and their
length is 133 nm. In addition, a combined structure of TNT@SrTiO3 was fabricated in this
study using chemical autoclave synthesis techniques. X-ray phase analysis confirmed the
high crystallinity and orientation of crystallites along the preferential growth direction,
indicating the successful formation of the structure. The results obtained here have potential
significance for various fields including the sunlight-induced photocatalytic decomposition
of water and other applications in energy conversion and storage. Further research and
development in this area can contribute to the development of innovative technologies and
improve the efficiency of energy systems.
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Abstract: B-site cobalt (Co)-doped rare-earth orthoferrites ReFeO3 have shown considerable en-
hancement in physical properties compared to their parent counterparts, and Co-doped LuFeO3

has rarely been reported. In this work, LuFe1−xCoxO3 (x = 0, 0.05, 0.1, 0.15) powders have been
successfully prepared by a mechanochemical activation-assisted solid-state reaction (MAS) method at
1100 ◦C for 2 h. X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy studies
demonstrated that a shrinkage in lattice parameters emerges when B-site Fe ions are substituted
by Co ions. The morphology and elemental distribution were investigated by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). The UV–visible absorbance spectra
show that LuFe0.85Co0.15O3 powders have a narrower bandgap (1.75 eV) and higher absorbance
than those of LuFeO3 (2.06 eV), obviously improving the light utilization efficiency. Additionally,
LuFe0.85Co0.15O3 powders represent a higher photocatalytic capacity than LuFeO3 powders and can
almost completely degrade MO in 5.5 h with the assistance of oxalic acid under visible irradiation. We
believe that the present study will promote the application of orthorhombic LuFeO3 in photocatalysis.

Keywords: cobalt doping; rare-earth orthoferrites; optical properties; photocatalysis; hole scavengers

1. Introduction

In recent decades, a flurry of research has been devoted to studying perovskite-type
rare-earth ferrites, RFeO3 (R denotes rare-earth), due to their potential applications in data
storage devices [1,2], catalysis [3,4], solid-oxide cells [5], gas sensors [6], etc. Since the
ABO3 perovskite structure has a large tolerance for structural distortion [7], the electrical,
optical, and magnetic properties can be effectively modified via tuning spin, charge, orbital,
and lattice coupling by substituting A- and/or B-sites to meet the desired demands in
applications, which makes RFeO3 compounds rather appealing [8].

Among these applications, photocatalysis is generally referred to as the catalysis of a
photochemical reaction at a solid surface, usually a semiconductor. For light-harvesting
and visible light-driven photocatalysis, the photocatalytic capacity can be improved by
bandgap engineering via doping [9], providing more active sites via the design of active
nanostructures [5], preventing electron–hole recombination via involving electron–hole
scavengers [3], enhancing adsorption via introducing vacancies [10,11], etc. Bandgap
engineering via doping is challenging in these approaches. Firstly, the preparation method
should be effective in replacing the atoms at the target sites. Secondly, semiconductor
doping can simultaneously alter its bandgap and electronegativity, which determine the
redox potential at the conduction band minimum (CBM) and the valence band maximum
(VBM) [12], and the redox potential plays a key role in the photocatalysis process.

LuFeO3, as an important member of the ReFeO3 family, is valued for its stability,
high Neel temperature, large magnetocrystalline anisotropy, and Dzyaloshinskii–Moriya
interaction [13–15]. More recently, Zhou et al. [3] reported orthorhombic LuFeO3 as a
new photocatalyst for dye degradation. They pointed out that the reaction of holes with
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OH− is possibly not the dominant way to generate the free radical ·OH. This increases the
possibility of improving catalytic efficiency via doping because the effect of VBM oxidation
potential can be weakened to some extent.

Metal doping is a well-known strategy to enhance the electrical, chemical, and op-
tical performance of materials, such as the durability of Li-ion batteries [16], the pseu-
docapacitive activities of WS2 [17], the nonlinear optical response of aluminum nitride
nanocages [18], the hydrogen evolution reduction of biomass-based carbon materials [19],
the electrochemical activities of MnO2 [20], etc. Among these metals, cobalt (Co) is consid-
ered an interesting dopant because of its high Pauling electronegativity number (1.88) [21],
various oxidation levels, and spin states [22,23]. Recently, researchers have carried out
extensive investigations on the structure, morphology, and electrical, optical, and mag-
netic properties of B-site cobalt-doped orthorhombic RFeO3. Most research focuses on
orthorhombic NdFeO3 [24–28], YbFeO3 [29], DyFeO3 [30], and LaFeO3 [31]. It has been
found that these Co-doped RFeO3 systems show considerable enhancement in their physi-
cal properties compared to their parent counterparts. However, as orthorhombic LuFeO3
has the smallest tolerance factor (0.866) [32], its perovskite structure is the most unstable in
RFeO3, so it is difficult to prepare B-site Co-doped LuFeO3, which has rarely been reported.
In addition, there are few reports on the elimination of impurity phases in the preparation
of Co-doped RFeO3, although it is important to eliminate the influence of impurities on the
properties of pure-phase ReFeO3 systems.

The powders prepared by the solid-state reaction method, which usually results in
large particle sizes and poor morphology, are seldomly employed to perform photocatalytic
experiments. However, the mechanochemical activation-assisted solid-state reaction (MAS)
method, a modified solid-state reaction method reported in our previous work [33], enables
the preparation of desired powders at a relatively low temperature for a relatively short
time. In this paper, we prepared B-site Co-doped LuFeO3 powders by the MAS method
reported in our previous work [33]. The preparation, fine structure, morphology, and
optical properties are investigated by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and UV–visible absorbance spectroscopy. The photocatalytic capacity was investi-
gated by degrading methyl orange (MO) assisted by oxalic acid (OA) under visible light
irradiation. A possible degradation mechanism is proposed.

2. Results and Discussion
2.1. Preparation of Co-Doped LuFeO3 Powders and Structure Analysis

The effects of Co doping amount, calcination time, and temperature on lutetium ferrite
phase evolution were studied by XRD, and the optimum preparation parameters were
obtained. The results are represented in Figure 1. As shown in Figure 1a, the LuFe0.9Co0.1O3
sample (marked in red) was attempted to be prepared using the same calcination as our
previous work, at 1200 ◦C for 10 h [33], but a distinct peak at 29.8◦ corresponding to the
impurity Lu2O3 was observed, as marked with a red ellipse. When the calcination time
was reduced to 2 h (marked in blue), the content of Lu2O3 decreased significantly, which
indicates that Co doping enables the system to be prepared at a lower energy level. Thus,
the effects of the calcination temperature on the phase evolution of the lutetium ferrite
system were studied by increasing the reaction temperature from 1050 ◦C to 1300 ◦C,
as shown in Figure 1b. It can be seen that a low or high calcination temperature is not
beneficial to obtaining the target product. The optimum preparation parameters for the
LuFe0.9Co0.1O3 sample are calcination at 1100 ◦C for 2 h. Under this condition, a series of
LuFe1−xCoxO3 (x = 0, 0.1, 0.15, 0.2, 0.25) samples were attempted to be synthesized, and
the results are shown in Figure 1c. It can be observed that the peak at 29.8◦, corresponding
to Lu2O3, appears when x reaches 0.2. As mentioned in the Introduction, because the
perovskite structure of orthorhombic LuFeO3 is most unstable in ReFeO3 systems, the
Co doping level should be lower than in other ReFeO3 systems such as NdFeO3 [28] and
DyFeO3 [30]. Further, the XRD patterns in Figure 1c indicate that the 2θ angle values
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of the (020), (112), and (200) diffraction peaks gradually shift to a higher angle after Co
was included in the LuFeO3 lattice when no Lu2O3 peak emerged in the samples. The
highlighted (112) plane shows an obvious change in the peak position. The d-spacings of
the Co-doped LuFeO3 lattice should be narrowed by Co doping, according to Bragg’s law.
Thus, a shrinkage in lattice parameters is expected.
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Figure 1. XRD pattern evolution of (a) 10% Co doping and calcination time at 1200 ◦C, (b) calcination
temperature, and (c) Co doping amount (the upper right corner shows the high magnification XRD
peak at the (112) plane). (d) Refinement of LuFe0.85Co0.15O3 by TOPAS.

To quantitatively describe the changes in lattice parameters by Co doping, the XRD
pattern of a LuFe0.85Co0.15O3 (LC15) sample with a pure phase was processed by the
Rietveld method for refinement using the Topas program, which is a reliable technique that
can provide structural details of the materials [34]. The structure was successfully fitted by
the perovskite structure with space group Pbnm, as depicted in Figure 1d. All diffraction
peaks are well indexed, and no trace of any impurity peak is observed. The weighted
profile residual Rwp and goodness of fit χ2 are 8.941% and 1.3, respectively, indicating
a good agreement between the observed and calculated diffraction patterns [35]. All the
Rietveld parameters, as obtained from the refinement, plus the counterparts of the parent
LuFeO3 (LFO) [33], are tabulated in Table 1. A shrinkage in lattice parameters and volume
of LC15 compared with that of LFO is observed. Since the ionic radius of Co3+ (54.5 pm
in LS and 61.0 pm in HS) is slightly less than that of Fe3+ (64.5 pm in HS), shrinkage is
expected, indicating a successful substitution of Co ions at Fe sites [17,36,37]. Similar results
have also been reported for NdFe1−xCoxO3 systems [24–26].
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Table 1. Refined structural parameters for LuFe0.85Co0.15O3 and LuFeO3 samples (error in 10−4 order
in refined parameters).

Sample
Space Group

Rwp χ2

Lattice
Parameters

(Å)

Atoms
Positions Volume (Å3)

Angle
Fe-O-Fe

Wyckoff x y z

LuFe0.85Co0.15O3
Pbnm
8.94
1.3

a = 5.1976 ± 1 Lu 4c 0.9800 0.0714 0.25

216.5313 ± 24
b = 5.5373 ± 1 Fe(Co) 4b 0 0.5 0

c = 7.5235 ± 1 O1 4c 0.1190 0.4539 0.25 140.601

O2 8d 0.6893 0.3071 0.0621 142.406

LuFeO3 [33]
Pbnm
7.74
1.46

a = 5.2154 ± 1 Lu 4c 0.9792 0.0715 0.25

219.0780 ± 35
b = 5.5537 ± 1 Fe 4b 0 0.5 0

c = 7.5637 ± 1 O1 4c 0.1179 0.4579 0.25 141.632

O2 8d 0.6890 0.3050 0.0638 142.121

In order to explore the effect of Co doping on the fine structure of the parent LFO, we
performed FTIR spectroscopy, an analytical technique capable of revealing the nature of
structures by detecting lattice vibrations. The FTIR spectra were recorded in transmission
geometry using a KBr disc in the range of 450–3000 cm−1, as illustrated in Figure 2. As per
Rao [38], two major bands can be observed at 250–600 cm−1, which are the characteristic
bands for rare-earth ferrites. These two bands are attributed to the Fe-O stretching and
bending vibrations of the FeO6 octahedral groups in the perovskite compounds [38,39]. In
our case, the two bands of LFO are located at 579.2 and 463.3 cm−1, while the counterparts
of LC15 blueshift to 585.8 and 478.8 cm−1, respectively. As is well known, the wavenumber
of IR bands can be influenced by atomic mass and bond length. However, there is little
difference in atomic mass between cobalt (58.9) and iron (55.8) here, so it is reasonable to
consider that the bond length of Fe-O is shortened by Co doping, which is consistent with
XRD results.
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2.2. Morphology and Compositional Analysis

Figure 3 presents the surface SEM images, corresponding individual elemental map-
ping, and EDS spectra results. Figure 2a,e shows the morphologies of LFO and LC15,
respectively. It can be seen that the two samples mainly consist of sphere- or polyhedral-
shaped particles, and the average particle sizes of the two samples are 1.8 µm and 2.3 µm,
respectively. Obviously, Co doping could lead to the growth of the LuFeO3 particles, since
a lower reaction temperature and a shorter time of calcination are needed to obtain single-
phase Co-doped LuFeO3, according to the XRD results, which are in accordance with the
results reported by Somvanshi et al. [27]. The individual elemental distributions of LFO
and LC15 are displayed in Figures 3b–d and 3f–i, respectively. It shows that all constituent
elements are distributed uniformly. The EDS spectrum of sample LC15 shown in Figure 3j
manifests that Lu, Fe, Co, and O elements are obviously contained in the sample, and no
other impurities were found. As can be seen from the table in the upper right corner of
Figure 3j, the contents of the Fe and Co elements are in line with the nominal ratio.
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Fe and Co.

2.3. UV–Vis Absorbance Analysis

To evaluate the optical absorbance performance of samples LFO and LC15, the UV–vis
absorbance spectra were obtained by scanning from 300 to 800 nm using an integrating
sphere attachment. On the one hand, as shown in Figure 4a, the Co-doped LC15 sample
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exhibits a stronger UV–vis absorption than the pure phase LFO sample, which illustrates
that visible light utilization efficiency by Co doping can be improved. On the other hand,
the wavelength of the absorption edge extends from ca. 600 nm to ca. 700 nm, which means
that Co doping can reduce the bandgap (Eg) and promote the light response range. Based
on the above two aspects, the photocatalytic performance should be improved [40].
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Figure 4. (a) UV–vis absorption spectra of samples LFO and LC15, and (b) corresponding Tauc plot.

To quantitatively analyze the effects of Co doping on Eg, the Tauc relationship below
was employed to determine the Eg of these two samples.

αhν = A(hν− Eg)
n (1)

where α is the absorption coefficient, hν is the photon energy, A is a constant, and Eg is the
bandgap [41]. The constant n is determined by the bandgap type of the semiconductor: 0.5
for a direct transition bandgap and 2 for an indirect transition bandgap, where n is 0.5 for
LuFeO3 [42]. The approximated Eg was calculated by the straight-line x-intercept in (αhν)2

against the hν plot transformed from the absorbance spectra, as shown in Figure 4b. The
bandgap of the pure phase LFO is 2.06 eV, which is close to the reported value [3,43,44],
while the bandgap of LC15 is 1.75 eV. Such a significant decrease in the bandgap was also
observed in YbFe1−xCoxO3 (x = 0→0.1) and NdFe1−xCoxO3 (x = 0→0.4) systems [21,28], in
which bandgap decreases are reported to be 2.1→1.72 eV and 2.06→1.46 eV, respectively.
These results testified that Co doping could effectively tune the bandgap of orthorhombic
rare-earth ferrites. One reason for this is that the B cations in ABO3 play an important
role in the bandgap, and replacing B by more electronegative transition elements could
reduce the bandgap [45–47]. In this work, the Pauling electronegativity number of Co
(1.88) is higher than that of Fe (1.83), which might be responsible for the decrease in the
bandgap. Second, the decreased bond length of Fe-O by Co doping enlarges the value of
one electron’s bandwidth (W). As reported, the increased W decreases the value of the
bandgap [48]. Another reason may be due to the weak orbital hybridization of Co 3d and
O 2p states, which leads to less binding energy compared to Fe 3d states [21].

