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Introduction: Volatile organic compounds (VOCs) have attracted widespread
attention due to their adverse effects on human health. Photocatalytic oxidation
is an effective technology for degrading VOCs under ambient conditions.

Methods: In order to better understand the trends and development of global
trends in photocatalytic oxidation of VOCs, the analysis of 2493 articles or reviews
from the Science Citation Index Expanded (SCIE) in the Web of Science Core
Collection, covering the period from 1998 to 2023, was conducted using
CiteSpace and VOSviewer software.

Results and Discussion: The findings indicate significant growth in papers
concerning photocatalytic oxidation of VOCs. China emerges as the most
active country among the main drivers. Principal sources publishing relevant
research are Applied Catalysis B-Environmental, Chemical Engineering Journal,
Journal of Hazardous Materials, and Environmental Science and Technology. A
relatively well-established theoretical framework has been developed for the
study of photocatalytic oxidation of VOCs. In the field of VOCs photocatalytic
oxidation, the focus is on the development and optimization of advanced
photocatalysts with  efficient charge separation, better adsorption
performance, and a wider light response range. In addition, the in-depth study
of the charge generation and transfer mechanisms within the photocatalysts, as
well as the comprehensive understanding of the reaction kinetics and catalytic
oxidation process, the optimization of the reaction conditions, and the
improvement of the catalytic efficiency are at the forefront of the research in
this field. This research system is advancing and becoming more refined, with its
theoretical propositions, research findings, and methodologies increasingly
employed and confirmed.

volatile organic compounds, photocatalytic oxidation, advanced photocatalysts,
software, bibliometric analysis
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1 Introduction

Volatile organic compounds (VOCs) are ubiquitous in the
atmosphere and are key precursors of ground-level ozone (O3),
secondary organic aerosols (SOA), peroxyacetyl nitrate (PAN), and
hydrocarbons  (PAHs), affecting the
atmospheric environment, human health, and vegetation growth
(Ouetal, 2022; Liu etal.,, 2022a). It is defined as an organic pollutant
with a boiling point in the environmental range of 50°C-260°C (ISO,
20115 Sui et al,, 2024). VOCs are mainly produced by the chemical,
pharmaceutical, and tobacco industries, as well as by fuel
other
production and living processes (Halios et al., 2022; Zhang et al.,

polycyclic  aromatic

combustion, composting, building renovation, and
2022; Emran et al, 2022). The most common volatile organic
compounds are benzene, toluene, xylene, and ethylbenzene,
collectively known as BTEX. Benzene causes immune cells to
produce excessive inflammatory factors, leading to inflammatory
responses and damage to the bone marrow and other hematopoietic
tissues. Benzene and its metabolites also activate the intrinsic
apoptotic pathway within cells, promoting programmed cell
death of hematopoietic cells and causing hematotoxicity (Li et al.,
2024). In BTEX compounds, the concentration of toluene is the
highest. Long-term exposure to toluene in the human body can
damage the central nervous system (Filley et al, 2004) and
respiratory system (Yoon et al, 2010). Kim et al. coupled
ultraviolet light with a Pd/TiO, photocatalyst to degrade toluene,
with approximately 94.1% of toluene being converted into CO, and
CO, with most intermediate products being benzaldehyde and
formic acid. Common BTEX also includes xylene. During the
photocatalytic process of xylene, intermediate compounds such as
aromatic hydrocarbons, alkanes, and carbonyl compounds are
produced. The health risks of the secondary products generated
during the process are at least 4.5 times lower than those of degraded
xylene, but the secondary pollution and health risks of xylene
These
isomerization products not only contribute about 97% and 91%

photodegradation  products cannot be ignored.
to the formation potential of O; (OFP) and secondary organic
aerosol (SOAFP) but also show obvious non-carcinogenic risks
(Chen et al., 2024).

Other common VOC pollutants include ethyl acetate, styrene,
and formaldehyde. Ethyl acetate (EA) is a colorless, transparent,
fragrant liquid with low toxicity and sweet smell. It has a pungent
odor and is highly volatile at high concentrations (Deng et al., 2021).
Ethyl acetate is commonly used in the paint, ink, pharmaceutical,
and automotive manufacturing industries. Intermediate products
formed during the photodegradation of ethyl acetate include acetic
acid, ethanol, and formaldehyde, which ultimately degrade into CO,
and H,O (Wang et al, 2023). Formaldehyde is the most
representative indoor VOC pollutant, with a boiling point of
-19.5°C.  As

above —19.5°C, the free formaldehyde generated from decorative

only long as the indoor temperature is
materials and furniture will continuously volatilize into the air, with
a release period of 3-15 years, and cannot be removed in a short
time. The diffusion speed of formaldehyde will be increased in high
temperature and high humidity weather conditions, aggravating
indoor air pollution. Released formaldehyde enters the body
through breathing, dietary intake, or skin contact. Formaldehyde

that enters the body is usually converted into a non-toxic chemical
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substance called formate, which is excreted through urine and
exhaled as carbon dioxide. Unreacted formaldehyde will adhere
to DNA or proteins in the body (Kim et al., 2011). Formaldehyde can
cause neurotoxicity (Songur et al., 2010), respiratory system damage,
and reproductive and genetic toxicity (Jakab et al, 2010).
Formaldehyde also has carcinogenicity, and the International
Agency for Research on Cancer (IARC) classifies formaldehyde
as a human carcinogen that can cause nasopharyngeal cancer.
Styrene is commonly used in automotive and motorcycle
maintenance and repair services, the manufacture of other
chemical products, ship and boat manufacturing, basic chemical
manufacturing, and the manufacture of plastic products (Hahm
et al,, 2016); long-term exposure to styrene can cause serious health
problems. Styrene has ear toxicity and may cause hearing loss, which
may increase the likelihood of ear toxicity in combination with
exposure to multiple chemicals and noise (Chen et al., 2009). Styrene
also has lung function impairment effects, with studies showing that
the average level of serum cytochrome c in styrene-exposed workers
was 1.1 ng/mL (0.89-1.89), while the control group had levels below
the detection limit (0.05 ng/mL), indicating that workers exposed to
styrene have increased oxidative stress levels, which should be the
cause of lung injury (Sati et al., 2011). Multiple reports have also
verified the cancer-inducing risk of styrene exposure. In the
photocatalytic degradation process, styrene is converted into
intermediate products such as benzene, benzaldehyde, and
benzoic acid, thereby reducing health risks (Hamada et al., 2022).
The common VOCs in human production and life and their main
sources and hazards are shown in Table 1. In recent years,
adsorption, thermal oxidation, and photocatalytic oxidation have
been researched and developed for the effective and rapid removal of
VOCs (Rong et al.,, 2023; Sun et al., 2019; Song et al., 2020; Qian
et al., 2021; Enesca, 2020; Le et al., 2021).

Photocatalysts are typically triggered through the absorption
of light, leading to the excitation of electrons from the occupied
valence band (VB) to the unoccupied conduction band (CB),
resulting in the generation of positive holes within the VB. The
resultant electrons and positive holes serve as pivotal agents in
driving the reduction and oxidation processes of molecules
adsorbed onto the surface of the photocatalyst, respectively
(Ohtani, 2008; Carp et al., 2004; Pelaez et al., 2012; Montini
et al., 2016). These active electrons and holes will interact with
oxygen to generate reactive oxygen species, such as hydroxyl
radicals (-OH) and superoxide radicals (-O,7). The VOC
pollutant molecules will come into contact with the generated
reactive species and decompose into lower molecular weight
products, ultimately into CO,, H,O, and other by-products
(Mamaghani et al., 2017; Shayegan et al., 2018), as shown in
Figure 1. Notable features of this technology include operation at
ambient temperature without significant energy input,
environmental friendly end products (CO, and H,0), and
applicability to different types of pollutants (water and
microplastics) (Mamaghani et al, 2017; Zhong et al., 2010;
Ollis, 2000; Zhang et al., 2022; Moura et al., 2022). Taken
together, the treatment of VOC pollution by photocatalytic
technology has a broad and long-term impact on the

management of the atmospheric environment, and the
development and research trends in this field of study have a
bearing on human safety and global environmental
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TABLE 1 Common VOCs and their main sources and hazards.