2.4. Photocatalytic Degradation of MO under Visible Light Irradiation

To investigate the photocatalytic capacity of Co-doped LuFeO3 particles assisted by
OA, experiments were carried out by analyzing the degradation activities of MO solution
with an initial concentration of 10 mg/L. OA, a commonly used and environmentally
friendly hole scavenger, can be found in most organisms on earth, such as fungi, bacteria,
plants, animals, and humans [49]. For an effective photocatalytic process, an optimized
catalyst dosage is paramount. Figure 5a shows the change in normalized MO concentration
with irradiation time when the dosage of the catalyst LC15 was changed from 0 to 100 mg
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under the conditions of an initial MO concentration of 10 mg/L and an OA dosage of
12 mg. It can be seen that the MO concentration without a catalyst only decreased by 15%
after 5 h of irradiation, while the MO concentration decreased sharply by 64% after adding
10 mg of catalyst. However, as the dosage of catalyst continued to increase, the reduction
rates of MO concentration gradually decreased in the cases of 30 and 50 mg of catalyst
added. When the dosage of catalyst reached 50 mg, the MO concentration decreased by
up to 80%. As the dosage of catalyst continuously increased to 100 mg, the reduction in
MO concentration did not increase but rather decreased to 55%. Therefore, 50 mg was
considered the optimized catalyst dosage for further photocatalytic experiments. The above
phenomenon is reasonable. On the one hand, the intermediate products generated during
the photocatalytic reaction process may compete with MO for the active sites on the surface
of the catalyst [40], and this competition would become more intense with the increase in
the dosage of catalyst. On the other hand, excess catalyst will increase the opacity of the
solution, resulting in high light reflectivity, which reduces the absorption of light [50].
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Figure 5. (a) Effects of sample LC15 dosage on the photocatalytic degradation of MO with an OA
dosage of 12 mg; (b) comparison of the photocatalytic capacities of sample LC15 (50 mg) and LFO
(50 mg); (c) effects of OA dosage on the photocatalytic degradation of MO with an LC15 dosage of
50 mg; (d) evolution of the absorbance spectra of MO of the best results with sample LC15 and OA
dosages of 50 mg and 40 mg, respectively. The three centrifugal tubes marked by 1, 2, and 3 denote
the MO solution, the MO and OA mixed solution, and the degraded solution after 5.5 h of irradiation.

Figure 5b presents the comparison of the photocatalytic capacities of LFO and LC15
samples. It is observed that the MO concentration only decreased by 8% after 5 h of
irradiation for sample LC15 without OA, due to the low photonic efficiency of LuFeO3
resulting from a rapid recombination of photogenerated electron–hole pairs [51]. However,
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with the assistance of OA, the MO concentration decreased by 65% for the sample LFO.
Such a large increase in the photodegradation rate indicates that OA has a great impact
on the photodegradation capacity of LuFeO3. In addition, compared with sample LFO,
sample LC15 can further reduce the MO concentration by 80%, showing an even stronger
photocatalytic capacity. It is well known that the particle size of catalysts has an important
effect on photocatalytic performance. Generally speaking, the smaller the particle size, the
higher the number of active sites of the catalyst that can participate in photocatalysis and
the stronger the catalytic capacity [52]. In our case, the LFO sample has a smaller particle
size than the LC15 sample, whereas the photocatalytic performance is weaker than that
of the LC15 sample. However, according to the UV–visible absorption results, Co doping
can improve the utilization of visible light by increasing the absorption and broadening
the spectral response range. Thus, combined with the SEM and UV–visible absorbance
observations, it is concluded that the influence of optical properties on the catalytic results
is more important than that of particle size in our case [40].

To further optimize the degradation conditions, photocatalytic experiments were
conducted by varying the OA dosage from 12 to 60 mg, with the LC15 dosage at 50 mg
and the initial MO concentration at 10 mg/L. The results are presented in Figure 5c. It
reveals that an excess dosage of OA may lead to the occupation of active sites at the surface
of sample LC15, leaving no available sites for photocatalysis [53], and 40 mg of OA is
the optimized dosage in our system. The MO concentration can be almost completely
degraded (~98%) after 5.5 h of irradiation under the conditions of an LC15 and OA dosage
of 50 mg and 40 mg, respectively. Figure 5d displays the evolution of the UV–visible
absorption spectra of MO and OA mixed solutions with an interval of 0.5 h after 5.5 h of
irradiation, which testifies to the good photocatalytic performance of Co-doped LuFeO3
particles assisted by OA.

2.5. Possible Degradation Mechanism

Based on the above results, a possible degradation mechanism is proposed to explain
the enhanced photocatalytic capacity of the Co-doped LuFeO3 sample LC15, as illustrated
in Figure 6. Since the redox potentials play a key role in the photocatalytic reaction, it is
necessary to determine the effect of Co doping on the conduction band minimum (CBM)
and valence band maximum (VBM) potentials of LuFeO3. These energy levels can be
calculated by empirical equations [12,54], as follows:

ECB = χ− Ee − 0.5Eg (2)

EVB = ECB − 0.5Eg (3)

where ECB and EVB are the CBM and VBM potentials, Ee is the energy of free electrons
versus hydrogen (4.5 eV), and Eg is the bandgap energy. Finally, χ is the electronegativity
of a semiconductor, defined as the geometric mean of the electronegativity of the atoms
constituting the semiconductor [55], while the electronegativity of an atom is the arithmetic
mean [56] of its electron affinity [57,58] and first ionization. The χ value of sample LC15
was estimated to be 5.50, slightly larger than that of sample LFO (5.49) [3]. Thus, the
CBM and VBM potentials of LC15 are calculated to be 0.12 and 1.87 eV versus the normal
hydrogen electrode (NHE), respectively, as indicated by the orange dotted arrows on the
blue scale axis in Figure 6. More recently, Zhou et al. [3] found that ·OH radicals are the
dominant active species responsible for the dye’s photocatalytic degradation by LuFeO3
particles. Further, in the process of photocatalytic degradation of dye in aqueous solution
by a semiconductor, it was found that three redox paths that could produce the free radical
·OH are H2O/·OH, OH−/·OH, and O2/H2O2, and their redox potentials are +2.72, +1.89,
and +0.695 eV, respectively [59–61]. However, according to the thermodynamic theory, only
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the O2/H2O2 redox path can occur considering the CBM and VBM potentials of sample
LC15, as shown in Figure 6. The related reduction paths are listed below:

LC15 + hv → LC15
(
e−CB
)
+ LC15

(
h+VB

)
(4)

LC15
(
2e−CB

)
+ O2 + 2H+ → LC15 + H2O2 (5)

LC15
(
e−CB
)
+ H2O2 → LC15 + ·OH + OH− (6)
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Figure 6. Schematic of the possible mechanism for the photoexcited electron–hole separation and
transport processes at the LC15 sample interface, assisted by OA under visible light irradiation.

The oxidation paths of OH−/·OH are absent in those of sample LC15 compared
with the photocatalytic process of LFO [3]. Further, according to the SEM results, the
specific surface area of sample LC15 is smaller than that of LFO. However, the degradation
efficiency of sample LC15 is still ca. 23% higher than that of LFO. All these results strongly
indicate that the enhancement of the light utilization efficiency by Co doping plays a
dominant role in improving the photocatalysis.

To reduce the cost of photocatalysis, reusability and stability are two essential fea-
tures of a photocatalyst. Using the same protocol, the degradation of MO was carried out
again by reusing the sample LC15 collected after the first photocatalysis experiment. The
comparison of removal efficiency between cycles 1 and 2 is shown in Figure 7a. It is clear
that the reduction in removal efficiency is negligible, which suggests that the reusability is
good. Figure 7b shows the XRD patterns before and after photocatalysis. Obviously, the
orthorhombic structure of sample LC15 is maintained, as all the diffraction peaks corre-
sponding to each plane of orthorhombic LuFeO3 are unchanged and no other diffraction
peaks appear. These results indicate the good reusability and stability of sample LC15.
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Figure 7. (a) Comparison of the removal efficiency between cycles 1 and 2; (b) XRD patterns of LC15
before and after photocatalysis.

3. Experimental Section
3.1. Chemicals

Highly purified lutetium oxide (Lu2O3, 99.99%), ferric sesquioxide (Fe2O3, 99.9%), and
cobalt oxide (CoO, 99.5%) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai,
China). MO (C14H14N3NaO3S) was purchased from Shanghai Titan Scientific Co., Ltd.
(Shanghai, China). OA (C2H2O4·2H2O) was purchased from Tianjin Damao Chemical
Reagent Factory (Tianjin, China). All the chemicals are of analytical grade or better and
were used as received without further purification.

3.2. Preparation of B-Site Co-Doped LuFeO3 Powders

B-site Co-doped LuFeO3 powders were prepared by the MAS method reported in our
earlier work [33]. Specifically, 30 mmol of desired stoichiometry of Lu2O3, Fe2O3, and CoO
were slowly added to a 50 mL tungsten carbide–cobalt (WC–Co) pot containing WC-Co
milling balls with 30 mL of alcohol. Then, the mixture was blended by a planetary mill
machine at a rotational frequency of 586 min−1 for 12 h. Next, the mixture with the pot
open was transferred to a drying oven and heated at 50 ◦C for 3 h, and then at 150 ◦C
for 24 h. The dried mixture was sequentially mechanochemically activated at a rotational
frequency of 456 min−1 for 5 h. Afterward, the powder was calcined at 1000–1300 ◦C
for 2–10 h in a muffle furnace. The final Co-doped LuFeO3 powders were obtained by
grounding the calcinated powders thoroughly in an agate crucible.

3.3. Degradation of MO under Visible Light Irradiation

The photocatalytic activities of LuFeO3 (LFO) and LuFe0.85Co0.15O3 (LC15) powders
were evaluated by the degradation of MO under visible light irradiation. First, the desired
amount of OA was dissolved completely in 100 mL of MO solution (10 mg/L). Second,
the mixed solution was transferred to a 250 mL jacketed double-layer glass beaker reactor
with the required amount of photocatalysts. After reaching an adsorption–desorption
equilibrium by stirring for 30 min in the dark, the photocatalytic reaction under stirring was
initiated under the irradiation of a 300 W xenon lamp (MC-PF300, Beijing Merry Change
Technology Co., Ltd., Beijing, China) equipped with a 420 nm UV-cut filter positioned
8 cm above the reaction solution. The whole process was operated at 20 ◦C by circulating
thermostatic water and stirring at 450 rpm. During irradiation, a small amount of solution
(2 mL) was sampled every 30 min. After the solution was centrifugated at 5000 r/min for
3 min, the supernatant was taken, and its absorbance at 505 nm was measured by a UV–vis
spectrophotometer (Agilent Carry 60, Santa Clara, CA, USA) to determine the relative
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concentration of MO. The normalized MO concentration is defined as It/I0×100%, where I0
and It are the absorbance at 505 nm at the beginning and after a certain time of irradiation.

3.4. Characterization

The phase purity and structure of the as-prepared samples were investigated by a
powder XRD instrument (Bruker D8 Advance, Saarbrucken, Germany) using a Ni-filtered
Cu Kα (λ = 1.5406 Å) radiation source at 40 kV and 40 mA with a step size of 0.01◦. The
IR spectroscopy transmittance measurements were performed over a frequency range of
400 to 4000 cm−1 using a FTIR spectrometer (Thermal Nicolet Summit, Waltham, MA, USA)
with the KBr pellet technique. Morphological and EDS analyses were measured by field-
emission SEM (FESEM) (TESCAN Mira4, Brno, Czech). The absorbance measurements
were conducted using a UV–visible spectrophotometer (Shimazu SolidSpec-3700, Kyoto,
Japan) with an integrating sphere attachment.

4. Conclusions

B-site Co-doped LuFeO3 powders were successfully prepared by a MAS method. The
required calcination temperature was lower, and the holding time was shorter than that of
the parent phase, LuFeO3. A shrinkage in lattice parameters was observed in Co-doped
LuFeO3 samples by fitting the XRD patterns, indicating a successful substitution of Co at
Fe sites. FTIR results revealed that two bands attributed to the Fe-O stretching and bending
vibrations of the FeO6 octahedral groups both blueshifted in accordance with the XRD
results. The particle size of LC15 is slightly larger than that of LFO. The UV–vis absorbance
spectra show that Co doping of LuFeO3 can considerably improve the light utilization
efficiency by increasing the absorption and broadening the spectral response range. The
sample LC15 shows a 23% higher photocatalytic capacity than that of the sample LFO
and can decrease the MO concentration by 98% under optimized conditions for 5.5 h of
visible light irradiation. A possible degradation mechanism is proposed. In summary, our
results clarify that Co doping can improve the photocatalytic performance of orthorhombic
LuFeO3.
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Abstract: Photocatalytic conversion of carbon dioxide into chemical fuels offers a promising way to
not only settle growing environmental problems but also provide a renewable energy source. In this
study, through first-principles calculation, we found that the Se vacancy introduction can lead to the
transition of physical-to-chemical CO2 adsorption on Janus WSSe nanotube. Se vacancies work at
the adsorption site, which significantly improves the amount of transferred electrons at the interface,
resulting in the enhanced electron orbital hybridization between adsorbents and substrates, and
promising the high activity and selectivity for carbon dioxide reduction reaction (CO2RR). Under the
condition of illumination, due to the adequate driving forces of photoexcited holes and electrons,
oxygen generation reaction (OER) and CO2RR can occur spontaneously on the S and Se sides of
the defective WSSe nanotube, respectively. The CO2 could be reduced into CH4, meanwhile, the
O2 is produced by the water oxidation, which also provides the hydrogen and electron source for
the CO2RR. Our finding reveals a candidate photocatalyst for obtaining efficient photocatalytic
CO2 conversion.

Keywords: CO2 reduction; Se vacancy; photocatalysis; Janus WSSe nanotube

1. Introduction

For the last few years, given the limitation of fossil fuel reserves and the growth
of atmospheric CO2 levels, an urgent need has existed to create a sustainable option for
converting unwanted CO2 into useful products in the form of chemicals and fuels [1–3],
which will not only solve the greenhouse effect, melting glaciers, and other environmental
problems caused by carbon dioxide, but also alleviate the current energy crisis [4]. The
conversion of carbon dioxide could be operated through a variety of pathways, including
biochemical [5], electrochemical [6,7], photochemical [8,9], and thermochemical [10] reac-
tions. As sunlight is a theoretically unlimited power source, solar-powered CO2 reduction
can be perceived as the best option among these promising approaches [11,12]. Until now,
photocatalytic CO2RR has attracted great attentions and achieved many results [13–16].
Photocatalysis is widely believed to have three primary key steps, i.e., sunlight harvesting
by the semiconductor (hν > Eg), photo-generated carrier separation and transport, and
reactions on the surface [17–20]. While many solar active catalysts for CO2 photoreduction
have been reported, they mostly suffer from instability, poor energy conversion rates,
non-controllable selectivity, and failure to fully inhibit competing hydrogen evolution
reactions (HER) in existence with water [21,22]. Consequently, it remains a great priority
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to design high-activity photocatalysts for CO2 reduction with great conversion efficiency
and selectivity.

Soon after the Janus-structured MoSSe monolayer was fabricated by a modified chem-
ical vapor deposition (CVD) method based on the sulfidation of MoSe2 monolayer [23] and
the selenization of the MoS2 monolayer [24], the two-dimensional (2D) Janus transition
metal dichalcogenides, such as Janus MoSSe and WSSe, have become candidates with
great potential application for photocatalysis because of their excellent optical absorption,
suitable band edge positions, and high carrier separation [19,23–26]. Our previous work
demonstrated tha, the tubular Janus WSSe, obtained by rolling the planar Janus WSSe
with an acceptable strain energy, possesses an enhanced electrostatic potential difference
between the Se and S layers, resulting in a stronger built-in electric field than the planar
structure. The stronger built-in electric field usually could help to strengthen the adsorp-
tion of small gas molecules, even to activate them. For CO2RR, due to the inertness of
the CO2 gas molecule induced by the strong C=O bonds, effective activation of the CO2
molecule is key for the subsequent reduction. Therefore, to explore the photocatalytic
CO2RR performance of the Janus WSSe nanotube is meaningful for developing a highly
efficient photocatalyst.

In our research, the CO2 adsorption on the Janus WSSe nanotube in pristine and
defective states had been studied using DFT calculations. Adsorption energy (Eads), charge
density difference (CDD), and density of state (DOS) were employed to explain the coupling
between the substrate and adsorbate. It was found that the introduction of Se vacancies
on Janus WSSe could brilliantly change the physical adsorption of CO2 into chemical
adsorption, which effectively activates the CO2 gas molecules and makes CO2RR possible.
The semiconducting property of the defective Janus WSSe nanotube is confirmed by the
electronic band structure. We studied its photocatalytic CO2RR performance by analyzing
the absorption spectrum, redox capacity, and reaction driving force of photo-excited carriers.
Furthermore, in order to keep the CO2RR sustained and stable, we also consider the OER
reaction on the S side of the defective Janus WSSe nanotube. Furthermore, competition
from the CO2RR and hydrogen evolution reaction (HER) is addressed. We found that
the defective WSSe nanotubes have excellent photocatalytic properties and can serve as a
hopeful photocatalyst for light-driven CO2 reduction.

2. Results and Discussion
2.1. The CO2 Adsorption on Pristine Janus WSSe Nanotube

Janus WSSe nanotubes are constructed by scrolling Janus WSSe monolayers, whereby
the W layer is interposed between the Se and S layers. Our previous work reported that
the strain energy for the formation (0.10 eV/atom) of the Janus WSSe nanotubes with
a structure of Se layer on the outside and S layer on the inside is lower than the one
(0.23 eV/atom) with a contrary structure, indicating relatively more stability [27]. Herein,
we chose the (12, 12) armchair Janus WSSe nanotube as the substrate in the adsorption
system. As shown in Figure S1, the diameter is 21.86 Å and the height of Se-S is 3.22 Å. The
W-S and W-Se bond lengths are 2.38 and 2.60 Å, respectively, separately a little shorter and
larger than the corresponding ones (2.41 and 2.52 Å) in the planar structure [28]. In this
study, we only considered the CO2 adsorption on the outer side (Se side) of the nanotube,
and the case of the adsorption on the inner side is neglected because the CO2 gas molecules
are difficult to pass through the nanotube walls to arrive on the inner side (the barrier is
up to 28.33 eV, see Figure S2). We put a CO2 gas molecule on the Se side of the nanotube
to build the adsorption system and completely relax it. As shown in Figure 1, there are
four adsorption sites taken into consideration, namely center (above center of the hexagon),
bond (above W-Se bond), and W/Se (above W/Se atom).
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Figure 1. (a) The adsorption sites (marked with red circles) in consideration of the pristine Janus
WSSe nanotube. (b) The adsorption energy as well as the top (upper) and side (lower) views of the
optimized configurations of CO2 gas molecule adsorbing on pristine WSSe nanotube with different
adsorption sites. The gray, red, orange, yellow, and blue balls each represent C, O, Se, S, and W atoms.
(c) The enlarged view for the top view of center adsorption site optimized structure. The adsorption
distance between the substrate and the adsorbate is represented by the dark blue, d. Transfer of
charge from substrate to CO2 molecule identified by the blue arrow.

According to Equation (1), we obtained Eads values of various adsorption sites, which
were used to explore the most stable adsorption configuration. As shown in Figure 1b, we
found that the Eads arrived the smallest (−0.19 eV) when the adsorbed CO2 gas molecule
was located at the center site, which was the most stable adsorption configuration. The
small absolute value of Eads of this adsorption configuration revealed that the adsorption is
physical adsorption (usually, |Eads| ≤ 1 eV [29–32]).

We studied the mechanism of the CO2 physisorption on the pristine Janus WSSe
nanotube in detail based on the adsorption distance and Bader charge results. The CO2
gas molecule kept the linear morphology after adsorption (see Figure 1c), and the distance
from the C atom of the CO2 gas molecule to its nearest Se atom of the pristine Janus WSSe
nanotube is as high as 3.54 Å, which greatly exceeds the Se-C bond length (2.29 Å). In
addition, the amount of transfer electron, moving from the pristine Janus WSSe nanotube
to the CO2 molecule, is only 0.02 e, indicating the weak interaction between the substrate
and the CO2 molecule.

At the same time, we also calculated the DOS values of the adsorption configura-
tions. As can be seen from Figure 2a–c, the projected DOS of the WSSe nanotube has a
negligible change compared with those of the corresponding pristine WSSe nanotube,
indicating that the electronic properties of the WSSe nanotube remain. However, there is
a significant difference of the DOS between the adsorbed gas molecule and the pristine
gas molecule, which is due to charge rearrangement after adsorption; that is, the O atoms
gain electrons, while the C atom loses electrons (as listed in Table S1). The little orbital
hybridization between the WSSe nanotube and CO2, mainly composed of the Se p and
CO2 O p orbitals, is consistent with the tiny interfacial electron transfer, demonstrating
that the interaction between the WSSe nanotube and molecules is weak. According to
the above analysis, it can be determined that the adsorption of CO2 by the pristine WSSe
nanotube is physisorption.
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Figure 2. (a) The total state density of the pristine CO2 gas molecules and (b) the total state density
of the pristine WSSe nanotube. (c) The partial state density of the adsorption system, where WSSe
nanotube is shown in dark blue and CO2 is shown in red. (d) Partial state densities of the C p orbitals
(cyan) of the adsorbed CO2 gas molecule and the Se p orbitals (black) of the Se atom most nearby the
adsorbed CO2 molecule. Fermi level is expressed by the vertical dashed line.

2.2. The CO2 Adsorption on Defective Janus Wsse Nanotube

The pristine WSSe nanotube can be used as a gas collection system for physical
CO2 adsorption. However, in order to convert the CO2 gas into value-added industrial
raw materials through chemical reactions, chemical adsorption of CO2 is required, which
requires the substrate to have a stronger adsorption capacity. Our earlier results have
reported that introducing vacancy defects could effectively improve the stability of the
geometric structures for some gas adsorption systems, making the adsorption capacity of
the substrate increase [33–35].

Since the CO2 is more easily adsorbed on the Se side of WSSe nanotube, hereby,
we applied the Se vacancy defects into the Janus WSSe nanotube to enhance its CO2
adsorption capacity, which also has been demonstrated to be more easily formed than
the S and W vacancy defects in the WSSe layered material [33]. Based on the analysis
on the elastic modulus, we find that a low Se vacancy concentration does not affect the
mechanical property of the Janus WSSe nanotube drastically. (More details can be found in
the Supporting Information and Figure S3). The calculated Eads of CO2 molecule adsorbing
on defective Janus WSSe nanotube is −1.41 eV, greatly exceeding the one (−0.19 eV) on the
pristine Janus WSSe nanotube, indicating that the introduction of Se vacancy strengthens the
CO2 adsorption. More interesting, as displayed in Figure 3a, the adsorbed CO2 molecule
undergoes an obvious deformation from the initial linear shape into the bending one
(∠OCO = 114.17◦). Additionally, one of the C=O bonds in the adsorbed CO2 molecule
(C-O2 bond) transforms into the C-O bond, and the C and O2 atoms bond to different W
atoms, respectively. The obvious deformation demonstrates that the CO2 molecule could
be activated by the defective Janus WSSe nanotube. However, the defective planar WSSe
monolayer does not have such high activity. The adsorbed CO2 molecule on the defective
planar WSSe monolayer keeps its linear shape (see Figure S4), and the adsorption energy
in this case is only −0.20 eV. This phenomenon can be explained by the following reasons:
(I) bending the planar structure allows more of the W atom area to be exposed, enlarging
the contact surface of the CO2 molecule on the W atom; (II) the W atoms near the Se vacancy
in the tubular structure WSSe have more electrons (0.15 e/atom) than the ones in the planar
structure, according to the Bader charge results, which leads to easier electron transfer
from W atoms on the WSSe nanotubes to the CO2 molecule and facilitates the formation of
strong bonds.
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Figure 3. Top view (a) of the optimized structure and CDD (b) of Janus WSSe nanotube with Se vacancy
adsorbed CO2 gas molecules. Cyan (yellow) areas indicate charge depletion (accumulation). The isosurface
level is 0.002 eÅ−3. Transfer of charge from substrate to CO2 molecule identified by the blue arrow.

In the following, we further discuss the enhanced adsorption of CO2 on WSSe nan-
otubes with the introduction of Se vacancies, from the aspects of CDD, electron transfer, and
DOS. As mentioned before, after CO2 adsorption at the Se vacancy site, C and O2 atoms
separately bond to W atoms. As plotted in Figure 3b, the electron transfer amount from the
defective Janus WSSe nanotube to the CO2 molecules is up to 1.12 e. The formation of C-W
and O-W bonds indicate that on the defective Janus WSSe nanotube, the CO2 adsorption is
chemical adsorption.

For the purpose of understanding the electronic origin of the chemisorption on the
defective Janus WSSe nanotube, its corresponding DOS is calculated. For the defective
Janus WSSe nanotube, its conduction band maximum (CBM) rises to a high level after the
CO2 adsorption (see Figure 4a,b), which corresponds to the Bader charge result that the
defective Janus WSSe nanotube loses 1.12 e. In addition, as shown in Figure 4c, there is
an obvious orbital hybridization between the CO2 molecule and the defective Janus WSSe
nanotube, which is mainly contributed by the O-p and C-p orbitals from the adsorbed
molecule as well as the W-d orbitals from the W atoms in substrate bonding to the C and
O2 atoms. This explains the phenomenon that the CO2 gas molecule is tightly attached
to the defective Janus WSSe nanotube through the C-W and O-W bonds. In addition, the
DOS of the CO2 molecules pre- and post-adsorption (see Figures 2a and S5) shows that
an obvious delocalization of DOS occurs after adsorption, which means a severe electron
redistribution in the adsorbed CO2 gas molecule, caused by the gained electrons from the
substrate. The results above provide more evidence that the adsorption of CO2 by the
defective WSSe nanotubes is chemisorption. In other words, the introduction of Se vacancy
can well convert the physical adsorption of CO2 into chemical adsorption on the Janus
WSSe nanotube.
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Figure 4. The total state density of WSSe nanotube with Se vacancy (a). The partial state density (b) of
the adsorption system, the defective WSSe nanotubes are shown in dark blue, and CO2 is shown in red.
(c) Partial state densities of adsorbed CO2 gas molecules in C p orbitals (cyan), O p orbitals (purple), and
W d orbitals of two W atoms in substrate (orange). The vertical dashed line shows the Fermi level.
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2.3. Photocatalytic Performance of Defective WSSe Nanotube for CO2RR

The activation of the CO2 gas molecule on the defective WSSe nanotube makes the
further catalytic CO2 reduction reaction possible. As displayed in Figure 5a, though the
Se vacancy bring about some gap states, the defective Janus WSSe nanotube still keeps
the semiconductor character with a narrower band gap of 0.83 eV (the band gap of the
pristine Janus WSSe nanotube is 1.56 eV, see Figure 5b). In the following, we studied the
photocatalytic performance of the defective Janus WSSe nanotube.
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Figure 5. Band structures of (a) defective and (b) pristine Janus WSSe nanotubes. The gap states
caused by the Se vacancy are marked with blue lines. The black number represents the value of
band gap.

In order to initiate the photocatalytic conversion of CO2, an efficient photocatalyst
must have a high photo-conversion efficiency. As shown in Figure 6a, there are several
significant light absorption peaks (over 105 cm−1) among the visible light area for the
pristine and defective Janus WSSe nanotubes, indicating they are promising catalyst
candidates with visible-light responses. The highest absorption peak in the visible
area for the pristine and defective Janus WSSe nanotubes arrive 3.10 × 105 cm−1 (at
380.00 nm, black line) and 2.96 × 105 cm−1 (at 380.00 nm, red line), which exceed the one
of the planar Janus WSSe (1.30 × 105 cm−1 at 466.28 nm) [34] and are on par with some
reported photocatalysts, namely, MoSSe/graphene (4.00 × 105 cm−1 at 500 nm) [36]
and MoSSe/AlN (3.95 × 105 cm−1 at 412 nm) [37]. Although the difference between
the light absorption spectra of the pristine and defective Janus WSSe nanotubes are not
significant, as displayed in Figure S6, in the infrared and visible regions, the optical
absorption coefficient of the defective Janus WSSe nanotube is higher than the one of
the pristine Janus WSSe nanotube, which is consistent with the fact that the defective
Janus WSSe nanotube has a smaller band gap than the pristine one. The non-zero
absorbance value in the infrared region (IR) of the defective WSSe nanotube ensures the
utilization of IR photons. Therefore, the introduction of Se vacancy defects makes the
Janus WSSe nanotube use photons in a relatively larger energy range. Additionally, the
negligible difference of light absorption spectra between these two kinds of nanotubes
may be caused by the fact that the gap states are too weak in the defective Janus WSSe,
where the concentration of Se vacancy is too low (just 4.17%). In the visible region, the
reported optical absorption coefficient of defective Janus WSSe monolayer with a higher
concentration of Se vacancy (6.25%) is more obviously higher than the pristine Janus
WSSe monolayer [34], which agrees well with the results of nanotubes.
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Figure 6. (a) Optical absorbance of pristine and defective Janus WSSe nanotubes. (b) Schematic
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at pH = 0. EAVS represents the energy level relative to the absolute vacuum scale (AVS). The pink
arrow represents the orientation of the built-in electric field.