10.3389/fenvs.2024.1482766

Chemical Main sources Potential health effects
formula
Benzene (Rinsky, 1989) CsHs Vehicle exhaust, tobacco smoke, and paints Cancer and central nervous system damage
Toluene (Rudel et al., 2003) C,;Hg Paints, adhesives, and fuels Respiratory irritation and nervous system damage
Xylene (Chen et al., 2024) CgH, (various isomers) Paints, dyes, and fuel additives Eye and skin irritation, and nervous system damage
1,2,4-Trimethylbenzene (Korsak et al., CoH» Paints, adhesives, and plastics Eye and skin irritation, and respiratory problems
1995)
Formaldehyde (Wang et al., 2024) CH,O Building materials, furniture, and tobacco Eye and respiratory irritation, and cancer
smoke
Ethyl acetate (Li et al., 2023a) C,4HO, Paints, glues, and fragrances Eye and respiratory irritation, and nervous system
damage
Ethylene (Gaffney et al., 2012) C,H, Plastics manufacturing, and synthetic fibers Respiratory problems, potentially carcinogenic
Ethylbenzene (Kamani et al., 2023) CgHyo Plastics, paints, and synthetic rubber Eye and skin irritation, and respiratory tract irritation
Propene (Cano-Casanova et al., 2021) C;Hs Petrochemicals and foundry processes Respiratory tract irritation, and headache
Styrene (Li et al., 2022a) CgHg Plastics manufacturing and synthetic rubber =~ Nervous system damage and respiratory problems

FIGURE 1
Scheme of illustration for photocatalytic oxidation of VOCs.

sustainability. Therefore, it is crucial to analyze the current status
of this field. Mathematics and statistics are the main methods
used in bibliometrics to analyze literature data, using knowledge
mapping as an analytical tool to show the visual results of
scientific knowledge and its relationship with each other more
intuitively, quantitatively, and objectively, which is widely used
in the field of scientometrics (Ni et al., 2022). The bibliometric
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analysis of VOC photocatalytic oxidation research is to use
knowledge mapping as an analytical tool to study the trend of
VOC photocatalytic oxidation research, the knowledge base, the
hot frontiers, and their dynamic evolution relationship.

In this study, scientific knowledge mapping and comprehensive
analysis of relevant literature information within the scope,

including publication  trends, source journals, authors’
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TABLE 2 Article selection conditions and output results.

Filter condition Language

10.3389/fenvs.2024.1482766

Document type Time interval

English

Result

Article and review 1998.01.01-2023.12.01

2,493 211

contributions and collaborations, keywords, research frontiers, and
hotspots, were conducted with the help of software such as
VOSviewer and CiteSpace. The analytical work identified and
tracked research frontiers and hotspots in the field, captured the
dynamic evolution of research topics and scientific priorities in the
field, and highlighted established and emerging research directions.
In addition, the analytical work contributes to a deeper
understanding of the knowledge structure and developmental
trajectory of the field and provides an intuitive scientific basis for
subsequent research on photocatalytic oxidation of VOCs.

2 Data and methods
2.1 Data retrieval

The Web of Science Core Collection (WoSCC) database was
used to collect data from articles on photocatalytic VOC oxidation
studies. It is an important data source for bibliometric studies and
the assessment of scientific papers and is considered to be highly
reliable and widely used in the field of scientific metrics (Chen et al.,
2023; Cheng et al., 2019). “Topic” (TS) as the search field: TS =
(“photochemical catalysis” OR Photocatalysis OR photocatalytic OR
photocatalyst OR “light cataly*” OR “photoredox catalysis” OR
photodegradation OR  photolytic OR  photo-cataly* OR
photooxidation OR “ultraviolet catalyzing” OR photoinduced OR
“photo-assisted catalysis” OR “light catalyzing” OR “visible-light
catalysis”) AND TS = (VOCs OR VOC OR “volatile organic
compounds” OR “volatile organics” OR “volatile organic
components” OR “volatile organic matter” OR “volatility organic
compounds” OR “volatile organic contaminants” OR “volatile
organic matters”). The specific screening conditions are shown in
Table 2, and the screening results were scrutinized to exclude
irrelevant research topics and directions such as “Endocrinology
Metabolism” and “Agronomy,” and the final data are shown
in Table 2.

2.2 Methods

The bibliometric analysis of data collected from the core WoS
repositories, especially the number of publications, authors,
institutions, countries/regions, citations, etc., using mathematical
and statistical methods, and visualization, often using CiteSpace and
VOSviewer software (van Eck and Waltman, 2010; Pan et al., 2018;
Chen, 2004; SEnocak and Arpaci, 2023). To determine the major
contributions in the literature on photocatalytic oxidation of VOCs,
we restricted our focus to authors, institutions, and countries with
five or more publications, yielding 268 nodes, 245 nodes, and
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Institution Journal Author
5,012 442 9,213
49 nodes, respectively. The literature co-citation analysis

considered works with a minimum of 50 citations and produced
83 nodes. Journals with more than 100 total citations were examined
for co-citation, resulting in 184 nodes. In addition, 8,202 keywords
were extracted from the WoSCC. The 163 keyword nodes were
selected for visual analysis by selecting keywords with more than
25 occurrences. Furthermore, CiteSpace software was utilized to
analyze the “20 most cited keywords” and the “keyword timeline”.

3 Results and discussion

3.1 Trends in quantitative changes in
research outputs

By statistically analyzing the number of papers published
from 1998 to 2023, the development trend and the development
and maturity of the scientific research results of VOC
photocatalytic oxidation technology can be clearly understood.
Figure 2 shows the distribution of research results on
photocatalytic oxidation of VOCs based on time series.
Between 1998 and 2000, less than 10 articles per year were
published on the photocatalytic oxidation of VOCs. From
2001 to 2015, the overall trend of this field showed a slow
growth, and in 2015, the annual number of articles in this
field exceeded 100 for the first time. The research related to
VOC photocatalytic oxidation has gradually become a hotspot,
which is inseparable from the environmental protection policies
of many countries. From 2016 to 2020, the number of published
articles increased significantly, and the annual publication
volume of 200 articles has been achieved in 5 years. By 2023,
there have been 2,493 publications in the research area of
photocatalytic oxidation of VOCs. The increasing volume of
the literature in this domain implies that researchers are
paying more attention to the photocatalytic oxidation of VOCs.

Figure 2 (inset) shows the contribution of the top 10 countries in
terms of the number of articles published annually in the field of
photocatalytic oxidation of VOCs. In 1998 and 2000, the
United States, Spain, and Japan were among the top three
countries in terms of contributing significantly to basic research
on photocatalytic oxidation of VOCs. It should be noted that the
number of relevant articles from China has increased significantly
since 2001. Over the past 2 decades, Chinese researchers have made
significant contributions to the study of VOC photocatalytic
oxidation. Currently, the number of articles published by Chinese
researchers has exceeded 40 percent and continues to increase,
indicating their active participation and meaningful results. The
increase could potentially be attributed to China’s emphasis on air
pollution control starting in the early 21st century.
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TABLE 3 Top 10 source journals by journal h-index, 1998-2023.

Rank Source journal H® TC® NI CPP® IF®
1 Appl. Catal. B-Environ 76 18105 181 100 226
2 Chem. Eng. | 48 7,935 176 45 15.1
3 J. Hazard. Mater 47 6,388 98 65 13.6
4 Chemosphere 29 2,963 71 42 8.8
5 J. Photoch. Photobio. A 28 2,363 62 38 43
6 Atmos. Environ 26 2,468 38 65 5
7 Environ. Sci. Technol 26 2,555 43 59 11.4
8 Appl. Surf. Sci 24 1,661 59 28 6.7
9 Build. Environ 24 2,647 47 56 7.4
10 Catal. Today 24 1790 41 44 53

@ h-index; @ total Citation; @ number of papers on photocatalytic oxidation of VOCs; @ citations per paper (the number of citations per paper on average); ® 2022 impact factor.

3.2 Analysis of journals published

Research field journals aid researchers in comprehending the
primary scholarly resources and avenues of knowledge distribution
in their field. The h-index is a hybrid quantitative metric that can be
used to assess the volume and level of academic output, proposed in
2005 by George Hirsch, a physicist at the University of California,
San Diego (Cheng et al., 2019). As shown in Table 3, the analysis of
the journals resulted in the top 10 publications with the highest
h-index on photocatalytic oxidation of VOCs.

Applied Catalysis B-Environmental (Appl. Catal. B-Environ.) is
the most influential journal in the field (H = 76), focusing on the
reaction mechanisms of photocatalytic processes and the
fundamental understanding of photocatalysts, as applied to
environmental problems. Moreover, Appl. Catal. B-Environ.

Frontiers in Environmental Science

published 181 papers on the research of photocatalytic oxidation
of VOCs, with the highest number of papers. The second ranked
journal is Chemical Engineering Journal (Chem. Eng. J., 176 papers,
H = 48), which mainly researches about the synthesis and
in the field of
photocatalytic oxidation of VOCs, as well as the mechanism of

modification of photocatalyst materials
chemical reactions involved in the setup. The third ranked journal is
Journal of Hazardous Materials (J. Hazard. Mater., 98 papers, H =
47), which is involved in the study of the development and
modification of photocatalytic materials, the design of the light
source, and the reactor. Other core journals also focus on the
reaction mechanism, catalyst preparation, engineering design, and
reaction products of photocatalytic oxidation of VOCs. Journal
impact

analysis in the field of photocatalytic oxidation

technology for VOCs is pivotal for researchers and scholars as it
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TABLE 4 Top 20 contributors in the field of photocatalytic oxidation of VOCs.