In order for a semiconductor to be active for photo-reduction of CO2, the band edges
must be aligned with the potentials of the reduction half-reactions [38]. On top of that, its
band edge also needs to satisfy the oxidation potential of H2O/O2 because the oxygen
evolution reaction (OER) could consume the redundant photo-excited holes and provide
the necessary H+ + e− pair simultaneously. As shown in Figure 6b, the CBM in the pho-
tocatalytic redox capacity is above the CO2/CH4 reduction potential, and the VBM is
below the H2O/O2 oxidation potential, indicating that the WSSe nanotubes have sufficient
redox capacity for both photocatalytic CO2RR and OER. Furthermore, our previous work
pointed out that [27] the dipole caused by the structural asymmetry introduces a built-in
electric field with the direction from the Se layer to the S layer (see the pink arrow in
Figure 6b). In this case, the photoexcited electron and hole will run fast in opposite direc-
tions, causing high spatial separation of the electron–hole pairs, which surely suppresses
the recombination of photoexcited carriers.

Next, we explore whether the reaction can be spontaneous under dynamic con-
ditions. The case without any external potential (U = 0 V) is used to simulate the
condition in darkness. We first screen the favorable reaction path of CO2RR on the
defective Janus WSSe nanotube (see Figure S7). The CO2RR-to-CH4 process involves
eight proton-coupled electron transfer steps (CO2 + 8H+ + 8e− → 2H2O + CH4). The
free energy diagram and the corresponding intermediates for the CO2RR-to-CH4 are
shown in Figure 7a. The most possible path is CO2 *→ OCOH *→ OCHOH *→ OCH *
→ OCH2 *→ OCH3 *→ O *→OH *→ H2O *. The electrocatalytic steps, i.e., OCHOH *
→ OCH *, OCH *→ OCH2 *, OCH2 *→ OCH3 *, and OCH3 *→ O *, are exothermic by
−0.41, −0.51, −0.15, and −1.43 eV, respectively; meanwhile, the other hydrogenation
steps, i.e., CO2 *→ OCOH *, OCOH *→ OCHOH *, O *→ OH *, and OH *→ H2O *,
are endothermic by 0.65, 0.15, 0.06, and 0.50 eV, respectively. The formation of OCOH *
is the potential determining step (PDS) with a limiting potential (Ul) of −0.65 V. At the
same time, we also investigated the OER process on the S side of the defective Janus
WSSe nanotube along the 4 e transfer pathway, i.e., H2O→ OH *→ OOH *→ O2 (see
Figure 7b) [18,27]. The free energy changes (∆G) for the four different steps are endother-
mic by 1.81, 0.06, 1.75, and 1.30 eV, respectively. The formation of OH * is the PDS with a
Ul of −1.81 V.
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Figure 7. The Gibbs free energy diagrams for the (a) 8 e pathway of CO2RR and (b) 4 e pathway of
OER on the defective Janus WSSe nanotube under different light conditions. The extra potentials
provided by photogenerated electrons and holes are 0.73 and 2.77 V, respectively.

According to the free energy calculations mentioned above, it could be found that both
the CO2RR and OER have endothermic steps; thus, they could not take place spontaneously
without photo-irradiation. However, the high enough external potential supplied by the
photo-excited carriers helps to overcome the Ul of these redox half-reactions, making the
redox half-reactions proceed spontaneously [39]. The extra potential of the photogenerated
electrons/holes (Ue/Uh) is defined as the energy difference between H+/H2 reduction
potential and the CBM/VBM [18,39–41]. According to our previous work [27], the Ue
and Uh of the defective Janus WSSe nanotube at pH = 0 are 0.73 and 2.77 V, respectively,
which are sufficient enough to separately cover the Ul of CO2RR and OER. Therefore, in
consideration of Ue and Uh, all the reduction and oxidation steps become downhill (red
dash lines in Figure 7a,b). That is to say, under the light irradiation, both CO2RR and OER
can operate spontaneously.

Usually, the hydrogen evolution reaction (HER) is considered to be an important com-
petitive side reaction in the catalytic CO2RR [42,43]. Next, we investigated the competitive
relationship between CO2RR and HER in the defective Janus WSSe nanotubes. Based on
the Brønsted-Evans-Polanyi relation [44,45], the reaction with lower Gibbs, ∆G, values has
a smaller reaction barrier; thus, it is more favorable for kinetics. Accordingly, the ∆G for
H * formation energy (∆GH*) is calculated (Figure 8a) and compared with the one for CO2 *
formation energy (∆GCO2*). As shown in Figure 8b, ∆GCO2* (−0.67 eV) is more negative
than ∆GH* (−0.15 eV), which ensures that the active sites are preferred to be occupied
by CO2 *. Therefore, the defective Janus WSSe nanotube is more selective for CO2RR
over HER.
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3. Computational Methods

In our work, all the computational models are constructed with the DeviceStudio
software [46]. In addition, the Geometric relaxation and electronic structure were conducted
based on DFT simulations employing DS-PAW software [47]. The exchange-correlation
energy of Perdew–Burke–Ernzerhof (PBE) was employed [48]. To depict the van der
Waals (vdW) coupling in the adsorption system, we used the zero-damping DFT-D3
method suggested from Grimme [49]. All internal coordinates with fixed lattice constants
were permitted to relax during the optimization process. The sampling integration of the
Brillouin zone was performed in accordance with the Monkhorst-Pack scheme [50], and the
structure optimization and electronic properties are calculated with a 1 × 1 × 4 K-point.
The value of 500 eV was chosen as the cutoff energy of plane-wave basis. We set the periodic
boundary condition along the z-axis and put more than 10.8 Å vacuum spaces along the x
and y directions to avoid the interaction between adjacent nanotubes. Periodic boundary
conditions were set on the z-axis and a vacuum space of more than 10.8 Å was applied on
the x- and y-axes to evade adjacent nanotubes from interacting with each other. Moreover,
the ∆G of CO2RR and OER were calculated using the computational hydrogen electrode
(CHE) model [51]. Additional details of the Gibbs free energy simulations are available in
the Supporting Information.

The Eads of the CO2 on the WSSe nanotube was obtained from the following equation [52,53],

Eads = Etotal − Esub − ECO2 (1)

where Etotal was the total energy of the adsorption system, while ECO2 and Esub separately
were the total energies of the isolated CO2 molecule and the clean Janus WSSe nanotube. A
higher negative Eads indicated a more favorable exothermic adsorption.

The plane-integrated CDD was carried out in accordance with the equation,

∆ρ = ρtotal − ρsub − ρCO2 (2)

where ρtotal, ρCO2 , and ρsub separately were the charge density of the adsorption system,
adsorbed CO2 molecule, and substrate.

The absorption coefficient, a(ω), used to estimate the solar energy gathering capacity
was given by the following equation [27],

a(ω) =
√

2
ω

c

(√
ε1(ω)2 + ε2(ω)2 − ε1(ω)

) 1
2

(3)

where ε1 and ε2 frequently were the real and imaginary parts of the frequency-dependent
dielectric function, while c was the speed of light under vacuum.

4. Conclusions

In this paper, based on the first-principles calculations, we investigate the performance
of the defective Janus WSSe nanotube for the photocatalytic CO2RR. The introduction
of Se vacancy could significantly increase the amount of interfacial transferred electrons
and lead to obvious electron orbital hybridization between adsorbates and substrates,
making the CO2 adsorption on the Janus WSSe nanotube transform into chemisorption
from physisorption. Strong chemisorption enables defective Janus WSSe nanotubes to be
highly active and selective against CO2RR. In addition, the extra potential from photo-
produced carriers is high enough to trigger spontaneous CO2RR and OER simultaneously
on the defective Janus WSSe nanotube. For the first time, our work theoretically predicts
the high photocatalytic performance of the defective Janus WSSe nanotube on CO2RR,
which promisingly will stimulate extensive interests from material science and chemistry
communities to realize our vision.
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Supplementary Materials: The following Supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28124602/s1, Figure S1: Diameter, W-S bond length,
W-S bond length and Se-S height of the pristine Janus WSSe nanotube; Figure S2: The relative
adsorption energy and the location for the CO2 gas molecule passing through the pristine WSSe
nanotube wall; Figure S3: Relative value of total energy variations as well as their corresponding
fittings for the pristine and defective Janus WSSe nanotubes with respect to Strain ε along the tube
axis; Figure S4: Top view and Side view of CO2 gas molecules adsorbed at the Se vacancy of Janus
WSSe monolayer; Figure S5: The enlarged view for the partial density of States of CO2 portion
from the adsorption System; Figure S6: The enlarged view the optical absorbance of pristine and
defective Janus WSSe nanotubes at wavelength of 500–900 nm; Figure S7: The Search process for
the minimum energy reaction pathways of the CO2 reduction reactions on defective Janus WSSe
nanotube; Table S1: The amount of charge transfer for C and O atoms of CO2 gas molecules adsorbed
in pristine and defective Janus WSSe nanotubes, respectively; Free energy difference in the CO2RR
and OER; Table S2: Zero-pint energy correction and entropy contribution of molecules and adsorbates
in this Study. Refs. [51,54] are cited in Supplementary Materials.
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Abstract: Heterostructures may exhibit completely new physical properties that may be otherwise
absent in their individual component materials. However, how to precisely grow or assemble desired
complex heterostructures is still a significant challenge. In this work, the collision dynamics of a
carbon nanotube and a boron nitride nanotube under different collision modes were investigated
using the self-consistent-charge density-functional tight-binding molecular dynamics method. The
energetic stability and electronic structures of the heterostructure after collision were calculated using
the first-principles calculations. Five main collision outcomes are observed, that is, two nanotubes can
(1) bounce back, (2) connect, (3) fuse into a defect-free BCN heteronanotube with a larger diameter,
(4) form a heteronanoribbon of graphene and hexagonal boron nitride and (5) create serious damage
after collision. It was found that both the BCN single-wall nanotube and the heteronanoribbon
created by collision are the direct band-gap semiconductors with the band gaps of 0.808 eV and
0.544 eV, respectively. These results indicate that collision fusion is a viable method to create various
complex heterostructures with new physical properties.

Keywords: heteronanotube; heteronanoribbon; collision dynamics; electronic properties; DFTB

1. Introduction

In recent decades, research interest in nanomaterials’ synthesis has been growing
rapidly, enabling the attainment of novel materials such as heterostructures [1–6]. These
heterostructures often exhibit fascinating new physical phenomena and properties that are
otherwise absent in their individual components [7–11]. Currently, it is still a significant
challenge to precisely grow or assemble such heterostructures [12–16].

Carbon nanotubes (CNTs) [17], one of the most widely studied nanomaterials, can
be regarded as one-dimensional nanomaterials with unique hollow structures formed by
curling up graphene sheets. They can exhibit excellent electrical, thermal, mechanical and
optical performances, and have been widely used in electronic devices, hydrogen storage,
thermally conductive materials and composite materials [18–21]. Similar to CNTs, boron
nitride nanotubes (BNNTs) can also be regarded as hollow tubes formed by rolling up
hexagonal boron nitride (h-BN) sheets [22–26], which have a hexagonal layered structure
similar to graphene. BNNTs are wide-band-gap semiconductors with high thermal con-
ductivity, high oxidation resistance and excellent mechanical strength, and they have been
widely used in the field of nanocomposites and hydrogen storage materials [27–29]. Note
that BNNTs have a similar structure to CNTs and their difference is that only nitrogen and
boron atoms are alternately replaced by carbon atoms. The lattice mismatch between BNNT
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and CNT is about 0.79%. This tiny lattice difference provides a possibility of designing
heterostructural materials by combining these two nanostructures. At present, there are
generally two ways to form heteronanotubes by combining BNNTs and CNTs. One way
is to stack them together to form van der Waals co-axial bilayer heteronanotubes with
CNT@BNNT, that is, single-walled BNNT-wrapped single-walled CNT (SWCNT) [30,31].
The CNT@BNNTs exhibit superior thermal stability, chemical inertness and mechanical
robustness in comparison to CNTs [31]. Another method is to combine CNTs and BNNTs to
form covalent heteronanotubes either along or perpendicular to the tube axis. The covalent
heteronanotubes along the tube axis, which exhibit tunable electronic properties based on
stoichiometry, were prepared by covalent doping of CNTs with BNNTs [31,32]. However,
many complex covalent heteronanotubes, for example, perpendicular to the tube axis, have
not been realized thus far. How to form various complex heteronanotubes remains largely
unexplored, which motivates the present study. It is noted that doping into graphite or
carbon nanotubes has been used to create BCN nanostructures, and the preparation method
can be traced back to the work of Stephan et al. in 1994 [32]. Subsequently, BxCyNz, CBxNy,
CBx and CNx nanotubes were also successfully prepared. A large number of studies [33,34]
have demonstrated that the doping of boron and nitrogen into carbon nanotubes can be
an effective way to adjust the band gap of the material [35]. Interestingly, Campbell et al.
obtained direct experimental evidence of the collision fusion of two C60 molecules [36–38].

In this work, BCN nanotubes were achieved by colliding CNTs and BNNTs based on
the computational simulation method. To demonstrate the viability of this method, the
self-consistent-charge density-functional tight-binding (SCC-DFTB) molecular dynamics
(MD) method was employed to simulate the collision process. The simulations clearly
demonstrated the formation of BCN nanotubes, indicating the parallel collision method
is viable for producing BCN nanotubes. Interestingly, heteronanoribbons of graphene
and h-BN are also formed after collision. We further showed that the BCN nanotube
and the heteronanoribbon formed by the collision are direct band-gap semiconductors
with band gaps of 0.81 eV and 1.34 eV, respectively. The present study suggests that
heteronanotubes and heteronanoribbons can be effectively achieved by the collision fusion
of CNTs and BNNTs.

2. Collision Results

There are five main collision outcomes that are observed in the simulations. I. The two
nanotubes bounce off after collision and then move in opposite directions, labeled as B (see
Video S1). II. The two nanotubes are merged together in the form of sp3 hybridization after
collision, labeled as C (see Figure 1a and Video S2). III. The two nanotubes are fused into
a perfect (12,0) BCN single-walled nanotube with a larger diameter without any defects,
labeled as P (see Figure 1b and Video S3). IV. The two nanotubes are either fused to form a
larger diameter BCN nanotube with defects, including a 4–8 ring defect, 5–7 pair defect [39],
Stone–Wales (SW) defect [40], inverse Stone–Wales (ISW) defect [41], etc. (see Figure 1c), or
form a quasi-one-dimensional BCN nanoribbon with six-membered rings at the junction
and irregular defects at the edge (see Figure 1d and Video S4), labeled as D. V. The two
nanotubes are severely damaged after collision. With the increase in colliding energy, the
structural damage becomes more and more serious, and the nanotubes may break up into
single atoms, dimers, trimers or atomic chains, labeled as S.

The probability of each collision outcome is shown in Figure 2. It can be seen that
the probability of the two nanotubes being bounced back and forming a heterojunction is
higher in the lower energy range (0.1~0.3 eV). In the medium-energy region (0.3~0.5 eV),
the probability of the two tubes fusing to form nanotubes and nanoribbons is relatively
high. In the high-energy region (0.5~1.0 eV), the probability of fused structures with severe
damage is very high. The simulation results are summarized as shown in Table 1. It can
be observed that the collision mode has a minor influence on the collision results. The
connected heterojunctions mainly occur in the collision mode of AA, h-AH and AB, and
the corresponding energy is in the range of 0.1 to 0.3 eV. The fusion of two nanotubes into a
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perfect defect-free BCN nanotube mainly occurs in three collision modes, i.e., h-AH, AH
and AB. The fused BCN nanotubes and BCN nanoribbons with defective structures are
found in each collision mode, and the corresponding energy is in the range of 0.3 to 0.7 eV.
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Figure 2. Probability of collision outcomes as a function of the initial collision energy. Solid circle,
hollow circle, solid pentastar, hollow pentastar and hollow quadrangle represent the two nanotubes
bouncing back (B) and connecting (C), fusing into BCN heteronanotubes without defects (P) and with
defects (D) and colliding to create serious damage (S), respectively.
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Table 1. Results of collision between SWCNT and SWBNNT. Table legend: B = bounce back, C = con-
necting heterojunction, P = perfect BCN nanotube with no defects, D = BCN nanotube with defects,
S = serious damage, En = Energy.

En (eV)

Result Model
AA h-AH AH AAH AB

0.1 B, C, P B, C, P B, C B B, C
0.2 B, C B, C, P B, P B B, C, P
0.3 B, C B, P, D B, P, D B, C, P, D B, C, P
0.4 B, P, D P, D B, D D B, P, D
0.5 D D, S B, P, D B, D, S P, D, S
0.6 D, S D, S P, D, S D, S P, D, S
0.7 S S B, D, S S P, D, S
0.8 S S S D, S S
0.9 S S D, S D, S S
1.0 S S S S S

3. Discussion
3.1. Collision Energetics

Figure 3 shows the time evolution of kinetic and potential energies of the two nan-
otubes bouncing back (B), connecting heterojunction (C) and fusing into a perfect BCN
nanotube (P) after collision. It can be seen that all kinetic energy curves first drop sharply,
then fluctuate up and down, and finally reach equilibrium. Because the total energy of the
system remains constant, the evolution behavior of the corresponding potential energy is
exactly opposite to that of the kinetic energy. In addition, for case B, the kinetic energy
of the system after stabilization is lower than the initial kinetic energy, and the reduced
kinetic energy has been transferred into the potential energy of the system, resulting in
the increase in the potential energy, that is, the cylindrical tubular structure becomes an
ellipsoidal cylinder after collision, as shown in Figure 3b and Video S1. For case C, the final
kinetic energy is also lower than the initial kinetic energy. On the one hand, the reduced
kinetic energy has been converted into the binding energy required for the formation of the
junction between the two nanotubes, and also into the potential energy required for the
deformation of the nanotubes, as shown in Figure 1a and Video S2. For case P, the final
kinetic energy is slightly higher than the initial kinetic energy, while the final potential
energy is slightly lower than the initial potential energy, indicating that the system is more
stable after collision. Furthermore, it can be observed that the highest potential energy (see
the marker a in Figure 3b) of case P is higher than those (markers b and c) of cases B and C,
which means that the system for case P could have enough collision energy to overcome
the fusion barrier of forming a BCN nanotube with a larger diameter, while it is difficult for
cases B and C to fuse to form a nanotube.

3.2. Electronic Structures

Figure 4 shows the band structures and density of states (DOS) of the (6,0) single-
walled CNT (SWCNT), (6,0) single-walled BNNT (SWBNNT), (12,0) single-walled BCN
nanotube (SWBCNNT), graphene nanoribbon (GNR), h-BN nanoribbon (BNNR) and BCN
heteronanoribbon. It can be seen that the energy levels of (6,0) SWCNT cross the Fermi level
(see Figure 4a), which agrees with the consensus that the (6,0) SWCNT is a semimetal [42].
The band gap of (6,0) SWBNNT is calculated to be 2.791 eV (see Figure 4b), in good
agreement with the results calculated by Rubio et al. [43,44]. The valence band maximum
(VBM) of the (6,0) single-walled BN nanotube is mainly contributed to by N atoms, while
the conduction band minimum (CBM) is mainly composed of B atoms (See Figure 4b). The
(12,0) single-walled BCN nanotube is a direct band-gap semiconductor with a band gap
of 0.808 eV. The VBM is mainly contributed to by C and N atoms, and the CBM is mainly
contributed to by C and B atoms (see Figure 4c). The band gap of GNR is close to 0 eV,
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which is consistent with the results reported by Zhou et al. [45,46]. The band gap of BNNR
is calculated to be 4.536 eV, as shown in Figure 4e, which is in good agreement with the
results reported by Leite et al. [47]. The VBM of BNNR is mainly composed of N atoms,
while the CBM is mainly composed of B atoms. The BCN heteronanoribbon is a direct
band-gap semiconductor with a band gap of 0.544 eV (see Figure 4f). The VBM of the BCN
heteronanoribbon is composed of C and N atoms, and the CBM is mainly contributed to by
C atoms, indicating that C atoms are the main factor that constitutes the small band gap of
the BCN heteronanoribbon.
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The above calculation results indicate that the electronic properties of CNT/BNNT
can be regulated effectively by the collision fusion of CNT and BNNT. In particular, the
heteronanotubes and heteronanoribbons formed are new types of semiconductor nanoma-
terials, which may be applied in electronic devices, photocatalysis, integrated circuits and
field effect transistors.

3.3. Defects

In these fusion structures attained, some of them contain defects, including vacancy,
void, 5–7 pair defect, SW defect, ISW defect and 4–8 ring defect, which can have significant
effects on the electrical, chemical and mechanical properties of the fusion structures. It
was found that the formation of the 5–7 pair defect is conducive to the fusion of carbon
nanotubes [48,49]. Lambin et al. [48] found that the 5–7 pair defects enable the two carbon
nanotubes with different helicities to join and form molecular junctions, which had electrical
properties different from the original nanotubes. Terrones et al. [49] found that if both
carbon nanotubes with the same helicity contain a 5–7 pair defect, a CNT with a larger
diameter can be formed through the fusion of the two nanotubes.

Among these defects, the 4–8 ring defect is the most easily formed defect structure after
a CNT colliding with a BNNT. During the formation processes of BCN heteronanotube with
4–8 ring defects, four-membered rings containing C-C, C-N, C-B and B-N bonds are formed
first, but then they all evolve into four-membered rings containing B-N bonds, as shown in
Figure 5a,b. Based on our first-principles calculations, it is found that the energy of the BCN
nanotube with B-N-B-N structure is lower than that with C-C-B-N structure. Therefore, it
is easy to form four-membered ring structures with all B-N bonds in the evolution process.
Figure 5c shows the electronic structure of the BCN nanotube with 4–8 ring defects. As can
be seen, the heterostructure is a direct band-gap semiconductor with a band gap of 0.565 eV,
which is slightly lower than that of the defect-free BCN heteronanotube. This indicates that
the formation of the defects could effectively regulate the properties of the heteronanotube.
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Figure 5. Schematic diagram of BCN heteronanotubes with alternating connections of four- and eight-
membered rings. (a) Four-membered rings with C-C, C-B, B-N and N-C bonds. (b) Four-membered
rings with each bond being a B-N type. (c) Energy band and density of states corresponding to the
structure in (b).

In addition, some experimental techniques may be used to reduce the defects in
the fused nanostructures. For example, defects can be eliminated by a combination of
quenching and annealing methods. Previous SCC-DFTB simulations on the quenching and
annealing processes of CNTs and GNRs with defects under a high temperature environ-
ment [50] indeed showed that the defects in both CNTs and GNRs could be substantially
reduced. Therefore, a combination of quenching and annealing methods can be an effective
approach to eliminate defects or reduce the defect density in heterostructures obtained by
collision fusion.
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4. Computational Methods

Collision dynamics simulations were implemented with the DFTB+ open source
package [51–53]. Both CNTs and BNNTs were single-walled nanotubes with a chirality
index of (6,0) and a length of about 17.62 Å, containing 192 atoms in total. The initial
collision energy (Ek) ranged from 0.1 eV/atom to 1.0 eV/atom with an energy interval of
0.1 eV/atom (the collision energy was calculated from carbon atoms to ensure that the initial
collision velocities of the two tubes are the same, and the corresponding collision velocity
was varied from 12.67 Å/ps to 40.07 Å/ps). The atomic motion followed through Newton’s
equation, which was solved using the velocity Verlet algorithm [54]. The timestep was set
to be 1 fs to ensure the conservations of momentum and energy. The total evolution time
was 10 ps. The same collision results could be obtained after testing a longer simulation
time. The initial temperature of the system was set at 300 K to investigate the collision
fusion of CNTs and BNNTs at room temperature. In addition, it is noted that the initial
structures of both nanotubes have been first optimized and then relaxed at 300 K, which
corresponds to the initial setup of atomic velocities. The initial atomic velocities are very
small and have no effect on the collision velocity. Molecular dynamics simulations were
implemented in the microcanonical NVE ensemble [55].

All calculations in this paper focused on the parallel collisions of nanotubes, as shown
in Figure 6. Considering the symmetry of nanotubes, five collision modes were considered
to investigate the effects of collision locations on the collision results. As shown in Figure 7,
a string of atoms along the axis in the CNT collided rightly with a string of atoms in the
BNNT, the atoms and the centers of hexagonal rings, as well as the centers of bonds, i.e.,
atoms-colliding-atoms, atoms-colliding-atoms-hexagons, atoms-colliding-bonds, which
were denoted as AA, AAH and AB, respectively. On the basis of type AA, CNT remained
unchanged, and BN nanotubes were rotated by 15◦ and 30◦, which were called h-AH
and AH, respectively. In addition, five collision simulations were carried out for each
of the five collision modes, and the collision results were statistically averaged for all
collision simulations.
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blue and pink balls represent carbon, nitrogen and boron atoms, respectively.

In order to ensure that there was no interaction between the two nanotubes at the
beginning of the simulations, the initial distance between the walls of two nanotubes was
set to be at least 20.00 Å. A periodic boundary condition along the tube axis was applied to
simulate a nanotube with infinite length. Considering the presence of boron, carbon and
nitrogen atoms in the system, the self-consistent-charge method was performed to avoid
undesired electronic states of zwitterions [56].

The first-principles software package CASTEP was used to optimize the fused structure
and calculate the electronic structure [57]. The generalized gradient approximation (GGA)
parameterized by Perdew, Burke and Ernzerhof (PBE) was applied for the exchange and
correlation interactions [58]. The cut-off energy for the plane-wave expansion was set to
be 500 eV and the k-point was chosen as 0.01 Å−1. The force on each ion was less than
0.01 eV/Å and the energy was converged within 1.0 × 10−5 eV/atom.

114



Molecules 2023, 28, 4334

Molecules 2023, 28, x FOR PEER REVIEW 8 of 11 
 

 

 
Figure 6. (Color online.) Schematic diagram of the collision setup for (6,0) single-walled CNT (Left) 

and (6,0) single-walled BNNT (Right) with the same initial velocity but in opposite directions. Gray, 

blue and pink balls represent carbon, nitrogen and boron atoms, respectively. 

 
Figure 7. (Color online.) Five collision modes. (a) AA, (b) h-AH, (c) AH, (d) AAH and (e) AB. 

In order to ensure that there was no interaction between the two nanotubes at the 

beginning of the simulations, the initial distance between the walls of two nanotubes was 

set to be at least 20.00 Å. A periodic boundary condition along the tube axis was applied 
to simulate a nanotube with infinite length. Considering the presence of boron, carbon 

and nitrogen atoms in the system, the self-consistent-charge method was performed to 

avoid undesired electronic states of zwitterions [56]. 
The first-principles software package CASTEP was used to optimize the fused struc-

ture and calculate the electronic structure [57]. The generalized gradient approximation 

(GGA) parameterized by Perdew, Burke and Ernzerhof (PBE) was applied for the ex-

change and correlation interactions [58]. The cut-off energy for the plane-wave expansion 

was set to be 500 eV and the k-point was chosen as 0.01 Å−1. The force on each ion was less 

than 0.01 eV/Å and the energy was converged within 1.0 × 10−5 eV/atom. 

5. Conclusions 
In this work, the collision dynamics between CNTs and BNNTs under five parallel 

collision modes of AA, h-AH, AH, AAH and AB were investigated by the self-consistent-
charge density-functional tight-binding molecular dynamics method. The five main colli-

sion outcomes are: the two nanotubes can (1) bounce back, (2) collide into heterojunctions, 
(3) fuse into BCN heteronanotubes, (4) form BCN heteronanoribbons and (5) collide to 

cause serious damage after collision. There may be defects created in the fused structure, 
including vacancy, void and irregular defects such as the 5–7 pair defect, SW defect, ISW 

defect and 4–8 ring defects. With the increase in collision energy, the number of defects 

increases, and the nanotubes may even break up into single atoms, dimers, trimers or 

chains of atoms. In addition, the electronic structures of BCN heteronanotubes and BCN 
heteronanoribbons formed by collision were investigated based on first-principles 

Figure 7. (Color online.) Five collision modes. (a) AA, (b) h-AH, (c) AH, (d) AAH and (e) AB.

5. Conclusions

In this work, the collision dynamics between CNTs and BNNTs under five parallel colli-
sion modes of AA, h-AH, AH, AAH and AB were investigated by the self-consistent-charge
density-functional tight-binding molecular dynamics method. The five main collision out-
comes are: the two nanotubes can (1) bounce back, (2) collide into heterojunctions, (3) fuse
into BCN heteronanotubes, (4) form BCN heteronanoribbons and (5) collide to cause seri-
ous damage after collision. There may be defects created in the fused structure, including
vacancy, void and irregular defects such as the 5–7 pair defect, SW defect, ISW defect and
4–8 ring defects. With the increase in collision energy, the number of defects increases, and
the nanotubes may even break up into single atoms, dimers, trimers or chains of atoms. In
addition, the electronic structures of BCN heteronanotubes and BCN heteronanoribbons
formed by collision were investigated based on first-principles calculations. It was found
that both the defect-free (12,0) BCN heteronanotube and the BCN heteronanoribbon are
direct band-gap semiconductors with band gaps of 0.808 eV and 1.34 eV, respectively. These
results indicate that the electronic structures of nanotubes can be effectively tuned by colli-
sion of CNTs and BNNTs, which could have significant implications in the field of electronic
devices, photocatalysis, integrated circuits and field effect transistors. Although the present
work only focuses on the collision fusion of CNTs and BNNTs with specific helicity, it can
be extended to the collision processes of nanotubes with any helicity. Therefore, the present
work not only theoretically demonstrates a novel method to create a heterostructure via
collision fusion but also gains in-depth understanding in the synthesis of heteronanotubes
and heteronanoribbons that can guide experiments.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules28114334/s1, Video S1: Bouncing off of two nanotubes
after collision. Video S2: Merging together of two nanotubes after collision. Video S3: Forming BCN
nanotube with no defect. Video S4: Forming BCN nanotube with defects.
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Abstract: Two-dimensional materials have been developed as novel photovoltaic and photocatalytic
devices because of their excellent properties. In this work, four δ-IV–VI monolayers, GeS, GeSe,
SiS and SiSe, are investigated as semiconductors with desirable bandgaps using the first-principles
method. These δ-IV–VI monolayers exhibit exceptional toughness; in particular, the yield strength of
the GeSe monolayer has no obvious deterioration at 30% strain. Interestingly, the GeSe monolayer
also possesses ultrahigh electron mobility along the x direction of approximately 32,507 cm2·V−1·s−1,
which is much higher than that of the other δ-IV–VI monolayers. Moreover, the calculated capacity
for hydrogen evolution reaction of these δ-IV–VI monolayers further implies their potential for
applications in photovoltaic and nano-devices.