Volume of publication Organization Country
An Taicheng 44 Guangdong University of Technology China
Dong Fan 38 University of Electronic Science and Technology of China China
Haghighat Fariborz 35 Concordia University Canada
Huang Haibao 35 Sun Yat-Sen University China
Li Guiying 33 Guangdong University of Technology China
Sun Jing 33 Guangdong University of Technology China
Leung Dennis Y C 31 University of Hong Kong China
Xie Xiaofeng 25 Shanghai Institute of Ceramics China
Lee Chang-Seo 24 Concordia University Canada
Chen Jiangyao 22 Guangdong University of Technology China

Jo Wan-Kuen 21 Kyungpook National University South Korea
Li Yuanzhi 19 Wuhan University of Technology China

Kim Ki-Hyun 18 Hanyang University South Korea
Bouzaza Abdelkrim 17 Laboratoire Sciences Chimiques de Rennes France
Mahmood Asad 17 Guangdong University of Technology China
Wang Xiao 17 Guangdong University of Technology China
Li Jieyuan 16 University of Electronic Science and Technology of China China
Assadi Aymen Amine 15 Laboratoire Sciences Chimiques de Rennes France
Sun Yanjuan 15 University of Electronic Science and Technology of China China
Wang Hong 15 University of Electronic Science and Technology of China China

illuminates the most influential and high-quality journals, thereby
informing their publication choices and research trajectories, as well
as significantly influencing the evolution of trends and the
distribution of resources in this specialized domain.

3.3 Analysis of authors’ contributions and
collaborations

3.3.1 Author partnerships

Authors in a field of research and the collaborations between
them are key elements in advancing scholarship and
disseminating knowledge, and bibliometric analyses identify
authors and their collaborations that contribute to a particular
field of research (Kholidah et al., 2022). The 20 authors with the
most publications in the field of photocatalytic oxidation of
VOCs are shown in Table 4. Among them, 14 authors are
from China, reflecting China’s contribution to the field. An
Taicheng from the Guangdong University of Technology,
China, has the highest number of publications with 44 papers.
One of his most influential papers was on the development of a
modified ordered porous catalyst with high anti-coking
properties by introducing oxygen vacancies into CeO, via
simple redox and (ARCeO,) and its
application to the efficient photothermal catalytic degradation

of VOCs (Kong et al., 2020). This work highlights the importance

steam treatment
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of oxygen vacancy engineering in improving photothermal
catalytic performance for VOC degradation and provides a
facile and cost-effective strategy for the design and fabrication
of CeO, catalysts with strong anti-coking potential. Dong Fan of
Zhejiang University, China, came in second with 38 articles. The
representative study of the second influential author involved the
first preparation of mesoporous c-doped TiO, nanomaterials
with the anatase phase using sucrose as the carbon doping
source by green synthesis, thus improving the photocatalytic
activity of the catalyst (Dong et al,, 2011).

The distribution map of authors’ collaboration can better
reflect the collaboration and co-research among scholars in the
field of photocatalytic oxidation of VOCs (Figure 3). The size of
each node in the graph indicates the author’s publication volume
(the larger the node, the more productive the author), while the
connecting lines indicate the collaborative relationship between
authors. Figure 3 indicates the degree of author collaboration,
with several clusters of authors working closely together
appearing as shown, including An Taicheng, Dong Fan, Sun
Jing, Li Guiying, and Huang Haibao. Moreover, they are the
authors with the largest volume of articles. The strength of the
different
Supplementary Figure S1 (Supplementary Material), indicating

linkages between the authors is shown in
that international collaboration in this area currently needs to be
strengthened. It is important to analyze the level of collaboration

between researchers as such a collaboration not only helps pool
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Network of collaboration of the author.

expertise from different disciplines and promote innovation and
progress but also improves the efficiency, quality, and reliability
of research through the sharing of resources, transfer of
knowledge, and peer review. In addition, the collaboration
promotes the internationalization of scientific research, helps
address complex interdisciplinary issues, and accelerates the
translation of research results into practical applications, in
particular in the field of environmental protection and
pollution control.

3.3.2 Analysis of institutions
The
information on the research institutions with the greatest impact

analysis of research institutions, which provides
and highest research output in a given field of research, can help
researchers better understand the state and trends of the field and
provide guidance on how to address important issues and drive
innovation (Li et al., 2023). Figure 4 illustrates a graph displaying the
knowledge domains of collaborating organizations utilizing
VOSviewer software. Each circular node denotes an organization,
and the circle’s dimensions indicate the number of papers published.
Inter-institutional cooperation is indicated by a line between two
nodes: the thicker the line, the closer the institutional cooperation.
The Chinese Academy of Sciences (CAS) ranks the highest in terms
of total linkage strength, boasting the largest number of publications
and suggesting an expansive collaborative network and highly
significant academic influence. The promotion of photocatalytic
oxidation of gaseous pollutants on g-C;N, is one of the most
influential articles (Li et al., 2016). This strategy provides an easy

Frontiers in Environmental Science 07

and promising solution for combating air pollution through solar
energy. In addition, as shown in Figure 4, there is a relatively close
cooperation between CAS, University of Chinese Academy of
Sciences (CASU), and Guangdong University of Technology.
Their works mainly study the change in atmospheric carbonyl
compounds in cities under light with time and the use of a
polymer photocatalyst to decompose water.

3.3.3 Analysis of productivity and impact
among countries

The problem of VOC air pollution is a global environmental
issue; therefore, the analysis of international research cooperation in
the field of photocatalytic oxidation of VOCs is of far-reaching
importance for promoting global scientific progress, improving the
quality and feasibility of research, and contributing to the
sustainable development of global society (Zhang et al, 2023).
China, the United States, France, South Korea, and India are the
top five countries/regions with 1,144 (45.89%), 226 (9.07%), 205
(8.22%), 198 (7.94%), and 124 (4.79%) publications, respectively.
Figure 5 shows the knowledge domains of the co-author countries,
with the size of the nodes representing the number of national
publications and the width of the connecting lines representing the
strength of the links between the two countries. Through Figure 5
and Supplementary Table S1, it can be found that China, the
United States, France, South Korea, and India have strong co-
authorship links with other countries, with China working most
closely with the United States, followed by Australia working
with China.
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Institutional collaboration mapping for photocatalytic oxidation of VOCs.

3.4 Analysis of co-citation

To explore the links between academic publications and papers
in the field of VOC photocatalytic oxidation research and to analyze
the dynamics and direction of the field, journal co-citation and
article co-citation analyses were performed (Farideh, 1996).

3.4.1 Analysis of journal co-citation

The research depicted in Figure 6 displays the journal co-citation
mapping of the knowledge domain in the area of photocatalytic
oxidation of VOCs, and the greater the number of connecting lines,
the stronger the co-citation relationship between the two journals.

The orange cluster in Figure 6 mainly focuses on experimental
and theoretical studies of photocatalytic oxidation of VOCs,
including but not limited to the areas of photocatalyst
characterization and VOC degradation, as represented by Appl.
Catal. B-Environ., Catalysis Today, Chemosphere, Chem. Eng. J.,
and J. Hazard. Mater. In the latest research of this clustered journal,
the main focus is on the latest hotspots of VOC photooxidation
technology, with a major emphasis on the photocatalytic effects of
modified porous materials and composite catalyst combination
strategies. In recent studies, the focus is on the research of
metal-organic frameworks (MOFs), with the study in Appl.
Catal. B-Environ. focusing on the catalytic degradation
mechanism of MOFs materials. Qin, JX. et al. prepared Fe-MOF
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derivatives with the MIL-100(Fe) precursor through thermal
treatment, exposing the unsaturated Fe’* active sites that could
significantly promote the transfer of photoelectrons, enhancing the
oxidation-reduction reaction and improving the photocatalytic
performance (Qin et al., 2023). Chen, L. et al. designed the local
charge imbalance of carboxylate ligands to regulate the Lewis
acid-base sites in NaFe bimetal MOXs, thereby improving the
adsorption of acetaldehyde or xylene and enhancing the
production of oxidizing free radicals, thereby improving the
(Chen et al, 2023).

provided in Chem. Eng. J. primarily modifies MOF porous

photocatalytic performance Research
materials through pretreatment methods to enhance their
photocatalytic performance while maintaining their adsorption
effect for VOCs. Yu, X. et al. utilized the hotspot effect of
MXene’s MXene/MOF  high-
performance photocatalytic performance aerogel, achieving a

absorption,  designing an
TOC removal rate of approximately 95% for acetone vapor
within 60 min and demonstrating good stability (Yu et al., 2023).
Chem. Eng. J. also focuses on composite catalyst combination
strategies, and the S-scheme heterojunction is a recent research
hotspot. Zhou, X. et al. synthesized an S-type TiO,/BaTiO;
heterojunction, where electrons pass through the Ti-O chain
from BaTiO; to TiO, and form an internal electric field; it
improved the efficiency of photogenerated carrier separation and
electron transfer.
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Literature distribution by country.