Keywords: IV–VI monolayers; mechanical property; carrier mobility; hydrogen evolution reaction

1. Introduction

Since graphene was proposed as a representative of two-dimensional (2D) mate-
rials in 2004 [1], considerable efforts have been made to explore its excellent mechani-
cal [2], electronic [3], magnetic [4] and chemical [5] properties, showing promise for its
widespread use in nano-devices. Since then, other 2D materials have also been studied
by researchers [4,6–10]. Among them, transition metal dichalcogenides (TMDs) have also
attracted great interest due to their novel properties [11,12], such as WSe2, MoSSe and
MoS2. Monolayered WSe2 possesses outstanding mechanical properties, and experiments
have shown that when the layers of the WSe2 is increased to 2–4, the photoluminescence
(PL) is significantly enhanced by 2% under tensile strain [13]. It is reported that the carrier
mobility of the MoS2 monolayer is equivalent to that of its nanobelts. In addition, the
carrier mobility in MoS2 nanobelts can be made more robust while reducing the size of
the monolayered MoS2 [14]. The TMD materials with a Janus structure further result in an
excellent performance [15]. MoSSe shows unusual properties in adsorption, with high gas
sensitivity and surface and strain selectivity [16]. In order to expand the applications of
2D materials, the stacking of two different materials into a heterostructure using van der
Waals (vdWs) force is a popular method. Based on this, different properties of materials
can be induced at the interface. The Janus TMD vdW heterostructure also shows promise
for photocatalytic and thermal applications [17–19].

The carrier mobility of 2D materials is a critical property used in the applications
of nano-devices [20]. The carrier mobility of the CaP3 monolayer is calculated to be
19,930 cm2·v−1·s−1, while the carrier mobility can be increased to be 22,380 cm2·v−1·s−1

by connecting two layers of CaP3 together using vdWs forces [21]. A family of LixBy
monolayers were investigated using the evolutionary structure search method, and the
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monolayered Li2B6 showed a high hole mobility of approximately 6.8 × 103 cm2·v−1·s−1,
showing that it can be used in high-speed electronic devices [22]. The high carrier mobility
also contributes to the efficient photocatalytic properties in the hydrogen evolution reaction
(HER). The ability of the HER is determined by the interaction between the intermediate
and photocatalyst, which is evaluated using Gibbs free energy [23,24]. Importantly, the HER
also can be tuned via defect [25,26], nanonization [27], heterostructures [28], etc. Moreover,
the suitable band energy of the semiconductor is also critical in order to decompose the
water so that the conduction band minimum (CBM) is more positive than −4.44 eV for the
redox potentials (H+/H2) and the valence band maximum (VBM) is more negative than
−5.67 eV for the oxidation potential (O2/H2O) at pH 0 [29]. More recently, the δ-IV–VI
monolayers, GeS, GeSe, SiS and SiSe, were predicted to possess an excellent light absorption
performance (even at up to 7.8 × 105 cm−1 for SiSe), meaning that they can be considered
as promising photocatalysts. However, to be candidates for water splitting, the carrier
mobility and the HER properties need to be further developed.

In this work, the density functional theory (DFT) is applied to systematically investi-
gate the mechanical and electronic properties of the δ-IV–VI monolayers (GeS, GeSe, SiS
and SiSe). Furthermore, the electronic and stress–strain responses are addressed. Next, the
carrier mobility and the hydrogen evolution reaction of the δ-GeS, δ-GeS, δ-SiS and δ-SiSe
monolayers are explored.

2. Results and Discussion

First, the structure of the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers were optimized
as shown in Figure 1. The lattice parameters in the x (or y) direction were calculated as
5.58 Å (or 5.76 Å), 5.83 Å (or 5.81 Å), 5.50 Å (or 5.67 Å) and 5.69 Å (or 5.73 Å), respectively,
for the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers. Moreover, the bond lengths between
the Ge–S, Ge–S, Si–S and Si–Se monolayers were obtained as 2.42, 2.54, 2.32 and 2.44 Å,
which are in good agreement with previous research [30]. These IV–VI monolayers possess
a space group of Pca21, which was also reported in a previous investigation [30]. The
cohesive energy (Eco) of the δ-IV–VI monolayers was calculated using Eco = (4EX + 4EY
− EXY)/8, where EX, EY and EXY are the total energies of a Ge (or Si) atom, a Se (or S)
atom and the δ-IV–VI monolayer, respectively. The obtained cohesive energy of the GeS,
GeSe, SiS and SiSe monolayers are 3.61, 3.37, 3.81 and 3.51 eV/atom, which are comparable
with the values of phosphorene (approximately 3.48 eV/atom), germanene (approximately
3.24 eV/atom) and silicene (approximately 3.91 eV/atom) [31]. The obtained cohesive
energy of SiS is larger than that of the puckered SiS (3.16 eV per atom) [32], and the obtained
cohesive energy of the GeS and GeSe monolayers is also similar to that recently reported
for GeS and GeSe with other phases [33–35]. Such IV–VI monolayers can be prepared
in experiments using the chemical vapor deposition method and then isolated through
mechanical, sonicated or liquid-phase exfoliation methods, which have been adopted to
synthesize few-layer GaSe [36] and GeS [37].

The mechanical capacities of the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers were
calculated by investigating the stress–strain response, as shown in Figure 2. The δ-GeS,
δ-GeS, δ-SiS and δ-SiSe monolayers were more elastic in the x direction than the y direction.
Through the linear fitting of the initial range (within 5%), the obtained Young’s moduli
(E) of the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers were defined as E = ∆Stress/∆Strain,
obtained to be approximately 34 N·m−1, 30 N·m−1, 39 N·m−1 and 28 N·m−1, respectively,
along the x direction. Meanwhile, the Young’s moduli are calculated as 21 N·m−1, 15 N·m−1,
17 N·m−1 and 20 N·m−1, respectively, along the y direction for the δ-GeS, δ-GeS, δ-SiS and
δ-SiSe monolayers, in accordance with our other report [30]. The SiS and SiSe monolayers
have yield strengths of approximately 3.13 N·m−1 and 2.72 N·m−1 at the strains of 15%
and 18% in the x direction, respectively, as shown by the gray dashed lines in Figure 2c,d.
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121



Molecules 2023, 28, 4126

The band structures of the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers shown in
Figure 3 were determined using the PBE and HSE06 methods. One can see that all these
monolayers are semiconductors, with bandgaps of approximately 2.65 eV (1.92 eV), 2.20 eV
(1.60 eV), 2.15 eV (1.42 eV) and 2.08 eV (eV), being functional according to HSE06 (PBE). In
Figure 3a–d, the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers possess almost exact bandgap
structures, and the obtained bandgaps of these monolayers imply their decent application
potential as photocatalysts for water splitting (larger than 1.23 eV) [38]. Furthermore, the
band edge positions of these IV–VI monolayers are shown in Figure 3e at pH 0. Evidently,
the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers demonstrate the sufficient energy of the
CBM and VBM to induce the reductions and oxidations for water splitting. For comparative
purposes, the band alignments of some TMD materials are also shown in Figure 3e, where
one can see that only the WS2 monolayer has a suitable band energy for redox.
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Figure 3. The DS-PAW calculated band structure of the (a) GeS, (b) GeSe, (c) SiS and (d) SiSe
monolayers, (e) and the band alignment of these IV–VI monolayers compared with TMDs. The Fermi
level is set as 0 eV. The blue and black lines represent the results of PBE and HSE06 calculations.
The band edge energy was calculated with respect to the water oxidation (O2/H2O) and reduction
(H+/H2) potentials at 0 pH.
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Next, the carrier mobility of the δ-GeS, δ-GeS, δ-SiS and δ-SiSe monolayers is inves-
tigated, considering their decent bandgaps. The effective masses (m*) of the electron and
hole are determined by fitting the parabolic functions, which can be represented as:

m∗ = ±h̄2

(
d2Ek
dk2

)−1

, (1)

where k and Ek are the wave vector and the corresponding electronic energy, respectively.
Furthermore, the carrier mobility (µ) of these 2D materials is calculated using:

µ =
eh̄3C

kBTm∗meEd
2 , (2)

where the temperature is explained by T, e is the electron charge, the Planck constant is
determined by h̄, and kB is the Boltzmann constant. The change in the band edge of these
layered materials is evaluated using the deformation potential (Ed). It is worth noting that
the obtained deformation potentials are compared based on the vacuum level. Moreover,
the elastic modulus is used with C, which is obtained using C =

[
∂2E/∂ε2]/S. Here, the

total energy of the system is E and the area of the system is S. The energy differences
among these δ-IV–VI monolayers are shown in Figure 4, and the fitted elastic moduli are
summarized in Table 1.
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Figure 4. The energy differences among the (a) GeS, (b) GeSe, (c) SiS and (d) SiSe monolayers under
different strains obtained by DS-PAW.

As an important parameter of carrier mobility, the deformation potential is calculated
using the strain response to the band edge positions. For this purpose, the ranges of external
and uniaxial strain are controlled within 0.01. The changes in the band edge positions
under different strains on the δ-IV–VI monolayers are exhibited in Figure 5. One can see
that the energy of the VBM for the GeSe and SiSe monolayers is more sensitive than that of
the others, which implies obstructed hole mobility. The Bardeen–Shockley deformation
potential theory is considered in the calculations for the strain effect on the energy and
the band edge position, which can be used to explore long-range electrostatic terms in the
theory of electronic deformation potential, with the results also showing good agreement
with the experiments [39]. As the effective masses calculated using the HSE06 functional
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may be inaccurate due to the effect of Hartree−Fock exchange [40], the PBE functional is
used to predict the carrier mobility.

Table 1. The obtained effective mass, elastic modulus, deformation potential constant and the carrier
mobility of the hole (h) and the electron (e) for the GeS, GeSe, SiS and SiSe monolayers in the x and y
directions using DFT calculations.

Materials Direction Carrier m E (eV) C µ

GeS
x e− 2.95 0.79

41
465

h+ −1.33 0.50 1246

y e− 0.16 −1.61
23

1140
h+ −1.49 0.34 1312

GeSe
x e− 0.11 −0.92

43
32,507

h+ −1.32 5.10 45

y e− 0.35 −0.85
33

9543
h+ −0.12 −4.82 439

SiS
x e− 1.24 −0.53

50
2041

h+ −1.04 −0.49 2489

y e− 0.82 −1.39
25

220
h+ −1.33 0.74 411

SiSe
x e− 2.70 −1.04

51
319

h+ −1.28 −6.28 16

y e− 0.22 −0.97
34

2997
h+ −0.66 −5.66 25
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The carrier mobility of these δ-IV–VI monolayers was calculated, as shown in Table 1.
Interestingly, the carrier mobility of the SiS monolayer in the x direction is approximately
10 times higher than that in the y direction, showing favorable carrier transport direction
along x [41]. Meanwhile, the carrier mobility of the electrons is much higher than that of
the holes in the GeSe and SiSe monolayers, which is advantageous for the separation of the
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photogenerated electrons and holes [42]. More importantly, the GeSe monolayer possess
an ultrahigh electron mobility in the x direction of approximately 32,507 cm2·V−1·s−1,
which is higher than that of black phosphorus [43]. In addition, the other obtained car-
rier mobilities of the GeS (465–1312 cm2·V−1·s−1), SiS (2202–2489 cm2·V−1·s−1) and SiSe
(2997 cm2·V−1·s−1 for electron) are also higher than those of other novel 2D materials, such
as WS2 (542 cm2·V−1·s−1) [44], MoS2 (201 cm2·V−1·s−1) [14], BSe (2396 cm2·V−1·s−1) [45],
etc. Moreover, the obtained ultrahigh electron mobility of the GeSe monolayer in the x
direction is attributed to its small deformation potential constant (about −0.92) and effec-
tive mass (approximately 0.11), suggesting the insensitivity of the band edge position to
the external strain. Even though the GeS and SiS monolayers present small deformation
potential constants, the carrier mobility is suppressed by the larger effective mass.

The catalytic properties of these IV−VI monolayers were also determined. The Gibbs
free energy change (∆GH*) of the GeS, GeSe, SiS and SiSe monolayers was investigated
under standard conditions using:

∆GH* = ∆E + ∆Ezpe + T∆S, (3)

where the total energy of the H-adsorbed IV−VI monolayers, the difference in the zero-
point energies and the change in entropy caused by the adsorption are represented as ∆E,
∆Ezpe and ∆S, respectively. T is defined as 298.15 K. The active site is marked by the sign
“*”. The HER characteristic is induced via two reactions:

∗ + H+ + e− → H∗, (4)

H∗ + H+ + e− → H2 + ∗. (5)

Furthermore, the most favorable H-adsorbed sites of the systems are demonstrated in
Figure 6a, and the calculated Gibbs free energies of these H-adsorbed GeS, GeSe, SiS and
SiSe monolayers are obtained as −1.775 eV, 2.480 eV, 2.569 eV and 2.965 eV, respectively, as
shown in Figure 6b. One can see that the GeS possesses an advantageous HER ability, which
is even smaller than that of the MoSi2N4 (2.79 eV) and MoSi2N4 (2.51 eV) monolayers [46].
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Figure 6. (a) The most favorable calculated adsorption sites and (b) the Gibbs free energies of the
IV−VI monolayers obtained by DS-PAW.