The Journal of the American Chemical Society (J. Am. Chem.
Soc.), Journal of Physical Chemistry C (J. Phys. Chem. C), Applied
Surface Science (Appl. Surf. Sci.), and ACS Applied Materials &
Interfaces (ACS Appl. Mater. Interfaces) are affiliated with the Green
Cluster. The cluster is dedicated in examining newly discovered
catalyst materials, anticipating and observing new materials and
surface properties, and studying material properties at a molecular
and atomic level using specialized surface analysis techniques and
computational methods. In this cluster of journals, the importance
of material adsorption capacity and the formation and role of surface
oxygen vacancies are emphasized. Appl. Surf. Sci. focuses on the
adsorption of VOCs gases by catalysts. Zhao, SF. et al. used DFT
calculations to simulate the adsorption ability of five prototype
VOCs on transition metal-deposited graphene adsorbents and
compared the enhancement effects of different metal depositions
(Kunaseth et al., 2017). Kim, S. et al. modified activated carbon
surfaces with polyethyleneimine (PEI) and MgO to regulate the
adsorbent surface acidity and improve the adsorption of polar VOCs
(Kim et al.,, 2023). Lin, ZF. et al. explored the impact of intermediate
products on benzene photocatalytic oxidation in pulp mills,
revealing the mechanism and cause of catalyst inactivation (Lin
et al,, 2020). ACS Appl. Mater. Interfaces. focuses on the activation
of surface lattice oxygen and the formation of oxygen vacancies in its
latest research. Chen, LC. et al. proved that Sr,Sb,0O; is highly
efficient and stable in photocatalytic oxidation of toluene compared
to TiO,, which is attributed to the large activation of surface lattice
oxygen. The lattice oxygen promotes the adsorption and activation
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of O, and H,0 molecules, producing high-activity free radicals and
enhancing the catalytic efficiency.

The blue cluster journals concentrate on the effects of chemical
processes that form the foundation of photocatalytic VOC oxidation
on human wellbeing, air quality, climate variation, and ecosystems
such as Environmental Science & Technology (Environ. Sci.
Technol.), Atmospheric Environment (Atmos. Environ.), and
Atmospheric Chemistry and Physics (Atmos. Chem. Phys.).
Environ. Sci. Technol. primarily focuses on solving real-world
environmental problems. In recent studies, there has been a great
interest in the environmental pollution caused by volatile organic
compounds (VOCs) in solar evaporators. Ma, JX. et al. used a
BiOBrI nanoflake with oxygen-rich vacancies to prepare porous
sponges and used them as light-permeable solar evaporators with
three-dimensional photocatalytic sites to boost VOC rejection for
water purification (Ma et al., 2022). Zhou, S. et al. used Ag/AgCl
particles to efficiently activate H,O, to generate hydroxyl radicals,
which rapidly degraded VOCs during steam generation, solving the
VOC pollution problem in solar evaporators (Zhou et al., 2022).
Atmos. Chem. Phys., on the other hand, primarily reveals some
photochemical oxidation processes in the natural atmosphere.
Wang, Y et al. studied the photochemical oxidation of a-pinene,
isoprene, and o-cresol on hygroscopic ammonium sulfate seeds to
reveal the trend of aerosol rebound (Wang et al., 2021). Li, JL. et al.
studied the secondary organic aerosol production process from the
photooxidation of mixed anthropogenic volatile organic compounds
(Li et al., 2021).
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The Purple Cluster, spearheaded by the Journal of Catalysis
(J. Catal.), Journal of Physical Chemistry B (J. Phys. Chem. B), and
Catalysis Communications (Catal. Commun.), concentrates on the
preparation, combination, and kinetic analysis of photocatalytic
materials, along with employing spectroscopic techniques for
catalyst characterization and theoretical models to explore
probe-catalyst interactions and various theoretical methods.
J. Catal. is dedicated to the study of the mechanism of VOC gas
degradation. Song, BY. et al. explored the photocatalytic oxidation
performance and mechanism of isoprene over titanium oxide by
UV-Vis lights (Song et al., 2024). Krauter, J. et al. proved that partial
photooxidation of 2-propanol not only is possible in the presence of
oxygen but also in the absence of adsorbed water or even at room
temperature below (Kriuter et al, 2022). The main research
direction of Catal. Commun. in recent times is the modification
strategy for titanium dioxide photocatalysts for the decomposition
of VOCs (Higashimoto et al., 2020; Kovalevskiy et al., 2020).

As shown in Figure 6, Appl. Catal. B-Environ. has the largest
share of area and is the most co-cited journal of all journals. Its

Frontiers in Environmental Science

significant impact on VOC photocatalytic oxidation research is
mainly attributed to the journal prestige and the quantity of
published articles. The journal has published 181 studies with
photocatalytic oxidation of VOC topic, which is the largest
number among all. Among the four clusters, Appl. Catal.
B-Environ. and Chem. Eng. are included. Journals such as
J. Catal. and Environ. Sci. Technol. are more widely cited,
suggesting that journals dealing with the chemical processes
involved in the photocatalytic oxidation of VOCs generally have
a broader reach. Moreover, the connecting lines linking the
aforementioned three journals are bolder, indicating a greater
occurrence of co-citations among them.

In summary, studies on photocatalytic oxidation of VOCs have
been published mainly in journals focusing on research and
development of photocatalytic materials, analysis of VOC
degradation  processes, interfacial reactions, microscopic
theoretical ~ calculations, and  macroscopic  atmospheric
environment. Journal co-citation analysis significantly reveals the
network of key research and scholarly communication in the field of
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TABLE 5 Top 10 most co-cited papers in the field of photocatalytic oxidation of VOCs.

Journal

Author Year Co- Reference

citation

1 Environmental Applications of Semiconductor Photocatalysis Chem. Rev Hoffmann, M.R,, 1995 233 Hoffmann et al.
et al (1995)
2 Determination and risk assessment of by-products resulting from Appl. Catal. Mo, J., et al 2009 205 Mo et al. (2009)
photocatalytic oxidation of toluene B-Environ
3 TiO, photocatalyst for removal of volatile organic compounds in gas Chem. Eng. ] Shayegan, Z., et al 2018 203 Shayegan et al.
phase - A review (2018)
4 Photocatalytic oxidation technology for indoor environment air Appl. Catal. Mamaghani, A.H., = 2017 201 Mamaghani et al.
purification: The state-of-the-art B-Environ et al (2017)
5 Volatile organic compounds in indoor environment and photocatalytic Environ. Int Wang, S., et al 2007 200 Wang et al. (2007)
oxidation: State of the art
6 Photocatalytic destruction of VOCs in the gas-phase using titanium Appl. Catal. Alberici, RM., 1997 181 Alberici and Jardim
dioxide B-Environ et al (1997)
7 TiO, Photocatalysis for Indoor Air Applications: Effects of Humidity Environ. Sci. Obee, T.N,, et al 1995 181 Obee and Brown
and Trace Contaminant Levels on the Oxidation Rates of Technol (1995)
formaldehyde, Toluene, and 1,3-Butadiene
8 Photocatalytic oxidation for indoor air purification: a literature review = Build. Environ Zhao, J., et al 2003 170 Zhao and Yang
(2003)
9 Photocatalytic oxidation of toluene at indoor air levels (ppbv): Towards Appl. Catal. Sleiman, M., et al 2009 143 Sleiman et al. (2009)
a better assessment of conversion, reaction intermediates and B-Environ
mineralization
10 Kinetic study for photocatalytic degradation of volatile organic Appl. Catal. Kim, S.B,, et al 2002 137 Kim and Hong
compounds in air using thin film TiO, photocatalyst B-Environ (2002)

photocatalytic oxidation of VOCs, helping researchers to identify
major trends, the core literature, and potential opportunities for
interdisciplinary collaboration in the field.

3.4.2 Literature co-citation analysis

Both the number of co-citations and the number of citations are
important indicators of the impact of scholarly articles, but there are
differences in the emphasis and information reflected. Articles with
a high number of co-citations (Table 5) emphasize the relevance of
different studies and the concentration of research interests, whereas
articles with a high number of citations (Supplementary Table S2)
are more likely to highlight the broader impact and scientific
contribution of an individual article. Table 5 displays the co-
citations of the 10 most prominent papers in the scientific study
of photocatalytic oxidation of VOCs. Seven of the top 10 most cited
articles were published post-2000, indicating a remarkable
Of the
10 papers, five are reviews of photocatalytic oxidation of VOCs,

advancement in the field over the last 2 decades.

two relate to the by-products of this process, and three discuss the
degradation mechanism of photocatalytic oxidation, and titanium
dioxide (TiO,) was the photocatalyst used in their study.