3. Computational Methods

In our simulations, the calculations for the structural optimization, electronic property,
carrier mobility and the HER performances were calculated by Device Studio [Hongzhi-
wei Technology, Device Studio, Version 2021A, China, 2021. Available online: https:
//iresearch.net.cn/cloudSoftware] program, which provides a number of functions for per-
forming visualization, modeling and simulation. And all that simulations using DS-PAW

125



Molecules 2023, 28, 4126

software are integrated in Device Studio program [47]. All the mechanical calculations
were conducted based on DFT using the first-principles method with the Vienna ab initio
simulation package (VASP) [48]. Generalized gradient approximation (GGA) was em-
ployed together with projector augmented wave potentials (PAW) to demonstrate core
electrons [49,50]. The Perdew–Burke–Ernzerhof (PBE) functional was used to explain the
exchange correlation functional. The DFT-D3 calculations were considered to describe
the weak dispersion forces proposed by Grimme [39,51]. Furthermore, Heyd–Scuseria–
Ernzerhof (HSE06) hybrid functional calculations were conducted to obtain more accurate
electronic properties [52]. Monkhorst–Pack k-point grids of 11 × 11 × 1 and 17 × 17 × 1 in
the first Brillouin zone (BZ) were used for the relaxation and self-consistent calculations,
respectively. The spin–orbit coupling (SOC) effect is not considered in this work, because
it has a negligible effect on the electron band structure of the studied materials. The en-
ergy cut-off was set as 550 eV. To avoid interaction between nearby layers, the vacuum
space adopted was 20 Å. The convergence values for force and energy were set within
0.01 eV Å−1 and 0.01 meV, respectively.

4. Conclusions

In summary, the mechanical, electronic and HER properties of the δ-IV–VI monolayers,
namely, GeS, GeSe, SiS and SiSe, were systematically investigated using first-principles
calculations. The strain–stress relationships of these δ-IV–VI monolayers present a novel
toughness along the y direction, while the yield strength was calculated for the SiS and
SiSe monolayers in the x direction. The GeS, GeSe, SiS and SiSe monolayers showed
semiconductor characteristics with a bandgap larger than 1.23 eV for water splitting.
For this application, an excellent carrier mobility was determined for all these δ-IV–VI
monolayers; in particular, the GeSe monolayer demonstrates an ultrahigh electron mobility
in the x direction of approximately 32,507 cm2·V−1·s−1. Furthermore, the Gibbs free
energies of these GeS, GeSe, SiS and SiSe monolayers were obtained and imply their
potential for usage as photocatalysts for water splitting.
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Abstract: The NO reduction reaction (NORR) toward NH3 is simultaneously emerging for both
detrimental NO elimination and valuable NH3 synthesis. An efficient NORR generally requires
a high degree of activation of the NO gas molecule from the catalyst, which calls for a powerful
chemisorption. In this work, by means of first-principles calculations, we discovered that the NO
gas molecule over the Janus WSSe monolayer might undergo a physical-to-chemical adsorption
transition when Se vacancy is introduced. If the Se vacancy is able to work as the optimum adsorption
site, then the interface’s transferred electron amounts are considerably increased, resulting in a clear
electronic orbital hybridization between the adsorbate and substrate, promising excellent activity and
selectivity for NORR. Additionally, the NN bond coupling and *N diffusion of NO molecules can be
effectively suppressed by the confined space of Se vacancy defects, which enables the active site to
have the superior NORR selectivity in the NH3 synthesis. Moreover, the photocatalytic NO-to-NH3

reaction is able to occur spontaneously under the potentials solely supplied by the photo-generated
electrons. Our findings uncover a promising approach to derive high-efficiency photocatalysts for
NO-to-NH3 conversion.

Keywords: NO reduction; WSSe monolayer; photocatalysis; density functional theory

1. Introduction

A heightened consciousness of environmental and health issues has prompted sig-
nificant endeavors to discover efficient and cost-effective technologies to detect, regulate,
and remove a wide range of air pollutants, for example, nitric oxide (NOx), particulate
matter (PM), and sulfur oxide (SOx). In this respect, NO, which is mainly emitted from
the combustion of fossil fuels in stationary thermal power plants and internal combustion
engines [1], is regarded as an essential threat to both human health and the global climate,
given that it is a major factor in the formation of harmful photochemical smog, haze, and
acid rain, etc. [2,3]. It has been reported that several methods, involving physical/chemical
adsorption [4], heterogeneous catalytic reduction [5,6], and oxidation [7], have shown high
efficiency in the selective sequestration and conversion of NO. However, such approaches
have always been worked on especially for the treatment of NO in relatively high con-
centrations in the atmosphere, and both the capital and energy become unaffordable in
the removal of NO at the ppb level. The development of an approach with the following
characteristics is highly desirable but still challenging for practical ppb-level NO treating,
i.e., significant NO conversion efficiency at room temperature, reliable performance in
large-scale gas purification, and low-cost energy investment.

Moreover, in the field of NO conversion, where the N=O bond (204 KJ/mol) is more
easily activated than the N≡N bond (941 KJ/mol), NH3 produced by electrocatalytic NO
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reduction reaction (NORR), as an attractive candidate for the traditional nitrogen reduction
reaction (NRR), has recently been realized with many electrocatalysts [8–10]. Compared
with the electrocatalytic process, the photocatalytic one is normally more attractive, since
it is green, sustainable, and it inherits the advantages of natural photosynthesis. Though
there are some achievements for the photocatalytic NRR that uses water as a proton source
and reaction solvent [11–17], developing a stable and highly efficient photocatalyst for
solar-driven NORR to NH3, to our knowledge, is still rarely reported.

Janus 2D transition metal dichalcogenides (TMD), an emerging 2D material that refers
to layered materials with diverse surfaces, has recently sparked a lot of research interest in
applications for photocatalytic energy conversion [18–21]. It is predicted that in Janus 2D
TMD materials, the out-of-plane structural asymmetry-caused intrinsic dipole can manage
the incompatible demands of the band gap between the high light-utilization rate and the
capable redox capacity. Specifically, a sufficiently narrow band gap is usually required
for high light utilization; however, a large band gap (≥1.23 eV) is usually required for a
sufficient redox capability. With respect to two-dimensional polar photocatalysts, Yang et al.
proposed that due to the presence of polarization, the top of the valence band and the
bottom of the conduction band should be distributed on opposite sides, bringing about
a potential difference that would improve the redox ability of the photoexcited carriers
and reduce the requirement for a band gap [22]. Therefore, the Janus TMD materials
are predicted to have a better photocatalytic property than the symmetrical traditional
TMD materials [20,23]. Through replacing S atoms of WS2 with Se atoms with pulsed
laser ablation plasmas [24] and hotting WSe2 and WS2 mixed powders under 1000 ◦C [25],
the Janus WSSe monolayer, a classical Janus 2D TMD, has been successfully produced.
Recently, Janus WSSe monolayers have also been reported to have significant applicability
potential for photocatalytic overall water-splitting due to the excellent optical absorption,
adequate redox capability, and high carrier separation [18].

Here, through density functional theory (DFT) calculations, we investigated NO
adsorption upon 2H phase Janus WSSe monolayers, with and without manufactured
Se-vacancy defects. The metallic 1T phase is not considered in our work, because it is
typically unstable under ambient conditions [26]. To comprehend the coupling effect
between NO and a substrate, a systematic explanation of the adsorption energy, charge
density differential (CDD), and density of states (DOS) has been provided. We discovered
that adding Se vacancy could lead to a shift in the physical-to-chemical nature of NO
gas adsorption on the Janus WSSe monolayer, which could effectively activate NO gas
molecules, thus making the NORR possible. Then, we investigated the photocatalytic
NORR on the defective Janus WSSe monolayer, by estimating the optical absorption, redox
capacity, and the driving force of the photo-exited electron for NORR. At last, we discuss
the competition between the NORR and hydrogen evolution reaction (HER). Our results
reveal that the defective WSSe with the outstanding photocatalytic NORR performance
could be used as a novel platform for NO conversion.

2. Results and Discussion
2.1. NO Physical Absorption upon a Pristine Janus WSSe Monolayer
2.1.1. Adsorbing Site Selection and Eads

A W layer is sandwiched between the S and Se layers to form the Janus WSSe single
layer. Like WSe2 or WS2, the matrix materials, the Janus WSSe monolayer has a honeycomb
structure [27]. According to calculations, Janus WSSes lattice constant is 3.26 Å, which is
in the middle of the range between WS2 and WSe2, which are its parent materials. It is
highly desirable to investigate whether the vertical intrinsic dipole that is brought on by the
asymmetric structure will enhance the gas sensing properties of Janus WSSe, similar to how
it did in the case of Janus MoSSe [28]. In this work, geometric properties of NO adsorption
on both sides of Janus WSSe were initially taken into consideration, as seen in Figure 1a,c.
Every adsorption situation involves placing one NO molecule upon a WSSe monolayer’s
4 × 4 supercell whereas the system is fully relaxed. In addition, several potential adsorption
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sites have been taken into account, i.e., the top sites over the W-Se/(W-S) bond (named
Bond), S/Se/W atom (named W/Se/S), and hexagon’s center (named Center).
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Figure 1. (a) S-side and (c) Se-side possible adsorption sites (symbolized in purple circles) considered
for the case of pristine WSSe. The Etotal of (b) S-side and (d) Se-side NO adsorption systems with
various adsorption sites. The N, O, S, Se, and W atoms are represented with the purple, red, yellow,
green, and blue balls, respectively, and this color scheme is also used in Figures 2, 4, 5, 7 and 8.

In accordance with Equation (1), it is observed that Etotal dominates Eads, since Esub
and Egas are invariant at the various adsorption sites. Herewith, to explore the most stable
adsorption configuration, we calculated the Etotal of the NO adsorption in both the S-side
and Se-side patterns by considering various adsorption sites. For the NO adsorption on
the S-side, as shown in Figure 1b, we found that Etotal achieves the minimum (−384.57 eV)
if it lies on the W site, denoting the most stable adsorption conformation. For the Se-side
NO adsorption, once the molecule was placed over the Bond site, the system had the
lowest Etotal (−384.62 eV), implying the steadiest adsorption site, as shown in Figure 1d.
Additionally, the Se-side steadiest adsorption system Etotal is lower than the S-side one by
0.05 eV, leading to the conclusion that NO gas molecules are more likely to adsorb in the Se
plane. Consequently, we chose the Se-side NO adsorption on the Bond site to stand for the
case of NO gas molecule adsorbing on the pristine Janus WSSe monolayer. The absolute
value of Eads for a physisorption is often less than 1 eV [29–32]. Therefore, the adsorption
for the configuration is most likely a physisorption with the Eads equal to −0.21 eV. This
will be discussed in the following section for further investigations of the physisorption.

2.1.2. Adsorption Mechanism

The NO molecule kept parallel to the surface of the substrate after adsorption at
a vertical distance away of 2.72 Å as its nitrogen atoms tended to the surface, as seen
in Figure 2a. Additionally, the smallest distance from the NO molecule’s N atom to its
nearest Se atom reaches 3.53 Å, which is significantly longer than the Se-N bond’s length
of 1.81Å. Moreover, as shown in Figure 2b, the CDD results indicate that the charge
redistribution mainly takes place at the NO gas molecule, and only very rare electrons
(merely 0.052 e) migrate from the substrate to the NO molecule, resulting in the weak
interaction between them.
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Figure 2. The optimized structure in a side view (a) and CDD image (b) for adsorption system,
composed of pristine Janus WSSe monolayer and NO gas molecule. The h in red represents the
adsorption distance from NO to pristine Janus WSSe monolayer. Charge deposition (exhaustion)
is indicated by yellow (cyan) areas. The value of the isosurface is 0.002 e Å−3, and that red arrow
indicates the charge transfer direction.

This adsorption configuration’s pertinent DOS has been computed. Figure 3a–c shows
how little the gas molecule as well as the monolayer were altered after adsorption, with
respect to DOS. This is consistent with the minute interface transfer electron, which suggests
that neither the electronic properties of WSSe nor NO have changed noticeably. The very
weak connection seen between the WSSe monolayer and NO is shown by their poor orbital
hybridization, which is consistent with the previous statement. Additionally, as shown
in Figure 3d, the Se p orbital from the Se atom in the WSSe monolayer, most near the NO
gas molecule, as well as the N p orbital from the N atom in the NO gas molecule, are
independent of one another. Based on the investigation above, the NO adsorption over the
pristine WSSe should be physisorption.
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Figure 3. Total DOS of (a) a free NO molecule, as well as (b) a pure pristine WSSe. (c) The adsorption
system’s partial DOS. Dark blue is used to represent the WSSe component while red is used to
represent the NO portion. (d) N p orbitals (marked in purple) of the adsorbed NO and Se p orbitals
(marked in orange) of the Se atoms most near adsorbed NO molecule. The Fermi level is indicated by
the perpendicular dashed line.

2.2. NO Chemisorption and Reduction Reaction over Defective Janus WSSe Monolayer

NO physisorption on pristine WSSe is suitable for use in gas collection systems. Yet,
the need for NO chemisorption is greater when it comes to treating gases or accelerating
chemical reactions, which calls for a substrate with a stronger adsorption capability. Based
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on earlier pertinent findings, it is found that adding a few vacancy defects might affect
the electrical property and hence significantly increase the stability of specific geometric
formations [33,34]. Therefore, we create vacancy defects in the Janus WSSe monolayer
in an effort to increase NO gas molecule adsorption. Here, we concentrate on the single
Se vacancy defect for the following three reasons: (I) The Se vacancy is easier to form
than other kinds of vacancy defects at the Janus TMD monolayer due to its relatively
lower formation energy [35]. (II) As previously mentioned, NO gas molecules tend to
adsorb on the Se-side of the pristine monolayer. (III) Photo-reduction has been theoretically
demonstrated to take place on the Se-side of the pristine monolayer [18], which shows a
potential for the NORR to NH3.

2.2.1. Adsorbing Site Selection and Eads

As depicted in Figure 4a, for the defective WSSe monolayer, five possible adsorption
sites were taken into consideration. They are the Center (the top site above the center of
the hexagon), W and Se (the top of the W and Se atoms, separately), Bond (the top site
above the W-Se bond), and Vacancy (the top site above the Se vacancy defect) adsorption
sites. The adsorption system Etotal was employed to capture the most likely adsorption
morphology, analogous to the pristine monolayer situation. The Etotal was minimized when
NO was adsorbed on the Vacancy site (see Figure 4b), so the Vacancy site is the most likely
adsorption site in this case. The Eads under the condition is −2.92 eV, which represents
an order of magnitude that is more negative than that on pristine WSSe (−0.21 eV). It is
clear that the introduction of Se vacancies resulted in an effective enhancement of the NO
adsorption. From the anomalously negative Eads, it can be tentatively determined that this
NO adsorption on defective WSSe is chemisorption. We explore this issue in more depth in
the next section.
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Figure 4. (a) Possible adsorption sites (symbolized in purple circles) considered for the case of
defective WSSe. (b) The Etotal of this NO adsorption system with various adsorption sites.

2.2.2. Adsorption Mechanism

The nitrogen atom in the N-O bond of the NO gas molecule takes a nearly vertical
orientation, as seen in Figure 5a, pointing to the surface of the monolayer. At the surface of
the monolayer, the nitrogen atom connects with the three tungsten atoms that are next to it.
As a result, the adsorption is unquestionably chemisorption, which is consistent with that
outcome produced by its adsorption energy as stated before. Additionally, we evaluated
the N-O bond length for quantitatively analyzing how the morphology of NO changed
pre and post adsorption. Before adsorption, it is 1.17 Å, and as shown in Figure 5b, it
stretches to 2.13 Å post adsorption, indicating electron redistribution in NO through the
adsorption process. A large number of electrons (1.04 e) move to the adsorbate from the
damaged Janus WSSe layer, as can be observed in Figure 5c, where there are notable charge
redistributions in the adsorption system. For gas sensors, resistivity fluctuation is typically
brought on by adsorption-induced charge transfer, which is a crucial indicator of sensing
merits and could be determined by experiments [36,37].