The most co-cited paper was “Environmental Applications of
Semiconductor Photocatalysis” by Hoffmann, et al., being co-cited
233 times. The aim of this review is to provide an overview of the
fundamentals of semiconductor photocatalysis and its potential
applications in environmental control technologies (Hoffmann
1995).  The analysis that
photocatalysis has extensive usage in environmental systems,

et al, shows semiconductor
including air purification. Furthermore, advancing research for

this technology requires a new comprehension of the non-
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uniform photochemistry complexity of metal oxide systems in
The
“Determination and risk assessment of by-products resulting

multiphase environments. second ranked article is
from photocatalytic oxidation of toluene” (205 times). The article
investigated the ppb-grade by-products generated during the
photocatalytic oxidative decomposition of toluene using TiO, as
a catalyst and concluded that the concentration of undesirable by-
products generated during the photocatalytic oxidation process was
low and would not have a negative impact on human health (Mo
et al, 2009). Also of note are two research papers on the
photocatalytic oxidation of VOCs by TiO,, published before
2000, which provide a research base for the development of
research in this field. “Photocatalytic destruction of VOCs in the
gas-phase using titanium dioxide” has been co-cited 181 times and is
ranked sixth. The gas-phase photocatalytic degradation of 17 VOCs
by TiO, was investigated in this paper, and the results indicate the
potential application of multiphase photocatalysis in the reduction
of different classes of VOCs (Alberici and Jardim, 1997). The
seventh-ranked article is “TiO, Photocatalysis for Indoor Air
Applications: Effects of Humidity and Trace Contaminant Levels
on the Oxidation Rates of Formaldehyde, Toluene, and 1,3-
Butadiene” (181 times), which outlines how humidity and
pollutant concentration impact the oxidation rate of VOCs in
indoor air for TiO, photocatalytic applications (Obee and Brown,
1995). It attributes this relationship to the competitive adsorption to
hydroxyl adsorption sites, as well as to changes in the quantity of
hydroxyl radicals.

The four other articles reviewed the current state-of-the-art
photocatalytic oxidation of VOCs in indoor air using TiO, as a

photocatalyst (Wang et al., 2007), investigated the dependence of the
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Keyword co-occurrence knowledge graph.

reaction rate on key factors through kinetic experiments and
developed a kinetic model to assist in optimizing the reactor
design (Zhao and Yang, 2003), and reviewed the removal of
airborne VOCs by commercial TiO, photocatalysts for VOCs
and reporting the results of a comprehensive literature review on
TiO, modification technologies, including methods to overcome the
inherent limitations of TiO, and improve the photocatalytic
degradation of VOCs (Mamaghani et al., 2017; Shayegan et al,
2018).
photocatalytic oxidation of VOCs, a comprehensive knowledge

By synthesizing and analyzing research results on

framework can be provided to researchers to help them
understand the progress and challenges in the field. The study of
the relationship between the reaction rate and key factors, as well as
the development of kinetic models, can provide practical guidance
for optimizing reactor design and further promote the application of
this technology in production.

“Kinetic study for photocatalytic degradation of volatile organic
compounds in air using thin film TiO, photocatalyst” and
“Photocatalytic oxidation of toluene at indoor air levels (ppbv):
Towards a better assessment of conversion, reaction intermediates,
and mineralization” indicate that the degradation effect of
photocatalytic oxidation of VOCs is impacted by various factors,
including the initial concentration of VOCs, water vapor content,
and photon flux of ultraviolet light (Sleiman et al., 2009; Kim and
Hong, 2002). The thorough examination of the kinetics of the
photocatalytic degradation process yields crucial insights into the
degradation mechanism of VOCs on the catalyst surface. This
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information can be utilized to enhance the reaction conditions
and enhance the efficiency of degradation. Furthermore, doing a
comprehensive analysis of the intermediates generated throughout
the reaction and the ultimate mineralization can provide valuable
insights into the photocatalytic process, its safety implications, and
its environmental effects.

3.5 Analysis of keyword co-occurrence

Keyword co-occurrence analysis facilitates comprehension of
essential themes and concepts in the literature or dataset. It assists
researchers in orientating their research, decision-making, and
collaboration to achieve a fuller understanding of the challenges
and opportunities of a specific field or topic.

From the results displayed in Figure 7, the analysis software
application produced four clusters. Cluster 1 (red): as shown in
Figure 7, the main nodes in the red cluster include “Photocatalytic,”

» o« » o«

“Performance,” “Nanoparticles,” “Oxygen Vacancy,” “Manganese
Oxides,” “Graphene,” and “Hydrothermal Synthesis.” Hence, the
advancement of effective photocatalysts is a significant field of study
in the research of photocatalytic oxidation of VOCs. This can be
accomplished by altering the structure of nanomaterials like TiO,,
manganese oxides, and graphene through straightforward and
efficient techniques such as hydrothermal synthesis. For instance,
the introduction of oxygen vacancies can enhance the catalysts’

capability to perform photocatalytic oxidation reactions at ambient
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temperature. Supplementary Table S3 presents a concise overview of
various photocatalysts, together with their associated modifying
reagents, bandgaps, and target pollutants. Cluster 2 (green) with
“VOCs,” “Kinetics,” “Acid,” “Temperature,” “Water,” and “Dioxide”
as the representative keyword indicates that photocatalytic oxidation
of VOC technology is environmentally important in theory and
practice and is an effective means of controlling air pollution and
improving indoor and outdoor air quality. Photocatalysts catalyze
the oxidative decomposition of VOCs under light conditions,
converting them into more harmless substances such as carbon
dioxide and water. Key factors in the treatment process include
temperature, humidity, and pH conditions, which affect the reaction
kinetics, the conversion efficiency of the pollutants, and the final
degradation products. Cluster 3 (blue) of the keywords “Toluene,”
“Gas-Phase,” “Benzene,” “Formaldehyde,” “By-Products,” “Btex,”
“Catalyst Deactivation,” and “Mineralization” indicates that

» o« »

photocatalytic technology is commonly used to remove Btex such
as formaldehyde, acetaldehyde, benzene, and toluene from the air
(Kamani et al., 2023). However, catalyst deactivation can occur due
to the adsorption properties of the catalytic materials, and the
photodegradation process can produce by-products that prevent
complete mineralization of the pollutants. This requires a thorough
understanding of the reaction mechanism in order to optimize
reaction conditions and select suitable photocatalysts. Cluster 4

»

(yellow) represents the keywords “Titanium Dioxide,” “Removal,”

» « » «

“Degradation,” “Oxidation,” “Decomposition,” and “Non-Thermal
Plasma.” Titanium dioxide is one of the most studied photocatalysts.
The traditional titanium dioxide catalyst has a bandgap of 3.2 eV
and can be excited by ultraviolet light to produce photogenerated
electron hole pairs, which is the earliest discovered photocatalyst.
However, because it can only be excited by ultraviolet light and the
ultraviolet component of ambient sunlight only accounts for 5%, so
it needs to be modified. Modified TiO, can effectively promote the
degradation and mineralization of organic and inorganic pollutants.
This process involves not only the direct decomposition of
pollutants but also the in-depth treatment of their secondary
decomposition products to ensure their complete harmlessness.
On the other hand, non-thermal plasma technology, which
decomposes pollutants by generating high-energy electrons, is
particularly suitable for treating compounds that are difficult to
degrade (Mu and Williams, 2022). This technology achieves efficient
pollutant control at low temperatures, demonstrating unique
advantages for treating low concentrations or stubborn
pollutants. Combining these two technologies, the current
research is not only focused on improving the efficiency and rate
of pollutant treatment but also on optimizing the reaction
conditions, lowering the operating costs, and reducing the
generation of secondary pollutants. In addition, a deeper
of these

scientifically and practically important for achieving more

understanding and improvement technologies is

environmental friendly  and cost-effective ~ pollutant

treatment methods.

3.6 ldentification of research frontiers

As shown in Figure 8, the keywords represent a node; the larger
the node means that the keyword is more heavily researched, and
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some nodes means the keyword has high explosive power (Table 6);
however, links between them indicate co-occurrence relationships
(van Eck and Waltman, 2010). CiteSpace software was used to
obtain nine clustering labels by the LLR (log-likelihood ratio)
#2 dielectric
” “#4 catalytic
oxidation,” “#5 air,” “#6 performance,” “#7 thin film,” and

» o« » o«

method: “#0 titanium dioxide,” “#1 gas phase,

Y

barrier discharge,” “#3 photocatalytic degradation,
“#8 carbon monoxide.” The timeline clearly illustrates the
development of the keywords within each of the representative
clusters in the literature on the photocatalytic oxidation of VOCs
over this time period (Seltenrich, 2015).

The “Formaldehyde,”
“Heterogeneous Photocatalysis,” “Volatile Organic Compound,”
and “Air” appear in the 1998 timeline. From 2001 to 2003, the
keywords include “Degradation,” “Decomposition,” “Photocatalytic
Oxidation,” “Indoor Air,” “Activated Carbon,” “Benzene,” and
“Thin-Film.” In 2015, “Hydrothermal Synthesis,” “Efficiency,”
“Low-Temperature,” and “Nanocomposite” appeared. During
2020 to 2023, keywords involved “UV,” “synergistic effect,”
“Enhanced Photocatalytic Activity,” “Manganese Oxide,” “Metal
“Efficient,”  “Charge
“Hydrogen Production,” “Carbon Nitride,” and “Nanorod.”

keywords  “Titanium  Dioxide,”

» o«

»

» o«

Organic ~ Framework,” Separation,”
Collectively, these keywords reflect the latest trends and advances
in the field of inhomogeneous photocatalysis and provide directions
for future research in material science, energy conversion, and
environmental protection. Further progress in the efficiency and
application of photocatalytic technology is expected through in-
depth research in these key areas.

CiteSpace software counts the frequency of words in the
identifiers of titles, abstracts, keywords, and bibliographic records
of papers in related fields and identifies hot words based on the
growth rate of word frequency of these words to reveal the research
trend of photocatalytic oxidation of VOCs. As shown in Table 6,
“Trichloroethylene,”  “Titanium Dioxide,” “Heterogeneous,”
“Photocatalysis,” “Air,” and “Kinetics” have been a research
buzzword from 1998 to 2015. In this stage, most of the studies
used trichloroethylene as the target pollutant and TiO, as the
investigate the efficacy and kinetics of
technology for VOCs. TiO,, the

cornerstone of photocatalysts, is the most popular photocatalyst,

photocatalyst to

photocatalytic oxidation

and its composites, with the combined advantages of their respective
components, play an important role in different areas of pollution
control (Belessiotis et al., 2022). Silvia Sudrez et al. prepared hybrid-
structured photocatalysts based on the adsorbents seafoam and TiO,
by extruding ceramic dough and tested them for the photocatalytic
degradation of the target volatile organic compound molecule
trichloroethylene (Sudrez et al., 2008). Khurram Shahzad Ayub
et al. selected Co and Cu bimetallic oxides with high catalytic
activity dispersed on TiO, and successfully prepared Co-Cu/TiO,
catalysts, which were used in post-plasma catalysis for effective
degradation of toluene (Ayub et al, 2022). The effects of TiO,
content, zeolite structure, and silica/aluminum ratio on the textural
properties, adsorption capacity, and photodegradation activity of
zeolite/TiO, composites were investigated using formaldehyde and
chlorinated hydrocarbon trichloroethane as model VOCs by
Jansson et al. (2015). Xiaoqing Qiu et al. reported here that
grafting nano-sized Cu,O clusters onto TiO, produces an
excellent indoor environmental risk reduction material. By
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Timeline view of keyword clustering for photocatalytic oxidation studies of VOCs.

controlling the balance of Cu-I and Cu-II in Cu,O, the Cu,O/TiO,
hybrid nanocomposites achieved efficient decomposition and anti-
pathogenic activity (Qiu et al., 2012). Shuang Cao et al. prepared
bimodal mesoporous TiO, catalysts doped with platinum,
palladium, and ruthenium by wet impregnation for the catalytic
combustion of dichloromethane, and the deactivation of Ru/TiO,
catalysts was suppressed due to the fact that carbon and chlorine
could be removed by RuO,, which resulted in excellent catalytic
activity (Cao et al, 2018). The research field of photocatalytic
oxidation of VOCs has developed rapidly in the last 2 decades,
and research on modified catalysts with TiO, catalysts as the
cornerstone continues to be hot, with a deeper understanding of
the photochemical mechanism and optimization of photocatalyst
design, contributing to the reduction of air pollutants.
“high
manganese oxide,”

“Oxygen vacancies,” “heterojunctions,” efficiency,”

» o«

“nanosheets,” “metal-organic frameworks,

» <« » o«

“carbon,” “nanocomposites,” “oxides,” and “mechanism” are the
burst keywords from 2019 to 2023.

3.6.1 Burst keyword “heterojunctions”

By adding the keyword “Heterojunction” to the Boolean
operation search formula and conducting keyword analysis,
Supplementary Figure S2 was obtained. It can be seen from the
figure that the three keywords distributed over time, “p-n
Heterojunction,” “Z-scheme Heterojunction,” and “S-scheme
Heterojunction,” imply the development of composite
photocatalysts in the field of photocatalytic degradation of VOCs.
According to the different positions of the energy band, the coupling
of semiconductors can be divided into three types: broken gap,
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cross-border gap, and staggered gap (Che et al., 2023). In fact, only
the heterojunction with staggered gaps can improve the charge
transfer at the interface, thus attracting the attention of scholars.
“p-n heterojunction” is a typical strategy of staggered-gap
heterojunction. Since the main carriers of p-type semiconductors
are positive charges and the main carriers of n-type heterojunctions
are negative charges, the interface of p-n heterojunctions contains a
built-in electric field and suppresses the recombination of carriers by
separating the photogenerated electrons (ecp”) and holes (hyg")
(Zou et al,, 2020). The formed heterojunction makes the spatial
separation of photoinduced carriers possible and effectively inhibits
the possibility of charge recombination. However, the separation
efficiency of photogenerated electron-hole pairs is at the cost of
reducing the oxidation ability of the two semiconductor
photocatalysts.

The photocatalyst modified by the “Z-scheme Heterojunction”
strategy not only has a strong redox ability to drive photocatalytic
reactions but can also effectively separate photogenerated electrons
and holes. The Z-type photocatalyst can help ensure the
improvement of the utilization efficiency of solar energy while
enhancing the redox ability of the photocatalyst and promoting
the separation of charge carriers through its unique electron transfer
(Li et al., 2022). In the Z-scheme heterojunction, electrons on the
semiconductor with a lower CB move to the higher VB of the other
semiconductor to combine with holes, thereby preventing the
recombination of photogenerated carriers and maintaining the
original maximum redox potential (Jia et al, 2023). The
formation of Z-scheme heterojunctions can be proved by the
production of high-energy free radicals. Yang, J. et al. coupled
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TABLE 6 Chronological distribution of the top 20 highlight keywords.

10.3389/fenvs.2024.1482766

Keyword Year Strength Begin End 1998-2023
Trichloroethylene 1998 31.87 1998 2008
Heterogeneous photocatalysis 1998 18.86 1998 2012
Air 1998 15.73 1998 2014
Reactor 1999 10.47 2007 2015
Kinetics 1999 8.32 2007 2015
Photodegradation 2003 10.73 2009 2013
Purification 2004 8.13 2012 2017
Gas 2013 9.09 2013 2019 S
Nonthermal plasma 2009 12.26 2014 2016 e R —
Oxygen vacancy 2019 11.86 2019 2023 —
Heterojunction 2019 7.88 2019 2023 —
Efficient 2020 12.61 2020 2023 —
Nanosheet 2020 9.58 2020 2023 —
Metal-organic Framework 2020 9.31 2020 2023 —
Manganese oxide 2020 8.92 2020 2023 —
Carbon 2013 8.98 2020 2023 ——
Nanocomposite 2016 7.83 2020 2023 e
Oxide 2015 8.69 2021 2023 ——
Mechanism 2012 8.1 2021 2023 —

“mm=: Time period in which the keyword was normally followed; BB time period in which the keyword was hotly followed;

BiOCl with Bi,WO4 to form a heterojunction for efficient
photocatalytic ~ degradation of toluene; theoretically, the
conduction band of BiOCl cannot reach the band condition for
oxygen activation to superoxide radical (-0.33 eV). After the
formation of composite free radicals, the existence of superoxide
radicals was detected by EPR, proving that high-energy electrons can
be retained on the conduction band of Bi,WO4 and form a
Z-scheme heterojunction, effectively separating high-energy
electrons from holes to improve the photocatalytic
2023a). Based on the fact that
heterojunctions can produce high-energy electrons

efficiency
(Yang et al, Z-scheme
or holes,
many studies have adopted this approach to more efficiently
generate free radicals. Li, X. et al. constructed a Z-scheme
heterojunction formed by MnO, and C;N, where low-energy
electrons from the conduction band of C;N, combine with holes
on the valence band of MnO,, retaining high-energy electrons on the
low-conduction band of MnO,, which is more conducive to the
production of superoxide radicals, and improving the photocatalytic
efficiency (Li et al,, 2022). To further improve the photocatalytic
efficiency of Z-scheme heterojunctions, researchers have proposed
many modification strategies. Experimental evidence has shown that
the surface plasmon resonance effect of Ag nanoparticles can assist
in producing large amounts of active oxygen. Chen, JY. et al.
introduced Ag nanoparticles into the heterojunction system of
CuO and SrTiO;, achieving highly efficient degradation of

toluene while also exhibiting excellent antibiosis against E. coli
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: time period in which the keyword was indifferently followed.

due to the chemical disinfection action of Cu and Ag (Chen
et al, 2023). Yang, J. et al. chemically deposited AgCl on the
of  Bi,WOg4 synthesized ~ Ag/AgCl/Bi;WOq
photocatalysts by photoreduction of Ag-0 nanoparticles under
UV light, achieving nearly 100% toluene degradation efficiency
under visible light irradiation (Yang et al., 2023b). There are also
studies that combine three semiconductor materials to form a
double Z-type heterojunction with overlapping band structures.
Shi, L. et al. synthesized a tri-component Z-type heterojunction
photocatalyst BiPO,/BiVO,/g-C;N, by a one-step sol-gel method,
exhibiting high catalytic performance (Shi et al., 2022).