133



Molecules 2023, 28, 2959

Molecules 2023, 28, x FOR PEER REVIEW 6 of 13 
 

 

5b, it stretches to 2.13 Å post adsorption, indicating electron redistribution in NO through 

the adsorption process. A large number of electrons (1.04 e) move to the adsorbate from 

the damaged Janus WSSe layer, as can be observed in Figure 5c, where there are notable 

charge redistributions in the adsorption system. For gas sensors, resistivity fluctuation is 

typically brought on by adsorption-induced charge transfer, which is a crucial indicator 

of sensing merits and could be determined by experiments [36, 37]. 

 

Figure 5. (a) Top, (b) side, and (c) CDD images of the optimal structures for the adsorption system 

under the defective WSSe case. The l in red stands for N-O bond length. Charge accumulation (de-

pletion) is indicated by areas that are yellow (cyan). The value of the isosurface is 0.002 e Å−3. The 

red number in CDD image indicates how much charge transferred from the substrate to the mole-

cule. 

We compute the pertinent DOS and display them in Figure 6 to obtain a greater un-

derstanding of the electronic characteristics for this chemisorption system. The two parts 

of the chemisorption system have a strong electronic orbital hybridization (see Figure 6b). 

This demonstrates that they interact strongly, which accounts for the observation that NO 

was closely bound to the substrate. Additionally, the coupling between the N p orbital 

from NO and W d orbitals of the W atoms, which bond to the N atom of NO, contributes 

significantly to the interaction (see Figure 6c). The comparison of the DOS of NO gas mol-

ecules between pre and post adsorption (see Figures 3a and S1) shows that the DOS is 

significantly delocalized after adsorption, indicating a sharp electron redistribution in NO, 

which is responsible for the visual N-O bond shift. From these results, we further demon-

strate that the NO adsorption over the defective WSSe monolayer is chemisorption. Addi-

tionally, adding Se vacancies into Janus WSSe can wondrously trigger the NO physisorp-

tion-to-chemisorption transition. 

 

Figure 5. (a) Top, (b) side, and (c) CDD images of the optimal structures for the adsorption system
under the defective WSSe case. The l in red stands for N-O bond length. Charge accumulation
(depletion) is indicated by areas that are yellow (cyan). The value of the isosurface is 0.002 e Å−3. The
red number in CDD image indicates how much charge transferred from the substrate to the molecule.

We compute the pertinent DOS and display them in Figure 6 to obtain a greater
understanding of the electronic characteristics for this chemisorption system. The two parts
of the chemisorption system have a strong electronic orbital hybridization (see Figure 6b).
This demonstrates that they interact strongly, which accounts for the observation that
NO was closely bound to the substrate. Additionally, the coupling between the N p
orbital from NO and W d orbitals of the W atoms, which bond to the N atom of NO,
contributes significantly to the interaction (see Figure 6c). The comparison of the DOS
of NO gas molecules between pre and post adsorption (see Figures 3a and S1) shows
that the DOS is significantly delocalized after adsorption, indicating a sharp electron
redistribution in NO, which is responsible for the visual N-O bond shift. From these results,
we further demonstrate that the NO adsorption over the defective WSSe monolayer is
chemisorption. Additionally, adding Se vacancies into Janus WSSe can wondrously trigger
the NO physisorption-to-chemisorption transition.
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Figure 6. (a) Total DOS of the defective WSSe without NO adsorption. (b) The adsorption system’s
partial DOS. Dark blue indicates the WSSe component, whereas red indicates the NO portion (the
enlarged view is shown in Figure S1). (c) The N p orbitals from the adsorbed NO gas molecule
(marked in dark purple) and the W d (marked in dark green) orbitals of these three W atoms that are
attaching to the N atom from NO. The Fermi level is indicated by the vertical dashed line.

2.2.3. Photocatalytic NORR

The obvious N-O bond elongation of the NO gas molecule caused by adsorption
indicates that this molecule is activated, thus making the further NORR possible. Since
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the defective Janus WSSe monolayer is semiconductor with a bandgap of 1.22 eV (see
Figure 6a), which is not suitable to act as an electrocatalysts, we study the photocatalytic
NORR on the defective WSSe next.

The band edges of a semiconductor must line up with the potentials of the redox
half-reactions in order for it to be active for the NO photo-reduction. Whether the photo-
catalytic NORR can proceed spontaneously depends directly on the strength of the external
potentials that are provided by the photo-generated carriers [38]. The energy difference
between the electron acceptor states and the hydrogen reduction potential (H+/H2) and
the potential of photogenerated electrons for NORR (Ue) (Figure 7a) has been reported
to be −1.11 V for the Janus WSSe monolayer at pH = 0 [18], which is significantly more
negative than the theoretical potential of NORR (0.77 V vs. RHE [39]). A good resistance to
photoinduced corrosion is facilitated by high Ue, which denotes the fact that photogenerated
electrons of the Janus WSSe monolayer would prefer to be transferred to react with H+

rather than with themselves [38,40].
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Figure 7. (a) A schematic representation of the Janus WSSe monolayer’s band edge positions in
relation to the reversible hydrogen electrode (RHE) at pH = 0. * stands for the adsorption site at
the surface of catalyst. Relative energy levels to the absolute vacuum scale (AVS) and RHE are
represented by EAVS and ERHE. (b) Gibbs free energy diagrams of NORR to NH3 on defective Janus
WSSe monolayer under U = 0 and U = 1.11 V. The applied potential that a photo-excited electron
provides is U = 1.11 V. (c) The Janus WSSe monolayer’s optical absorbance in both pristine and
defective states.

There are five proton-coupled electron transfer steps during the NORR to NH3 process
(NO + 5H+ + 5e− →NH3 + H2O). The free energy diagram as well as the related intermedi-
ate products for the NORR to NH3 on the defective Janus WSSe monolayer are given in
Figure 7b. The most favorable path is NO*→NOH*→N*→NH*→NH2*→NH3*. We can
see that the electrocatalytic steps, including NO*→NOH*, NOH*→N*, and *N→*NH, are
exothermic by −1.21, −0.44, and −1.05 eV, respectively. The third electrocatalytic step, i.e.,
N*+ e− + H+ → NH*, means that one H atom adsorbs on the N* to form NH*. In order
to explore the ease of the NH* formation, we add the detailed analysis on the interaction
between the H atom and N atom in the NH* based on the partial DOS. As shown in Figure
S3, there is an obvious hybridization between N p and H s orbitals near the Fermi level,
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causing a strong attraction to each other. Therefore, the H atom could easily adsorb on the
N*, making the reaction of NH* formation exothermic. Moreover, the exothermic reaction
of NH* formation from hydrogenating N* on various electro-/photo-catalysts has been
reported [6,41–43]. The other electrocatalytic steps, i.e., NH*→NH2* and NH2*→NH3*, are
endothermic separately, with free energy uphills of 0.92 and 0.24 eV. Excitingly, all NORR
intermediate processes become exothermic when taking into account the external potential
provided by photo-excited electrons (U = 1.11 V), demonstrating the spontaneous NORR
with lighting (red line in Figure 7b).

An efficient photocatalyst must have a high photoconversion efficiency in order to
start the photocatalytic conversion of NO to NH3. Due to the narrowed direct band gap
(see Figure S2), notably, Se vacancy introduction on the Janus WSSe monolayer leads to
a redshift of the initial optical absorption peak (at 600.45 nm, red line), which is relative
to the baseline value from the pristine Janus WSSe monolayer (at 466.28 nm, black line);
therefore, it expands the optical absorption into visible regions, as shown in Figure 7c.
Moreover, notably, the biggest absorption peak of the defective Janus WSSe monolayer
among visible region, reaches up to 1.35 × 105 cm−1 (at 444.42 nm, red line), exceeding
the one of pristine Janus WSSe monolayer (1.30 × 105 cm−1 at 466.28 nm, black line),
which is comparable to some other photocatalysts, such as MoSSe–GaN (2.74×105 cm−1 at
425 nm) [44], MoSSe–AlN (3.95 × 105 cm−1 at 412 nm) [44], and graphene–MoSSe (about
4.00 × 105 cm−1 at 500 nm) [45]. The broadened optical absorption region and elevated
optical absorption peak reveal that photons within a wider energy range can be utilized by
bringing in the Se vacancy defect in the Janus WSSe monolayer.

2.2.4. Selectivity for NORR vs. HER

By depleting proton–electron pairs out of an electrolyte solution, the substantial
competitive side reaction known as the hydrogen evolution reaction (HER) may drastically
reduce the faradaic efficiency of NORR [46,47]. According to the Brønsted–Evans–Polanyi
relation [48,49], lower ∆G reactions have lower reaction barriers and are therefore kinetically
more preferred. Hereby, as shown in Figure 8a, we calculated the Gibbs free energy
difference of H* formation (∆GH*), and compared it with the one of NO* formation (∆GNO*).
The Vacancy site is the most feasible adsorption site for single H atom in defective Janus
WSSe (more details of screening process can be found in the supporting information). As
displayed in Figure 8b, ∆GNO* (−2.83 eV) is much lower than ∆GH* (0.73 eV), indicating
that the active sites in the defective Janus WSSe monolayer will be preferentially occupied
by *NO. According to the previous method used to judge the selectivity between HER and
NORR [50], we could draw a conclusion that, NORR is highly preferred over HER.
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monolayer) and the sole NO molecule total energies, while  𝐸𝑡𝑜𝑡𝑎𝑙   is the adsorption 

Figure 8. (a) Gibbs free energy diagram of HER on defective Janus WSSe monolayer. (b) ∆GNO* vs.
∆GH* of defective Janus WSSe monolayer.
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2.2.5. Selectivity for NO-to-NH3 Pathway vs. Other NORR Pathways

Besides HER, some other side reactions, such as the formation of N2O2 and N2,
perhaps restrain the production of NH3 as well, so the selectivity of the reaction pathways
for NORR should be considered. As mentioned before, due to spatial confinement, NO
molecules can only ever assume the end-on orientation due to the N atom coupled with
the exposed metal sites when adsorbing on the defective Janus WSSe monolayer. The
reaction can only take place through the distal channel according to this NO adsorption
model [51,52]. Most crucially, the Se vacancy defect’s constrained space will successfully
block the approach of two NO molecules, preventing the formation of N2O2, and N atoms
can be firmly bound by the under-coordinated active sites in the vacancy to obstruct *N
diffusion. Hence, N2 production is excluded as a result of spatial constriction. Hence, there
is a high selectivity of the NO-to-NH3 reaction pathway guaranteed at a defective WSSe.

3. Materials and Methods

In this study, all the DFT simulations are operated with the Vienna Ab initio Simulation
Program software package (Hanger team, University of Vienna, version 5.3) [53,54]. The
exchange–correlation energy was simulated using the generalized gradient approximation
of Perdew–Burke–Ernzerhof. We utilize the zero-damped DFT-D3 approach suggested by
Grimme [55] to characterize the van der Waals (vdW) force. The plane wave basis set’s
cutoff energy was determined to be 500 eV. With a fixed lattice constant, all the internal
coordinates were let to relax throughout optimization. As NO is a paramagnetic molecule,
spin polarization is used when calculating the NO adsorption [56]. The computational
model is built by one NO gas molecule adsorbing on a 4 × 4 supercell of pristine/defective
Janus WSSe monolayer. Employing a 2 × 2 × 1 K point sampling, the Brillouin zone was
sampled for integration using the Monkhorst-Pack technique [57] for structural optimiza-
tion and electronic properties computations. To minimize the impact of interlayer contact,
a 30 Å space was given down the direction that is normal to the plane. Moreover, the
calculation of Gibbs free energy change for NORR is operated with the computational
hydrogen electrode (CHE) model [58], and the solvent effect is considered with the implicit
solvent model implemented in VASPsol [59,60]. More simulation details of the Gibbs free
energy can be found in the supporting information.

The following formula is used to calculate NOs adsorption energy (Eads) on both the
damaged and unaltered WSSe monolayer [61,62],

Eads = Etotal − Esub − Egas (1)

where Esub and Egas separately are the clean substrate (pristine/defective Janus WSSe
monolayer) and the sole NO molecule total energies, while Etotal is the adsorption system
total energy. An exothermic adsorption is indicated by a negative value for Eads. The
strength of the gas adsorption increases as Eads is more negative.

The following equation was used to carry out the plane-integrated CDD,

∆ρ = ρtotal − ρsub − ρgas (2)

where ρgas and ρsub independently represent the charge density of the NO molecule and
substrate, meanwhile, ρtotal is the adsorption system charge density.

The absorption coefficient a(ω) to assess the ability of sunlight harvesting is calculated
following the formula below [63],

a(ω) =
√

2
ω

c

(√
ε1(ω)2 + ε2(ω)2 − ε1(ω)

) 1
2

(3)

where the real and imaginary components of a frequency-dependent dielectric function are
denoted by ε1 and ε2, respectively, while the vacuum speed of light is denoted by c.
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4. Conclusions

In our work, the NO adsorption on both pristine and defective WSSe monolayers has
been theoretically investigated. On the pristine WSSe monolayer, the NO adsorption is
physisorption based on minor adsorption energy, a large adsorption distance, and feeble
electron orbital hybridization. By adding Se vacancies to WSSe, it is possible to convert the
NO physisorption into chemisorption by significantly increasing the amount of interfacially
transferred electrons and inducing significant electronic orbital coupling between the two
components of the adsorption system. The powerful NO chemisorption gives defective
WSSe high activity and selectivity for NORR. The active site has strong NORR selectivity
for NH3 production because the limited area of the Se vacancy defect may efficiently
hinder the N-N bond coupling of NO molecules and the *N diffusion. Moreover, the
potential provided by photogenerated electrons in the defective Janus WSSe monolayer is
sufficient to drive a spontaneous NORR to NH3. Our findings suggest an energy-saving and
environmentally friendly strategy for direct NO-to-NH3 conversion, which is anticipated
to spur greater investigation into photocatalysts for NO-to-NH3 conversion.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28072959/s1, Figure S1: The enlarged view for the partial
density of states of NO portion from the adsorption system; Figure S2: The band structures of the
pristine and defective Janus WSSe monolayers; Figure S3: The N p orbitals and the H s orbitals of
intermediate NH*; Figure S4: Top view of the optimal structures for H* with H atom on Center and
Se sites in the defective WSSe monolayer; Table S1: The total energy of H* with H atom on different
deposition sites; Screening adsorption site for single H atom in defective Janus WSSe; Free energy
difference in NORR.
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