The
Heterojunction” strategy is that the conduction band (CB) position
and Fermi level (Ef) of the reducing semiconductor (RP) should be
higher than those of the oxidizing semiconductor (OP) (Li et al., 2023).
Under illumination, the low-energy photoelectrons generated in the

surface and

basic condition for the formation of the “S-scheme

conduction band of OP are driven by the internal electric field to cross
the interface, where they recombine with the photogenerated holes in the
valence band of RP. Therefore, the photogenerated carriers with strong
redox ability can accumulate at the high conduction band position of RP
and the low valence band position of OP, respectively. This leads to the
spatial separation of oxidation and reduction sites on both sides of the
connection, greatly improving the utilization rate of photoinduced
carriers and thereby greatly enhancing the production efficiency of
photooxidation active substances for VOCs (Xu et al, 2022). The
formation of S-scheme heterojunctions can be analyzed by photo-
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irradiating a Kelvin probe and in situ X-ray photoelectron spectroscopy.
Li YW et al synthesized BiVO,/tubular g-C5N,
heterojunction photocatalysts for formaldehyde degradation, and the

S-scheme

elemental binding energy changes were observed through in situ X-ray
irradiation. The surface morphology and potential were observed using a
Kelvin probe force microscope, showing that electrons migrated from
g-C3N, to BiVO, in the dark, while electrons migrated from BiVO4 to
g-C3N, in the light, thus proving the formation of the S-scheme
heterojunction (Li et al,, 2023). The regulation of the interface charge
transfer in S-scheme heterojunctions is of great importance, and recent
research has used DFT (density functional theory) calculations to predict
the formation strategies of S-scheme heterojunctions. Dong, YP. et al.
predicted the formation of an S-scheme heterojunction by combining
Cds with InVO, through DFT calculations and successfully loaded Cds
quantum dots onto InVO,. The transfer of electrons between Cds and
InVO, was observed using a Kelvin probe force microscope, verifying
the existence of the S-scheme heterojunction and achieving high-
efficiency photocatalytic degradation of C,H, (Dong et al., 2024). Xu,
XY. et al. used DFT calculations to predict that an S-scheme
heterojunction can be formed between CdS quantum dots and
Bi;MoOg monolayers and successfully fabricated the catalyst through
in situ hydrothermal synthesis for highly efficient photocatalytic
degradation of C,H, under visible light (Xu et al, 2022).The high
efficiency of charge separation and electron transfer in the S-scheme
heterojunction is due to the bonding form between the semiconductors,
which enhances the efficiency of electron transfer and inhibits the
accumulation of degradation intermediates. Recent studies have
reported that exposing more oxygen vacancies by forming S-scheme
heterojunctions can enhance the catalyst’s adsorption ability for VOC
gases. Ying, TT. et al. prepared CeO,/Cu,O through a simple wet
chemical method and found that the large number of oxygen
vacancies on CeQO, enhances the adsorption capacity for pollutants.
The built-in electric field formed by the S-scheme heterojunction can
improve the separation of photogenerated charges, enhancing the
photocatalytic performance (Ying et al., 2024).

In Supplementary Table S4, the works of the above three
heterojunction strategies including the S-type heterojunction in
the field of modified photocatalytic degradation of VOCs are
listed. The construction of heterojunctions is an effective strategy
to improve the performance of photocatalysts by combining
different semiconductor materials, which can achieve better
charge separation and a wider range of light response.

In summary, monolithic semiconductor catalysts often exhibit
poor photocatalytic activity due to limited light response, rapid
photoinduced charge recombination, and weak oxidation-reduction
ability. Therefore, designing heterojunctions between different
semiconductors can overcome the disadvantages of monolithic
semiconductor catalysts. By designing Z-scheme or S-scheme
inhibition junctions, it is possible to effectively separate the
photoelectron-hole pairs and enhance the oxidation-reduction
ability of the electron and hole. However, the characterization
techniques for Z-scheme heterojunctions are insufficient, and the
charge transfer pathway between the semiconductors is still unclear.
The synthesis requirements for S-scheme heterojunctions are
certain, and there are sufficient characterization techniques, but
there is still a need to explore efficient and unobstructed charge
transfer pathways, and the stability and deactivation issues of the
composite catalyst also need further research.
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(1) Composite heterojunction photocatalysts can generate high
oxidation-reduction potentials and rich photogenerated
charges to enable various oxidation and reduction reactions.
It is necessary to adjust the band structure and active centers of
the semiconductor through targeted optimization to enhance
specific oxidation-reduction reactions and improve the
photocatalytic degradation efficiency.

(2) Building unobstructed and directed transfer channels at the
interface of the heterojunction material is a top priority, and
establishing stable chemical bonds is a reliable strategy. It is
crucial to clarify the charge transfer pathway between
different catalysts for the design of composite catalysts.

(3) For composite heterojunctions, it is necessary to consider the
catalyst’s activity and material stability. Therefore, composite
catalysts with stronger interactions can be designed, such as
chemical bonding, in situ growth, and high-temperature
calcination, to ensure that the different semiconductor
catalysts are in close contact.

3.6.2 Burst keyword “Metal Organic Framework”
MOFs have shown great potential in the design and synthesis of
photocatalysts. Supplementary Figure S3 was obtained by adding the
keyword “Metal Organic Framework” to the Boolean operation
retrieval formula and conducting keyword analysis. It can be
found in the figure that keywords such as “UiO-66," “ZIF-8,”
“Cu-btc,” and “Mil-100(Fe)” are presented. These keywords
represent different structural classifications of MOFs. “Uio-66" is
composed of [ZrsO4(OH)4] coordinated with 12 terephthalic acid
ligands to form a regular octahedral crystal structure. UiO
(Universitetet i Oslo) belongs to coordination pillar layer (CPL)
materials. Its synthesis method is simple, the material structure is
flexible, and the pore size is adjustable. It has been widely applied in
the fields of gas adsorption and energy storage (Marks et al., 2020).
Zeolitic imidazolate frameworks (ZIFs) are self-assembled by Zn or
Co ions bonded in a tetracoordinated manner to the N sites of the
imidazole (or imidazole derivatives) ring. As a subclass of MOFs,
ZIFs combine the advantages of zeolites and MOFs. Moreover, ZIFs
also have higher chemical and thermal stability (Li et al., 2018). MIL
(Materials Institute Lavoisier) is coordinated by trivalent transition
metal ions (such as Fe, Al, and Cr) and carboxylic acid ligands (such
as terephthalic acid and trimellitic acid), and usually has a high
specific surface area and rich porosity. In conclusion, MOFs are a
kind of porous crystalline multifunctional materials, which have
received increasing attention due to their ultrahigh specific surface
area. MOFs with different configurations have been studied and
applied in photocatalytic degradation of VOCs (Zhao et al., 2020).
The structure of MOFs is adjustable, which is conducive to the
implementation of modification strategies. Different functional
groups (Yao et al., 2018; Zhang et al., 2020), metal clusters (Man
etal, 2022; Wang et al,, 2018), and nanoparticles (Zhang et al., 2022)
can be incorporated through methods such as heat treatment and
solvent exchange to improve the functionality and selectivity of the
catalyst. The heterogeneous junction strategy can effectively separate
photogenerated carriers to improve light utilization efficiency and
photocatalytic performance (Chen et al, 2021). Atomic doping
strategies can alter the bandgap of materials, improve light
absorption ability, promote charge separation, and provide
adsorption sites to enhance the adsorption capacity for specific
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pollutants. Wang, X. et al. prepared MOF-derived Pd, N-co-doped
TiO,, where the incorporation of N and the loading of Pd
nanoparticles reduced the bandgap and enhanced the light
absorption efficiency, enhanced charge separation and charge
transfer ability, resulting in high photocatalytic oxidation activity
and exhibiting strong adsorption and degradation efficiency for
ethyl acetate (Wang et al., 2023). Liu, Y. et al. successfully introduced
Ptions into MOFs, forming abundant atomic Pt and oxygen vacancy
content on the surface, and maintained the selectivity of toluene and
CO, products at 100% (Liu et al., 2022b). Metal nanoclusters and
MOF materials can be combined to form MOF-nanoparticle
composite materials, in which the metal nanoclusters can
the
regenerative ability. Lin, LY. et al. successfully loaded Ti-based
nanoclusters onto NH,-UiO-66(Zr), not only providing extended

effectively separate charges and enhance material’s

visible light absorption and high charge mobility but also effectively
converting key intermediates in the toluene degradation process
(Lin et al, 2023). Carbon-based porous materials have stable
structures and contain abundant mesopores and macropores,
which can provide excellent diffusion channels for gas molecules
when combined with MOFs, thereby significantly enhancing the
material’s gas adsorption capacity. Tan, HC. et al. successfully
composite graphene aerogels with MOF materials; the open
mesoporous structure of graphene aerogels helps molecules of
reactants and products enter and exit, showing extremely strong
formaldehyde adsorption capacity (Tan et al., 2019).

In summary, MOF is a porous crystalline multifunctional
material that is increasingly gaining attention due to its ultrahigh
specific surface area. However, truly efficient and highly selective
catalytic effects achieved by MOF materials are still very limited. It is
still necessary to design highly efficient MOF materials that can
respond to visible light. The morphology design and surface
microstructure control of MOFs are of great significance for
exploring the crystal growth mechanism and developing novel
nanomaterials with excellent performance and prospects for
applications.

The applications of different configuration MOF modification
strategies in the field of photocatalytic degradation of VOCs are
listed in Supplementary Table S5.

3.6.3 Burst keyword “oxygen vacancy”
“Oxygen Vacancy™: oxygen
vacancies are essential for improving photocatalytic activity as

In photocatalytic materials,

they can act as electron capture centers, thus improving charge
separation efficiency and enhancing the catalytic response (Zhou
et al, 2023). The formation of oxygen vacancies is due to the
destruction of oxygen atoms in the crystal lattice, with oxygen
atoms being removed from their original lattice positions. In
Supplementary Figure S4, the keywords “doping,” “etching,” and
“combustion” can be found, which suggest different strategies for
forming oxygen vacancies. Ion doping breaks the long-term
periodicity of the crystal lattice oxygen by replacing existing
atoms with cations or anions, thus producing oxygen vacancies
and ensuring charge balance (Dong et al., 2020). Dong, C. et al.
obtained two-dimensional MnO, catalysts with different oxygen
vacancy concentrations by doping Cu®*, and the oxygen vacancies
enhanced the catalyst’s reducibility and oxygen species activity,
thereby improving the catalytic activity for toluene oxidation.
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Acid-base etching uses the corrosive action of strong acids or
strong bases to dissolve metal elements, thereby forming many
vacancy defects (Liu et al.,, 2019). Liu, Y. et al. used 0.2 M HNO;
to modify MnO,, and the increased acid sites and acidity on the
catalyst surface after acid treatment promoted the adsorption and
activation of gaseous benzene. The efficiency of benzene-related
compound degradation was improved by the increased oxygen
vacancies in the crystal lattice and surface-adsorbed oxygen due
to the acid treatment-induced active oxygen species. Reduction
strategies can produce oxygen vacancies by inducing oxygen
atoms to escape from the material surface (Xu et al., 2021). Xu,
Y. et al. synthesized Cu-Mn composite oxide catalysts by the
hydrothermal method and then modified them by a solid-phase
reaction with urea for improvement. The photocatalyst obtained has
a large number of oxygen vacancies, which increases the number of
surface-adsorbed oxygen and enhances the mobility of lattice
oxygen, thereby improving the catalyst’s reducibility and oxygen
activity. High-temperature calcination causes the surface atoms of
the material to vibrate violently, and surface lattice oxygen is easily
diffused out, leading to the formation of oxygen vacancies (Liu et al.,
2003). Liu, H. et al. pretreated TiO, with H, gas at a high
temperature of 500°C-600°C and detected the presence of oxygen
vacancies through the intensity of the electron paramagnetic
resonance (EPR) signal. They found that the presence of oxygen
vacancies enhanced the photocatalytic activity and facilitated the
degradation of phenol.

In summary, oxygen vacancies play an important role in
adsorption and catalysis in the field of photocatalytic VOCs. It is
crucial to clarify the generation mechanism and distribution
conditions of oxygen vacancies. Since oxygen vacancies can
exist in different catalyst positions, such as the surface, lattice,
or other positions, clarifying their distribution locations can help
analyze their catalytic oxidation mechanism. Second, it is
necessary to clarify the formation process and form change of
oxygen vacancies in the catalytic process and clarify their
catalytic role. Finally, it is necessary to clarify the role of
different
oxidation of VOCs, such as promoting adsorption and

schemes of oxygen vacancies in the catalytic
activation, promoting lattice oxygen and electron transfer,
anchoring precious metals, and providing Lewis acid sites.
“Efficient”: Improving photocatalytic efficiency is a central goal
of the current research, especially in the fields of energy conversion
and environmental remediation. “Nanosheet”™ Nanosheets with
two-dimensional structure are promising materials for improving
photocatalytic efficiency due to their high specific surface area and
unique electronic properties (Ou et al., 2022). These keywords reflect
the latest research trends in photocatalysis, highlighting innovations
in material synthesis, structural design, and understanding of
reaction mechanisms. These studies are of great significance for
in fields

environmental remediation, and chemical synthesis.

future applications such as energy conversion,

4 Conclusion
(1) A bibliometric study was conducted on the WoSCC database

for VOC photocatalytic oxidation research from 1998 to 2023.
Using information visualization analysis, we generated a
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knowledge map. From 2000 to 2015, research on VOC
photocatalytic oxidation showed a gradual increase trend
and then rapidly upgraded after 2016. The most studied
VOC gases are still benzene derivatives and formaldehyde,
while alkanes and ethyl acetate are also relatively popular
VOC gases.

The basic information relationship diagram can help
researchers identify the countries that have made major
contributions to the field, as well as the authors and
institutions. It can be seen that China has the most prolific
authors, with the most papers published, with the Guangdong
University of Technology’s An Taicheng team being the most
productive team in China, focusing on the degradation effects
and mechanisms of ring-shaped VOCs using modified
photocatalysts. Canada has a relatively concentrated
research force in this field, with 106 papers published, with
Concordia University’s Haghighat Fariborz and Lee Chang-
Seo team publishing 59 papers, focusing on the modification
strategies of TiO, photocatalysts. Some countries, such as
China and the United States, have close cooperation in this
field. However, the research cooperation of other countries is
relatively independent, highlighting the potential for
enhanced global cooperation.

The journal map shows that different journals have different
emphases. From the current journal publication information,
the development of catalysts is a top priority, especially the
modification strategies and design of composite catalysts,
while the development of new materials is relatively less
emphasized. In terms of the degradation of pollutants,
more attention is paid to pollutants that have a significant
impact on human health, while less attention is paid to the
natural oxidation of volatile organic compounds. Appl. Catal.
B-Environ. and similar journals mainly report on the
effects the
combination strategies of composite catalysts. Appl. Surf.

photocatalytic of porous materials and
Sci. and other journals focus on the adsorption of VOC
gases by catalysts. Journals such as Environ. Sci. Technol.
are mainly dedicated to solving real-world environmental
problems. If readers want to understand the mechanism of
VOC gas degradation, they can refer to related journals such
as J. Catal. Analyzing the most highly cited research, it was
determined that following research must be conducted in this
field: the catalyst’s adsorption capacity, the catalyst’s
degradation efficiency, and the analysis of intermediate
products and their harmfulness.

In the field of VOC photocatalytic oxidation, the focus of
front-end development is on developing and optimizing
advanced photocatalysts with a high charge separation
efficiency, improved adsorption performance, and
expanded light response range. In-depth research on the
VOC degradation process focuses on the mechanisms of
charge generation and transfer within the photocatalyst
and the detailed mechanism of catalytic oxidation, which is
crucial for optimizing reaction conditions and improving
catalytic efficiency. At the same time, research has been
stability and durability of the

photocatalyst in long-term use, as well as the secondary

conducted on the

pollutants that may arise during the photocatalytic process,
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to ensure the environmental friendliness and sustainability
of the technology. TiO, remains the most studied catalyst.
In terms of catalyst modification strategies, emphasis has
been placed on designing novel material structures, such as
MOFs,
nanocomposites, to improve the photocatalytic oxidation

heterojunctions, manganese oxides, and
efficiency of VOCs. It is worth noting that the surface
engineering and adsorption capacity of the catalyst are also
research priorities in this field, with oxygen vacancies being
a major research topic. Of course, the key step toward
of

to

commercialization and
VOC
transform laboratory research results into practical

large-scale  application

photocatalytic oxidation technology is
applications and conduct comprehensive evaluations of

environmental impact and cost-effectiveness.

Despite the development of many methods to enhance the
degradation of VOCs, the
photocatalysis in removing VOCs still faces significant challenges.

photocatalyst’s application  of
First, a composite of multiple materials needs to be developed to
produce a synergistic effect, which may result in better
photocatalytic performance than that of a single semiconductor
material. Second, the adsorption effect of gaseous organic
compounds on the catalyst surface and its mechanism also need
to be explored. Another challenge is to develop efficient
photocatalysts to solve the real difficulties at industrial scale. To
solve the problem of scaling up, more collaboration is needed
between researcher groups from different disciplines to bridge
the gap between laboratory testing and actual application. In
addition, a series of strategies need to be developed to effectively
utilize visible light photocatalysts and improve new materials or
design structures to degrade toxic intermediates/by-products
generated during the photocatalytic degradation of VOCs.
Therefore, further research should be conducted to identify these
created materials.
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